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Forward 
The Neutrino 2006 conference held in Santa Fe by all reports was a great success in almost all 

respects due to the diligent work of the international and local organizing committees. Many thanks are 

in order for Tom Bowles, whose guidance tireless efforts lead to the conferences success. The one area 

which fell by the wayside was the publishing of these proceedings. The reason for the delay is not 

simple, but changes in LANL leadership and Tom’s subsequent departure to full time service in the 

government of the great state of New Mexico certainly played a role. 

The high quality of the presentations and proceedings of Neutrino 2006 have demanded that they 

be preserved and published before they are lost in the sands of time. These proceedings are an attempt 

to make that a reality. The work to create these proceedings was performed without a budget and 

during whatever spare time the editors could find. While this does not do justice to the fine work 

contained in the proceedings, it is where the project now stands. 

We would like to thank Los Alamos National Laboratory, the Lensic Theater, and the International 

Advisory Committee for their support and patience with the conference and its proceedings. 

The Editors 
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Galactic sources of high energy neutrinos

Felix Aharonian
Dublin Institute for Advanced Studies, 5 Merrion Square, Dublin 2, Ireland &
Max Planck Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

E-mail: felix.aharonian@mpi-hd.mpg.de

Abstract. The undisputed galactic origin of cosmic rays at energies below the so-called knee
implies an existence of a nonthemal population of galactic objects which effectively accelerate
protons and nuclei to TeV-PeV energies. The distinct signatures of these cosmic PeVatrons
are high energy neutrinos and γ-rays produced through hadronic interactions. While γ-rays
can be produced also by directly accelerated electrons, high energy neutrinos provide the most
straightforward and unambiguous information about the nucleonic component of accelerated
particles. The planned km3-volume class high energy neutrino detectors are expected to be
sensitive enough to provide the first astrophysically meaningful probes of potential VHE neutrino
sources. This optimistic prediction is based on the recent discovery of high energy γ-ray sources
with hard energy spectra extending to 10 TeV and beyond. Amongst the best-bet candidates are
two young shell-type supernova remnants – RXJ 1713.7-4946 and RXJ 0852.0-4622, and perhaps
also two prominent plerions - the Crab Nebula and Vela X. Because of strong absorption of TeV
γ-rays, one may expect detectable neutrino fluxes also from (somewhat fainter) compact TeV
γ-ray emitters like the binary systems LS 5039 and LS I+61 303, and, hopefully, also from
hypothetical ”hidden” or ”orphan” neutrino sources.

1. Introduction
Very High Energy (E ≥ 0.1 TeV; VHE) neutrinos are unique messengers of nonthermal
phenomena in the Universe related to the hadronic interactions of protons and nuclei in cosmic
TeVatrons and PeVatrons - Nature’s masterly designed machines accelerating particles to TeV
and PeV energies. In this regard VHE neutrinos are complementary to γ-rays which are produced
both in electromagnetic and hadronic interactions. On the other hand, unlike γ-rays, neutrinos
are not fragile; they interact only weakly with the ambient medium - gas, radiation and magnetic
fields, and thus carry information about high energy processes occurring in ”hidden” regions
where the particle accelerators could be located. This concerns, first of all, the regions associated
with compact objects - black holes, pulsars, the initial epochs of supernovae explosions, etc. The
penetrating potential of neutrinos is important not only for extremely dense environments in
which γ-rays are dramatically absorbed, but also moderately opaque sources from which we do
see γ-rays, but after significant distortion due to internal and external absorption.

Ironically, this nice (from an astrophysical point of view) feature of neutrinos makes, at the
same time, their detection extremely difficult. This explains why, over several decades high
energy neutrino astronomy has remained essentially a theoretical discipline with many exciting
ideas and predictions but without the detection of a single VHE neutrinos source. However, it is
expected that, with arrival of the km3-volume class scale detectors like IceCube and KM3NeT
(see e.g. [1, 2]), the status of the field will be changed dramatically. Generally, prediction of VHE
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neutrino fluxes from astrophysical objects contain many assumptions and free parameters and,
therefore, often contain large (orders of magnitude!) uncertainties. This leaves a significant
freedom in speculations on the ”best-bet neutrino sources”, and consequently allows a broad
spectrum of opinions concerning the prospects for detecting the first astrophysical neutrinos -
from very enthusiastic statements to rather careful predictions prevailed by a healthy scepticism
(see e.g. [3]).

Presently extragalactic objects like Active Galactic Nuclei (AGN) and sources of Gamma Ray
Bursts (GRBs) are believed to be the most likely objects to be detected as neutrino sources,
and therefore the driving force of experimental VHE neutrino astronomy (see e.g. [4]). The
current models of AGN and GRBs indeed contain many attractive components (concerning the
conditions of particle acceleration and their interactions) which make these objects potentially
detectable sources of VHE neutrinos. On the other hand, the poor understanding of many
aspects of the physics of AGN and especially GRBs, as well as the lack of constraints on neutrino
productions rates from γ-ray observations (because of intrinsic and intergalactic absorption of
VHE γ-rays), formally allow calculations in extreme model-parameter segments which often lead
to rather high (over-optimistic) neutrino flux predictions.

The models of potential galactic neutrino sources, in particular the shell type Supernova
Remnants (SNRs), Pulsar Wind Nebulae (PWNe), Star Formations Regions and the dense
molecular clouds related to them, are robustly constrained by γ-ray observations of the galactic
disk in very-high energy (≥ 1 TeV) [5, 6] and ultra-high energy (≥ 100 TeV) [7] domains.
Typically, the expected fluxes from these objects are below the detection threshold of the planned
neutrino detectors. However, the recent HESS discoveries of several TeV γ-ray sources at the flux
level of ”1 Crab”, which can be interpreted within the hadronic models of gamma-ray emission,
sustain a hope that that the first TeV galactic sources will be detected in foreseeable future by
km3-volume class instruments like IceCube and Km3NeT.

2. On the detectability of galactic VHE neutrino sources
The recent performace studies of the km3-volume scale detectors show that the detection of a
persistent point-like (for a typical angular resolution of VHE neutrino detectors the ”point-like”
source implies an object of angular size ≤ 1◦) neutrino sources for a realistic exposure time
(typically, a few years continuous observations) is limited by a flux F (≥ 1TeV) ≈ 10−11 ν/cm2s
(see e.g. [8, 9, 10, 11]). The corresponding energy flux is fE ≈ 10−10erg/cm2s or somewhat less,
depending on the spectrum in the most relevant energy band between 1 TeV and 100 TeV. This
exceeds, by two orders of magnitude, the minimum γ-ray flux detectable in the same energy
band. On the other hand, the sensitivity of the km3-scale detectors is comparable or better
than the minimum detectable energy flux achieved by the Compton Gamma Ray Observatory
detectors (COMPTEL, EGRET) in the MeV/GeV γ-ray band. For an isotropic VHE source
located at a distance d, the luminosity of TeV neutrinos can be probed at the level

Lν ' 1034(d/1 kpc)2 erg/s . (1)

At first glance, this is a quite modest luminosity, at least for a powerful hadronic source located in
a dense environment. Indeed, for production of TeV neutrinos in p-p interactions with ambient
gas of density n0 = n/1cm−3, the required total energy in multi-TeV protons is estimated
Wp ' tppcp→νLν ' 3× 1048n0d

2
kpc erg, where tpp ≈ 5× 1014n−1

0 s is the radiative cooling time
of protons due to inelastic p-p interactions, and cp→ν ≈ 0.1 is the fraction of average energy
of a proton transferred to muon neutrinos. One may conclude that even in a relatively low
density environment, n0 ∼ 1, the required total energy can be readily produced in young SNRs
through diffusive shock acceleration (see e.g. [12]) or by a powerful pulsar assuming that a
major fraction of the spin-down luminosity of the pulsar is converted to an ion-dominated wind
(see e.g. [13]). However, these kinds of estimates can be misleading since they are based on a
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silent assumption that all particles accelerated during the life-time of the source are effectively
confined in a relatively compact region inside or nearby the accelerator. In fact, production of
TeV neutrinos requires protons with energies well beyond 10 TeV the escape of which from the
source is difficult to prevent. This, of course, would lead to a significant reduction of the neutrino
production efficiency which in the case of p-p interactions can be expressed in the following form:
η = Lν/Ẇp = min[1, tesc/tpp] × cp→ν , where tesc is the escape time of nonthermal particles. If
the escape proceeds in the diffusion regime, then tesc = R2/2D(E). It is convenient to write the
diffusion coefficient D(E) in the following form D(E) = ξrLc/3 = 3.3 × 1020ξETeVB−1

mG cm2/s;
ETeV = E/1 TeV is the proton energy normalized to 1 TeV, and BmG = B/10−3 G is the
magnetic field in units of mG. Generally the parameter ξ ≥ 1 is a function of energy. In the
most effective confinement regime corresponding to the Bohm diffusion, ξ = 1. Thus, in a
source of size Rpc = R/1 pc, the production efficiency of TeV neutrinos, assuming that the hard
spectrum of protons extends effectively to 100 TeV, is

η ≈ 10−2cp→νξ
−1R2

pcn0BmG . (2)

The maximum possible efficiency of the TeV neutrino source, η → cp→ν ≈ 0.1 can in principle
be achieved if R2

pcn0BmG ≥ 102ξ. Such a condition can be best fulfilled in objects like giant
molecular clouds, with a size R ∼ 10 pc, mass 105M�, and magnetic field B ≥ 0.1 mG, provided
that the propagation of multi-TeV protons proceeds close the Bohm diffusion regime. However,
Bohm diffusion hardly can be realized in molecular clouds, thus η � cp→ν , typically η ≤ 10−3,
which implies that the acceleration power should exceed Ẇp = ηLν ≥ 1037 d2

kpc erg/s. This
significantly reduces the number of potentially detectable neutrino sources to the most powerful
representatives of nonthermal source populations in our Galaxy. In addition to young SNRs and
PWNe, possible emitters of TeV neutrinos are compact binary systems in which the compact
object (a black hole or a pulsar) plays the role of particle accelerator, and the dense gas regions,
e.g. the atmosphere of the companion star [14, 15, 16, 17] or the accretion plasma around the
compact object [18], play the role of the target.

Moreover, in binary systems containing a luminous optical star and a compact object,
the photomeson interactions could provide an additional channel for neutrino production,
provided that protons are accelerated to energies exceeding the interaction threshold, Eth ≈
(200MeV/3kT)mpc2 ≈ 104 TeV in the case of interactions with the starlight, and three
orders of magnitute less for interactions with photons of the accretion disk. For a photon
field with thermal a (Planckian) distribution, the interaction and escape times of protons
are tesc ≈ 1010ξ−1R2

pcBmG(kT/3eV) s, and tpγ ≈ 1018L37R
2
pc(kT/3eV) s, respectively. It is

remarkable that both timescales are proportional, although for completely different reasons (!),
to the product R2kT , therefore the neutrino production efficiency appears independent, for a
given luminosity of thermal radiation, of both the source size and the temperature of radiation,
but strongly depends on the magnetic field

η ≈ 10−9ξ−1L37BmG . (3)

Thus we arrive at the conclusion that the neutrino production can be effective only in the
compact objects with strong magnetic fields (B ≥ 10 kG) and high turbulence (for confinement
of protons with ξ ∼ 1). The immediate proximity of the luminous star (i.e. its photosphere) or
the compact object, e.g the accretion disk or the base of the jet [19, 20], can be sites where the
neutrino production proceeds with a reasonably high efficiency.

3. Detectability of neutrino sources in the context of multiwavelength observations
The high efficiency of neutrino production is a key condition for the detectability of the potential
VHE neutrino sources given the limited budget of available energy and the limitted sensitivity of
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detectors. The above qualitative estimates show that this condition can be achieved only with
certain combinations of a few key model parameters. Therefore, a careful inspection of these
conditions before any detailed numerical calculations is highly advisable.

Independent constraints on the detectability of a VHE neutrino source can be obtained
also from analysis of multi-wavelength observations, in particular in the most relevant VHE
γ-ray band. Indeed, TeV γ-ray fluxes can be safely used as upper limits for neutrino
fluxes, provided, of course, that the internal and external absorption of γ-rays is negligible.
Generally, the production of VHE neutrinos is accompanied by the production of γ-rays, but
not vice versa; γ-rays are copiously produced also in electromagnetic interaction both by
electrons (through bremsstrahlung, inverse Compton scattering) and protons (e.g. through
the synchrotron and curvature radiations). Moreover, since the main channels of neutrino
and ”hadronic” gamma-ray production are decays of charged π± and π0 mesons, with decay
time of charged pions significantly longer than the decay time of neutral pions, at certain
conditions the production of neutrinos can be suppressed compared to γ-ray production. Indeed,
in the lab frame, the decay time of charged pions responsible for TeV neutrino production is
tπ± = (Eπ/mπc2) τπ± ≈ 2.5 × 10−3(Eπ/10 TeV) s. On the other hand, the cooling time of
pions due to inelastic πp and πγ interactions depends on the densities of the ambient gas np

and X-ray photons nx: tπp ∼ 1014(np/1cm−3)−1 s, and tπγ ∼ 1018(nx/1cm−3)−1 s, respectively.
Thus, charged pions would decay to µ and νµ before interacting with the ambient photons
and protons if nx ≤ 1021 cm−3 and np ≤ 1017 cm−3. Finally, the production of neutrinos
from the subsequent muon decay would proceed with high probability as long as the magnetic
field does not exceed B ≈ 106 G. This follows directly from the comparison of the decay
time of muons, tµ = (Eµ/mµc2)τµ ' 0.2(Eµ/10TeV) s, with their synchrotron cooling time
tsy ≈ 0.07 (B/106G)−2(Eµ/10 TeV)−1 s.

Thus, the ratio of γ-ray and neutrino production rates in a VHE source is expected to be of
order of 1 or more, γ/ν ≥ 1. The absorption of γ-rays can, of course, significantly change the
initial γ/ν ratio. While for galactic sources the external γ-ray absorption (due to interactions
with the interstellar IR photon fields) is not dramatic up to several tens of TeV [21], in compact
galactic objects like X-ray binaries the internal absorption can be huge. However, the absorption
of gamma-rays does not mean that the information is lost; the secondary electrons initiate a
cascade in the same radiation field and/or are cooled via synchrotron radiation. In the first
case, which happens when the radiation density wr exceeds the energy density of the magnetic
field, B2/8π, the energy of the initial γ-rays is gradually reprocessed, down to energies at
which the source becomes transparent. In binary systems containing luminous optical stars (like
LS 5039) the main energy is released at GeV energies [20, 22], while in the case of particle
acceleration in the accretion disk around a black hole (like Cygnus X-1), the initial energy is
released mainly at MeV energies [23]. So far the MeV and GeV γ-ray sky has been explored
at a depth corresponding to the energy flux ≥ 10−10 erg/cm2s; the data available in the MeV-
GeV band from the VHE neutrino candidate sources associated with X-ray binaries provide
important, although not very restrictive, upper limits on the energy flux of VHE neutrinos.
With the arrival of GLAST, the MeV/GeV γ-ray observations will play a more decisive role in
predictions of VHE neutrinos from compact objects.

4. ”Orphan” TeV neutrino sources?
The multiwavelength approach to the estimates of VHE neutrino fluxes expected from potential
cosmic accelerators indicate that the fluxes of the best-candidate persistent galactic neutrino
sources cannot significantly exceed ∼ 10−11 ν/cm2s, i.e. most likely these sources are expected to
be revealed at the level of statistically marginal signals. A possible exception could be ”hidden”
sources - proton accelerators completely shielded from us by a very thick (� 1000 g/cm2)
gas material in which the energy of ultrarelativistic protons is converted with 100 % efficiency
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to secondaries, and, at the same time, the high energy electromagnetic radiation completely
dissipates, and thus becomes invisible because of much stronger background and forground
thermal emission components. In such objects, the (highly unknown) total acceleration power
of the source is the only model parameter that determines the neutrino flux; the source would
be detectable by VHE neutrino detectors if the power of the ”hidden” PeVatron exceeds,
approximately by a factor of 10, the estimate given by Eq. (1).

There is another (more sophisticated) scenario of realization of ”orphan” neutrino sources, i.e.
objects with neutrino fluxes not accompanied by electromagnetic radiation. Such a possibility is
related to the features of acceleration and radiation of particles in optically thick (with respect
to the photon-photon pair production) relativistic flows which can be formed by hot plasma left
behind a relativistic shock or exist in the form of jets. Generally it is silently assumed that
nonthermal particles and hence their radiation are isotropically distributed in the comoving
frame. However, this assumption can easily be violated in relativistic shocks and jets with a
strong impact on the emission properties, especially at very high energies. Namely, the beam
pattern of relativistic jets with a bulk motion Lorentz factor Γ in this energy domain appears
much broader than the inverse Lorentz factor, Γ−1. This results in an off-axis high energy
emission [24] which is expected to be much brighter compared to the predictions derived from the
standard Doppler boosting considerations applied to an isotropic (in the frame of the jet) source.
However, in optically thick sources, the electromagnetic radiation from super-critical particles
is reprocessed through the electron-photon cascades, becomes isotropic in the jet frame, and,
therefore, strongly collimated in the lab-frame. Consequently, the reprocessed electromagnetic
radiation cannot be observable at large viewing angles. Since this does not concern the high
energy neutrinos, the jet when viewed off-axis, may appear as an over-bright neutrino source
with an arbitrarily large ratio of the neutrino luminosity to the total electromagnetic luminosity.
It should be noted that acceleration of protons in relativistic shocks and shear flows can be
significantly enhanced when it proceeds through the so-called ”converter” mechanism [25]. This
mechanism, which utilizes multiple conversions of protons to neutrons through photomeson
reactions, has certain advantages compared to the standard diffusive shock acceleration scenario.
It greatly diminishes particle losses downstream and provides penetration of particles deep
into the upstream region allowing a highly desirable energy boost by a factor of Γ2 at each
shock encounter. Since the copious neutrino production is an intrinsic feature of this scenario,
the realization of the convertor mechanism in relativistic flows with large aspect angles would
naturally lead to the appearance of an ”orphan” VHE neutrino source.

5. First galactic TeV neutrino sources to be detected...
A possible hadronic origin of gamma-radiation of some of the TeV γ-ray sources discovered by
HESS in the galactic plane [27] makes them also potential emitters of high energy neutrinos
(see e.g. [26]). Recently, Vissani [8] Kistler and Beacom [9] and Kappes et al.[11] performed
detailed calculations of the neutrino signal and background rates for the future 1km3-volume
scale neutrino telescopes based on the energy spectra and source-morphologies of galactic TeV
γ-ray sources reported by HESS. The potential of the km3-volume class detectors is limitted, as
mentioned above, by the detection of ≥ 1 TeV neutrino fluxes at the flux level of 10−11 ν/cm2s
confined within an angle ≤ 1◦. The related γ-ray flux in the same energy interval, for a proton
spectra with power-law index α ≈ 2− 3, is slightly, by a factor of 1 to 2, higher [28], i.e. quite
close to the gamma-ray flux of the Crab Nebula - the standard candle of TeV γ-ray astronomy.
Thus, the accompanied γ-ray flux in units of ”1 Crab” can be treated as the detection threshold
of the galactic neutrino astronomy with km3-volume class detectors. Presently, in addition to
the Crab Nebula itself, three more TeV γ-ray sources are detected at the ”1 Crab” level - two
young shell-type SNRs RXJ 1713.7-3946 [29] and RXJ 0852.0-4622 [30] (Vela Jr), as well as a
nearby PWN - Vela X [31].
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5.1. Shell type Supernova Remnants
Young SNRs have been predicted, within a hadronic model, as extended TeV γ-ray and neutrino
sources with shell type morphology and hard energy spectra extending to 100 TeV [32]. The
morphological and spectroscopic studies of SNRs RXJ 1713.7-3946 and RXJ 0852.0-4622 by
the HESS array of telescopes perfectly agree with these predictions, but ironically cannot
yet be considered as an ultimate proof the hadronic model. The ”trouble makers” are the
alternative leptonic models which relate the TeV γ-rays to inverse Compton scattering of
electrons responsible also for the nonthermal X-ray emission. Although these models do not
provide satisfactory explanations of the energy spectra of γ-rays, and require very low magnetic
field of order of 10 µG [29, 30], they unfortunately cannot be safely excluded. This prevent
us from making a robust statement of detection of SNRs as sources of cosmic ray protons and
nuclei. Although it is believed that detailed theoretical studies of SNRs in the context of their
multiwavelength properties should allow us to arrive at certain conclusions concerning the origin
of TeV γ-ray emission, formally only the detection of TeV neutrinos from these objects can be
considered as straightforward and unambiguous proof of acceleration of protons and nuclei. The
predicted detection rates of ≥ 1 TeV neutrinos (of order of a few events per one year) from
the brightest γ-ray SNRs RAJ1713.7-3946 and RAJ0852.0-4622 by a km3-volume detector in
the Mediterranean Sea, make the prospects of detection of TeV neutrinos from these SNRs
rather realistic. Unfortunately the location of these two SNRs is not favorable for IceCube. The
existence of SNRs of similar brightness in TeV γ-rays located in the Northern Hemisphere will
be explored, hopefully soon, by the VERITAS and MAGIC telescope systems. The search for
TeV γ-ray sources in the Cygnus region - one of the most prominent and promising pieces of the
galactic plane - is of a special interest. The recent Milagro observations of this region revealed a
diffuse γ-ray component with several hot sports [33], the strongest of which, MGRO J2019+37
could be a neutrino source with a flux close to the detection threshold of IceCube [34].

5.2. Pulsar Wind Nebulae
The close associations of some of the extended TeV galactic sources discovered by HESS with
several well established synchrotron X-ray nebulae (MSH 15-52, PSR J1826-1334, Vela X,
etc.) confirm the early theoretical predictions about visibility of young PWNe in TeV γ-rays.
The broad-band spectral energy distributions of these sources are readily explained by the
standard PWN model which assumes acceleration of ultrarelativistic electrons by the pulsar
wind termination shock. Yet, in some of these systems particle acceleration could be driven by
ions present in the relativistic pulsar wind [13]. These ions are expected to produce γ-rays and
neutrinos via inelastic interactons with the ambient medium [35, 36, 37, 38]. In this regard, the
extended TeV source associated with the pulsar PSR B0833-45 (Vela X) is a possible candidate
for such a ”hadronic plerion”. Indeed, although the observed γ-ray emission can be interpreted
as inverse Compton emission of nonthermal electrons [31], one needs to make some strong (non-
trivial) assumptions in order to explain the rather unusual spectrum of this source with photon
index Γ ' 1.5 and exponential cutoff around 14 TeV. The steady-state electron distribution
constrained by γ-ray data requires an E−2 type power-law spectrum with a sharp cutoff around
70 TeV. Such a spectrum of electrons can be interpreted only in terms of negligible synchrotron
cooling, which would be possible only in the case of unusually low nebular magnetic field (a few
µG or less). Moreover, total energy in relativistic electrons and in the magnetic field required
to match the observations is only a negligible fraction ∼ 0.1% of the pulsar spin-down energy
released over the pulsar’s life-time 1.1×104 yr. This begs the question as to where the remaining
energy has gone? Interestingly if we assume that a large fraction of the spin-down luminosity of
the pulsar is carried out by relativistic protons and nuclei, one can satisfactorily explain both
the absolute flux and the spectrum of TeV γ-rays of this unusual source [39]. Remarkably, the
TeV neutrino flux expected within this scenario should be detectable by KM3NeT [11]. This
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makes the Vela X as one of the best-bet candidates to be the first detected astronomical TeV
neutrino source. For the IceCube detector an obvious target representing this source population
is the Crab Nebula.

5.3. Compact Binary Systems
The recent detections of TeV γ-rays from two binary systems tentatively called microquasars
– LS 5039 by HESS [40] and LSI 61 303 by MAGIC [41] – are amongst the most exciting
discoveries of observational gamma-ray astronomy in the very high energy regime. This result
clearly demonstrates that the galactic binaries systems containing a luminous optical star and
a compact object (a black hole or a pulsar/neutron star), are sites of effective acceleration of
particles (electrons and/or protons) to multi-TeV energies. As usual, whether the γ-rays are of
hadronic or leptonic origin is a key question which however does not have a simple answer [42].
The critical analysis of conditions of particle acceleration and radiation in these sources, based
on the temporal and spectral behavior of TeV γ-ray emission, in particular on the modulation
of the TeV flux of LS 5039 with a period of 3.9 day, and the extension of its energy spectrum
to 10 TeV and beyond, reduces the possible interpretations to a few options. One of them gives
a preference to the hadronic origin of TeV photons, especially if they are produced within the
binary system[20]. If so, the detected γ-rays should be accompanied by a flux of high energy
neutrinos emerging from the decays of π± mesons produced by p-p and/or pγ interactions. The
neutrino fluxes, which can be estimated on the basis of the detected TeV γ-ray fluxes, taking
into account the severe internal γγ → e+e− absorption, depend significantly on the location of
γ-ray production region(s) [43, 44]. The minimum neutrino flux above 1 TeV is expected to be
at the level of 10−12 cm−2s−1; however, it could be much higher - by a factor of 10, or even
more. The detectability of the TeV neutrino signals significantly depends on the high energy
cutoff in the spectrum of parent protons; if the spectrum of accelerated protons continues to
100 TeV and beyond, the predicted neutrino fluxes of LS 5039 and LSI 61 303 can be probed
by KM3NeT [20] and IceCube [45, 46] detectors.
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Dark Matter Detection: Current Status

Daniel S. Akerib
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Abstract. Overwhelming observational evidence indicates that most of the matter in the
Universe consists of non-baryonic dark matter. One possibility is that the dark matter is Weakly-
Interacting Massive Particles (WIMPs) that were produced in the early Universe. These relics
could comprise the Milky Way’s dark halo and provide evidence for new particle physics, such
as Supersymmetry. This talk focuses on the status of current efforts to detect dark matter
by testing the hypothesis that WIMPs exist in the galactic halo. WIMP searches have begun
to explore the region of parameter space where SUSY particles could provide dark matter
candidates.

1. Dark Matter and the WIMP Hypothesis
The previous talk by L.M. Krauss [1] covered the broad evidence for dark matter along with
a survey of the candidates from particle physics. In this talk the focus is the specific class of
particles he referred to as WIMPs, or Weakly Interacting Massive Particles. Their detection
relies on the hypothesis that they populate the galactic halo at the local dark matter density of
about 0.3 GeV/cm3 with a Maxwellian velocity distribution with a RMS speed of about 220 km/s
and that they would scatter from atomic nuclei resulting in detectable energy depositions.

Figure 1a shows the standard “progress” plot in this field, in which the elastic cross section
normalized to the nucleon is plotted against the WIMP mass. Theoretical regions for specific
models sample appropriate regions of paramater space, including WMAP constraints of the
relic density, known accelerator bounds on particle parameters, as well as specific imposed
constraints that define the model, e.g., minimal Supergravity which assumes a high degree
of degeneracy in the SUSY masses and couplings. Other than the unconfirmed claim by the
DAMA collaboration, which observes an annual modulation expected due to seasonal kinematic
variations corresponding to the heart-shaped 3σ countour [2], experimental upper limits are
shown as curves that exclude the parameter space above them at 90% C.L.. That is, cross
sections higher than a given limit curve would have been observed in the given experiment.
Further experimental bounds are shown below in Figure 1b.

2. Searching for Dark Matter
If WIMPs are indeed the dark matter, their local density in the galactic halo inferred from
the Milky Way’s gravitational potential may allow them to be detected via elastic scattering
from atomic nuclei in a suitable terrestrial target [3]. Owing to the WIMP-nucleus kinematics
assuming a WIMP RMS-speed of about 220 km/s (typical of bound objects in the halo), the
energy transferred to the recoiling nucleus is on the order of 10 keV [9]. The expected rate of
WIMP interactions, which is already limited by observations to less than 0.1 events/kg/day [10],
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Figure 1. (a) Left: The plot of WIMP-nucleon cross section versus WIMP mass includes
various theoretical predictions for different SUSY models, including “Split Supersymmetry”
(circles [4, 5]), post-LEP LHC Benchmarks (X’s [6]), and minimal supergravity with and without
the muon g-2 constraint (medium grey and black; [7]). The closed contour at upper left is the
DAMA annual modulation signal [2]. For illustration, some experimental bounds are shown:
the upper from EDELWEISS [16] and the lower from CDMS’s 2003 data [8]. (b) Right: On a
reduced scale, this version shows the present state of experimental bounds for 90 % C.L. limits
on the WIMP-nucleon scalar cross section. The upper CDMS Ge curve uses only the most
recent data of 34 kg-days [10]; the lower Ge curve includes data from the previous run [11].
Supersymmetric models allow the largest shaded region [12], and the smaller shaded region [13].
The shaded region in the upper left is a sodium-recoil interpretation [15] of the DAMA NaI
claim, and experimental limits are from DAMA [14], EDELWEISS [16], and ZEPLIN [18].

tends to be exceeded in this energy range by the rate of interactions from natural radiation.
Therefore, WIMP search experiments must be located deep underground for protection from
cosmic rays, made of high purity materials with low natural radioactivity, and have the ability
to reject residual backgrounds.

A common technique to accomplish this background rejection is to use so-called “recoil
discrimination.” The WIMP mass is well-matched kinematically to depositing energy on
the order of 10 keV to an atomic nucleus in a detection medium. On the other hand, the
dominant sources of background are electromagnetic, namely, gammas and betas from uranium
and thorium decay chains, environmental radon, potassium-40, etc. Since these backgrounds
deposit energy in the electrons in the detection medium, discriminating between, say, a recoiling
germanium or xenon nucleus with 10 keV versus a 10 keV electron from a Compton scatter is an
important tool for defeating the background.

Also taking into account the relatively low rate of WIMP-induced recoils, and the intrinsic
inability of a detector to discriminate between neutrons and WIMPs, as well as other issues
pertaining to the signal, the desirable characteristics of a dark matter experiment follow:

• High purity to minimize residual background.

• Recoil discrimination to reject residual background.

• Great depth to minimize cosmic-ray related backgrounds, primarily high-energy neturons
produced by unvetoed muon interactions in the cavern walls, because neutrons with energy
above 50 MeV are difficult to shield.
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• Large instrumented detector mass to maximize the interaction rate. Good statistics on the
signal also allow for the study of a secondary characteristic of the signal, that of seasonal
modulation due to a kinematic effect from the Earth’s variation between prograde and
retrograde motion with respect to the Sun’s orbit about the Galactic center.1

• Low energy threshold, also to maximize the rate, given that the nucleus’s recoil energy
spectrum is roughly a falling exponential.

• Position information of the interaction site since WIMPs will interact uniformly (and some
backgrounds may not).

• Information on the recoiling nucleus direction, because the Earth’s rotation combined with
a preferred direction of the lab’s velocity vector with respect to the Galaxy, results in a
diurnal modulation in the incoming WIMP “wind” direction.

3. Dark Matter Experiments: CDMS
In this section, I discuss the methods and results obtained by the Cryogenic Dark Matter Search
(CDMS) Collaboration, of which I am a member and which currently has the world-leading
sensitivity. In section 4, I survey some of the other techniques and experiments that are under
way or under development, which will illustrate the both the broad range of approaches to meet
the criteria described above and the great level of activity aimed at detecting dark matter.

The primary distinction of the CDMS experiment is our novel ionization and athermal-
phonon detectors, which provide detailed information about each event. A key parameter, the
“ionization yield,” is determined for each event through the simultaneous measurement of an
ionization signal and a phonon-mediated signal, and is defined as the ratio of the ionization
signal per unit recoil energy. Recoil energy is determined by the phonon signal with a correction
for the phonons produced by the drifting ionization. The ionization yield is useful because
nuclear-recoil events have typically a one-third lower yield than electron recoils, as is illustrated
in Figure 2. The discrimination power is well demonstrated by exposing the detector to gammas
and neutrons.

Briefly, the detectors consist of 1-cm-thick 3-inch-diameter germanium or silicon puck-like
cylinders upon which metals are photolithographically deposited. The electrode structures
collect the ionization signal in a standard capacitor-like geometry. The phonons are collected by
superconducting aluminum quasi-particle traps which in turn funnel the broken Cooper pairs
into thin superconducting tungsten meanders. The tungsten meanders are maintained in the
middle of their 80 mK superconducting transition with a stable voltage bias. Events are sensed by
change in the film resistance, which results in a current signal coupled to a SQUID amplifier. To
maintain appropriate operating temperature, the detectors are operated in a shieldable cryostat
at a temperature of 50 mK. The shield consists of lead shielding for gammas, polyethylene for
moderating neutrons, and scintillator to tag muon-coincident events.

While the ionization yield is effective at rejecting electron recoils in the bulk, betas that have
energy in the range of WIMP recoils are not very penetrating and suffer a reduced yield in a
few-micron-thick “dead layer” typical of semi-conductor ionization detectors. Fortunately, this
loss of yield, which can cause a false-positive nuclear recoil, is compensated by a difference in
pulse shape between surface events and bulk events owing to the differing phonon propagation
velocities of the two types of events. This effect is illustrated in Figure 3, which shows the
onset of the phonon pulse relative to the prompt ionization signal (or “start time”) versus the
ionization yield.

Experiment runs in the underground setup in the Soudan Mine in 2003 and 2004 resulted in
total exposures in germanium after cuts of 53 kg-days. No events above estimated background

1 This effect has been observed by the DAMA collaboration, resulting in the contour of Figure 1a, but remains
controversial and contested by other searches.
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Figure 3. This plot of start time versus yield shows the improved 2-parameter discrimination
between gamma-induced events from 133Ba calibration (diamonds), including a tail of surface
events, and neutron induced events from 252Cf (dots). The two lines define the approximate
acceptance region for nuclear recoils (upper right) with high rejection of both bulk and surface
gamma-induced electron recoils.
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were observed, where background expectations were less than one event in each of the two
exposures. (See [10] and references therein for a complete discussion.) These data led to the
limits on the WIMP-nucleon cross section for spin-dependent couplings shown in Figure 1b. In
addition to ruling out some regions of SUSY parameter space, these limits contradict the claim
by DAMA [2] assuming a standard halo and couplings.

4. A Survey of Some Other Techniques
Some of the other leading experiments searching for dark matter use recoil discrimination
techniques and cryogenic detectors similar to CDMS. The EDELWEISS collaboration also uses a
combination of ionization and phonons, but the phonon signal is purely thermal (based on NTD
thermistors), and so there is no discrimination between bulk and surface events in the thermal
channel. Instead, the focus of that group has been to emphasize minimizing the effects of the
dead layer by experimenting with different types of charge contacts. While some progress was
made, the performance limitations have led to them to pursue highly-resistive metal contacts
that promise some surface discrimination in the thermal signal. The limit set by EDELWEISS’s
2002/2003 was a then-best result [16], and is shown in Figure 1b.

The CRESST collaboration uses cryogenic detectors as well, but instead of ionization as the
second parameter, they use scintillating substrates and the ratio of light to charge to discriminate
the type of recoil. The thermal signal from the calcium tungstate (CaWO4) targets are read out
with a tungsten superconducting thermometer, and the light signal is absorbed and converted
to heat in a second thin crystal with a similar read out. Limits from their 2004 data show a
neutron background, which was identified with the oxygen recoils. Under that interpretation,
that is, in which no nuclear recoils are attributed to the tungsten nuclei, the resulting limit [17]
is similar to the limit curve of EDELWEISS.

Liquid nobles, namely, neon, argon and xenon are all generating interest as dark matter
detectors. Several programs to develop new detectors are underway, and one, the Zeplin
collaboration, has produced a limit (again, see Figure 1b on the cross section [18]. This limit
is based on the Zeplin-I detector, which detects scintillation pulses in liquid xenon. For more
details on the current results of Zeplin-I, and a comprehensive overview of the liquid nobles dark
matter program, see the following talk by Nigel Smith [19].

A completely different approach to gaining immunity to electromagnetic backgrounds is the
revival of the bubble chamber by the COUPP Collaboration [20]. The idea here is to operate
the chamber in a thermodynamic regime in which the lower energy density tracks from electron
recoils and minimum ionizing radiation are insufficient to nucleate bubbles, but where the higher
energy density recoils of nuclei are above the nucleation-energy threshold. A technical challenge,
which has been met, was to passivate the walls of the vessel so that microcracks in the walls
were not a cause of spontaneous nucleations, allowing the chamber to remain stable. The present
configuration of the experiment is a 2-kg CF3I bubble chamber being setup in a modest-depth
site in the MINOS near-detector gallery at Fermilab for a demonstration test.

Finally, as mentioned earlier, it is possible to establish the galactic origin of a signal if the
direction of the recoil nucleus can be detected. The only demonstrated method of performing
such a measurement has been in the low-pressure TPC technology developed by the DRIFT
collaboration [21]. In this device, recoiling nuclei ionize the TPC gas in the presence of CS2,
which is highly electronegative. The CS2 negative ions that form are drifted through the gas
to read out MWPC’s with very little diffusion and so the primary ionization track is preserved.
Also, a measure of the ionization per unit pathlength is a good identifier of the recoil type.
Unfortunately, to match the physical size of the track with the position resolution of the read
out, the chamber must be run at low pressure (about a 1/20th of an atmosphere) and so a very
large target volume is required. Furthermore, to have sufficient statistics to observe the diurnal
modulation in the directional distribution of the tracks, on the order of a hundred detected
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events is needed [22]. This presents a daunting challenge, since the cross section is not even
known. However, ongoing R&D is attempting to address this challenge with superior read out
schemes. For example, the required statistics are reduced approximately by a factor of ten if
the head of the track can be identified.

5. Summary and Outlook
The outlook for WIMP detection looks very promising. Following more than a decade of
detector development in cryogenic detectors, significant strides have been made in sensitivity.
The challenge to cryogenic detectors, which I believe we will be able to meet with sufficient R&D
efforts, is to continue scaling the detector mass; clearly the technology itself performs extremely
well with regard to background rejection. Within the CDMS collaboration, the technology is
already capable of an additional factor of ten at Soudan, and plans for a “SuperCDMS” 25-kg
experiment for a factor beyond that have been proposed. Plans for further scale up and cryogenic
detector improvements are also underway among the CRESST and EDELWEISS collaborations.
On the liquid nobles front, intensive efforts are being brought to bear and we should see some
important technology demonstrations in the coming year or two, in particular by the XENON,
ZEPLIN and XMASS groups using xenon, and the DEAP and WARP collaborations using
argon and/or neon. The COUPP bubble chamber, and also the PICASSO experiment, are
using innovative techniques based on superheated liquids, for background immunity.

The advancing of this work, and the possibility of producing WIMP candidates in the lab as
the LHC era begins, offer the potential for much exciting science as we attempt to unravel the
nature of dark matter.

\ack I thank my valued colleagues on the CDMS experiment for a most enjoyable and
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Neutrino oscillations: theory and phenomenology
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Abstract. A brief overview of selected topics in the theory and phenomenology of neutrino
oscillations is given. These include: oscillations in vacuum and in matter; phenomenology of
3-flavour neutrino oscillations; CP and T violation in neutrino oscillations in vacuum and in
matter; matter effects on νμ ↔ ντ oscillations; parametric resonance in neutrino oscillations
inside the earth; oscillations below and above the MSW resonance; unsettled issues in the
theory of neutrino oscillations.

1. A bit of history...
The idea of neutrino oscillations was first put forward by Pontecorvo in 1957 [1]. Pontecorvo
suggested the possibility of ν ↔ ν̄ oscillations, by analogy with K0K̄0 oscillations (only one
neutrino species – νe – was known at that time). Soon after the discovery of muon neutrino,
Maki, Nakagawa and Sakata [2] suggested the possibility of neutrino flavour transitions (which
they called “virtual transmutations”).

2. Theory
2.1. Neutrino oscillations in vacuum
Neutrino oscillations are a manifestation of leptonic mixing. For massive neutrinos, weak
(flavour) eigenstates do not in general coincide with mass eigenstates but are their linear
combinations. The diagonalization of the leptonic mass matrices leads to the emergence of the
leptonic mixing matrix U in the expression for the charged current interactions. This matrix
relates the left-handed components of the neutrino mass eigenstates and flavour eigenstates:

|νfl
a 〉 =

∑
i

U∗
ai |νmass

i 〉 (a = e, μ, τ ; i = 1, 2, 3) . (1)

For relativistic neutrinos, the oscillation probability in vacuum is

P (νa → νb;L) =

∣∣∣∣∣
∑

i

Ubi e
−i

m2
i

2p
L

U∗
ai

∣∣∣∣∣
2

. (2)

For 2-flavour (2f) oscillations, which are a good first approximation in many cases, one has
|νe〉 = cos θ |ν1〉 + sin θ |ν2〉, |νμ〉 = − sin θ |ν1〉 + cos θ |ν2〉, and eq. (1) yields the 2f transition

1 On leave from the National Research Center “Kurchatov Institute”, Moscow, Russia
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probability

Ptr = sin2 2θ sin2

(
Δm2

4E
L

)
. (3)

The modes of neutrinos oscillations depend on the character of neutrino mass terms:

• Dirac mass terms (ν̄LmDNR + h.c.): active - active oscillations νaL ↔ νbL (a, b = e, μ, τ)
Neutrinos are Dirac particles.

• Majorana mass terms (ν̄LmL(νL)c + h.c.): active - active oscillations νaL ↔ νbL.
Neutrinos are Majorana particles.

• Dirac + Majorana mass terms (ν̄LmDNR + ν̄LmL(νL)c + N̄RM(NR)c +h.c.): active - active
oscillations νaL ↔ νbL; active - sterile oscillations νaL ↔ (NbR)c ≡ (N c

b )L.
Neutrinos are Majorana particles.

Would an observation of active - sterile neutrino oscillations mean that neutrinos are Majorana
particles? Not necessarily! In principle, one can have active - sterile oscillations with only Dirac
- type mass terms at the expense of introducing additional species of sterile neutrinos with
opposite lepton number L.

2.2. Neutrino oscillations in matter – the MSW effect [3]
Matter can change the pattern of neutrino oscillations drastically. In particular, a resonance
enhancement of oscillations and resonance flavour conversion become possible (Wolfenstein,
1978; Mikheyev & Smirnov, 1985 [3]). Matter effect on neutrino oscillations is due to the coherent
forward scattering of neutrinos on the constituents of matter. Charged current interactions
between νe and the electrons of matter yields an effective potential of the electron neutrinos
V CC

e ≡ V =
√

2GF Ne, which leads to a modification of the nature of neutrino oscillations in
matter. The 2f neutrino evolution equation in matter is

i
d

dt

(
νe

νμ

)
=

(
−Δm2

4E cos 2θ + V Δm2

4E sin 2θ
Δm2

4E sin 2θ Δm2

4E cos 2θ

)(
νe

νμ

)
. (4)

The mixing angle in matter θm, which diagonalizes the Hamiltonian on the r.h.s. of eq. (4), is
different from the vacuum mixing angle θ:

sin2 2θm =
sin2 2θ · (Δm2

2E )2

[Δm2

2E cos 2θ −√
2GF Ne]2 + (Δm2

2E )2 sin2 2θ
. (5)

The flavour eigenstates can now be written as |νe〉 = cos θm |ν1m〉 + sin θm |ν2m〉, |νμ〉 =
− sin θm |ν1m〉 + cos θm |ν2m〉, where |ν1m〉 and |ν2m〉 are the eigenstates of the neutrino
Hamiltonian in matter (matter eigenstates). The Mikheyev - Smirnov - Wolfenstein (MSW)
resonance condition is √

2GF Ne =
Δm2

2E
cos 2θ . (6)

At the resonance θm = 45◦ (sin2 2θm = 1), i.e. the mixing in matter becomes maximal. For
the case of constant-density matter, the fact that the mixing in matter becomes maximal at a
certain neutrino energy was first pointed out in [4].

If the matter density changes slowly enough (adiabatically) along the neutrino trajectory,
neutrinos can undergo a flavour conversion (see fig. 1). In the adiabatic regime the tran-
sitions between the matter eigenstates |ν1m〉 and |ν2m〉 are strongly suppressed, i.e. these
states evolve independently. However, their flavour composition, which is determined by the
mixing angle θm, varies with density. The adiabaticity (slow density change) condition can
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Figure 1. Adiabatic neutrino flavour conversion.
Solid curves show the energy levels of neutrino matter
eigenstates, dashed curves illustrate level crossing in the
absence of mixing. Black and white filling corresponds
to the weights of neutrino flavour eigenstates in given
matter eigenstates.

be written as (sin2 2θ/ cos 2θ)(Δm2/2E)Lρ � 1, where Lρ – electron density scale height:
Lρ = |(1/Ne)dNe/dx|−1.

A simple and useful formula for 2f conversion probability, averaged over production/detection
positions (or small energy intervals), was derived in [5]:

P tr =
1
2

− 1
2

cos 2θi cos 2θf (1 − 2P ′) . (7)

Here θi and θf are the mixing angles in matter in the initial and final points of the neutrino path,
and P ′ is the hopping probability, which takes into account possible deviations from adiabaticity:
in the adiabatic regime P ′ � 1, whereas in the extreme non-adiabatic regime P ′ = sin2(θi − θf).

Figure 2. Mechanical ana-
logue of neutrino flavour
conversion in matter – two
coupled pendula of variable
lengths.

An illuminating analogy of neutrino flavour conversion in matter is provided by a system of
two coupled pendula (see fig. 2). When the right pendulum gets a kick, it starts oscillating,
but the left pendulum is almost at rest because the eigenfrequencies of the two pendula are
very different. With the length l2 of the right pendulum slowly decreasing, its eigenfrequency
approaches that of the left one, and when l2 = l1 the two frequencies coincide (the resonance
occurs): both pendula oscillate with the same amplitude. When the length of the right pendulum
decreases further, the amplitude of its oscillations decreases too, while the left pendulum starts
oscillating with a large amplitude. This adiabatic transfer of the oscillation energy from one
pendulum to another is analogous to the adiabatic neutrino flavour conversion.

Analysis of the solar neutrino data and the results of the KamLAND and CHOOZ reactor
neutrino experiments has convincingly demonstrated that the (large mixing angle) MSW effect is
responsible for the flavour conversion of solar neutrinos, thus resolving the long-standing problem
of the deficiency of the observed flux of solar neutrinos. This is illustrated by the analysis of
the Bari group, in which the strength of the matter-induced potential of electron neutrinos was
considered a free parameter (fig. 3). For more on MSW effect, see the talk of A. Friedland [7].

3. Phenomenology
All the available neutrino data except those of the LSND experiment can be explained in terms
of oscillations between the 3 known neutrino species – νe, νμ and ντ . If the LSND results are
correct, they would most likely require the existence ≥ 1 light sterile neutrinos The MiniBooNE
experiment was designed to confirm or refute the LSND claim, and the results are expected very
soon. From now on I will concentrate on 3-flavour (3f) oscillations of active neutrinos. For a
review on sterile neutrinos, see the talk of A. Kusenko [8].
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Figure 3. Results of the analysis of the solar, CHOOZ
and KamLAND data with the standard matter-induced
potential rescaled by a factor aMSW , treated as a free
parameter. The value aMSW ≈ 1 is strongly favoured [6].

3.1. 3-flavour neutrino mixing and oscillations
For 3 neutrino species the mixing matrix depends in general on 3 mixing angles θ12, θ23 and θ13,
one Dirac-type CP-violating phase δCP, and two Majorana-type CP violating phases σ1,2. The
Majorana-type phases do not affect neutrino oscillations, and the relevant part of the leptonic
mixing matrix can be written in the standard parameterization as

U =

⎛
⎝ c12c13 s12c13 s13e

−iδCP

−s12c23 − c12s13s23e
iδCP c12c23 − s12s13s23e

iδCP c13s23

s12s23 − c12s13c23e
iδCP −c12s23 − s12s13c23e

iδCP c13c23

⎞
⎠ , (8)

where sij = sin θij and cij = cos θij.
Neutrino oscillations probe the neutrino mass squared differences, which satisfy Δm2

sol ≡
Δm2

21 � Δm2
32 � Δm2

31 ≡ Δm2
atm. Accordingly, there are two possible orderings of the neutrino

masses: normal hierarchy, when the mass eigenstate ν3, separated from ν1 and ν2 by the largest
mass gap, is the heaviest one, and inverted hierarchy, when ν3 is the lightest state.

In many cases 2f description of neutrino oscillations gives a good first approximation. The
reasons for this are (i) the hierarchy of Δm2: Δm2

sol � Δm2
atm, and (ii) the smallness of

|Ue3|. There are exceptions, however: when oscillations due to the solar frequency (∝ Δm2
sol)

are not frozen, the probabilities P (νμ ↔ ντ ), P (νμ → νμ) and P (ντ → ντ ) do not have a 2f
form [9]. However, even for the probabilities of oscillations involving νe, the corrections due
to 3-flavourness can be as large as ∼ 10%, i.e. are at the same level as the accuracy of the
present-day data, and so cannot be ignored. In addition, there is a number of very interesting
pure 3f effects in neutrino oscillations. Therefore, 3f analyses are now a must.

3.2. Genuine 3f effects in neutrino oscillations
These are, first of all, CP and T violation. CP violation results in P (νa → νb) �= P (ν̄a → ν̄b),
whereas T violation leads to P (νa → νb) �= P (νb → νa). Under the standard assumptions,
quantum field theory conserves CPT. CPT invariance of neutrino oscillations in vacuum gives
P (νa → νb) = P (ν̄b → ν̄a), therefore CP violation implies T violation and vice versa.

One can consider the following probability differences as measures of CP and T violation:

ΔPCP
ab ≡ P (νa → νb) − P (ν̄a → ν̄b) , ΔPT

ab ≡ P (νa → νb) − P (νb → νa) . (9)

From CPT invariance, for oscillations in vacuum one has ΔPCP
ab = ΔPT

ab, ΔPCP
aa = 0. In the 3f

case ΔPCP
eμ = ΔPCP

μτ = ΔPCP
τe . Experimental observation of CP violation in neutrino oscillations

represents a significant challenge (for more on that, see the talk of O. Mena [10]).
CP violation and T violation in ν oscillations in matter. Normal matter (with number of

particles �= number of antiparticles) violates C, CP and CPT, which leads to a fake (extrinsic)
CP violation in neutrino oscillations. It exists even in the 2f limit and may complicate the study
of the fundamental (intrinsic) CP violation.
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The situation with T-violation in matter is different: matter with density profile symmetric
w.r.t. the midpoint of neutrino trajectory does not induce any fake T violation. Asymmetric
profiles do, but only for N > 2 flavors [11, 12]. Matter-induced T violation may fake fundamental
T violation and complicate its study (extraction of δCP from the experiment). However, it is
absent when either Ue3 = 0 or Δm2

sol = 0 and thus is doubly suppressed by both these small
parameters. Therefore its effects in terrestrial experiments are expected to be very small [12].

Matter effects on νμ ↔ ντ oscillations. In the 2f limit, matter does not affect νμ ↔ ντ

oscillations. However, this is not true in the full 3f framework [13]. In particular, for oscillations
inside the earth there are ranges of baselines and neutrino energies for which the matter effect
can be very large (fig. 4, left panel, E ∼ 5 – 10 GeV). If one ignores them, one may end up with
a negative expected flux of oscillated νμ in atmospheric neutrino experiments (right panel).
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Figure 4. Left panel: Pμτ . Right
panel: oscillated flux of atmospheric νμ.
Δm2

31 = 2.5×10−3 eV2, sin2 θ13 = 0.026,
θ23 = π/4, Δm2

21 = 0, L = 9400 km.
Red (dark) curves – with matter effects,
green (light) curves – without matter
effects on Pμτ .

3.3. Parametric resonance in neutrino oscillations in matter
The MSW effect is not the only possible way matter can influence neutrino oscillations. Another
interesting possibility is a parametric enhancement of neutrino oscillations in matter [14, 15].
Parametric resonance in oscillating systems with varying parameters occurs when the rate of the
parameter change is correlated in a certain way with the values of the parameters themselves. A
well-known mechanical example is a pendulum with vertically oscillating suspension point (fig.
5): at the resonance, the pendulum turns upside down and starts oscillating around the vertical,
normally unstable, equilibrium point. Neutrino oscillations in matter can undergo parametric

Ω Ω

Figure 5. Parametric resonance in oscilla-
tions of a pendulum with vertically oscillating
point of support. For small-amplitude oscilla-
tions the resonance condition is Ωres = 2ω/n
(n = 1, 2, 3...).

enhancement if the length and size of the density modulation is correlated in a certain way
with neutrino parameters. This enhancement is completely different from the MSW effect; in
particular no level crossing is required. An example admitting an exact analytic solution is the
“castle wall” density profile [15, 16]. The resonance condition in this case can be written as [16]
X3 ≡ −(sin φ1 cos φ2 cos 2θ1m + cos φ1 sin φ2 cos 2θ2m) = 0, where φ1,2 are the oscillation phases
acquired in layers 1 and 2 and θm1,2 are the corresponding mixing angles in matter.

The earth’s density profile seen by neutrinos with core-crossing trajectories can be well
approximated by a piece of this castle wall profile. Interestingly, the parametric resonance
condition X3 = 0 can be satisfied for oscillations of core-crossing neutrinos in the earth for a
rather wide range of zenith angles both at intermediate energies [17, 18, 16] and high energies
[19] (see fig. 6). The parametric resonance of neutrino oscillations in the earth can be observed
in future atmospheric or accelerator experiments if θ13 is not too much below its current upper
limit.
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3.4. Some recent developments
When V � Δm2/2E (oscillations of low-E neutrinos in matter or, equivalently, oscillations
in low-density matter), matter effects on neutrino oscillations are small and can be considered
in perturbation theory. This gives simple and transparent formulas describing, in particular,
oscillations of solar and supernova neutrinos in the earth. The earth matter effects can be
expressed through the regeneration factor freg = P⊕

2e − P vac
2e , where P2e is the probability for ν2

to become νe upon traversing the earth. In the 3f framework one has [20]

P⊕
2e − P vac

2e =
1
2

c4
13 sin2 2θ12

∫ L

0
dxV (x) sin

[
2
∫ L

x
ω(x′) dx′

]
, (10)

where ω(x) =
√

[cos 2θ12 δ − c2
13V (x)/2]2 + δ2 sin2 2θ12, δ = Δm2

21/4E. The 2f (θ13 = 0) version
of these equations was derived in [21] (see also [22]).

Oscillations of high energy neutrinos in matter or, equivalently, oscillations in dense matter
(V > δ ≡ Δm2/4E), can also be very accurately described analytically. The transition
probability for oscillations in a matter of an arbitrary density profile is given by [19]

P = δ2 sin2 2θ
∣∣∣∣
∫ L

0
dxe−2iφ(x)

∣∣∣∣
2

, φ(x) =
∫ x

0
dx′ω(x′) . (11)

The accuracy of this approximation is quickly increasing with neutrino energy (see the right
panel of fig. 6, where the exact results are shown by solid curves and the analytic results, by
dashed curves).

4. Unsettled issues?
The theory of neutrino oscillations is quite mature and well developed now. However, it is far
from being complete or finished, and a number of basic questions are still being debated. Below
I list some of these questions (given in italics), along with my short answers to them:

• Equal energies or equal momenta?
– Neither equal E nor equal p assumptions, normally used in the derivations of the oscillation
probability, are exact. But for relativistic neutrinos, both give the correct answer.

• Evolution in space or in time?
– This is related to the previous question. For relativistic neutrinos both are correct and

equivalent. Fortunately, in practice we only deal with relativistic neutrinos. In the non-
relativistic case the very notion of the oscillation probability is ill-defined (the probability
depends on both the production and detection processes).

• Claim: evolution in time is never observed
– Incorrect. Examples: K2K, MINOS (and now also CNGS) experiments, which use the

neutrino time of flight in order to suppress the background.
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• Is wave packet description necessary?
– Yes, if one wants to rigorously justify the standard oscillation probability formula. Once

this is done, the wave packets can be forgotten unless the issues of coherence become
important.

• Do charged leptons oscillate?
– No, they don’t.

• Is the standard oscillation formula correct?
– Yes, it is. In particular, there is no extra factor of two in the oscillation phase, which

is sometimes claimed to be there. However, it would be theoretically interesting and
important to study the limits of applicability of the standard approach.

A number of subtle issues of the neutrino oscillation theory still remain unsettled (e.g.,
rigorous wave packet treatment, oscillations of non-relativistic neutrinos, etc). At present, this
is (rightfully) of little concern for practitioners.

What are interesting future tasks for the theory and phenomenology of neutrino oscillations?
These include the search for the best strategies for measuring neutrino parameters, study of
subleading effects and effects of non-standard neutrino interactions and of the domains of
applicability and limitations of the current theoretical framework. Future experimental results
may also bring some new surprises and pose more challenging problems for the theory!
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Double beta decay experiments: past and present

achievements

Alexander Barabash
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Russia
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Abstract. A brief history of double beta decay experiments is presented. The best currently
running experiments (NEMO-3 and CUORICINO) and their latest results are described. The
best measurements and limits for the 2νββ, 0νββ and 0νχ0ββ are summarized.

1. Historical introduction
1.1. Theory
The double beta decay problem arose practically immediately after the appearance of W. Pauli’s
neutrino hypothesis in 1930 and the development of β-decay theory by E. Fermi in 1933. In
1935 M. Goeppert-Mayer identified for the first time the possibility of two neutrino double beta
decay, in which there is a transformation of an (A, Z) nucleus to an (A, Z+2) nucleus that is
accompanied by the emission of two electrons and two anti-neutrinos [1]:

(A,Z) → (A,Z + 2) + 2e− + 2ν̃ (1)

It was demonstrated theoretically by E. Majorana in 1937 [2] that if one allows the existence
of only one type of neutrino, which has no antiparticle (i.e. ν ≡ ν̃) , then the conclusions of
β-decay theory are not changed. In this case one deals with a Majorana neutrino. In 1939
B. Farry introduced a scheme of neutrinoless double beta decay through the virtual state of
intermediate nuclei [3]:

(A,Z) → (A,Z + 2) + 2e− (2)

In 1981 a new type of neutrinoless decay with Majoron emission was introduced [4]:

(A,Z) → (A,Z + 2) + 2e− + χ0 (3)

1.2. Experiment
The first experiment to search for 2β-decay was done in 1948 using Geiger counters. In this
experiment a half-life limit for 124Sn was established, T1/2 > 3 · 1015 y [5]. During the period
1948 to 1965 ∼ 20 experiments were carried out with a sensitivity to the half-life on the level
∼ 1016 − 1019 y (see reviews [6, 7]). The 2β-decay was thought to have been ”discovered” a
few times, but each time it was not confirmed by new (more sensitive) measurements. The
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Figure 1. (a) Energy sum spectrum of the two electrons, (b) angular distribution of the two
electrons and (c) single energy spectrum of the electrons, after background subtraction from
100Mo with 7.369 kg·years exposure [22].

exception was the geochemical experiment in 1950 where two neutrino double beta decay of
130Te was really detected [8].

At the end of the 1960s and beginning of 1970s significant progress in the sensitivity of double
beta decay experiments was realized. E. Fiorini et al. carried out experiments with Ge(Li)
detectors and established a limit on neutrinoless double beta decay of 76Ge, T1/2 > 5 · 1021 y
[9]. Experiments with 48Ca and 82Se using streamer chamber with a magnetic field and plastic
scintillators were done by C. Wu’s group and led to impressive limits of 2·1021 y [10] and 3.1·1021

y [11] respectively. During these years many sensitive geochemical experiments were done and
2νββ decay of 130Te, 128Te and 82Se were detected (see reviews [12, 7, 13]).

The important achievements in the 1980s were connected with the first evidence of two
neutrino double beta decay in direct counting experiments. This was done by M. Moe’s group
for 82Se using a TPC [14]. There was also the first use of semiconductor detectors made of
enriched Ge in the ITEP-ErPI experiment [15].

During the 1990s the two neutrino decay process was detected in many experiments for
different nuclei (see [16, 17]), two neutrino decay to an excited state of the daughter nuclei
was also detected [18]. In addition, the sensitivity to 0νββ decay in experiments with 76Ge
(Hidelberg-Moscow [19] and IGEX [20]) was increased up to ∼ 1025 y.

Since 2002 the progress in double beta decay searches has been connected with the two best
present experiments, NEMO-3 and CUORICINO (see Section 2).

2. Best present experiments
2.1. NEMO-3
This is a tracking experiment that, in contrast to experiments with 76Ge, detects not only
the total energy deposition, but also other parameters of the process, including the energy of
the individual electrons, angle between them, and the coordinates of the event in the source
plane. Since June of 2002, the NEMO-3 detector [21] has operated at the Frejus Underground
Laboratory (France) located at a depth of 4800 m w.e. The detector has a cylindrical structure
and consists of 20 identical sectors. A thin (about 30-60 mg/cm2) source containing double beta
decaying nuclei and having a total area of 20 m2 and a weight of up to 10 kg was placed in
the detector. The energy of the electrons is measured by plastic scintillators (1940 individual
counters), while the tracks are reconstructed on the basis of information obtained in the planes
of Geiger cells (6180 cells) surrounding the source on both sides. In addition, there is a magnetic
field of 25 G parallel to the detector axis which is created by a solenoid surrounding the detector.

At the present time, studies are being performed on seven double beta decay isotopes; these
are 100Mo (6.9 kg), 82Se (0.93 kg), 116Cd (0.4 kg), 150Nd (37 g), 96Zr (9.4 g), 130Te (0.45 kg),
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Figure 2. The sum spectra of all natTeO2 crystals in the region of the 2β(0ν) energy of 130Te
[23].

and 48Ca (7 g).
Fig. 1 displays the spectrum of 2β(2ν) events in 100Mo that were collected over 389 days [22].

The total number of events is about 219,000, which is much greater than the total statistics of
all of the preceding experiments. Given the calculated values for the detection efficiencies for
2β(2ν) events, the following half-life value was obtained for 100Mo:

T1/2(
100Mo; 2ν) = [7.11 ± 0.02(stat) ± 0.54(syst)] · 1018 y (4)

Using 690 days of data the following limits on neutrinoless double beta decay of 100Mo and
82Se (mass mechanism; 90% C.L.) have been obtained: > 5.8 · 1023 y and > 2.1 · 1023 y.

The corresponding limits on 〈mν〉 are presented in Table 2.

2.2. CUORICINO
This program is the first stage of the larger experiment CUORE. The experiment is running
at the Gran Sasso Underground Laboratory. The detector consists of low-temperature devices
based on natTeO2 crystals. The detector consists of 62 individual crystals, their total mass being
40.7 kg. The energy resolution is ∼ 8 keV (FWHM) at 2.6 MeV.

The experiment has been running since March of 2003. The summed spectra of all crystals in
the region of the 2β(0ν) energy is shown in Fig. 2. The total exposure is 8.3 kg· y (130Te). The
background at the energy of the 2β(0ν) decay is 0.18 keV−1 · kg−1 · y−1. No peak is evident and
the limit is T1/2 > 2.4 · 1024 y (90% CL) [23]. The corresponding limits on 〈mν〉 are presented
in Table 2.

3. Best achievements
3.1. Two neutrino double beta decay
As discussed above this decay was first recorded in 1950 in a geochemical experiment with
130Te [8]. In 1967, it was also found for 82Se [24]. Attempts to observe this decay in a direct
measurement employing counters were unsuccessful for a long time. Only in 1987 could M. Moe,
who used a time-projection chamber (TPC), observe 2β(2ν) decay in 82Se for the first time [14].
Within the next few years, experiments employing counters were able to detect 2β(2ν) decay in
many nuclei. In 100Mo [18, 25, 26], and 150Nd [27] 2β(2ν) decay to the 0+ excited state of the
daughter nucleus was also recorded. The 2β(2ν) decay of 238U was detected in a radiochemical
experiment [28], and in a geochemical experiment for the first time the ECEC process was
detected in 130Ba [29]. Table 1 displays the present-day averaged and recommended values of
T1/2(2ν) from [30].
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Table 1. Average and recommended T1/2(2ν) values (from [30]).

Isotope T1/2(2ν)
48Ca 4.2+2.1

−1.0 · 1019

76Ge (1.5 ± 0.1) · 1021

82Se (0.92 ± 0.07) · 1020

96Zr (2.0 ± 0.3) · 1019

100Mo (7.1 ± 0.4) · 1018

100Mo-100Ru(0+
1 ) (6.8 ± 1.2) · 1020

116Cd (3.0 ± 0.2) · 1019

128Te (2.5 ± 0.3) · 1024

130Te (0.9 ± 0.1) · 1021

150Nd (7.8 ± 0.7) · 1018

150Nd-150Sm(0+
1 ) 1.4+0.5

−0.4 · 1020

238U (2.0 ± 0.6) · 1021

130Ba; ECEC(2ν) (2.2 ± 0.5) · 1021

3.2. Neutrinoless double beta decay
In contrast to two-neutrino decay, neutrinoless double-beta decay has not yet been observed 1.

The present-day constraints on the existence of 2β(0ν) decay are presented in table 2. In
calculating constraints on 〈mν〉, the nuclear matrix elements from [34, 35, 36] were used (3-d
column). In column four, limits on 〈mν〉 are given, which were obtained using the NMEs (QRPA
and RQRPA calculations) from a recent paper [37]. In this paper gpp values (gpp is a parameter
in QRPA theory) were fixed using experimental half-life values for 2ν decay and then NME(0ν)
were calculated. The authors [37] analyzed the results of all existing QRPA calculations which
demonstrates that their approach gives the most accurate and reliable values for NMEs. There
is criticism to this claim in [40]).

3.3. Neutrinoless double beta decay with Majoron emission
Table 3 displays the best present-day constraints for an ordinary Majoron (spectral index n =
1). For nonstandard models of the Majoron (n = 2, 3 and 7) the strongest limits were obtained
with the NEMO-3 detector [41].

3.4. Improvements in experimental methods
The dominate experimental achievements are connected with the following methods:

1) Low background HPGe detectors made of enriched Ge (HM [19] and IGEX [20]).
2) Low background low temperature detectors (TeO2 crystals; CUORICHINO [22]).
3) Low background crystal scintillators (116CdWO4; SOLOTVINO [39]).
4) Low background tracking detectors (TPC [45], NEMO-3 [22]).
The key point is the level of the background, because high sensitivity experiments can only

operate under low background conditions. The important achievements were done during the

1 A fraction of the Heidelberg-Moscow Collaboration published a ”positive” result for 76Ge, T1/2 ≈ 1.2 · 1025 y
[31] (see table 2). The Moscow portion of the Collaboration does not agree with this conclusion [32] and there is
independent criticism of this result (see, for example [33]). Thus at the present time this ”positive” result is not
accepted by the ”2β decay community” and it has to be checked by new experiments.
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Table 2. Best present results on 2β(0ν) decay (limits at 90% C.L.). ∗) See text.

Isotope T1/2, y 〈mν〉, eV 〈mν〉, eV Experiment
[34, 35, 36] [37]

76Ge > 1.9 · 1025 < 0.33 − 0.84 < 0.46 − 0.59 HM [19]
� 1.2 · 1025(?)∗) � 0.5 − 1.3(?)∗) � 0.6 − 0.7(?)∗) Part of HM [31]

> 1.6 · 1025 < 0.36 − 0.92 < 0.51 − 0.64 IGEX [20]
130Te > 2.4 · 1024 < 0.4 − 0.8 < 0.7 − 1.3 CUORICINO [23]
100Mo > 5.8 · 1023 < 0.6 − 0.9 < 2.0 − 2.7 NEMO- 3 (this work)
136Xe > 4.5 · 1023 < 0.8 − 4.7 < 2.8 − 5.6 DAMA [38]
82Se > 2.1 · 1023 < 1.2 − 2.5 < 2.3 − 3.2 NEMO-3 (this work)

116Cd > 1.7 · 1023 < 1.4 − 2.5 < 2.9 − 4.3 SOLOTVINO [39]

Table 3. Best present limits on 2β(0νχ0) decay (ordinary Majoron) at 90% C.L.

Isotope T1/2, y 〈gee〉, [34, 35, 36] 〈gee〉, [37]

76Ge > 6.4 · 1022 [19] < (1.2 − 3.0) · 10−4 < (1.9 − 2.3) · 10−4

82Se > 1.5 · 1022 [41] < (0.66 − 1.4) · 10−4 < (1.3 − 1.8) · 10−4

100Mo > 2.7 · 1022 [41] < (0.4 − 0.7) · 10−4 < (1.3 − 1.8) · 10−4

116Cd > 8 · 1021 [39] < (1.0 − 2.0) · 10−4 < (2.3 − 3.5) · 10−4

128Te > 2 · 1024(geochem)[42] < (0.7 − 1.6) · 10−4 < (1.7 − 2.8) · 10−4

period of 2β-decay searches. In table 4 one can find the best background levels reached which
were obtained in the different experiments. In 2-nd column, is the background B in (keV ·kg·y)−1.
For a better comparison of the experiments with different energy resolutions and efficiencies, a
so called effective background value 〈B〉 has been introduced.

Table 4. Lowest levels of background in double beta decay experiments. ΔE is energy resolution
(FWHM) in keV and η is efficiency; PSD is pulse shape discrimination.

Experiment B, (keV · kg · y)−1 〈B〉 = B · ΔE/η, (kg · y)−1

HM [19], IGEX [20]; 76Ge ∼ 0.2 ∼ 0.8
∼ 0.06(PSD) ∼ 0.25(PSD)

CUORICINO [44]; TeO2 ∼ 0.18 ∼ 1.4
NEMO-3 [22]; 100Mo ∼ 0.001 ∼ 2.5
SOLOTVINO [39]; 116CdWO4 ∼ 0.037 ∼ 10
TPC [45]; 136Xe ∼ 0.02 ∼ 15
DAMA [38]; 136Xe ∼ 0.06 ∼ 30
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4. Conclusion
The principle achievements of past and present experiments are the following:

1) A conservative limit on the effective Majorana neutrino mass has been established as < 0.9
eV (90% C.L.).

2) A conservative limit on the coupling constant of Majoron to neutrino (ordinary Majoron)
has been established as < 1.8 · 10−4 (90% C.L.).

3) The two neutrino double beta decay has been detected in 10 nuclei. In addition this type
of decay to the 0+ excited state of daughter nuclei has been detected (for 100Mo and 150Nd).
Finally, the ECEC(2ν) process has been detected in geochemical experiment.
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Abstract. This contribution reviews the recent progress achieved towards building the 
ANTARES neutrino telescope. The first results obtained by the operation of a Mini 
Instrumentation Line with Optical Modules, “MILOM”, and the first complete detector line are 
highlighted. 

1.  The ANTARES detector 
The European Collaboration ANTARES aims at building and operating a large undersea neutrino 
telescope located at a depth of 2500 m in the Mediterranean Sea, offshore from Toulon in France [1]. 
Neutrinos will be detected through their interaction in the matter surrounding the detector, producing 
muons radiating Cherenkov light while propagating in the sea water. Photons are recorded by a lattice 
of Optical Modules (OMs) [2], consisting of 10” hemispherical photomultiplier tubes (PMTs) [3] 
housed in pressure resistant glass spheres, installed on a set of mooring lines. The reconstruction of the 
muon track direction, pointing to a fraction of a degree towards the direction of the parent neutrino 
source for high energy neutrinos, is achieved from the measurement of the arrival times of the 
Cherenkov photons on the OMs, as well as their position in space. 

The complete ANTARES detector will consist of 12 lines of 25 storeys, each storey being equipped 
with a triplet of Optical Modules looking at 45° downward and an electronics container mounted on a 
titanium frame, giving a grand-total of 900 OMs. On each storey, the local electronics container 
includes the front-end electronics of the PMTs, an Ethernet board for the data acquisition and the 
detector Slow Control, electronics boards for clock distribution and for Dense Wavelength Division 
Multiplexing of the Ethernet transmission, and a tiltmeter-compass board measuring the local tilt and 
orientation of the storey. Some storeys also support a hydrophone for acoustic positioning or an LED 
Optical Beacon used for inter-string time calibration. 

The vertical distance between storeys is 14.5 m, the first one being placed at 100 m above the sea 
bed, leading to a total height of the detector strings of 480 m. Each string is anchored on the sea floor 
at a distance of 70 m from its neighbours. Every line is individually connected to a Junction Box by an 
interconnection cable a few hundred metres long. The Junction Box is itself linked to the shore by a 40 
km long electro-optical cable equipped with 48 optical fibres. 

The construction of the ANTARES detector started in October 2001 with the deployment of the 
main electro-optical cable from the ANTARES site, located in the Mediterranean Sea (42°48’N-
6°10’E) offshore Toulon (France) at a depth of 2475 m, to the beach of La Seyne-sur-Mer where the 
shore station of the experiment is situated. In December 2002, the Junction Box was connected at the 
end of this cable and immersed on the site. In Spring 2003, two small test lines, the Prototype Sector 
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Line (PSL) and the Mini Instrumentation Line (MIL), were installed, connected and operated for a few 
months. The genuine operation of the ANTARES neutrino telescope really started in April 2005 after 
the connection of the Mini Instrumentation Line with Optical Modules (MILOM) and more recently 
the installation of the first full complete detector line, Line 1, in March 2006. The second line, Line 2, 
was in integration phase in June 2006, at the time of the Neutrino’06 Conference, it has been 
successfully deployed on the ANTARES site at the end of July 2006 as scheduled. Thanks to two 
assembly sites running in parallel, the ANTARES detector is foreseen to be fully deployed and 
operational by the end of 2007 for several years of physics data taking.  

The main performance parameters expected for the complete ANTARES neutrino telescope are 
summarized in figure 1. The left plot shows the effective area for neutrinos as a function of the 
neutrino energy for various incident angles. The effective area reaches 1 m² for Eν >100 TeV, the 
energy above which the Earth shadowing starts to be of some importance. The right plot shows the 
angular resolution for the reconstructed muon compared to the true muon direction and to the parent 
neutrino direction, as a function of the neutrino energy. While the angular resolution is dominated by 
the physical angle between the muon and the parent neutrino at low energy, it is dominated by the 
reconstruction for Eν ≥ 10 TeV and is expected to be as good as 0.3°. In this regime, the angular 
resolution is mainly dominated by two effects: the scattering and the chromatic dispersion of the 
Cherenkov light during its travel into the sea water, contributing for a time arrival spread of σ ~ 1 ns; 
the transit time spread (TTS) of the PMT signals being σ ~ 1.3 ns. 
To achieve this good angular resolution, the ANTARES detector is designed such as additional 
electronics contributions to the time calibration contribute for less than ~0.5 ns to the time-stamping of 
the detected photons. In addition, the relative position reconstruction of the OM has to be controlled 
with a precision of ~10 cm. 

 

 

 

 
Figure 1. Expected performance for the complete 12 lines ANTARES neutrino telescope. The left 
figure shows the effective area for neutrinos as a function of the neutrino energy for several incident 
angles. The right figure shows the angular resolution of the reconstructed muon compared to the true 
muon direction and to the parent neutrino as a function of the neutrino energy. 

2.  Results from the first ANTARES lines 

2.1.  The MILOM line 
The current data taking of the ANTARES detector started in March 2005 with the operation of the 
MILOM [4]. This instrumentation line, partly devoted to multi-disciplinary and environmental studies, 
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consists of an instrumented releasable anchor, the Bottom String Socket (BSS), and three storeys 
respectively located at 100 m, 117 m and 169 m above the sea bed. The middle storey is a standard 
ANTARES storey housing a triplet of Optical Modules. The main other devices are a water current 
profiler located on the top storey, an LED Optical Beacon held on the bottom storey, an acoustic 
positioning transducer attached to the BSS and a seismometer buried into the sea floor 50 m away 
from the MILOM. 

2.1.1.  Optical background measurements. The operation of the MILOM allowed a continuous 
monitoring of the background rates of the Optical Modules. A typical OM counting rate display 
exhibits a baseline of ~60-80 kHz largely dominated by optical background due to 40K decays and 
bioluminescence activities coming from bacteria, as well as bursts of a few seconds duration produced 
by bioluminescent emission of macro-organisms [5]. Figure 2 (left) shows the baseline rates recorded 
by the three OMs of the MILOM during a period of three months in Autumn 2005. A seasonal 
variation of the bioluminescence component of the baseline is clearly observed. The 15% higher 
counting rate of OM1 during the full period is due to a lower threshold set on the readout of this 
Optical Module. Figure 2 (right) shows the burstfraction, defined as the fraction of the time when the 
counting rate is higher than the baseline by 20% during a 15 min interval, as a function of the water 
current intensity. A strong correlation of these two quantities is clearly observed. 

 

 

 

 
Figure 2. Baseline rates recorded by the three OMs of the MILOM during Autumn 2005 (left) and 
burstfraction as function of the water current intensity (right).   

 
The time coincidences between pairs of neighbouring Optical Modules have also been studied. 

These distributions exhibit a flat background of random coincidences and a Gaussian peak of few ns 
width due to genuine coincidences of 40K radioactive decays producing two detected photons. The 40K 
coincidence rate is measured to be 13.0±0.5 Hz and is in good agreement with a simulation the signals 
induced by 40K decays which leads to a coincidence rate of 12 Hz with a 4 Hz systematic error due to 
uncertainties in the effective area and angular response of the OMs. 

2.1.2.  Time calibration with the LED Optical Beacon. The time calibration of the MILOM Optical 
Modules has been checked by flashing the LED Optical Beacon located on the bottom storey. This 
device consists of a glass cylinder container containing 36 blue LEDs synchronised in time in order to 
produced intense light flashes with a time dispersion < 0.5 ns. The time calibration of the OMs can be 
checked either by looking at the arrival time of the signal on the PMT relative to the time of the flash, 
or by the time difference of the flash arrival time measured by two adjacent OMs. Due to the large 
intensity of the light flashes and the short 15 m distance of propagation of the light into the water, the 
time stamping of the OM signal is dominated by its electronics contribution and not by the TTS of the 
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PMT in this case. The measured distributions confirm that the electronics contribution to the time 
calibration is ≤ 0.5 ns as expected. 

2.2.  The Line 1 
The first complete line of the ANTARES neutrino telescope, Line 1, has been deployed on the site on 
February 14th 2006 and connected two weeks later on March 2nd by using the Remote Operated 
Vehicle Victor of IFREMER. This line is made of a BSS and of 25 storeys, holding a total of 75 OMs. 
It also includes 4 LED Optical Beacons and 5 acoustic positioning hydrophones spread along the line, 
as well as an acoustic transducer on its BSS. 

2.2.1.  Time calibration with the MILOM LED Optical Beacon. The time calibration of the Line 1 
OMs can also be checked by flashing the LED Optical Beacon located on the MILOM bottom storey. 
Figure 3 (left) shows the detection time spread of the LED Optical Beacon flashes by an OM of Line 1 
located on a storey at the same altitude than the MILOM LED Optical Beacon. In this case, the 
measured distribution width is σ = 0.7 ns for a “horizontal” travel path of ~80 m of the light in the sea 
water. Figure 3 (right) shows in comparison the detection time spread for an OM of Line 1 located at a 
higher altitude corresponding to a “diagonal” travel path of the flash light of ~150 m. A wider 
distribution is clearly observed due to the smaller intensity of the detected signal, as well as a tail of 
delayed photons coming from scattering light. All measured distributions have been found in good 
agreement with expectations. 
 

 

 

 
Figure 3. Detection time spread of the MILOM LED Optical Beacon flashes by an OM of Line 1 
located at the same altitude as the LED Optical Beacon at an “horizontal” distance of ~80 m (left) and 
by an OM at a higher altitude at a “diagonal” distance of ~150 m (right). 

 

2.2.2.  Acoustic positioning measurements. The reconstruction of the detector geometry in real time is 
primarily based on acoustic triangulation of a small number of hydrophones scattered along every line. 
The triangulation is performed from distance measurements of each hydrophone to several fixed 
acoustic emitters located either on every line anchor base (transducers) or on autonomous pyramidal 
structures anchored around the detector field (transponders). A relative positioning of the hydrophones 
in space with a precision of few cm is necessary in order to obtain a precision of ~10 cm on the OM 
positions as a result of the line shape reconstruction performed by the addition of the tilts and heading 
measurements of every storey. The concomitant operation of MILOM and Line 1 has allowed a check 
of the acoustic system performance by performing the Line 1 hydrophone triangulation based on the 
acoustic emission of the MILOM transducer and two autonomous transponders. The good resolution 
of the acoustic system, found to be well within the specification, can be appreciated on figure 4 which 
shows the radial displacement of the lowest hydrophone of Line 1, located on its bottom storey at 100 
m above the sea bed, with respect to the line axis during a period of two weeks. 
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Figure 4. Radial displacement of the Line 1 lowest 
hydrophone with respect to the line axis measured by 
the acoustic relative positioning system during a period 
of two weeks. 

 Figure 5. Example of a downward-going 
atmospheric muon track reconstruction with 
the ANTARES Line 1.  

2.2.3.  Reconstruction of atmospheric muons. Although the OMs point at 45° downwards, the 
ANTARES detector has a none negligible efficiency for the detection and the reconstruction of 
downward-going atmospheric muons. The event selection is first performed by an online filter 
algorithm, running at the shore station, which looks for a set of ≥ 4 local coincidence hits, the 
triggered hits, causally compatible with a muon track passing through the detector during a 4 µs time 
window. The muon reconstruction is then performed with a χ² fit of the hit times as function of their 
altitudes, to a hyperbola corresponding to the intersection of the muon Cherenkov light front with the 
line plane, in order to determine the zenith angle of the muon track. An example of such a muon track 
fit is shown on figure 5. Several thousand of atmospheric muons have already been reconstructed after 
a few weeks of operation of the Line 1, the first being detected only two days after its connection. The 
study of the muon angular distribution is in progress. The preliminary results already show that the 
muon reconstruction is working well and that the hunt for the first undersea neutrino can be started. 

3.  Conclusion 
The ANTARES Collaboration has made a major step forward during the last year by the operation of a 
Mini Instrumentation Line with Optical Modules, the MILOM, for more than a year, and the 
installation of the first complete line of the detector in Spring 2006. All studies performed with these 
two lines show that the detector behaves well within the design specification and that all technical 
problems are solved. The detector should be fully installed by the end of 2007 and in operation for 
science during at least five years. It is also considered as a milestone towards the building of a km3 
underwater detector for which a design study is under preparation.  
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Evidence for Sterile Neutrinos from Solar Neutrino
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Abstract. Solar neutrino fluxes measured by the Cl, Ga, and Super-Kamiokande (SK)
experiments reveal modulations at frequencies related to solar rotation rates of the solar
magnetic field. The modulations produced by Resonant-Spin-Flavor Precession (RSFP) cannot
be explained by the three known neutrinos, as a sterile neutrino is required which couples to
the active neutrinos only via a large transition magnetic moment. Such a sterile with no mixing
avoids all known constraints, is compatible with the time-varying solar data, and improves the
fit to the time-averaged data. The subdominant RSFP process occurs in the solar convection
zone in series with the LMA MSW effect at a smaller radius. Since the magnetic field in the
convection zone changes with solar cycle, a rotation frequency in GALLEX data (solar cycle
23) would not be in GNO data (cycle 24). An analysis lumping these data together shows the
same frequency not significantly, whereas GALLEX data shows it at the 99.9% CL, using more
of the experimental information. Use of insufficient information is a problem in the SK analysis,
which sees at low significance the same 3 frequencies (one of rotation and two of related r-
modes) we find even at the 99.9% CL when more experimental information is used. SNO looked
unsuccessfully for one of these r-mode peaks, but SK data shows this very episodic process had
died out before SNO turned on. A rotation frequency of the magnetic field seen in SK data
does appear also in SNO data.

Statistically significant frequencies of solar neutrino flux modulation, all of which are related
to known solar processes, have been found in the data of the Cl, Ga, and Super-Kamiokande
experiments. These modulations can be understood if Resonant-Spin-Flavor Precession (RSFP)
occurs in the solar convection zone, producing a sterile neutrino via νe → ν̄s. This νs does not
require any mixing with active neutrinos, avoiding all known constraints, but it does couple
via a large transition magnetic moment. Since the dominant LMA MSW process occurs at a
small solar radius, the RSFP effect follows the MSW one in series. Because these modulations
have small amplitude and are of limited time duration, the analysis must utilize all available
experimental information. After a brief summary of evidence for flux modulation and for this
type of sterile neutrino, the lack of significant observation of these effects in other analyses is
explained.

Initial analyses[1] of solar neutrino flux variability was done on the radiochemical experiments,
starting with discovering that the variance of the Homestake (Cl) experiment’s data[2] is larger
than expected at the 99.9% CL. A subsequent power spectrum analysis showed that the main
frequency involved was 12.88±0.02 y−1 (28.4 d period), which came from regions above the solar
equator. In contrast, the Ga experiments (particularly GALLEX[3]) showed a main frequency
of 13.59 ± 0.04 y−1, an equatorial rotation rate of the deep convective zone. Helioseismology
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data give rotation frequencies as a function of solar radius and latitude, and these match the
13.59 y−1 rate on the solar equator at about 0.8 of the solar radius, R⊙.

The influence of these rotation frequencies extends even to the corona, since the SXT
instrument[4] on the Yohkoh spacecraft provides evidence for two rotation rates, one (13.55±0.02
y−1) mainly at the equator, and the other (12.86 ± 0.02 y−1) mainly at high latitudes, in
remarkable agreement in rate and location with the neutrino data, as shown in Fig. 1. That
the Cl and Ga experiments should respond differently to these two frequencies arises from the
difference in solar radii at which their neutrinos are produced and the tilt of the solar axis
relative to the ecliptic. The neutrinos the Cl experiment detects come from a small sphere
(∼ 0.05 R⊙), so those reaching the earth mainly miss the equatorial region at 0.8 R⊙ and are
modulated instead at higher solar latitudes. The Ga experiments detect pp neutrinos which are
produced at ∼ 0.2 R⊙, so this wide beam is insensitive to axis tilt and can be modulated by the
equatorial region.
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Figure 1. Comparison of normalized probability distribution functions formed from power
spectra of data from SXT (plotted upwards) and Homestake and GALLEX (plotted downwards).
At the frequency 13.6 y−1 the SXT and GALLEX data are equatorial, while the other two are
not. All frequencies are in cycles per year.

The GALLEX data show another manifestation of this modulation when the flux values of
individual runs are plotted, as these have a double peak. That this structure is related to the
13.59 y−1 modulation is shown by reordering runs according to the phase of that frequency,
since lower flux values appear in the descending part of the cycle and higher flux values in the
ascending portion.

How can these observations be understood? Since the modulations correspond to rotations
of the solar magnetic field, Resonant-Spin-Flavor Precession[5] (RSFP) must be involved. The
RSFP process is subdominent to the main suppression of solar νe via the Large-Mixing-Angle
(LMA) MSW effect, and the two occur in series at different solar radii. For simplicity, one would
like to utilize just the three known light neutrinos. Their measured mass differences would force
the RSFP process to occur at a smallar solar radius than the MSW effect, which is contrary to
our analyses. Also the RSFP modulations are calculated[6] to be much too small and to have
the wrong energy dependence. Thus one is forced to introduce a fourth neutrino, which cannot
have the weak interactions, as required by the width of the Z

0 boson. The RSFP process is then
νe → ν̄s, with a mass-squared difference between the two states, ∆m

2
∼ 10−8 eV2, to provide

a resonant density in the solar convection zone at a much larger radius than that at which the
similar MSW resonance occurs.
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A model was suggested[1] in which the sterile neutrino couples to active neutrinos via only
a large transition magnetic moment, with no mixing required. This lack of mixing avoids all
known limitations on sterile neutrinos, and constraints on RSFP from null observations of solar
antineutrinos are also irrelevant. This model, when used[7] with the LMA MSW solution, (1)
predicted correctly the magnitude and energy dependence of the flux modulation, (2) gave the
right location of the equatorial RSFP resonance at ∼ 0.8 R⊙, and (3) improved the fit to the
time-averaged solar data. The fit improvement results from the resonant dip in the RSFP νe

survival probability, which suppresses the 0.86 MeV 7Be neutrino line, reduces the 2.5σ excess
in the predicted Cl rate over the Homestake observation, and eliminates the rise below ∼ 8
MeV predicted by the LMA solution but not observed by the Super-Kamiokande[8] and SNO[9]
experiments.

Especially because understanding these results on flux variability requires a sterile neutrino,
there has been reluctance to accept them. This reaction has been exacerbated by analyses from
the experimental groups involved, which generally find the same modulation frequencies we do
but not at a significant level. This problem arises mainly from two causes: this subdominant
effect usually produces a very small flux modulation (e.g., ∼ 7% in the 8B neutrino energy
range) and the effects are only transient. These two issues are illustrated below by comparing
our analyses with those of the experimental groups.

An analysis[10] of GALLEX-GNO data shows the 13.6 y−1 modulation frequency peak we
see, but not so significantly. The main problem is that the two data sets occurred in different
solar cycles, and the magnetic field in the convection zone changes drastically with solar cycle.
We find the 13.6 y−1 peak increases in power until near the end of GALLEX running, when
there is a change in solar cycle, and it disappears (as does the double flux peak) during GNO
data taking. Using only GALLEX data, a search band (12.5–13.8 y−1) compatible with solar
rotation rates, full information on run durations, and the existence of a harmonic, we establish
the peak at the 99.96% CL[11]. The harmonic is unique, since a search for pairs of peaks with
frequencies in a 2:1 ratio yields a single peak at a fundamental of 13.6 y−1, the probability of
which by chance is 0.7% for a 0–26 y−1 search band, or 0.04% for the rotational band.

Super-Kamiokande (SK) sees at low significance the same three peak frequencies we[12] see:
9.43±0.05 (A), 39.28±0.05 (B), and 43.22±0.06 (C) y−1, as shown in Fig. 2. To understand the
difference in the two analyses, we concentrate on peak A and show how the power of the peak
increases as more experimental information is used, where the probability of obtaining a power
P or more by chance at a specified frequency is e

−P . SK[8], using a Lomb-Scargle procedure
in which all the data collected in a 5-day data run is taken to be at one time, got P = 5.90
when using the midtime, but P = 6.18 when using a mean live time. If, instead[12], one uses
in addition a symmetrized experimental error, P = 9.56. Including also the start and end times
of each run raises P to 11.67. Finally, if the asymmetry in the error is taken into account[13],
P = 13.24. The significance of P from a Monte Carlo shows 71% of the simulations exceed
P = 6.18, SK’s result, whereas only 0.1% of simulations exceed P = 13.24. Thus SK’s result is
correctly not significant, but ours, using more experimental information, certainly is.

Even if the peaks are significant, one needs to understand their origin. Help comes from
the power spectrum[1, 13] of the photospheric magnetic field during the SK data-acquisition
interval, when the field had considerable lumpiness. The fundamental and first harmonic of the
rotation frequency are almost absent, but there is a remarkable series of higher harmonics, with
the second (P = 19) and sixth (P = 20) being especially prominent. Using the second through
sixth harmonics gives 13.20 ± 0.19 y−1 for the synodic rotation frequency of the field. Then
neutrino peak B, at 39.28 y−1, falls within the band of frequencies, 39.60 ± 0.42 y−1, of the
second harmonic at the 99.5% CL for P = 8.91 of peak B. Also, the second harmonic and peak
B have the same time dependence during the solar cycle.

To understand neutrino peaks A and C, we need retrograde waves, or r-modes which move
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Figure 2. Power spectrum of Super-Kamiokande 5-day data computed taking into account the
symmetrized error and start time and end time of each bin. Note that subsequent analyses using
more experimental information increased the peak powers.

magnetic field regions in and out of the νe path. We found evidence for r-modes in Homestake
(and to a lesser extent, GALLEX) data that appear to be the origin of the well-known Rieger
and Rieger-type oscillations[14]. Such modulations, resulting from the interference of an r-mode
frequency and the magnetic field rotation, produce frequencies

ν =

∣∣∣∣mνR −

2m

ℓ(ℓ + 1)
(νR + 1) ± mνR

∣∣∣∣ , (1)

where νR is the synodic rotation frequency, and ℓ, m are the usual spherical harmonic indices,
with ℓ ≥ 2 for a rotating sphere. The solution with the + sign, ν = 2m(νR + 1)/ℓ(ℓ + 1), was
used with ℓ = 3, m = 1, 2, 3 and νR = 12.88 y−1 (as found by Homestake especially) to give the
three Rieger frequencies to at least the accuracy they are known from sunspots and solar flares.
In the SK case, where νR = 13.20 ± 0.14 y−1, using ℓ ≡ m = 2 this relation gives 9.47 ± 0.09,
while the solution to (1) with the + sign gives 43.33 ± 0.47 y−1. Using the powers with just
symmetrized errors, peak A falls in the band of the first solution at the 99.98% CL, and peak C
falls into the band of the second solution at the 99.7% CL. Thus the origins of all these peaks
are understood.

While frequencies dependent upon rotation rates change with solar cycle, r-modes are even
more ephemeral, as is known from solar flares, sunspots, etc. Because of its prominence in the
SK data, the SNO collaboration particularly searched for r-mode peak A without success. We
agree with that result, but we also find that peak similarly does not appear in the SK data
in the 1.6 y overlap of the two experiments. SNO, using all its data, assumed the modulation
effects are constant in time. The salt data has a particularly bad background of neutral-current
events, and even the D2O data has an appreciable admixture of these events which in our model
are not modulated. The results are preliminary, but in the D2O data we see some evidence for
rotation peak B (3νR) and also for the sixth harmonic peak at 7νR, which can appear in these
one-day data, but not in SK’s 5-day data.

Even the sample of the evidence presented above makes a very strong case for solar neutrino
flux modulation, presumably requiring a sterile neutrino. Such a neutrino with very little or no
mixing could be produced at a cosmologically convenient time, helping to understand small-scale
structure, and contributing much more to dark matter than is presently considered possible. It
also would have significant effects in supernovae and for particle physics.
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Abstract. Physics potential of future measurements of atmospheric neutrinos is explored.
Observation of Δm2

21 driven sub-dominant effects and θ13 driven large matter effects in
atmospheric neutrinos can be used to study the deviation of θ23 from maximality and its octant.
Neutrino mass hierarchy can be determined extremely well due to the large matter effects. New
physics can be constrained both in standard atmospheric neutrino experiments as well as in
future neutrino telescopes.

1. Introduction
Atmospheric neutrinos observed in the Super-Kamiokande (SK) experiment provided the first
unambiguous signal for neutrino flavor oscillations [1]. The observed zenith angle and energy
dependent depletion of atmospheric νμ/ν̄μ in SK can be explained only by νμ-ντ oscillations with
Δm2

31 = 2.1× 10−3 eV2 and almost maximal mixing angle, sin2 2θ23 = 1. The results of the SK
experiment was subsequently corroborated by the MACRO and Soudan-2 atmospheric neutrino
experiments and more recently by the K2K and MINOS long baseline (LBL) experiments. In
this talk we will expound the physics potential of future atmospheric neutrino experiments using
larger and better detectors.

2. Confirming oscillations of atmospheric neutrinos
The “smoking gun” signal for νμ-ντ oscillations is the observation of the characteristic “dip” in
L/E, predicted by neutrino flavor mixing. Although the analysis of the L/E binned atmospheric
neutrino data in SK has been found to support the oscillation hypothesis [2], it would be
worthwhile to make an unambiguous check using a detector with better E and L resolution. This
can be done in large magnetized detectors, such as the proposed ICAL detector at the India-
based Neutrino Observatory (INO) [3]. Analysis of results obtained from detailed simulations
by the INO collaboration show that oscillations can be confirmed with a significant C.L. with
just 250 kTy data.

3. Precision measurement of Δm2
31 and sin2 θ23

Both Δm2
31 and sin2 2θ23 are expected to be measured very accurately by the forthcoming LBL

experiments. A statistical analysis of the combined data set with five years of running of MINOS,
ICARUS, OPERA, T2K and NOνA each, reveals that Δm2

31 and sin2 θ23 could be measured
with a spread of 4.5% and 20% respectively at 3σ [4]. The future prospective data from water
Cerenkov atmospheric neutrino experiments with a statistics 20 times the current SK statistics
could measure Δm2

31 and sin2 θ23 with a spread of ∼ 17% and ∼ 24% respectively [5]. A large
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magnetized iron calorimetric detector such as the proposed INO detector ICAL [3], could use
atmospheric neutrinos to measure Δm2

31 and sin2 θ23 within 10% and 30% respectively at 3σ
with a statistics of 250 kTy [3].

4. Atmospheric neutrino experiments: Subdominant effects
The effect of the sub-dominant terms in the Super-Kamiokande (SK) atmospheric neutrino data
is not yet at the statistically significant level. However, the sub-dominant terms, if observed in
a future high statistics atmospheric neutrino experiment, can be used to give information on:
• Deviation of θ23 from its maximal value
• Octant of θ23

• sgn(Δm2
31)

Assuming a constant density for the earth matter, the excess of electron type events in a water
Cerenkov experiment such as SK is given by [6, 7]

Ne

N0
e

− 1 � sin2 2θM
12 sin2

(
(Δm2

21)
ML

4E

)
× (r cos2 θ23 − 1) (1)

+ sin2 2θM
13 sin2

(
(Δm2

31)
ML

4E

)
× (r sin2 θ23 − 1) (2)

+ sin θ23 cos θ23 r Re

[
A∗

13A12 exp(−iδCP )
]

, (3)

where L is the baseline, E is the energy of the neutrino, r = Ne/Nμ, Ne and Nμ being the
number of e and μ events respectively in the detector in absence of oscillations and θM

12 , θM
13 ,

(Δm2
21)

M and (Δm2
31)

M are the mixing angle and mass squared differences in matter.

(i) The first term in Eq. (3) is the Δm2
21 driven oscillation term – which is obviously more

important for the sub-GeV neutrino sample. Since r � 0.5 in the sub-GeV regime, this
term brings an excess (depletion) of sub-GeV electron events if θ23 < π/4 (θ23 > π/4). It
can thus be used to study the maximality and octant of θ23 through the sub-GeV electron
sample [6, 5].

(ii) The second term is the θ13 driven oscillation term. Being dependent on sin2 θ23, this term
goes in the opposite direction to the first term. Therefore for sub-GeV neutrinos, larger
θ13 would imply that the effect of the first term would get negated by this term. However
for multi-GeV neutrinos, there will be large matter effects inside the earth and this term
dictates the electron excess. The sin2 θ23 dependence of this term could then be used to
study the maximality and octant of θ23 through the multi-GeV electron sample (see also
[8]). Since matter effects bring in sensitivity to the sgn(Δm2

31), this term can be used to
study the mass hierarchy.

(iii) The last term is the “interference” term [7], which depends on δCP . The effect of this term
could be to dilute the effect of the first two terms and spoil the sensitivity of the experiment.
However, being directly dependent on δCP , this term also brings in some sensitivity to the
CP phase itself [7, 9].

The depletion of the muon events in the limit of Δm2
21 = 0 is given by1

1 − Nμ

N0
μ

= (P 1
μμ + P 2

μμ) + (P 3
μμ)′ sin2 θ23(sin2 θ23 − 1

r
) , (4)

1 The approximation of taking a vanishing Δm2
21 has been made in Eq. (7) only for the sake of simplicity, since

the main subdominant effect in the muon neutrino channel comes from earth matter effects, which are large for
multi-GeV neutrinos for which Δm2

21 dependence is less importance. The results presented in the later sections
have been obtained using the full numerical solution of the three-generation equation of the atmospheric neutrinos.
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P 1
μμ = sin2 θM

13 sin2 2θ23 sin2

[
(A + Δm2

31) − (Δm2
31)

M
]
L

8E
, (5)

P 2
μμ = cos2 θM

13sin2 2θ23 sin2

[
(A + Δm2

31) + (Δm2
31)

M
]
L

8E
, (6)

(P 3
μμ)′ = sin2 2θM

13 sin2 (Δm2
31)

M
L

4E
, (7)

where A = 2
√

2GF NeE is the matter potential. For very small values of θ13, there is very little
matter effect and we can see that P 2

μμ is the dominant term in the survival probability. Since
this term depends on sin2 2θ23 we do not expect octant sensitivity in absence of matter effects
from experiments probing the Pμμ channel alone. However, if θ13 is not too small, neutrinos
which travel through large baselines and hence large matter densities inside the earth, undergo
large matter effects. The mixing angle θM

13 increases in matter and the third term (P 3
μμ)′ becomes

important as well. Since this term has a strong dependence on sin2 θ23 rather than sin2 2θ23, we
expect the Pμμ channel to develop sensitivity to the octant of θ23 in presence of large matter
effects [10]. Probing matter effects in the resultant muon signal in the detector will also provide
us with information on the neutrino mass hierarchy [11, 12].

Since matter effects are large for higher energy neutrinos, we expect that multi-GeV
atmospheric νμ/ν̄μ events can be used for this purpose. However, unlike in the case for matter
effects in the Pμe channel, both the magnitude and sign of the earth matter effects in the Pμμ

channel depends crucially on L and E. The largest effect of earth matter comes for neutrino
travelling L � 7000 km with E ∼ 5 GeV. The matter effects changes sign rapidly with L and E
– with Δ(Pμμ) < 0 and Δ(Pμμ) > 0 at the maximum and minimum respectively of Pμμ. Thus,
in order to see the matter effects one needs to bin the data judiciously both in energy and zenith
angle.

Very good energy and zenith angle detector resolution is expected for the magnetized iron
calorimeters. Therefore, fine binning would allow such detectors to observe matter effects in the
muon signal. Since large matter effects appear only in either the neutrino or the antineutrino
channel, the magnetic field which allows for charge discrimination, further helps these type of
detectors to observe earth matter effects in the muon channel. However, unless the iron plates
of the detector are thin enough, it would not be possible to detect electrons in these type of
detectors. The current INO-ICAL design does not allow for it and therefore would observe muon
events only. Another restriction for these detectors come from the relatively higher threshold,
which allows for the detection of only multi-GeV νμ/ν̄μ.

Water Cerenkov detectors have the advantage that sub-GeV neutrinos can be detected.
However, the energy resolution is worse than that for iron calorimeters. For the results shown
here, the data is binned in sub-GeV and multi-GeV bins and therefore the matter effects in
the Pμμ channel get largely averaged out. This means that one would see very small residual
matter effects in the multi-GeV muon sample. However, matter effects in the Pμe channel do
not change sign over most of the relevant range of E and L in the multi-GeV regime. Therefore,
multi-GeV electron sample has large matter effects and can be used to study the deviation of
θ23 from maximality and its octant as well as the neutrino mass hierarchy.

5. Is the mixing angle θ23 maximal?
The measurement of both the magnitude and sign of the deviation of sin2 θ23 from its maximal
value 0.5 is of utmost theoretical importance. To quantify the deviation of the true value
of θ23 from its maximal value, we introduce the function D ≡ 1

2 − sin2 θ23. The magnitude
|D| gives the deviation of sin2 θ23 from its maximal value, while sgn(D) gives the octant of
sin2 θ23. The best current limit on |D| comes from the SK atmospheric neutrino experiment
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Figure 1. The regions of Δm2
31(true) and sin2 θ23(true) where maximal θ23 mixing can be

rejected at 1σ (inner bands), 2σ (middle bands) and 3σ (outer bands) C.L. The left-hand panel
[13] shows the sensitivity expected from the combined data from the LBL experiments. The
middle panel [5] shows the sensitivity expected with atmospheric neutrinos in a megaton water
detector (SK50). The extreme right-hand panel [10] shows the corresponding reach expected
from 500 kTy atmospheric neutrino data in large magnetized iron detectors. The true value of
θ13 is assumed to be zero.
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Figure 2. Left-hand panel same as in Fig. 1. Middle panel (for water detector) and right-hand
panel (for magnetized iron detector) have been drawn assuming that sin2 θ13(true) = 0.04.

giving |D| ≤ 0.16 at 3σ [1] while sgn(D) is almost unknown at present. Fig. 1 shows the
potential of atmospheric neutrino experiments to test the deviation of θ23 from maximality and
compares it with the reach of the combined data from the current and next generation long
baseline experiments. The combined long baseline data include five years of running each of the
MINOS, ICARUS, OPERA, T2K and NOνA experiments. The middle panel gives the sensitivity
to |D| of atmospheric neutrino experiments with water detectors for a 4.6 Megaton-yr statistics,
while the left panel shows the corresponding sensitivity of atmospheric neutrino data in large
magnetized iron detectors with 500 kTy statistics. At Δm2

31(true)= 2.5 × 10−3 eV2, it should
be possible to measure |D| within 19% and 25% at 3σ with atmospheric neutrinos in water and
iron detectors respectively. This is slightly weaker than the sensitivity of the combined long
baseline experiments, where it should be possible to measure |D| within 14% at 3σ. However,
note that all the results presented in Fig. 1 have been obtained assuming that the true value
of θ13 was zero. Results for atmospheric neutrino experiments when the true value of θ13 is not
zero is shown in Fig. 2. For non-zero θ13, presence of earth matter effects in the Pμμ channel
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Figure 3. Plot showing the octant sensitivity as a function of sin2 θ23(true), for an atmospheric
neutrino experiment with large magnetized iron calorimeter (left-hand panel) and megaton water
detector (right-hand panel).

Type of Experiment sin2 θ23(false) excluded at 3σ if: for
sin2 θ23(true) < 0.402 or > 0.592 sin2 θ13(true) = 0.02

Magnetized Iron (0.5 MTy) sin2 θ23(true) < 0.421 or > 0.573 sin2 θ13(true) = 0.04
sin2 θ23(true) < 0.383 or > 0.600 sin2 θ13(true) = 0.00

Water Cerenkov (4.6 MTy) sin2 θ23(true) < 0.438 or > 0.573 sin2 θ13(true) = 0.02

Table 1. A comparison of the potential of different experiments to rule out the wrong θ23 octant
at 3σ (1 dof). The third column gives the condition on the true value of sin2 θ13 needed for the
θ23 octant resolution.

brings in a marginal improvement in the sensitivity of atmospheric neutrino experiment with the
magnetized iron detector. For the megaton water atmospheric neutrino experiment, very large
earth matter effects in the Pμe channel bring in significant improvement in the determination of
|D|, making this experiment comparable/better than the long baseline experiments for studying
the deviation of θ23 from maximality.

6. Resolving the θ23 Octant Ambiguity
If the true value of θ23 is not 45◦, then the question arises whether θ23 > (D positive) or < π/4
(D negative). This leads to an additional two-fold degeneracy in the measurement of the mixing
angle θ13 and the CP phase δCP in LBL experiments. This ambiguity is generally regarded as
the most difficult to resolve. As discussed before, the presence of earth matter effects in the
zenith angle and energy binned atmospheric νμ/ν̄μ data in magnetized iron detectors opens up
the possibility of probing the octant of θ23 [10]. On the other hand atmospheric νe/ν̄e data
in water detectors could also give information on the octant of θ23, both through the Δm2

21

dependent subdominant term in the sub-GeV sample [6, 5], as well as through earth matter
effect in the multi-GeV events, as discussed above. One could hence combine the atmospheric
neutrino data, in either megaton water detectors [8, 14], or in large magnetized iron calorimeters
with data from long baseline experiments to resolve parameter degeneracies.

In order to obtain the limiting value of sin2 θ23(true) which could still allow for the
determination of sgn(D) we define

Δχ2 ≡ χ2(sin2 θ23(true), sin2 θ13(true), others(true)) − χ2(sin2 θ23(false), sin2 θ13, others), (8)
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with sin2 θ23(false) restricted to the wrong octant and ‘others’ comprising Δm2
31, Δm2

21, sin2 θ12

and δCP . These, along with sin2 θ13 as well as sin2 θ23(false), are allowed to vary freely in
the fit. Fig. 3 shows the results of a statistical analysis based on simulated data from
atmospheric neutrinos with 500 kiloton-yr exposure in a large magnetized iron calorimeter (left-
hand panel) and 4.6 Megaton-yr exposure in a water Cerenkov experiment (right-hand panel).
For large magnetized iron detector we show results for four different values of sin2 θ13(true),
assuming a normal mass ordering. For a given sin2 θ13(true), the range of sin2 θ23(true), for
which sin2 θ23(false) can be ruled out with atmospheric neutrinos in magnetized iron detector
is given in Table 1. This can be compared to the sensitivity possible with water Cerenkov
detectors, shown for a true normal hierarchy in the right-hand panel of Fig. 3 and Table 1,
where octant determination can be done reasonably well even if sin2 θ13(true) was zero [5].
However, if sin2 θ13(true) was non-vanishing and reasonably large, the octant sensitivity of this
experiments gets significantly boosted through earth matter effects appearing in the multi-GeV
electron sample.

7. Resolving the Ambiguity in Neutrino Mass Hierarchy
Large earth matter effects in atmospheric neutrinos can be exploited to probe the sign of Δm2

31.
Fig. 4 [12] shows the sensitivity to sgn(Δm2

31) expected in a magnetized iron calorimeter,
with 4000 observed upward going events. The data corresponds to a normal (solid lines) and
inverted (dashed lines) hierarchy and the curves show the χ2 and hence the C.L. with which the
wrong hierarchy can be ruled out. The red lines correspond to an analysis method where all
the oscillation parameters are fixed in the fit. The blue lines show the results of the fit where
external priors for the oscillation parameters have been used. The green lines correspond to the
case where all oscillation parameters are allowed to vary freely in the fit. The left-hand panel
is for muon events in a detector with 15% energy and 15◦ zenith angle resolution, the middle
panel is for muon events with 5% energy and 5◦ zenith angle resolution, while the right-hand
panel is for electron events. For vanishing θ13 the matter effects vanish giving χ2 = 0. As
θ13 increases, matter effects increase, thereby increasing the sensitivity of the experiment to
hierarchy determination. For a INO-ICAL like detector, where energy resolution is expected
to be around 15% and zenith angle resolution of about 15◦, the wrong hierarchy can be ruled
out at 2σ using the muon events, if sin2 2θ13(true)= 0.1 and sin2 θ23(true)= 0.5, and where the
information from the other long baseline experiments on the oscillation parameters have been
included through the priors. Comparison of the left-hand with the middle panel shows that the
sensitivity to hierarchy increases if the detector resolution is improved. Comparison of the left-
hand with the right-hand panel shows that the sensitivity to hierarchy increases if the detector
could detect electron type events as well. And of course since matter effects increase with θ23,
the sensitivity to hierarchy increases as the true value of θ23 increases.

The sgn(Δm2
31) can be done using the excess in the multi-GeV electron sample due to

earth matter effects in water Cerenkov detectors. The wrong hierarchy can be ruled by a 4.6
Megaton-yr data in such an experiment at more than the 2σ limit if sin2 2θ13(true)= 0.1 and
sin2 θ23(true)= 0.5 (see also [8]). This is comparable to the sensitivity of the magnetized iron
detectors as discussed above. However, since water detectors use the excess in electron events for
multi-GeV neutrinos, which in turn have large matter effects in the Pμe channel, they therefore
depend also on the CP phase δCP as discussed before. If the value of δCP is allowed to vary
freely in the fit then the sensitivity gets affected and decreases appreciably.

8. Looking for new physics
There are a variety of new physics scenarios which could manifest themselves as subdominant
effects in oscillations of atmospheric neutrinos. Each one of these have a distinctive L/E
behavior, while oscillations go linearly with L/E. This can be probed directly using the L/E
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Figure 4. Δχ2 for the wrong hierarchy as a function of sin2 2θ13(true). See [12] for details.

binned data in large iron detectors [15] or by comparing the low energy contained events with
the high energy upward going muons in large water detectors [16]. Atmospheric neutrino events
which constitute a background for the neutrino telescopes such as IceCube, can also be used every
effectively to constrain new physics. Neutrino telescopes look for neutrinos in the (10−1 − 104)
TeV range, for which standard oscillations of atmospheric neutrinos are negligible. Hence, any
E or L dependence in the data would signify new physics. Likewise, the absence of any E and
L dependence can be used to constrain the new physics parameters [17].

9. Conclusions
In this talk we explored the physics potential of future measurements of atmospheric neutrinos.
Observation of Δm2

21 driven sub-dominant effects and θ13 driven large matter effects in
atmospheric neutrinos can be used to study the deviation of θ23 from maximality and its octant.
Neutrino mass hierarchy can be determined extremely well due to the large matter effects. New
physics can be constrained both in standard atmospheric neutrino experiments as well as in
future neutrino telescopes.
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Abstract. The fundamental knowledge on neutrinos acquired in the recent years open the 
possibility of applied neutrino physics. Among it the automatic and non intrusive monitoring of 
nuclear reactor by its antineutrino signal could be very valuable to IAEA in charge of the 
control of nuclear power plants. Several efforts worldwide have already started. 

1.  IAEA interest 
The International Atomic Energy Agency (IAEA) is the United Nations agency in charge of the 
development of peaceful use of atomic energy. In particular IAEA is the verification authority of the 
Treaty on the Nonproliferation of Nuclear Weapons (NPT). To do that jobs inspections of civil nuclear 
installations and related facilities under safeguards agreements are made in more than 140 states. 
IAEA uses many different tools for these verifications, like neutron monitor, gamma spectroscopy, but 
also book keeping of the fuel element composition before and after their use in the nuclear power 
station. In particular it verify that weapon-origin and other fissile materials that Russia and USA have 
released from their defence programmes are used for civil application. 

Looking for innovative methods, the IAEA ask members states to make a feasibility study to 
determine whether antineutrino detection methods might provide practical safeguards tools for 
selected applications. If this method proves to be useful, IAEA has the power to decide that any new 
nuclear power plants built has to include an antineutrino monitor. 

2.  Physic basis 
In a new reactor with normal water the initial fuel consist of enriched uranium rods, with an 235U 
content typically at 3.5%, the rest is 238U. As soon as the reactor is operating, reactions of neutron 
capture on 238U produce 239Pu (and 241Pu), which then contribute also to the energy production. 
Nevertheless the net balance in plutonium is positive and a standard pressurized water power reactor 
produces around 200 kg of plutonium per year. 

Every fission of a fissile isotope produce two fissions fragments of unequal masses. The 
distribution of the lightest fragment is centred around A = 94 for fission of 235U, and centred around A 
= 102 in the case of 239Pu. All these nuclei, too rich in neutrons, are extremely unstable and thus beta 
decay toward stable nuclei with an average of 6 ß decays and thus with 6 antineutrinos. In these 
processes several hundreds of unstable nuclei, with their excited states are involved, which makes very 
difficult to understand details of the physics; moreover, the most energetic antineutrinos, which are 
detected more easily by the neutrinos detectors, are produced in the very first decays, involving nuclei 
with typical lifetime much smaller than a second. 
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 235U 239Pu 
released energy per fission 201.7 MeV 210.0 MeV 

Mean energy of ν 2.94 MeV 2.84 MeV 
ν per fission > 1.8 MeV 1.92 1.45 

average inter. cross section ≈ 3.2 10-43 cm2 ≈ 2.76 10-43 cm2 

Table. Main characteristics of antineutrinos originating from 235U and 239Pu fission 
Nevertheless based on predicted and observed ß spectra, the number of antineutrinos per fission 

from 239Pu is known to be less than the number from 235U, and the energy released bigger by 5%. 
Hence an hypothetical reactor able to use only 235U would induce in a detector an antineutrino signal 
60% higher than the same reactor producing the same amount of energy but burning only 239Pu (see 
table 1). This sizeable difference offer a handle to monitor changes in the relative amounts of 235U and 
239Pu in the core. Merged with the high penetration power of antineutrinos, this provide a new mean to 
make remote, nonintrusive measurements of plutonium content in reactors [1]. 

In most of the presently considered detectors, antineutrinos are detected via the inverse beta decay 
process on quasi-free protons in hydrogenous scintilla tor: 

 

ν e + p → e+ + n νe, with a threshold at 
1.8 MeV. The positron and the neutron are detected in a delayed coincidence, allowing strong 
rejection of the much more frequent singles backgrounds due to natural radioactivity. 

Because the antineutrino signal from the reactor decreases as the square of the distance from the 
reactor to the detector a precise "remote" measurement is really only practical at distances of a few 
tens of meters if one is constrained to "small" detectors of the order of few cubic meter in size. 

3.  Pioneers in Kurchatov 
The potentiality to address certain safeguards applications was recognized long time ago by Mikaelian 
et al. [2]. The correlation of the antineutrino signal with the thermal power and the burn-up was 
demonstrated by the Bugey [3] and Rovno experiments [4]. What makes this old idea possible today is 
our present understanding of the oscillation mechanism which guarantee that the signal recorded by a 
neutrino detector at less than 200 meters from a reactor is not significantly affected, or could be 
corrected for. In this respect the results of KamLAND detector [5] as a global monitor of remote ≈ 
180 km) power plants is impressive. 

4.  Effor ts in the USA 
The experimental program for development of nonproliferation detectors in the United States is led by 
Lawrence Livermore National Laboratory and Sandia National Laboratories. The LLNL/SNL work 
has consisted of installing and operating a prototype detector at the 3.46 GWth San Onofre Nuclear 
Generating Station (SONGS) in Southern California. The detector [6], now operating at SONGS at a 
distance of 24.5 meters from the core in the tendon gallery (fig. 1a), and with an overburden of about 
25 m.w.e., is shown in figure 1b. The shielding consists of a muon veto system for rejecting cosmic 
ray backgrounds, a water/polyethylene shield to reject neutron and gamma backgrounds. The central 
detector, which registers antineutrino interactions, has a one cubic meter active liquid scintillator 
doped with gadolinium (0.64 ± 0.06 ton), seen by eight 9” PMTs. The overall footprint including 
shielding is 2.5 meter × 3 meter. 

In this condition the rate predicted at the beginning of the reactor fuel cycle is approximately 3800 
± 440 antineutrino interactions per day for a perfectly efficient detector. The overall efficiency to 
detect antineutrino interaction via positron neutron delayed coincidence is 10.7% with a signal to 
background close to 4. The number of antineutrino events observed, 459 ± 16/day is in good 
agreement with the expected rate deduced from simulation. 

Changes in reactor power can quickly (within a few hours) be detected by tracking the antineutrino 
rate. The plot of daily rate versus time (Figure 2) also shows a two sigma deviation of the antineutrino 
rate from a constant value over a six month period, with the linear reduction in total rate consistent 
with a prediction that includes a fuel burn up estimate. Current effort is focused on confirming the 

60

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



indications of fuel burn up seen in this data. Already these results, although modest for neutrino 
specialists, are convincing enough for external viewers which correlate usually a neutrino detector 
with a huge apparatus. 

  

Figure 1. The SONGS detector (right) located in the tendon gallery (left) 

 

Figure 2. The impact of the refueling is clearly seen on the antineutrino record 

5.  Effor ts in France 
The Double Chooz collaboration, an experiment [7] mainly devoted to study the fundamental 
properties of neutrinos, is also in a good position to evaluate the interest of using antineutrino 
detection to remotely monitor nuclear power station. Indeed, without any extra experimental effort, the 
near detector of the Double Chooz experiment will provide the most important data set of antineutrino 
detected (5x105 ν per year). The precise energy spectrum recorded at a given time will be correlated to 
the fuel composition and to the thermal power provided by EDF; it is expected that individual 
component due to fissile element (235U, 239Pu) could be extracted with some modest precision and 
serve as a benchmark of this techniques. 

5.1.  Toward a better understanding of the antineutrino spectrum 
The IAEA recommends the study of specific safeguards scenarios. Among its concerns are the 
confirmation of the absence of unrecorded production of fissile material in declared reactors and the 
monitoring of the burn-up of a reactor core. The time required to manufacture an actual weapon 
estimated by the IAEA (conversion time), for plutonium in partially irradiated or spent fuel, lies 
between 1 and 3 months. The significant quantity of plutonium is 8 kg, to be compared with the 3 tons 
of 235U contained in a Pressurized Water Reactor (PWR) of power 900MWe enriched to 3%. The 
small magnitude of the expected signal requires a careful feasibility study. 

The proliferation scenarios of interest involve different kinds of nuclear power plants such as light 
water or heavy water reactors (PWR, BWR, Candu...), it has to include isotope production reactors of 
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a few tens of MWth, and future reactors (e.g., PBMRs, Gen IV reactors, accelerator-driven sub-critical 
assemblies for transmutation, molten salt reactors). To perform these studies, core simulations with 
dedicated Monte-Carlo codes are being developed in France. The particle transport code MCNPX 
coupled with an evolution code solving the Bateman equations for the fission products are combined 
within a package called MURE (MCNP Utility for Reactor Evolution) [8]. It computes accurately the 
amount of all β- emitters produced during the operation of a nuclear power plant. 

To fulfil the goal of nonproliferation, additional laboratory tests and theoretical calculations should 
also be performed to more precisely estimate the underlying neutrino spectra of plutonium and 
uranium fission products, especially at high energies. As concluded by P. Huber and Th. Schwetz [9] 
to achieve this goal a reduction of the present errors on the antineutrino fluxes of about a factor of 
three is necessary. This is the basis to the important effort to better understand the antineutrino 
spectrum. More details can be found in S. Cormon contribution [10]. 

A careful evaluation and propagation of all sources of error is under study in french groups. When 
building the total spectra, experimental data on the energy and spin and parity of all known nuclear 
levels are used to determine the shape and error of individual β-branches. In the case of nonunique 
forbidden β transition, different levels of approximation are used to parameterize the spectrum shape. 
When computing the amount of β-emitters present in the reactor core at a given time, the effect of the 
uncertainty on fission yields can be estimated numerically via a limited number of MURE simulations. 

 

Figure 3. Comparison (Preliminary) with the simulation (shaded area) and Schreckenbach’s data [11] 
for electrons and antineutrino 

Thanks to the description of each single β-branch, no extra error is involved when converting the 
electron total spectrum to an antineutrino spectrum. Once a final error is quoted in each 100 keV bin, 
this method will allow quantifying for the first time the sensitivity of the neutrino probe to the isotopic 
composition of the reactor core, that is what minimum change of the 235U/239Pu ratio is detectable. 
Uncertainties in the normalization and the large amount of common nuclei in the 235U and 239Pu decay 
chains induce large error correlations, which, if treated properly, will increase the sensitivity of the 
neutrino probe when comparing two spectra. 

This promising study will also provide the error budget for an independent measurement of the 
total nuclear power released by the core. In the low energy part of the spectrum (<4 MeV) one expects 
the final accuracy to be high enough to provide useful constraints on the total spectrum shape for the 
neutrino oscillation analysis. At higher energy these simulations can tag few critical poorly known 
isotopes and trigger an experimental program in order to complete the existing databases. 

Finally, the computed energy spectrum of antineutrino can be coupled to a detailed GEANT4 
simulation of the Double-Chooz detector or of a small prototype antineutrino detector. 

6.  Toward a prototype of neutr ino monitor  
If we want to propose to the IAEA a neutrino detector able to help in monitoring future nuclear power 
plants, the next step in this effort has to merge the two present experimental approaches: the Double 
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Chooz approach with a good energy measurement, a good signal to noise ratio, but expensive and 
sophisticated; and the SONGS approach with a robust, simple, automatic, cheap, but with poor 
antineutrino detection efficiency, a modest signal to background ratio, and poor energy resolution. We 
thus are considering a new prototype with a size small enough to be installed very close to the reactor 
core (30 meters or so), but using a technique able to clearly sign antineutrinos. Such a prototype will 
be considered as a demonstrator to be shown to the IAEA and at the same time it is already usable tool 
to measure the thermal power. 

As an intermediate goal, we can foresee measurements with this prototype at ILL with its core of 
roughly pure 235U. It would allow the recording of a very pure neutrino signal from 235U fission only 
followed by the evolution due to burn-up. Such a clean experiment would help to calibrate the 
neutrino signal versus the thermal power, and will also give some confidence for the simulation effort. 

A brazilian team is currently developing an antineutrino detector to be installed in the close vicinity 
of a new power plant in Angra [12]. This detector will be used to monitor the reactor activity, and to 
provide an additional tool on verification of safeguards on Nonproliferation. The planned turnon dates 
are 2008 for the very near detector and 2013 for the Angra complete configuration. 

7.  Distant monitoring 
Neutrinos travels long distance through dense materials without being stopped. Hence it forbids to 
totally hide some nuclear activities involving fission like a clandestine nuclear power or nuclear test. 
Moreover, in the case of a test, the unique signature given by the antineutrino interaction, in 
coincidence with other methods like seismic waves, transform an hint into a proof. 

Based on this principal several groups around the world propose network of huge detectors able to 
detect, locate and measure the power of nuclear reactors and of bombs test. In the mean time a more 
modest neutrino detector used in coincidence with the standard seismic network could sign 
unambiguously the real nature of a kton test. This aspect of the use of antineutrinos was covered in the 
previous proceeding of Neutrino 04 [13] and was the subject of a dedicated workshop [14]. In this 
approach HanoHano is a good example of such detector [15]. 

8.  Neutr inos for  Peace 
All the applications of our knowledge of neutrinos seems surprising for physicists which, for many 
years, consider this particle as the most elusive one. It is remarquable that so quickly a very 
fundamental research could turn into applications: it is even more enjoyable that the first applications 
envisaged for this unusual particle is the control of arm races and not a new weapon. For all these 
reasons, I would gladly propose to name these worldwide efforts: Neutrinos for Peace. 
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Abstract. The MUNU detector has been designed to study eeν − elastic scattering at low 
energy. The central tracking detector is a 1 m3 Time Projection Chamber surrounded by an 
anti-Compton detector. In this paper the results from final analysis of the data recorded at 3-bar 
and 1-bar pressure are presented. At 3-bar a new upper limit on the neutrino magnetic moment 
µν <  9 × 10-11(7 × 10-11) µB at 90 (68%) C.L. is derived. At 1-bar pressure electron tracks down 
to 80 keV are measured in the TPC. A 137Cs photopeak is reconstructed by measuring both the 
energy and direction of the Compton electrons in the TPC. 

 

1.  MUNU exper iment 
Technical details of the MUNU detector have already been presented in references [1, 2]. Here are 
given only the essentials. Briefly the detector is located at 18 m from the core of a 2.75 GW reactor in 
Bugey serving as an antineutrino source. The lab has overburden of steel, concrete and water 
corresponding to 20 meter of water. The central part of the detector is a cylindrical Time Projection 
Chamber (TPC). As shown in figure 1 the acrylic vessel TPC, 90 cm diameter and 160 cm long 
contains 11.4 (3.8 kg) of CF4 gas at 3 (1) bar pressure. The gas was chosen because of its high density, 
low Z, which leads to less multiple scattering and its absence of free protons, which excludes the 
background from the inverse beta decay. The drift volume of the TPC acts at the same time as a target 
for the neutrinos and as a detector for the recoiling electrons. An anode plane with 20 µm wires and 
pitch of 4.95 mm is used to amplify the ionization charge. The integrated anode signal gives the total 
deposited energy. An x - y plane behind the anode plane provides the spatial information of the tracks 
in the x and y directions. The third projection z is obtained from the time evolution of the signal. The 
acrylic vessel is immersed in a steel tank (2 m diameter and 3.8 m long), filled with 10 m3 of liquid 
scintillator (NE235) and viewed by 48 photomultipliers (PMT). The liquid scintillator acts as an anti-
Compton detector and as a veto against the cosmic muons with an efficiency of 98 %. In addition, the 
detector is shielded against local activities by 8 cm of boron loaded polyethylene and 15 cm of Pb. 

In [3] we presented an analysis of the data taken at a pressure of 3-bar, amounting to 66.6 days 
reactor-on and 16.7 days reactor-off. Here is presented the final analysis of 3-bar data, which takes 
better advantage of the electron kinematics. Also an analysis of 5.3 days of reactor-on data taken at 1-
bar pressure is given. 

1 On behalf of the MUNU collaboration (LPSC Grenoble, INFN Padova, Institute de Physique Neuchâtel and 
Physik Institut Zurich) 
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We define a neutrino candidate as a single electron fully contained in a 42 cm fiducial radius with 
no energy deposited above 90 keV in the anti-Compton detector. The initial direction of the electrons 
is obtained by a visual fit [3]. From this fit the angles θdet, θreac and ϕdet are determined in the x - z and 
y - z projections. Here θdet is the angle with respect to the detector axis, θreac is the scattering angle with 
respect to the reactor-detector axis and ϕdet is the angle between the projection of the initial track 
direction on the x-y plane and the vertical y axis(see figure 2). The background from the activities on 
the readout plane side of the TPC is suppressed by applying the angular cut θdet <  90° [3]. 
 

 
 

Figure 1. The MUNU detector Figure 2. The four kinematical cones 
 

2.  Results from 3-bar  forward-normalized background analysis 
At 3-bar we select electron events with kinetic energies Te >700 keV. For each electron track the 
neutrino energy Eν is reconstructed from the scattering angle θreac and measured electron recoil energy 
Te. The selected events with Eν > 0 and beginning of the track within a forward cone are the forward 
electrons (figure 2). The axis of the forward cone coincides with the reactor-detector axis. In the same 
way the electrons in the tree background cones: backward, upward and downward are selected to 
estimate the background. The backward cone is defined as opposite to the forward cone while upward 
and downward cones are perpendicular. To avoid overlap of the cones, which can occur for Te < 
2mec2, we require in addition that the angle ϕdet is within less then ± 45° of the cone axis. 

The forward electrons are signal plus background events. The backward, upward and downward 
electrons are all background events. The background rates in the backward, upward and downward 
cones are normalised by dividing by 3 to the rate in the forward cone. This normalized background 
(NB) is then directly compared with the event rate in the forward cone [4]. 

The energy distributions of both forward (455 ± 21) and NB (384 ± 11) electrons are given in 
figure 3. There is a clear excess of the events in forward direction from eeν −  scattering. The total 
forward minus NB above 700 keV is 71 ± 23 counts for 66.6 days live time reactor-on. We make the 
same analysis with the data taken during the reactor-off period as a cross check (16.7 days live time). 
The energy distributions of both forward (133 ± 11) and NB electrons (147 ± 7) are given in figure 4. 
The integrated forward minus NB rate above 700 keV is -0.8 ± 0.8 counts per day (cpd), consistent 
with zero. 
Now we estimate the expected rate from weak interactions. The Monte Carlo simulations (GEANT 3) 
are used for calculation of various acceptances of the electron selection procedure [3]. The detector 
containment efficiency in the 42 cm fiducial radius was found to vary from 63 % at 700 keV, 50 % at 
1 MeV to 12 % at 2 MeV, with an error of 2 %. 
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Figure 3. Forward (solid line) and NB (dashed 
line) electrons, 3 bar, reactor on 

Figure 4. Forward (solid line) and NB (dashed 
line) electrons, 3 bar, reactor off 

 
The reactor neutrino spectrum was calculated using the procedure described in [3, 6]. The 

uncertainties in the neutrino spectrum are 5 % above 900 keV and 20 % below that. The errors on the 
global acceptance, including track reconstruction efficiency (4 %), are of order of 7 %. The expected 
event rate above 700 keV is found to be 1.02 ± 0.1 cpd, in good agreement with the measured one 1.05 
±0.36 (cpd). 

 

 

Figure 5. Energy distribution of forward minus NB electrons, 3 bar, reactor on 
(solid line), expected spectrum from weak interactions alone (dashed line) and 

estimated for a magnetic moment of 9 x 10-11 µB ( dotted line). 
Both the measured and expected rates are displayed in figure 5. The large excess of events in the 

first two bins (700 – 900 keV) observed in our previous analysis has to a large extend disappeared. It 
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is thus most likely due to a statistical fluctuation in the background, more precisely determined in the 
present analysis. χ2 method was used as in [3], with the same binning to compare the measured and 
expected spectra. The minimum χ2 is 11.5 for 7 degrees of freedom for a squared magnetic moment µ2 
= - 0.72 × 10-20 µ2

B. We find in 90 % confidence interval µ2 = (-0.72 ± 1.25) × 10-20 µ2
B. This result is 

compatible with the weak interaction alone, and there is no indication of a magnetic moment. To 
estimate the limit on the magnetic moment we renormalize the result to the physical region (µ2 >  0) 
and obtain the limit µν <  9(7) × 10-11 µB at 90 (68) % C.L. 

3.  1-bar  analysis 

3.1.  Results from 1 bar forward – normal background analysis 
During the 1-bar data taking period the threshold on the electron recoil was lowered to 100 keV. 
Events in the TPC which are not in coincidence with a gamma above 90 keV in the scintillator in an 
80 µs time window are accepted. The neutrino trigger rate is 0.4 Hz with 50 % deadtime, mostly due 
to the data read-out and data transfer time. The measurements with radioactive sources showed that the 
energy resolution of the TPC at 1-bar is following an empirical T0.57 law, being about 2 times better 
than the energy resolution at 3-bar [5]. 

An example of a low energy single electron of 170 keV in 1bar of CF4 is displayed in figure 6. For 
single electrons fully contained inside the TPC above 200 keV the rate is 760 cpd/kg. We used the 
same kinematical procedure as abovementioned to determine the background and to select the neutrino 
candidates. After applying the fiducial, geometrical and kinematical cuts we have measured the signal 
from neutrino electron interaction, corresponding to 2.89 ± 2.39 counts per day. 
 

 

 
 
 
 
 
 
Figure 6. A 170 keV electron in the TPC at 1 bar of 
CF4: x – z, y –z projections as well as the integrated 
anode signal are displayed as a function of time (z). 
The binning is 3.5 mm for x and y and 80 ns for z. 

 
 

3.2.  Reconstruction of Cs photopeak 
Here is given the reconstruction of the incident photon energy obtained with the 662 keV 137Cs source 
at 1 bar of CF4. The photons interact with electrons in the TPC via Compton scattering. The scatter 
photon is measured in the scintillator. The recoil electron track and energy are measured in the TPC. 
The electron direction is coinciding with the incident photon direction in the first centimetres of the 
track. The Compton electrons initial direction is obtained with a visual fit. The angle θsource which is 
the angle with respect to the source axis (being perpendicular to detector-reactor axis) is calculated 
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from this fit. The initial photon energy Eγ is reconstructed from the scattering angle θsource and the 
electron recoil energy Te, measured in the TPC. The reconstructed photopeak is compared with Monte 
Carlo simulations in figure. 7. The width of the peak at 1σ is 220 keV at 662 keV. The angular 
resolution of the Compton recoil spectrum above 150 keV is σθ =  11.6°± 0.9. 

 

 
Figure 7. Reconstructed 137Cs photopeack of 662 keV. 
 

4.  Conclusion 
The MUNU experiment studied neutrino electron scattering at low energy using a nuclear reactor as 
an antineutrino source. Both the energy and scattering angle are measured. A reduction of the 
statistical errors is achieved due to a better estimation of the background in the entire chamber. A good 
agreement is seen between the measured and expected from weak interactions spectra above 700 keV 
for operation of 3-bar. A limit of µν < .9 × 10-11 µB at 90 % CL is derived. At 1 bar pressure, the 
direction and energy of the electron tracks are reconstructed above 200 keV. Also at 1 bar, a 662 keV 
137Cs photopeak is reconstructed from Compton scattering. 
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Abstract. The absolute values of the neutrino masses are important to the evolving models
of particle physics, and cosmology. Experimental limits on the neutrino masses have been
established by neutrino oscillation and nuclear beta decay experiments. Improved, model
dependent limits are being provided by a range of cosmological observations and neutrino-
less double beta decay experiments. This document reports on the status of experiments
investigating neutrino mass in a direct, model independent, way. These experiments are
approaching a sensitivity that will offer guidance and constraint to models of both cosmology
and particle physics. The prospect for pushing the sensitivity of direct measurements still
further is considered.

1. Introduction
Experiments conducted using natural and man-made sources of neutrinos have shown
conclusively that neutrinos undergo flavor oscillation and therefore possess mass. The neutrino
flavor states (νe, νμ, ντ ) are not states of fixed mass (ν1, ν2, ν3) but a coherent superposition
of these mass states given by |νl >=

∑
i ∪li|νi >. The oscillations experiments do not tell

us the absolute value of the neutrino mass states, only the mass squared differences e.g.
Δm2

ij = |m2
j − m2

i |. From this we can deduce that at least one neutrino has a mass ≥ 45
meV, i.e. very small compared to the mass of the other fermions.

Knowing the absolute value of the neutrino masses is crucial to our understanding of the
fermion masses in general. Whether the ordering of these masses is ”hierarchical” (m1 < m2 <
m3) or ”quasi degenerate” (m1 ≈ m2 ≈ m3) is currently unknown. In the standard model (SM)
of particle physics neutrinos are massless, left handed particles. Theories beyond the SM with
massive neutrinos can be divided broadly into two classes, distinquished by either hierarchical
or degenerate mass schemes. An experimental sensitivity of ∼ 200 meV would distinguish
between these schemes and provide guidance for model development. Similarly, experimental
confirmation as to whether the neutrino is a Dirac or Majorana particle will provide both
constraint and guidance to model development.

Relic neutrinos, the second most abundant particles in the universe, are candidates for hot
dark matter (HDM). Their influence on the formation of large scale structure in the early
universe is quite distinct from that of the cold dark matter (CDM) candidates. Currently, the
contribution of the neutrino density Ων to the total density of the universe, Ω ranges from 0.001
to 0.15. Improving this limit and knowing the contribution of νHDM to the total DM would
lead to a better understanding of the role of neutrinos in the formation of large scale structure.
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2. Techniques to determine neutrino mass
Techniques to determine the neutrino mass can be broadly divided into two classes, model
dependent and model independent, see [1] for a detailed discussion.

Model dependent techniques are based on either cosmological observations [2] or neutrino-less
double beta decay (0νββ) [3]. Cosmological techniques make use of fluctuations in the cosmic
microwave background, large scale structure, galactic read-shifts, Lyman-α forest and other
astronomical observations. The total neutrino mass (Σiνi) appears as one of many parameters
in the models that describe these observations. Parameter degeneracy introduces a degree of
arbitrariness to the value of the neutrino mass obtained. Combinations of these model dependent
data sets offer the most stringent limits on the total neutrino mass and the upcoming experiments
will soon be able to distinguish between the hierarchical and degenerate mass schemes. 0νββ
techniques offer limits comparable to that of the current cosmological techniques. 0νββ, which
requires the neutrino be it’s own antiparticle (a Majorana particle), is the only realistic way to
determine the nature of the neutrino. If the neutrino is a Dirac particle, 0νββ will not occur
and therefore provides no information concerning the neutrino mass. Current 0νββ experiments
are approaching the sensitivity required to distinguish between the hierarchical and degenerate
mass schemes and subsequent experiments could, in principle, cover the entire range allowed by
the oscillation experiments.

Model independent, or direct techniques are purely kinematical, relying only on the principles
of energy and momentum conservation to obtain information on m(νe), m(νμ), and m(ντ ). The
most sensitive of these techniques use nuclear beta decay and are approaching the sensitivity
necessary to distinguish between the hierarchical and degenerate mass schemes. The technique
of utilizing neutrino time-of-flight from a nearby supernova could, under ideal conditions, obtain
limits on the order of ∼1eV and is therefore not considered to be competitive.

Both model dependent and independent techniques are approaching a sensitivity that is of
importance to extensions of the SM and a measurement or limit of the neutrino mass would help
break the parameter degeneracies that handicap cosmological models. A direct measurement
used in conjunction with results from 0νββ experiments will throw light on the Majorana or
Dirac nature of the neutrino. These techniques are complimentary and both are needed to fully
understand the nature of the neutrino mass.

3. Direct mass measurement via nuclear beta decay
This technique requires precise measurement of the shape of the β decay spectrum near its
end point in order to discern distortions attributed to the neutrino mass. The electron energy
spectrum of β decay for an νe with component masses m1, m2, m3 is given by [8]:

dN/dE = C × F (Z,E)pE(E0 − E)
∑3

i=1 | ∪ei |2 [(E0 − E)2 − m2
i ]

1
2 θ(E0 − E − mi)

The neutrino mass is the only unknown and the reaction is independent of whether the neutrino
is Dirac or Majorana. The number of counts near the end-point of the spectrum is ∝ (1/E0)3,
thus, to maximize statistics in the region of interest requires isotopes with low end-point energy,
i.e. 187Re and Tritium. Investigations using 187Re employ micro-calorimetrs while tritium
based experiments employ magnetic/electrostatic spectrometers. Both techniques offer different
advantages and disadvantages and, importantly, have very different systematics.

3.1. Tritium electrostatic spectrometer technique
In this technique, the source of beta decay electrons is separate from the detector, as shown
schematically in figure 1. Electrons from the decay

3H −→ 3He+ + e− + νe (E0=18.6 keV, t1/2=12.3a)
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are guided towards the detector by traveling along the magnetic field lines connecting two super-
conducting solenoids. In doing so they must surmount an electrostatic retarding potential.
This type of spectrometer is referred to as a MAC-E-filter (Magnetic Adiabatic Collimation
combined with Electrostatic filter). Only electrons whose energy exceeds this potential pass into
the detector. The beta spectrum near the end point is mapped out by varying the retarding
potential. The advantages of this technique are that only electrons in the region of interest are

2321 4

Figure 1. The MAC-E spectrometer where
the source and the detector are separate.
1 source, 2 super-conducting solenoids, 3
retarding potential electrodes, 4 detector.

1

3

4
2

Figure 2. The micro-bolometer where
the source and the detector are the same.
1 absorber (187Re), 2 thermal contact, 3
thermistor, 4 electrical connection and heat
sink

selected, allowing use of intense sources yielding high statistics. Further, the energy resolution
(essentially the stability of the retarding potential) may surpass 1 eV for the tritium end point
energy of 18.6 keV.

The disadvantages of this technique are that one must understand very precisely the response
function of the instrument in order to separate these effects from the quantity being measured.
Sources of systematic error must be carefully understood by use of calibration sources and other
techniques. Failure to account for a systematic error results in an unphysical negative mass
squared reported by experiments pioneering this technique.

Example of the electrostatic MAC-E technique are the Mainz [4] and Troitsk [5] experiments
which have established the current limits of ∼2.3 eV on the neutrino mass.

3.2. 187Re micro-calorimeter technique
In this technique the detector is also the source of the beta decay electrons from the decay

187Re(5/2+) −→ 187Os(1/2−) + e− + νe (E0=2.47 keV, t1/2=43.2 Ga)

Detector masses on the order of a few 100 μgm are cooled to ∼100 mK, at which temperature
the thermal capacity is very low. Small energy depositions result in a temperature rise that can
be recorded with precision thermometers as shown in figure 2.

The advantage of the calorimetric technique is that because of the detectors long integration
time all the decay energy, except that attributed to the neutrino, is measured. This includes
energy stored in excited states.

The disadvantage of the technique is also associated with the long integration time. Since the
detector is also the source, one is forced to count the entire spectrum of beta particles, not just
the region of interest. This can lead to very high rates and pulse pile-up. To avoid these high
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Figure 3. Schematic layout of the main KATRIN components. 1 calibration electron gun, 2
windowless gaseous tritium source, 3 transport and cryo-pumping section, 4 pre-spectrometer,
5 main spectrometer, 6 detector

decay rates one is restricted to very small detectors and poor statistics in the region of interest,
unless one is able to produce and operate large numbers of detectors.

Current examples of the micro-calorimeter technique using small numbers (1-10) of crystals
are the MANU [6] and MIBETA [7] experiments which have achieved mass limits of 19 eV and
15 eV (90% CL) respectively.

4. Next generation of direct mass measurement experiments
A mass sensitivity of a few hundred meV will enable the next generation experiments to
distinguish between hierarchical and quasi degenerate mass schemes and reach a sensitivity
comparable to the current model dependent cosmological and 0νββ experiments. These limits
will be achieved by building on the experiences of the earlier experiments.

4.1. KATRIN
The KArlsruhe TRItium Neutrino experiment [8] is under construction at the Tritium
Laboratory Karlsruhe (TLK), Germany. The TLK has unique capabilities to handle the
intense (∼ 1011Bq) source intensity. KATRIN will achieve an order of magnitude improvement
in sensitivity by means of a very intense, stable and well understood source, by reducing
backgrounds and by controlling systematic errors. The apparatus, shown in figure 3, consists
of: a windowless gaseous tritium source (WGTS), a highly stable and pure source of gaseous
molecular tritium at a temperature of 27 K and pressure of 3 × 10−3 mbar. Approximately
5x1010β decay electrons per second are transported by a magnetic flux of 191 Tcm2 towards
a pair of MAC-E filter spectrometers. Tritium gas entering the transport system is returned
to the source by an array of turbo molecular pumps. Any gas escaping this closed loop is
captured by a cryogenic pumping system consisting of argon frost deposited on the walls of the
transport pipe. This reduces the partial pressure of tritium, a source of background, to 10−20

mbar at the entrance of the spectrometers. The first, low resolution, spectrometer, reduces the
flux of electrons from 1010 to 103. Electrons of energy greater than ∼ 18.4 keV enter the main
spectrometer which achieves an energy resolution of ∼ 0.97 eV by maintaining the retarding
potential to a part in 106. To achieve this resolution and reduce sources of background the
pressure in this vessel must be maintained to ≤ 10−11 mbar. Another source of background
arises from electrons emitted from the wall of the vessel, either due to cosmic rays or natural
radioactivity. To reduce this background the interior of the vessel is lined with a low mass
wire electrode held at a potential that repels these electrons back to the wall of the vessel,
while optimizing the field shape of the retarding potential and screening against stray fields.
Electrons passing through the main spectrometer are guided to the detector which consists of a
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10 cm diameter monolithic array of ∼100 PIN diodes. The pixels are configured in a dart-board
arrangement which images and monitors the source, allowing study and control of sources of
systematic error. Environmental backgrounds are controlled by surrounding the detector with
passive shielding and a scintillator veto. At the most upstream end of the beam line is the
control and monitoring system consisting of an electron gun which monitors the transmission
function of electrons as they pass from the source to the detector and also used to investigate
systematics. Located upstream of the source is a detector which is used to monitor the activity
of the source.

4.2. Status of KATRIN
Most major components of the KATRIN experiment are under construction or already in hand.
The pre-spectrometer has been used to demonstrate vacuums of better that 10−11 mBar can be
achieved and is now being used to study the efficacy of the inner electrode system to control
backgrounds. The Test of Inner LOop (TILO) experiment has successfully demonstrated that
the design parameters of the closed loop WGTS can be achieved. The TRitium Argon frost Pump
(TRAP) experiment has demonstrated the tritium trapping efficiency required by the cryogenic
pumping system. A voltage source, stable to a part in 106 has been demonstrated. Construction
of the main experimental hall will be finished in time to receive the main spectrometer in Fall
2006. Tritium data taking will commence in Spring 2010. After 5 calendar years, a sensitivity
to a neutrino mass of 350 meV (5σ) or a limit of 200 meV (90% CL) is expected to be reached.

4.3. MANU2 + MIBETA2 → MARE
Recent technical advances in micro-machining techniques, experience in the fabrication of large
detector arrays for astronomy, improvements in sensor technology and a better understanding of
systematic sources have presented new possibilities to improve the sensitivity of the micro-
calorimeter technique. To take advantage of these possibilities the MANU and MIBETA
experiments propose MARE (Micro-calorimeter Arrays for a Rhenium Experiment) [9] which
aims to achieve ∼ 102 improvement in sensitivity to make an independent test of the
spectrometer results at a sensitivity of 200 meV. This sensitivity will be reached in two stages.
The first stage, MARE-1, involves two second generation experiments, MANU2 and MIBETA2.
Each experiment will increase their size to ∼300 detector elements of several 100μg each, with
energy resolution and response times of ∼10 eV and ∼ 100μs respectively. An example of a
prototype array is shown in figure 4. A total of 1010 events collected over 4 years is expected to
yield a sensitivity of mν < 2.5eV (90% CL) by 2010. In parallel with this an R&D program will
investigate 3 new technologies; Metallic magnetic calorimeters which promise improved energy
resolution and response time; Multiplexed kinetic induction detectors which allow 103 → 104

detectors to be read out per amplifier; Super-conducting transition edge sensors which promise
factors of ∼ 60 improvement in energy resolution and ∼ 100 in response time. If MARE-1 and
the the R&D program are successful, the plan is to initiate MARE-2, consisting of ∼ 5 x 104

detector elements arranged in 5 independent arrays. The dilution refrigerators for these arrays
exist and the arrays will be increase in size incrementally as the micro-fabrication techniques
make new detectors available. If the R&D programs achieve, as anticipated, energy resolution
and response times of ∼5 eV and ∼ 1μs respectively, then a total of 1014 events collected over
3 years should yield a sensitivity of mν < 0.2eV (90% CL). Because of the different systematics
this result would compliment that of the KATRIN experiment on a similar time scale.

5. Future prospects
The prospects appear good that at least one direct measurement technique will achieve the
important limit of ∼200 meV. What are the prospects of pushing the direct measurement
technique into the sub 200 meV region, currently the preserve of the model dependent techniques
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1 2

Figure 4. The very small - a prototype
bolometer array. 1 micro-machined 36
element array, 2 AgReO4 absorbers mounted
on array.

Figure 5. The very large - the KATRIN
main spectrometer vessel nears completion.

of cosmology and 0νββ? For spectrometers maximum sensitivity requires that the column
density and isotopic purity of the source be optimized and the area of the analyzing plane,
and therefore the spectrometer vacuum vessel, be maximized. The KATRIN spectrometer
vessel, shown in figure 5, is 10 meters in diameter and 24 meters long. To make a significantly
larger vessel that is compatible with a vacuum of < 10−11 mbar is a technological challenge.
Aside from the technological challenges, the ultimate limit of this technique is probably set
by the ability to calculate to sufficient accuracy the excited final states of the tritium beta
decay. For micro-calorimeters, the sensitivity to neutrino mass is proportional to the pulse-
pair resolving times (the pile-up problem) and the energy resolution. If MARE-1 is successful in
demonstrating the technological improvements and MARE-2 does not encounter insurmountable
systematic problems, then, naively, one need only increase the number of detectors to improve
the mass sensitivity. Whether the future of direct measurements beyond KATRIN lies with
micro-calorimeters remains to be seen from the outcome of the MARE program.
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Abstract. This document gives an overview of the technical issues and goals facing future
double-beta decay experiments.

1. Introduction
The science of double-beta decay has been described in detail in a number of good review articles
[1, 2, 3, 4]. In addition, these proceedings contain a lot of more current information on this rich
and exciting field. Previous experimental results are summarized in Ref.[5], and the theoretical
situation concerning the matrix elements is summarized in Ref.[6]. Here we just list the very
impressive experimental accomplishments to date in Table 1.

In this article, we describe the issues facing the 0νββ experimental program of the future.
Table 2 lists the active proposals for the future projects of which the author is aware. It presents
an amazing variety of experimental techniques and expertise and is a tribute to the skill and
ingenuity of the scientists involved. Many of these projects are well underway and many others
have vigorous research programs, hence, the situation is extremely encouraging. While issues
specific to a given project are described in other articles within these proceedings, there are
numerous issues that are common to all these projects and it is these issues that are the focus
of this article.

2. Producing a Result with Confidence
The recent claim for positive evidence for 0νββ in 76Ge[34] has been controversial. One must ask
why this rusult was not universally accepted and what types of evidence are required to ensure
that future claims are embraced by the community. Even though a peak is arguably present in
the spectrum of this work, the signal was very weak and immersed in a large background. The
background model had a fair amount of uncertainty including some unidentified lines near the
region of interest. Supporting evidence to prove the peak was indeed due to 0νββ and not some
competing process was insufficient. Although future experiments will certainly have improved
signal/background ratios, the supporting evidence question is more complicated. By noting that
the physical process of 0νββ has distinct characteristics, one can make a subjectively ordered
list of potential supporting criteria.

• To show that 0νββ likely exists, one needs a combination of:
– a clear peak at the correct 0νββ energy value
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Table 1. A summary of the recent 0νββ results. The 〈mββ〉 limits are those deduced by
the authors. All limits are at 90% confidence level unless otherwise indicated. The columns
providing the exposure and background are based on arithmetic done by the author of this
paper, who takes responsibility for any errors in interpreting data from the original sources.

Isotope Exposure Background Half-Life 〈mββ〉
(kmole-y) (counts) Limit (y) (meV)

48Ca 5× 10−5 0 > 1.4× 1022 < 7200− 44700[7]
76Ge 0.467 21 > 1.9× 1025 < 350[8]
76Ge 0.117 3.5 > 1.6× 1025 < 330− 1350[9]
76Ge 0.943 61 = 1.2× 1025 = 440[12]
82Se 0.022 7 > 2.1× 1023 < 1200− 3200[13, 5]
100Mo 0.131 14 > 5.8× 1023 < 600− 2700[13, 5]
116Cd 1× 10−3 14 > 1.7× 1023 < 1700[10]
128Te Geochem. NA > 7.7× 1024 < 1100− 1500[11]
130Te 0.07 12 > 2.4× 1024 < 400− 1400[14]
136Xe 7× 10−3 16 > 4.4× 1023 < 1800− 5200[15]
150Nd 6× 10−5 0 > 1.2× 1021 < 3000[16]

Table 2. A summary of the 0νββ proposals.

Collaboration Isotope Detector Description
CANDLES[17] 48Ca CaF2 crystals in liq. scint.
COBRA[18] 116Cd CdTe semiconductors
CUORE[19] 130Te TeO2 bolometers
DCBA[20] 82Se Nd foils and tracking chambers
EXO[21] 136Xe Xe TPC
GeH4[22] 76Ge GeH4 tracking ionization chamber
GEM[23] 76Ge Ge detectors in LN
GSO[24, 25] 160Gd Gd2SiO5 crystals in liq. scint.
Majorana[26] 76Ge Segmented Ge detectors
MOON[27] 100Mo Mo foils and plastic scintillator
GERDA[28] 76Ge Ge detectors in LN
Nano-crystals[29] suspended nanoparticles
SeF6[30] 82Se negative ion drifting SeF6 TPC
Super-NEMO[31] 82Se foils with tracking
Xe[32] 136Xe Xe dissolved in liq. scint.
XMASS[33] 136Xe liquid Xe

– a demonstration that the event is a single-site energy deposit
– measured event distributions (spatial, temporal) are representative of 0νββ
– a demonstration that the measured decay rate scales with isotope fraction

• To present a convincing case, one needs:
– an observation of the 2-electron nature of the 0νββ event
– a demonstration that the kinematic distributions (electron energy sharing, opening

angle) match those of 0νββ
– to observe the daughter nucleus appear in real time with the 0νββ decay
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– to observe the excited state decay process with parameters indicative of 0νββ

• To remove all doubt, many of the above 0νββ indicators should be:
– measured in several isotopes

Although no experiment can demonstrate the entire list, the projects listed in Table 2 all
exploit a number of these.

3. Experimental Requirements
Table 3 shows expected signal count rates in 0νββ experiments as a function of neutrino mass.
Present experiments are reporting half-life limits near 1025 years or ≈ 500 meV, whereas the next
round of experiments hope to reach 100 meV. Such experiments should cover the degenerate
mass region. Beyond that, experiments hoping to have sensitivity near the atmospheric mass
scale will need about 1 ton of isotope. To obtain a signal-to-noise ratio of 1 will require a
background level of ≈1 count/ton-year, which will be extremely challenging. Processes that are
typically considered when estimating contributions to the background for 0νββ include 2νββ,
naturally occurring radioactive isotopes, neutron-induced processes, and long-lived cosmogenic
activities.

For the current generation of experiments, energy resolutions are sufficient to prevent the tail
of the 2νββ energy spectrum from intruding into the 0νββ peak region. Resolution will become
a concern, however, as we approach the ton scale. Even so, resolution is a critical issue for the
signal-to-noise ratio at any level of sensitivity. For example, an experiment with a factor 2 worse
resolution will require a corresponding lower background for an equivalent ratio.

Naturally occurring radioactive materials, such as U and Th chain isotopes, occur as
impurities in virtually all materials that make up an apparatus. The challenge is to ensure
that the level of impurity is sufficiently low such that the decays of these isotopes won’t mask
the desired signal. The solution to this problem is mostly understood, but it is difficult to
implement. Great progress has been made understanding materials and their associated U/Th
contamination. Furthermore, purification and assay techniques have also improved. Even
so, elaborate QA/QC programs will be required. In addition, to reach the ton scale, future
purity levels will continue to greatly challenge assay capabilities. Materials with purity levels
of ≈1µBq/kg or less will be required for ton scale experiments. It is difficult to assay materials
to this level. Hence, improvements are needed in the sensitivity of assay techniques such
as mass spectroscopy, direct counting, and neutron activation analysis. Problems associated
with long-lived cosmogenic isotopes are material dependent, but the problematic isotopes have
been identified. Minimizing the surface exposure of detector materials and performing selected
construction activities underground can mitigate much of this background contribution.

Unfortunately, neutron-induced backgrounds are more subtle. Neutrons originate from a
number of sources. Those arising from (α,n) and fission processes in a laboratory’s surrounding
rock have an energy up to ≈10 MeV and can be shielded effectively. Those arising from high-
energy µ interactions in the rock and the detector shield materials can have very high energies
and therefore are very penetrating. Unlike naturally-occurring radioactive isotopes, neutron-
induced processes often don’t have a unique signature that identifies the background process,
which in turn provides clues to a mitigation plan. Instead, neutron related backgrounds are
more likely to be a sum of a large number of processes, each of which is small by itself. This
is especially true of (n,n’γ) reactions. To fully understand and plan for these backgrounds, the
low-energy nuclear physics needs to be fully implemented into the simulation codes and verified.
In some cases, the data required to do this doesn’t yet exist. Moving to a deep site that shields
the experiment from µ’s will effectively reduce this background. Reference [35] estimates that a
depth of ≈5000 m.w.e. will certainly suffice.
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Table 3. A summary of the approximate 0νββ signal rate for a number of neutrino masses.
These estimates are for Ge, but are qualitatively similar for most of the proposed isotopes.

Neutrino Mass Scale 〈mββ〉 Representative half life Signal
meV years counts/ton-year

Degenerate 400 1025 530
100 5× 1026 10

Atmospheric 40 5× 1027 1
Solar 2 1029 0.05

Figure 1 shows a flow chart indicating possible outcomes of future experiments and what
they indicate for the future path of the overall 0νββ program. After the current generation of
experiments (100-200 kg) are complete, there will be a decision point regarding the following
generation. If these experiments are null, then it will be necessary to build experiments with a
ton of isotope to search for a signal at the atmospheric scale. Alternatively, if the experiments
see a signal, there is different choice to make depending on the precision of the result. If the
result is not a precision result (∼10%), then an expansion to the 1-ton scale is again warranted.
Otherwise, if the result is a precision result, a follow-up experiment to measure the statistical
distributions of kinematic parameters would be desired. Because the experimental design for
measuring kinematic parameters may not be congruent with a simple scale up for a search
experiment, planners will have to decide which direction to proceed after the current experiments
are completed.

To reach a sensitivity at the solar scale, an experiment with 100 tons of isotope will be
required. Such an experiment is not yet feasible for numerous reasons. Enrichment costs and
production rates are not presently practical. Achieving the required excellent energy resolution
(better than 1%) in such a large experiment is also daunting. Schemes involving 106 solid state
detectors are conceivable, but costs would need to be greatly reduced to make that number of
detectors affordable. Encouragingly, large multi-element detector electronics are improving and
would not likely be a show-stopper. Alternatively, large volume detectors using metal-loaded
liquid scintillator or Xe scale more easily and cost effectively. However, the energy resolution
of such detectors is still too poor for this application. Significant research will be required on
these technical difficulties if such an experiment is to be realized.

No

Scale up as needed to

do precision measurement

Yes

Design new expts to

measure statistical distributions

Yes

Is it a precision result?

No

Scale up to 1 ton

Did 100 to 200-kg experiments

find double beta decay?

Figure 1. A cartoon of a decision tree for how the ββ program should proceed after the
currently proposed generation of experiments.

If 0νββ is observed, we will want to extract all the underlying physics. The existence of
the process would imply that neutrinos have a Majorana mass, but it doesn’t necessarily mean
that light neutrinos mediate the decay. Other possibilities include heavy neutrino exchange and
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R-pairity violating super-symmetry particle exchange. See Ref. [2] and references therein for
a discussion of alternative decay mechanisms. The matrix elements, however, are different for
differing processes and this leads to a possible technique for isolating the dominate one. By
comparing 0νββ rates in several isotopes one might be able to identify the underlying physics.
If one uses the present theoretical values for the matrix elements as a guide, it appears that 3
or more experiments, each with a total uncertainty (theory, statistical, systematic) of less than
about 40% will be required.

4. The Majorana Phases
The linear combination of the neutrino mass eigenstates (νk) that mix to form the weak
interaction eigenstates (να) is given by a mixing matrix, Uαk. This matrix may contain as many
as 3 physically meaningful phases, two of which (the Majorana phases α21, α31) contribute to the
effective double-beta decay mass (〈mββ〉). These phases do not contribute to the effective beta
decay mass (〈mβ〉) or the differences in the squares of the neutrino masses (∆m2

sol) as measured
in oscillation experiments.

If Ue3 6= 0, then both phases contribute to 〈mββ〉 and since no other experiment has been
identified that is sensitive to the phases, there will be an ambiguity in trying to extract the
phase values. You can’t deduce two parameters from one data point. However, if Ue3 = 0, only
one of the Majorana phases contribute to 〈mββ〉 and it could, in principle be extracted. To show
this we compare measurements of 〈mββ〉, 〈mβ〉, and ∆m2

sol for a toy model. Figure 2 was drawn
for m1 = 300 meV, ∆m2

sol =(9 meV)2, Ue1 = 0.866, Ue2 = 0.5, and α21 = 2.5 radians. These
result in 〈mβ〉 = 300 meV and 〈mββ〉= 171 meV. Note that the 3 measured parameters are all
plotted as functions of the mass eigenvalues and they agree at only one point and then only if
the correct value for α21 is chosen.

However, to determine the value of the phase with any precision requires great accuracy on
〈mββ〉. Figure 3 shows 〈mββ〉 as a function of the value of the phase for the above toy model.
Its clear that if the uncertainty on 〈mββ〉 is 50%, no information regarding α is obtained. For a
useful determination of the phase, even in this simplistic two-flavor model, a precision nearing
10% is required. Note that a similar analysis can be found in Reference [36] and a three-neutrino-
species example is presented in Reference [2].

Figure 2. A consistency plot for the neutrino
mass eigenvalues m1 and m2, for various
hypothetical measurements. This set of
curves indicates how measured values of Σ,
〈mββ〉, ∆m2

sol, and 〈mβ〉 constrain the mass
eigenvalues. See text for a description of the
chosen input parameters.

Figure 3. For the same parameters as those
in Fig. 2, a plot of 〈mββ〉 as a function of the
Majorana phase.
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5. Conclusions
This is a very exciting time for ββ. The experimental program is poised to make great strides
into a region that will greatly impact neutrino physics. Since neutrino oscillations imply that
neutrinos have mass, even null 0νββ experiments will constrain the possible neutrino mass
spectra. If one sees 0νββ in the upcoming experiments, the qualitative physics conclusion
will be extremely exciting. However, to fully understand all the underlying physics, precision
measurements in several nuclei will be needed.
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MSW Oscillations - LMA and Subdominant Effects

Alexander Friedland

Theoretical Division, T-8, MS B285, Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract. These notes, based on a talk given at the Neutrino 2006 conference [1], review the
sensitivity of solar neutrinos to certain types of new physics, namely modifications of neutrino-
matter interactions by the exchange of a new heavy particle and a large neutrino transition
moment. Both were first proposed in the 1970’s as possible explanations for the solar neutrino
“problem” and were actively investigated for many years. While since ruled out as the dominant
mechanisms of the solar neutrino flavor conversion, they remain of great interest as subdominant
effects, which, if observed, would open a window to new physics. We outline the sensitivity of
the current experiments and describe progress that may be expected in the near future.

1. Standard LMA solution: basic features
We begin by reviewing the standard Large Mixing Angle (LMA) MSW [2, 3] solution to the
solar neutrino “problem”. The basic experimental result is that the electron neutrino survival
probability P

std
ee ≡ P (νe → νe) varies across the solar neutrino energy spectrum. At high energy,

Eν & 6− 7 MeV, P
std
ee is about ∼ 34± 3%, as measured by SNO [4] and Super-Kamiokande [5],

while at lower energies it rises to 58±6%, as measured by the gallium experiments [6]. How is
this behavior accommodated in the standard LMA solution?

To answer this, consider the expression for P
std
ee , which, without the Earth effect, is given by

P
std, 2ν

ee = cos2 θ⊙ cos2
θ + sin2

θ⊙ sin2
θ. (1)

The probability of finding the neutrino in eigenstate 1(2) is cos2
θ⊙(sin2

θ⊙), where θ⊙ is the
mixing angle at the production point; in turn, the probability of detecting the neutrino already
in eigenstate 1(2) as νe is cos2

θ(sin2
θ). The key physical ideas here are that the evolution

is adiabatic (no level jumping) and incoherent (interferences between 1 and 2 disappear upon
integration over energies for ∆m

2 & 10−9
− 10−8 eV2 [7, 8] and over the production region).

The angle θ⊙ is determined from the oscillation Hamiltonian Htot = Hvac + Hmat, where

Hvac =

(
−∆ cos 2θ ∆ sin 2θ

∆ sin 2θ ∆ cos 2θ

)
, Hmat =

( √

2GF ne 0
0 0

)
. (2)

Here ∆ ≡ ∆m
2
/(4Eν) and ∆m

2 is the mass splitting between the first and second neutrino
mass states: ∆m

2
≡ m

2

2
− m

2

1
. The two limiting values are θ⊙ = θ (Htot is dominated by Hvac)

and θ⊙ = π/2 (Htot is dominated by Hmat). The probability P
std
ee then varies from cos4

θ+sin4
θ

(= 1 − (1/2) sin2 2θ, averaged vacuum oscillations) to sin2
θ.

The transition from one regime to another occurs when
√

2GF ne ∼ 2∆ at the production
point. To accommodate the data on Pee, this transition must occur right in the middle of the

solar neutrino spectrum, implying ∆m
2
∼ a few × 10−5 eV2. Moreover, ∆m

2 cannot be lower
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Figure 1. The νe survival probability and day/night asymmetry for the LMA solution.

than ∼ 3× 10−5 eV2 to avoid being close to the resonance condition in the Earth and resulting
large day/night variations of Pee. The situation is illustrated in Fig. 1. Evidently, Nature chose
to “tune” the mass splitting involved in solar neutrino oscillations to the density in the solar
core! Remarkably, KamLAND [9] showed that ∆m

2 is indeed in this range.
The preceding discussion assumed that mass eigenstate 3 is not involved in the evolution

of solar neutrinos. The correction due its presence is trivially computed if we notice that the
splitting between this state and eigenstates 1 and 2 is significantly larger than the matter
potential even in the center of the Sun (∆m

2
atm/2E ≫

√

2GF Ne(0)), so that the νe content of
that state is always given by sin2

θ13. Repeating the arguments that led to Eq. (1), we can write

P
std, 3ν

ee = sin4
θ13 + cos4

θ13P
std, 2ν

ee . (3)

Given the bound sin2
θ13 . 0.02 from CHOOZ [10], the first term is negligibly small. The effect

of the third state then is to multiply the two-neutrino survival probability by cos4 θ13. The
resulting correction is at most 4%; this correction is basically the probability that the original
electron neutrino “disappears” into state 3. See, e.g., [11, 12] for recent data analyses and
further references.

2. Searching for nonstandard neutrino interactions
The impact of nonstandard neutrino-matter interactions on solar neutrino oscillations was
discussed already in the classical paper by L. Wolfenstein [2] and subsequently elaborated on by
many authors ([13, 14, 15] and many others). The idea is that novel interactions due to a heavy
vector and scalar exchange could modify the neutrino forward scattering amplitude and hence
the oscillation Hamiltonian in matter. Regardless of their origin, at low energies relevant to
neutrino oscillations, nonstandard interactions (NSI) are described by the effective Lagrangian

L
NSI = −2

√

2GF (ν̄αγρνβ)(ǫfL

αβ
f̄Lγ

ρ
fL + ǫ

fR

αβ
f̄Rγ

ρ
fR) + h.c. (4)

Here ǫ
fL

αβ
(ǫfR

αβ
) denotes the strength of the NSI between the neutrinos ν of flavors α and β and

the left-handed (right-handed) components of the fermions f .
Neutrino scattering tests, like those of NuTeV [16] and CHARM [17], mainly constrain the

NSI couplings of the muon neutrino, e.g., |ǫeµ| . 10−3, |ǫµµ| . 10−3
− 10−2. Their limits on ǫee,

ǫeτ , and ǫττ are remarkably loose, e. g., |ǫuuR
ττ | < 3, −0.4 < ǫ

uuR
ee < 0.7, |ǫuu

τe | < 0.5, |ǫdd
τe| < 0.5

[18]. Stronger constraints exist on the corresponding interactions involving the charged leptons.
Those, however, are model-dependent and do not apply if the NSI come from the underlying
operators containing the Higgs fields [19]. Here we only consider direct experimental bounds.
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Even with the addition of NSI the splitting ∆m
2
atm/2E remains much greater than the matter

potential anywhere along the neutrino trajectory. This means the solar neutrino analysis can
still be reduced to two neutrino states, following the arguments of Sect. 1. Neglecting small
corrections of order sin θ13 or higher, the corresponding matter contribution to the two-neutrino
oscillation Hamiltonian can be written as

H
NSI

mat =
GF ne
√

2

(
1 + ǫ11 ǫ

∗
12

ǫ12 −1 − ǫ11

)
, where

ǫ11 = ǫee − ǫττ sin2
θ23,

ǫ12 = −2ǫeτ sin θ23.
(5)

The epsilons are the sums of the contributions from the matter constituents: ǫαβ ≡∑
f=u,d,e

ǫ
f

αβ
nf/ne. In turn, ǫ

f

αβ
≡ ǫ

fL

αβ
+ ǫ

fR

αβ
. Observe that only the vector component of

the NSI enters the propagation effect; in contrast, the NC detection process at SNO depends
on the axial coupling. The propagation and detection effects of the NSI are thus sensitive to
different parameters, and the corresponding searches could be complementary.

Eq. (5) shows that the flavor changing NSI effect in solar neutrino oscillations comes from ǫeτ ,
while the flavor preserving NSI effect comes from both ǫee and ǫττ . A useful parameterization is

H
NSI

mat =

(
A cos 2α Ae

−2iφ sin 2α
Ae

2iφ sin 2α −A cos 2α

)
, where

tan 2α = |ǫ12|/(1 + ǫ11),
2φ = Arg(ǫ12),

A = GF ne

√
[(1 + ǫ11)2 + |ǫ12|

2]/2 .

(6)

The effect of α is to change the mixing angle in the medium of high density from π/2 to π/2−α.
The angle φ (related to the phase of ǫeτ ) is a source of CP violation. Solar neutrino experiments,
just like terrestrial beam experiments [20, 21], are sensitive to its effects [22], while atmospheric
neutrinos are not [23, 24].
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Figure 2. The electron neutrino survival probability (left) and day/night asymmetry (right)
for ∆m

2 = 7 × 10−5 eV2, tan2
θ = 0.4 and several representative values of the NSI parameters:

(1) ǫ
u
11

= ǫ
d
11

= ǫ
u
12

= ǫ
d
12

= 0; (2) ǫ
u
11

= ǫ
d
11

= −0.008, ǫ
u
12

= ǫ
d
12

= −0.06; (3) ǫ
u
11

= ǫ
d
11

= −0.044,
ǫ
u
12

= ǫ
d
12

= 0.14; (4) ǫ
u
11

= ǫ
d
11

= −0.044, ǫ
u
12

= ǫ
d
12

= −0.14. Reproduced from [22].

The main effects of NSI on Pee are as follows [22]: (i) the low-energy limit stays the
same (vacuum oscillations); (ii) the high-energy limit changes, according to Eq. (1), Pee →

sin2
α cos2

θ + cos2
α sin2

θ; (iii) at intermediate energies, the transition from vacuum to matter
dominated regime can shift in energy, with changing A, and can become more or less abrupt,
with changing α and φ. The nonadiabatic regime occurs when θ → α, rather than θ → 0. Also,
very importantly, the day/night effect can change with all three parameters. In particular, it
becomes small either as A → 0 [25, 26] or as α → θ [22]. Thus, the LMA-0 region that is normally
excluded by the non-observation of day/night asymmetry may become allowed [22, 25, 26].
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Fig. 2 illustrates the impact of the NSI on Pee and the day/night asymmetry. Curve 3 gives
an example of parameters that can be excluded already by the existing data. Curve 4 illustrates
the suppression of the Earth effect described above. For technical details, including approximate
analytical expressions for Pee and day/night asymmetry, see [22].
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Figure 3. Left panel : A 2-D section (ǫee = −0.15) of the allowed region of the NSI parameters
(shaded). We assumed ∆m

2
⊙ = 0 and θ13 = 0, and marginalized over θ and ∆m

2. The dashed
contours indicate our analytical predictions. See text for details. Right panel : The effect of the
NSI on the allowed region and best-fit values of the oscillation parameters. From [23].

The solar neutrino analysis of NSI cannot be done in isolation: the same NSI can also be
probed with atmospheric neutrinos. Indeed, on general grounds, one expects the atmospheric
neutrinos – particularly the high energy ones for which nonstandard matter effects can dominate
over the vacuum oscillation effects – to be a very sensitive probe of NSI. Early two-neutrino
(νµ, ντ ) numerical studies [27] yielded ǫµτ . 0.08 − 0.12 and ǫττ . 0.2 1. Clearly, these are very
strong bounds; if they were to extend to ǫeτ , the NSI effects on solar neutrinos discussed in the
previous subsection would be excluded. It turns out, however, that this is not the case: when
the analysis is properly extended to three flavors, one finds that very large values of both ǫeτ

and ǫττ are still allowed by the data [23]. This is illustrated in Fig. 3 (left panel), which shows
that NSI with strengths comparable to the Standard Model interactions can be compatible with
all atmospheric data. It must be noted that the compatibility is achieved as a result of adjusting
the vacuum oscillation parameters: large NSI imply a smaller mixing angle and larger ∆m

2
atm,

as can be see in the right panel of Fig. 3.
The addition of the K2K data helps constrain the allowed NSI region somewhat [24], while

the addition of the first data from MINOS brings no further improvement [28]. Importantly, the
future high-statistics MINOS dataset will be a very valuable probe of this parameter space [28].

3. Searching for neutrino transition moments
The idea that solar neutrinos could be affected by the neutrino spin precession (NSP) in the solar
magnetic fields is even older [29] than the NSI idea. Remarkably, this idea – much improved
with time [30, 31, 32, 33, 34, 35] – remained viable for the next three decades. While, by the late
1990’s, the lack of time variations in the Super-Kamiokande data gave strong evidence against
NSP in the solar convective zone, NSP in the radiative zone continued to give a good fit to all
solar data [36].

Even after the confirmation of the LMA oscillation solution by KamLAND [9], the possibility
of the NSP happening at a subdominant level remains of great interest, as a probe of the neutrino

1 Notice the difference in normalization: our ǫ’s are normalized per electron, while [27] gives ǫ’s per d quark.
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different normalizations of the magnetic field, up to the upper bound [38]). An optimistic value
of the transition moment, µ = 1 × 10−11

µB , was taken. For comparison, the region allowed by
the combined analysis of the KamLAND and solar neutrino data [39] is also shown. From [40].

electromagnetic properties and, at the same time, of the magnetic fields in the solar interior.
NSP combined with flavor oscillations could lead to conversion νe → ν̄e in the Sun, on which
recently KamLAND [37] reported a strong upper bound (< 0.03%). It is very important to
understand what this bound implies for the neutrino magnetic (transition) moment.

It turns out that for the measured LMA oscillation parameters NSP in the radiative zone
cannot produce the ν̄e flux above the KamLAND bound. This is illustrated in Fig. 4. This is a
remarkable example that knowing neutrino oscillation parameters precisely can be very valuable:
the answer would have qualitatively changed, had the mixing angle been 16◦ instead of 32◦.

For NSP in the convective zone, the analysis is different, though in the end the conclusion is
similar: one should not have expected the flux of ν̄e in excess of the published KamLAND bound.
Put another way, the bound on the neutrino transition moment from the published KamLAND
bound is weaker than that from analysis of the red giant cooling [41]. This could change,
however, if KamLAND releases an updated bound, with higher statistics/better background
rejection. For lack of space, we refer the reader to [40] for details and further references.
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Abstract. This paper is a brief overview of the theory and experimental data of atmospheric
neutrino production at the fiftieth anniversary of the experimental discovery of neutrinos.

1. Introduction
Atmospheric neutrinos are of interest as a beam for the study of neutrino oscillations and as the
background and calibration beam in the search for neutrinos from astrophysical sources. The
basic features of the flux of atmospheric neutrinos have been known since 1961. Fig. 1 is a plot
of the numerical formulas of Zatsepin & Kuz’min [2], which shows the main features of of the
flux of atmospheric neutrinos at production. At low energy there are approximately two νμ + ν̄μ

produced for each νe + ν̄e as a consequence of the decay sequence,

π± → μ± + νμ(ν̄μ) → e± + νe(ν̄e) + ν̄μ(νμ).

The flavor ratio
r ≡ νμ + ν̄μ

νe + ν̄e
(1)

increases with energy above a GeV because muons begin to reach the ground before they decay.
Some modern calculations of the muon flavor ratio [3, 4, 5] are shown in Fig. 2.

The first detections of atmospheric neutrinos were made in the early sixties in deep mines by
Reines et al. in South Africa [6] and by Menon et al. in the Kolar Gold Fields in India [7]. I
have reviewed the history of atmospheric neutrino calculations and measurements in more detail
elsewhere [8]. The modern era began in the 1980’s with the construction of large underground
detectors to search for proton decay. Interactions of atmospheric neutrinos are most numerous
in the GeV range and hence constitute the main background for nucleon decay. Increasingly
precise measurements of the atmospheric neutrino beam led to the discovery of oscillations [15]
in the νμ ↔ ντ sector, as is well-known.

After a brief discussion of the current level of uncertainties in the flux of atmospheric neutrinos
and the implications for atmospheric neutrinos as a beam for the study of oscillations, I conclude
with some comments on atmospheric neutrinos as background for searches for astrophysical
neutrinos.
1 Research supported in part by the U.S. Department of Energy under DE-FG02 91ER40626.
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Figure 2. Comparison of the flavor ratio r
from three calculations [3, 4, 5].

2. Uncertainties in the flux of atmospheric neutrinos
I want to distinguish three approaches to this subject. The first is to compare various calculations
of the atmospheric neutrino flux, as in Fig. 2. Other examples of such comparison plots
are given in Refs. [8, 9, 10]. There is now a large number of calculations that use different
approaches, different interaction models and different representations of the primary cosmic-ray
spectrum [3, 4, 5, 11, 12, 13, 14]. The size of differences among the various calculations can be
used to guage the uncertainty in the neutrino flux. The general conclusion of such exercises is
that ratios agree to better than 5% while the uncertainty in normalization is larger and increases
with energy. Differences among the three calculations shown in Fig. 2 for the flavor ratio r are
at the level of 2%.

A related approach [16] is to vary the input parameters within the framework of a single
calculational scheme. This approach seeks to avoid the danger of different calculations converging
on similar results because they use common input assumptions. Uncertainties in hadronic
interaction model dominate at low energy, while uncertainties in the primary spectrum become
the dominant source of uncertainty above a few GeV. Within the set of parameters that
characterize uncertainties in hadron production, those related to production of pions dominate
at lower energy, while uncertainties in strange particle production dominate above 10 GeV,
becoming comparable to the uncertainties from the primary spectrum in the TeV region. The
importance of kaons is a consequence of the kinematics of meson decay convolved with a steep
primary proton beam, which has the effect of making kaon production relatively more important
for neutrinos than for muons. For Eν > 100 GeV, kaons become the dominant source of
atmospheric neutrinos. (See e.g. Fig. 8 of Ref. [9]). For analogous reasons, neutrinos from decay
of charmed hadrons must eventually become the most abundant at sufficiently high energy even
though charmed hadrons are produced much less often than strange hadrons. At some point
(e.g. around several hundred TeV), undertainties in hadro-production of charm will become the
biggest source of uncertainty.

Overall uncertainty is at the level of ±15% in the GeV range, rising to ±40% for Eν = 1 TeV.
In contrast, uncertainties in the ratios are much smaller because uncertainties in the primary
spectrum and in hadronic interactions cancel in lowest order in the ratios. The uncertainty in
the flavor ratio of Eq. 1 is of order ±1% for Eν < 30 GeV, as illustrated in Figs. 3,4. These
figures also show the ratios of neutrinos to anti-neutrinos, which are somewhat larger than the
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uncertainty in r (6-7% for νe/ν̄e and 1-5% for νμ/ν̄μ) because they are more sensitive to the
charge ratio of the parent mesons.

A precise knowledge of the flavor ratio r is particularly important in searching for sub-
dominant oscillation effects with atmospheric neutrinos. For example, oscillations driven by the
solar parameters are suppressed in the atmospheric neutrino beam by a factor that depends on
the near equality of the three neutrino flavors in the oscillated atmospheric neutrino beam [17].
The observed number of νe (Ne) deviates from its value in the absence of solar effects by [17]

Ne

Ne(0)
− 1 = P2 × (r cos2 θ23 − 1), (2)

where P2(δm2
12,θ12) is the two-flavor mixing of νe with the orthogonal combination of νμ and

ντ [17]. In the sub-GeV region where pathlengths comparable to R⊕ are long enough so that
oscillations in the solar parameters can occur, r is close to two. Since the atmospheric mixing
is characterized by θ23 ∼ 45o and cos2 θ23 ∼ 0.5, the cancellation is nearly complete. As shown
in Fig. 2, however, rsub−GeV is somewhat larger than two (more so for atmospheric neutrinos
in the vertically upward quadrant of phase space, which have pathlength > R⊕), making a
measurement of the octant of θ23 possible in principle with sufficient statistics.

A similar suppression factor occurs in the atmospheric neutrino beam for effects that depend
on the deviation of sin2 θ13 from zero [18]. Such effects are, however, expected to be most
important for Eν ∼ 5 GeV [18], where the flavor ratio is already significantly larger than two.
In this case, the limiting factor is the intrinsically small size of sin2 θ13 [18].

A different and complementary approach to determining the flux of atmospheric neutrinos
accurately is to consider the analysis of the data of Super-K I [19] as a measurement of the
flux of atmospheric neutrinos. The Super-K analysis proceeds by simultaneously fitting their
data with the oscillation parameters together with a large set of parameters that characterize
experimental and theoretical uncertainties. The theoretical parameters reflect deviations from
the assumed production spectrum of atmospheric neutrinos (i.e. before oscillations). Shifts in
the fitted parameters that describe the trial production spectrum of atmospheric neutrinos can
be considered as a measurement of the atmospheric neutrino flux at production. This approach
may be of greatest value for Eν ∼ 100 GeV to 1 TeV, because the normalization and oscillation
parameters are primarily determined by the data at lower energy. In this regard, the adjustment
of the spectral index found in the Super-K fit suggests that the neutrino spectrum continues into
the high-energy range at a higher level than some calculations. A recent analysis [20] confirms
this conclusion, as does the new analysis of Honda et al. [21].
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Figure 5. Neutrino flux from several calculations. The right panel shows muon neutrinos only,
with νμ and ν̄μ plotted separately for each calculation. (Note the difference in energy ranges
and powers of E in the two plots.)

3. Background for astrophysical neutrinos
Neutrino telescopes designed to search for astrophysical neutrinos generallly have thresholds in
the range of ∼ 100 GeV or higher. Figure 5 is a compilation of several calculations, incuding two
that extend to high energy. The hard spectral index that comes out of the Super-K analysis [19]
suggests that higher intensities should be preferred in the TeV region. The much larger ratio
of νμ /ν̄μ in Ref. [5] as compared to that of Ref. [4] reflects the large associated production
(p → ΛK+) assumed by Barr et al. [5] at high energy. The production of strange and charmed
particles is a significant source of uncertainty and needs more investigation. Decay of charmed
hadrons is expected to become the dominant source of atmospheric neutrinos at sufficiently high
energies, ∼ 100 TeV. At some level it will become the limiting factor in a search for a diffuse
flux of extra-terrestrial neutrinos.

A well-understood feature of the atmospheric neutrino flux that may be useful in
distinguishing signal from background is its characteristic dependence on zenith angle. A
standard form for the differential spectrum of νμ + ν̄μ at high energy is

φν(Eν) =
φN (Eν)

1 − ZNN
× Σ3

i=1

Ai

1 + Bi cos θEν/εi
, (3)

where the three terms correspond respectively to neutrinos from decay of pions, kaons and
charmed hadrons. The overall flux is proportional to the primary spectrum of nucleons, φN (Eν),
evaluated at the energy of the neutrino and scaled by a factor 1/(1−ZNN ) related to the nucleon
attenuation length. Each flavor of hadron has a characteristic critical energy, εi, above which
the hadron is more likely to interact than to decay. The shape of each contribution also depends
on a numerical factor (Bi) and on the cosine of the zenith angle. The latter is the “secant
theta” effect. For Eν >> εi/(Bi cos θ) the contribution is inversely proportional to cos θ and
asymptotically one power of energy steeper than the primary spectrum. At very large angles
(∼ θ > 70o) the secant theta term is limited by the curvature of the Earth.

Neutrinos from astrophysical sources do not depend on the local zenith angle at which they
are observed. Therefore in principle the known zenith angle dependence of the atmospheric
background is available as an extra parameter to distinguish background from signal. The
most obvious example would be the contrast between atmospheric background and an isotropic,
diffuse extraterrestrial flux of high-energy neutrinos. Because the contribution from charm is
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also isotropic (until extremely high energy), the distinction disappears when the intensity of
the extraterrestrial neutrinos is at the level of atmospheric neutrinos from decay of charmed
hadrons.
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For point sources of neutrinos observed from mid-latitude detectors, variation of the
background in the direction of a potential source as it rises and sets can in principle also help
to distinguish background from signal. A related example is the indirect search for neutrinos
from WIMP annihilation in the Sun. Figures 67 show the expected diurnal variation of the
atmsopheric background from the direction of the Sun as seen from the South Pole and from
Super-K.
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Abstract.
Radiochemical experiments have been crucial to solar neutrino research. Even today, they provide

the only direct measurement of the rate of the proton-proton fusion reaction, p + p → d + e+ + νe, which
generates most of the Sun’s energy. We first give a little history of radiochemical solar neutrino experiments
with emphasis on the gallium experiment SAGE – the only currently operating detector of this type. The
combined result of all data from the Ga experiments is a capture rate of 67.6 ± 3.7 SNU. For comparison
to theory, we use the calculated flux at the Sun from a standard solar model, take into account neutrino
propagation from the Sun to the Earth and the results of neutrino source experiments with Ga, and obtain
67.3+3.9

−3.5 SNU. Using the data from all solar neutrino experiments we calculate an electron neutrino pp flux

of φ♁pp = (3.41+0.76
−0.77) × 1010/(cm2-s), which agrees well with the prediction from a detailed solar model

of φ♁pp = (3.30+0.13
−0.14) × 1010/(cm2-s). Four tests of the Ga experiments have been carried out with very

intense reactor-produced neutrino sources and the ratio of observed to calculated rates is 0.88 ± 0.05. One
explanation for this unexpectedly low result is that the cross section for neutrino capture by the two lowest-
lying excited states in 71Ge has been overestimated. We end with consideration of possible time variation in
the Ga experiments and an enumeration of other possible radiochemical experiments that might have been.

1. Introduction and a little history
Our knowledge of neutrinos from the Sun is based on seven experiments: Homestake, Kamiokande,
SAGE, Gallex, GNO, Super-Kamiokande and SNO. More than half of these are radiochemical
experiments.

The detection of neutrinos by use of the inverse β decay reaction was proposed 60 years ago by
Bruno Pontecorvo [1]. This method of detection, which is the basis for radiochemical experiments, has
played a fundamental role in solar neutrino investigation. The idea to use neutrino capture in 37Cl to
observe the “undetectable” new particle proposed by Wolfgang Pauli was brilliantly realized to observe
solar neutrinos by R. Davis and collaborators in the world-famous experiment at the Homestake Gold
Mine [2, 3, 4]. The 37Cl experiment was built 4200 m.w.e. (meters of water equivalent) underground
and began to collect data in 1967. Between 1970–1994, 108 extractions of Ar were made from a tank
that contained 615 tons of C2Cl4. The number of 37Ar atoms collected in each run was measured in
a miniature proportional counter. The result for the first measured capture rate of solar neutrinos at
the Earth was 2.56 ± 0.23 SNU. The SNU unit (defined as 1 neutrino capture per day in a target that
contains 1036 atoms of the neutrino-absorbing isotope) was specially introduced by John Bahcall, who
had a fundamental role in the funding of the Cl experiment and the interpretation of its results, and whose
contributions cannot be overestimated. Bahcall was the first to fully develop a solar model that included

3 Present address: SNOLAB, PO Box 159, Lively, Ontario P3Y 1M3, Canada
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all the physical parameters needed to calculate the solar neutrino flux at the Earth. He worked tirelessly
to refine his calculations and it was the robustness of his solar model that eventually led all people to
understand the significance of the discrepancy between the result of the Cl experiment and standard solar
model (SSM) predictions.

The discrepancy identified in the Cl experiment attracted the attention of a significant number of
scientists and it soon became known as “the solar neutrino problem”. This problem continued to
bother the mind of scientists for more than 30 years. Especially important was the confirmation of
the discrepancy by the Kamiokande experiment [5], a real-time detector of solar neutrinos that used
a completely different method of detection – electron scattering, and which began to collect data in
1987. As a result there were no doubts that the flux of neutrinos in the high-energy part of the solar
neutrino spectrum was significantly less than the calculations of the SSM. Kamiokande, with an analysis
threshold of 7 MeV, was sensitive only to the high-energy 8B neutrinos and the Cl experiment, whose
major response was from the superallowed analog state at an excitation energy of 5.0 MeV in 37Ar,
was also mostly sensitive to the 8B neutrinos. Another significant development during this time was the
confirmation of the results of the Bahcall SSM by a solar model independently developed by Sylvaine
Turck-Chièze and collaborators [6].

Despite many attempts, the combination of these two experiments could not be explained on the basis
of solar physics; rather, many scientists began to believe that it was necessary to reject some of our
old ideas about neutrino properties and to develop new ones. Conclusive evidence for this suggestion
could be obtained by measuring the low-energy part of the solar neutrino spectrum, which is produced in
reactions that provide the vast majority of the Sun’s energy, and whose flux can be well predicted from
the measured solar luminosity combined with a simple solar model. The need for experiments sensitive
to low-energy solar neutrinos was recognized shortly after the first results from the Cl experiment were
announced and many people began to consider radiochemical experiments with low-energy sensitivity,
such as those shown in Table 1.

Table 1. Radiochemical solar neutrino detectors considered in 1972 [7] The relative response is given to
the various sources of solar neutrinos. The mass of target element is the number of tons required to yield
1 neutrino capture/day from the sum of the pp and pep reactions. The relative response and mass were
calculated from the 1972 values of solar flux and used cross sections that neglected excited states.

Relative response (%) Mass

Target Product pp pep 7Be 8B CNO (tons)

87Rb 87mSr 74 2 21 1 3 32
55Mn 55Fe 67 3 25 1 3 420
71Ga 71Ge 69 2 26 0 3 19
7Li 7Be 0 18 15 51 16 17

From these possibilities attention focused on 7Li, proposed in 1969 by John Bahcall [8], and on
71Ga, proposed in 1965 by Vadim Kuzmin [9]. Because of its high capture rate, low energy threshold of
233 keV and favorable half-life of 11.4 days, a Ga experiment appeared to be a most attractive possibility.
The main problems with the Ga experiment were the acquisition of several tens of tons of the expensive
element gallium and the development of a nearly lossless procedure for the extraction and purification of
71Ge.

2. The Ga experiment
Laboratory research to develop a gallium experiment began approximately in 1975. In the United
States this work took place at Brookhaven National Laboratory under the direction of Ray Davis with
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participation of B. Cleveland, J. Evans, G. Friedlander, K. Rowley, R. Stoener from Brookhaven, and
W. Frati and K. Lande from the University of Pennsylvania [10]. Methods were developed to extract
germanium from liquid gallium metal and from a GaCl3 solution. After a few years, this group
achieved success in development of these methods and chose the method based on GaCl3 solution.
To carry out the experiment a collaboration was initiated with a group from the Max Planck Institute
at Heidelberg. Despite repeated requests and favorable reviews, the Ga experiment was, however, not
funded in the United States. Rather, a special subcommittee of the Nuclear Science Advisory Committee
recommended that interested scientists associate themselves with groups in Western Europe and/or the
Soviet Union. The western European group, called Gallex, had been formed by the Heidelberg group
under the direction of Till Kirsten when it became apparent that the experiment would not be funded in
the US.

In the Soviet Union, at the Institute for Nuclear Research, laboratory investigations to develop a
gallium experiment began about the same time in 1975. It was initially based on a GaCl3 solution, but
when it was learned that Soviet industry could not provide the necessary radioactive purity in 50 tons
of solution, the project was changed to gallium metal. Using Davis’s idea, the extraction of minute
quantities of 71Ge from many tons of metallic gallium was independently developed. One advantage of
metallic Ga is that it is significantly less sensitive to radioactive impurities. In 1980 an installation was
built that contained 300 kg of Ga metal. In addition to testing the technology, this work also yielded
a new limit on the law of conservation of electric charge [11]. By 1985 a pilot installation containing
7.5 tons of metallic gallium had been constructed at Troitsk.

The Soviet group built their experiment at the Baksan Neutrino Observatory in the Caucasus
mountains. The first Ga exposure began in December 1989 and data collection has continued since that
time. The Gallex built their experiment at the Gran Sasso tunnel in Italy and collected data from 1991-
1997. In 1998 they were reconstituted as the Gallium Neutrino Observatory (GNO) and they continued
operation until 2003 [12].

3. SAGE
In 1986 the Soviet-American collaboration SAGE was officially established to carry out the gallium solar
neutrino experiment at the Baksan Neutrino Observatory. The experiment is situated in a specially built
deep underground laboratory where the measured muon flux is (3.03±0.10)×10−9/(cm2 s). It is located
3.5 km from the entrance of a horizontal adit excavated into the side of a mountain. The rock gives an
overhead shielding equivalent to 4700 m of water and reduces the muon flux by a factor of 107.

The mass of gallium used in SAGE at the present time is about 50 tonnes. It is in the form of liquid
metal and is contained in 7 chemical reactors. A measurement of the solar neutrino capture rate begins
by adding to the gallium a stable Ge carrier. The carrier is a Ga-Ge alloy with a known Ge content
of approximately 350 μg and is distributed equally among all reactors. The reactor contents are stirred
thoroughly to disperse the Ge throughout the Ga mass. After a typical exposure interval of four weeks, the
Ge carrier and 71Ge atoms produced by solar neutrinos and background sources are chemically extracted
from the Ga using procedures described in [13, 14]. The final step of the chemical procedure is the
synthesis of germane (GeH4), which is used as the proportional counter fill gas with an admixture of
(90–95)% Xe. The total efficiency of extraction is the ratio of mass of Ge in the germane to the mass of
initial Ge carrier and is typically (95±3)%. The systematic uncertainty in this efficiency is 3.4%, mainly
arising from uncertainties in the mass of added and extracted carrier. The proportional counter is placed
in the well of a NaI detector that is within a large passive shield and is counted for a typical period of
4–6 months.

Based on criteria described in [13], a group of events is selected from each extraction that are
candidate 71Ge decays. These events are fit to a maximum likelihood function [15], assuming that they
originate from an unknown but constant-rate background and the exponentially decaying rate of 71Ge. A
single run result has little significance because of its large statistical uncertainty.

The global best fit capture rate for all SAGE data from January 1990 through December 2005 (139
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runs and 264 separate counting sets) is 66.2+3.5
−3.4 SNU, where the uncertainty is statistical only. If

one considers the L-peak and K-peak data separately, the results are 67.6+5.5
−5.3 SNU and 65.5+4.7

−4.5 SNU,
respectively. The agreement between the two peaks serves as a strong check on the robustness of the
event selection criteria. The systematic effects fall into three main categories: those associated with
extraction efficiency, with counting efficiency and with backgrounds. For a complete description of these
effects see [13]. Including all uncertainties, our overall result is thus 66.2+3.5

−3.4 (stat)+3.8
−3.4 (syst) SNU. If we

combine the SAGE statistical and systematic uncertainties in quadrature, the result is 66.2+5.2
−4.8 SNU.

The final result from 123 runs in the Gallex and GNO experiments is 69.3 ± 5.5 (stat + syst) SNU
[12]. The weighted combination of all the Ga experiments, SAGE, Gallex and GNO, is thus

67.6 ± 3.7 SNU. Present Ga experiment result. (1)

It was very good that for many years there were two Ga experiments operating at the same time and
it is indeed unfortunate that the GNO experiment was terminated for non-scientific reasons.

4. Source experiments
The experimental procedures of both Ga experiments, including the chemical extraction, counting and
analysis techniques, have been checked by exposing the gallium target to reactor-produced neutrino
sources whose activity was close to 1 MCi. Gallex has twice used 51Cr sources to irradiate their entire
target; SAGE has irradiated about 25% of their target with a 51Cr source and an 37Ar source [16, 17].
The results, expressed as the ratio R of the measured 71Ge production rate to that expected due to the
source strength, are shown in Figure 4. The weighted average value of the ratio for the four experiments
is R = 0.88 ± 0.05, more than two standard deviations less than unity.

Since other auxiliary tests, especially the 71As experiment of Gallex, have given great confidence in
the knowledge of the various efficiencies in the Ga experiments, the combined result of these source tests
should not be considered to be a measurement of the entire throughput of the Ga experiments. Rather, we
believe that, although not statistically conclusive, the combination of these experiments suggests that the
predicted rates may be overestimated. The most likely hypothesis 4 is that the cross sections for neutrino
capture to the lowest two excited states in 71Ge, both of which can be reached using either 51Cr or 37Ar
sources, have been overestimated [19]. If the contribution of these two excited states to the predicted
rate is set to zero, then R = 0.93 ± 0.05, reasonably consistent with unity. A new experiment with a
considerably higher rate from the neutrino source is needed to settle this question.

As a side note, during the time of the SAGE 37Ar source experiment, which used 26 tonnes of Ga,
solar neutrino extractions were also made from the remaining 22 tonnes of Ga. Since the SAGE counting

4 For an alternative explanation, based on transitions to sterile neutrinos, see [18].
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Table 2. Factors needed to compute the capture rate in 71Ga solar neutrino experiments. The units of
flux are 1010(pp), 109(7Be), 108(pep, 13N,15 O), 106(8B,17 F), and 103(hep) cm−2s−1. The uncertainty
values are at 68% confidence.

Spectrum Flux φ�i 〈σi〉 Capture rate Ri (SNU)

comp. i BP04 BP04+ 〈Pee
i 〉 (10−46 cm2) BP04 BP04+

pp 5.94(1+0.01
−0.01) 5.99 0.555(1+0.038

−0.040) 11.75(1+0.024
−0.023) 38.7(1+0.046

−0.047) 39.1

pep 1.40(1+0.02
−0.02) 1.42 0.517(1+0.033

−0.034) 194.4(1+0.17
−0.024) 1.41(1+0.17

−0.046) 1.43
7Be 4.86(1+0.12

−0.12) 4.65 0.537(1+0.036
−0.037) 68.22(1+0.070

−0.023) 17.8(1+0.14
−0.13) 17.0

13N 5.71(1+0.37
−0.35) 4.06 0.539(1+0.036

−0.038) 56.86(1+0.099
−0.023) 1.75(1+0.38

−0.35) 1.24
15O 5.03(1+0.43

−0.39) 3.54 0.531(1+0.035
−0.036) 107.2(1+0.13

−0.023) 2.86(1+0.45
−0.39) 2.02

17F 5.91(1+0.44
−0.44) 3.97 0.531(1+0.035

−0.036) 107.8(1+0.13
−0.023) 0.03(1+0.46

−0.44) 0.02
8B 5.79(1+0.23

−0.23) 5.26 0.374(1+0.044
−0.039) 21580(1+0.32

−0.15) 4.67(1+0.40
−0.28) 4.25

hep 7.88(1+0.16
−0.16) 8.04 0.347(1+0.061

−0.054) 66300(1+0.33
−0.16) 0.02(1+0.37

−0.23) 0.02

Total 67.3+3.9
−3.5 65.1

system was filled with samples from the 37Ar source, we transported the 71Ge extracted from the solar
runs to Gran Sasso, where GeH4 was synthesized and the samples were counted in the GNO counting
system. The combined result of six such solar runs was 64+24

−22 SNU [21], in excellent agreement with the
overall result of the Ga experiments.

5. Comparison of gallium result to predictions of standard solar model
The capture rate Ri of component i of the solar neutrino spectrum is given in a radiochemical experiment
by

Ri = φ
�
i 〈Pee

i 〉〈σi〉 (2)

where φ�i is the amplitude of the flux from this solar component at the production point in the Sun, 〈Pee
i 〉

is the integral over the solar spectrum of the probability of survival of the electron neutrino during its
travel from where it is produced in the Sun to where it is detected at the Earth, and 〈σi〉 is the integral
of the cross section for neutrino capture over the spectrum at the Earth. The physical origin for the
reduction of the electron component of the solar neutrino flux is the now well-established mechanism of
MSW neutrino oscillations [22].

Values of φ�i , 〈Pee
i 〉 and 〈σi〉 are given for each neutrino component in Table 2. The fluxes are

from two solar models with differing composition [23]. The other quantities were calculated assuming
three-neutrino mixing to active neutrinos with parameters Δm2

12 = (7.92 ± 0.36) × 10−5 eV2, θ12 =

34.1+1.7
−1.5 degrees and θ13 = 5.44+2.79

−5.44 degrees [24]. The approximate formulae given in [25] were used for
the survival probability Pee

i (E). Since radiochemical experiments average over a long exposure interval,
regeneration in the Earth was neglected. The cross sections σ(E) were taken from [26] but were modified
to delete the effect of the lowest two excited states in 71Ge according to the results of the neutrino source
experiments as given in the previous section. The neutrino spectra were taken from [26] (pp and CNO),
[27] (8B) and [28] (hep).

There is excellent agreement between the calculated (67.3+3.9
−3.5 SNU) and observed (67.6 ± 3.7 SNU)

capture rates in 71Ga.
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6. The pp neutrino flux
One of the main purposes of the Ga experiment is to provide information that leads directly to the
experimental determination of the flux of pp neutrinos at the Earth. In this Section we will assume the
Sun is generating energy by the pp cycle, and not dominantly by the CNO cycle, and will derive the
present best value for the pp flux directly from the results of neutrino experiments.

To obtain the pp flux we begin with the combined capture rate from the SAGE and GALLEX/GNO
experiments given above of 67.6±3.7 SNU. This rate is the sum of the rates from all the components of the
solar neutrino flux, which we denote by [pp+7Be+CNO+pep+8B|Ga]. (We ignore the hep contribution.)

The only one of these flux components that is known from direct experiment is the 8B flux, measured
by SNO to be [8B|SNO] = (1.68 ± 0.11) × 106 electron neutrinos/(cm2-s) [29] at the Earth. We
multiply this flux by the cross section for 8B given in Table 2 and find that the contribution to the
Ga experiment is [8B|Ga] = 3.7+1.2

−0.7 SNU. Subtracting this measured value from the total Ga rate gives
[pp+7Be+CNO+pep|Ga] = 64.0+3.7

−3.9 SNU.
The measured capture rate in the Cl experiment is [7Be+CNO+pep+8B|Cl] = 2.56 ± 0.23 SNU [4].

In a manner analogous to Ga we can calculate the cross section for 8B neutrinos on 37Cl, including the
suppression factor, to be 1.02(1±0.046)×10−42 cm2. We multiply this by the flux measured by SNO and
deduce that the contribution of 8B to the Cl experiment is [8B|Cl] = 1.72 ± 0.14 SNU. Subtracting this
component from the total leaves [7Be+CNO+pep|Cl] = 0.84±0.27 SNU, all of which is due to neutrinos
of medium energy.

We assume the Sun is generating its energy via the pp cycle so these medium-energy neutrinos
are dominated by 7Be. We can thus make the approximation that [7Be+CNO+pep|Ga] =
[7Be+CNO+pep|Cl] × cross section for 7Be on Ga/cross section for 7Be on Cl = (0.84 ± 0.27) ×
[71.9(1++0.07

−0.03)]/[2.40(1 ± 0.02)] = 23.9+7.9
−7.6 SNU. There is an additional error due to the approximation

used, which is estimated to be 10%, giving the result [7Be+CNO+pep|Ga] = 23.9+8.1
−8.0 SNU.

We subtract this contribution from the rate given above and get the result for the measured pp rate in
the Ga experiment [pp|Ga] = [pp+7Be+CNO+pep|Ga] - [7Be+CNO+pep|Ga] = 40.1+6.6

−9.0 SNU. Dividing
this capture rate by the cross section for capture of pp neutrinos of 11.8(1+0.024

−0.023) × 10−46 cm2 gives the

measured electron neutrino pp flux at Earth of φ♁pp = (3.41+0.76
−0.77) × 1010/(cm2-s). The major component

of the error in this pp flux measurement is due to the poor knowledge of the medium-energy neutrinos
which was inferred from the Cl experiment.

For comparison, the standard solar model calculates the pp flux produced in the Sun to be φ�pp =

5.94(1 ± 0.01) × 1010/(cm2-s) [23] 5 . If we multiply this rate by the average survival probability

for pp neutrinos, which from Table 2 is 0.555(1+0.038
−0.040), we obtain a pp flux at the Earth of φ♁pp =

(3.30+0.13
−0.14) × 1010/(cm2-s), in excellent agreement with the value determined above from solar neutrino

experiments.
In the future it will be possible to reduce the error in this flux measurement when there are new

experiments that directly measure the 7Be flux, as anticipated by Borexino and KamLAND, and the
CNO flux, as anticipated by SNO+. The dominant error should eventually be due to the inaccuracy of
the Ga measurement itself.

7. Is the neutrino capture rate in Ga constant?
Short-term variations in the Gallex-GNO rate with periods from 15 days to a few 100 days have been
considered by Pandola [30] and Sturrock et al. [31]. Pandola’s analysis finds no variability but Sturrock
et al. see evidence for variation if one considers the Gallex and GNO data sets separately.

The possibility of variability over longer time periods has been considered by several authors [32, 33].
In a plot of the data there appears to be a difference between early and late time periods, which gives a
visual hint of a long-term decrease, as illustrated in Figure 2. The Gallex-GNO data is shown on the left

5 The error here is only 1% because the measured solar luminosity was used in this calculation.
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Figure 2. Gallex-GNO results (left panel) and SAGE results (right panel) vs time. See text for further
explanation.

of this Figure where the data have been grouped by the experimenters into 7 intervals. The SAGE data,
divided into intervals of one calendar year, is shown on the right of Figure 2. The average rate prior to
1997 is higher in both experiments than in the data after 1997.

If one assumes the rate in Gallex-GNO varies linearly in time then the best fit gives [12]

Capture rate = 82 ± 10 − (1.7 ± 1.1) × [t(year) - 1990]. (3)

These trend lines are plotted for both experiments in Figure 2 and there is reasonably good visual
agreement with the measured data.

When examined quantitatively, however, the evidence for long-term variability becomes less
convincing. A χ2 test applied to the Gallex-GNO data with (without) the assumed time variation yields
χ2/dof = 10.8/5 (13.2/6), prob. = 5.6% (4.0%), i.e., the fit to both the time-varying rate and to a constant
rate is more or less equally bad. For the SAGE data the fit to a constant rate gives χ2/dof = 11.7/16, prob.
= 76%, whereas the fit to the central Gallex-GNO trend line yields χ2/dof = 11.4/17, prob. = 83%, i.e.,
the fit to both rate hypotheses is quite good. At the present time we cannot differentiate between these
two hypotheses, but it should become possible to do so with considerable additional data.

Up to now it is not known if this apparent variability is a statistical fluctuation or an indication of a
real effect, such as has been considered by Pulido et al. [34].

8. Other radiochemical experiments
Several other radiochemical experiments to measure solar neutrinos have been developed to various
degrees. These include 127I → 127Xe [35, 36] and 81Br → 81Kr [37] experiments that would in many
ways be similar to the 37Cl experiment, and a 97Mo → 97Tc [38] experiment that could measure the
long-term history of the 8B solar neutrino flux. Although very considerable efforts were expended in the
United States on the 127I and 97Mo experiments, they were never brought to fruition, mainly because of
a lack of funding.

The 7Li→ 7Be experiment has continued to be pursued in Russia. Methods for the efficient extraction
of Be from metallic Li have been proven [39] and an experiment could, in principle, be built [40].

At the present time interest in radiochemical experiments has greatly decreased and it is only
direct-counting experiments that are under development. Nonetheless, the radiochemical experiments
stimulated great interest in the solar neutrino problem, which led to the real-time experiments Super-
Kamiokande, SNO and KamLAND.
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Abstract.
The aim of the KArlsruhe TRItium Neutrino experiment KATRIN is the determination

of the absolute neutrino mass scale down to 0.2 eV, with smaller model dependence than
from cosmology and neutrinoless double beta decay. For this purpose, the integral electron
energy spectrum is measured close to the endpoint of molecular tritium beta decay. The
endpoint, together with the neutrino mass, should be fitted from the KATRIN data as a
free parameter. The right-handed couplings change the electron energy spectrum close to the
endpoint, therefore they have some effect also to the precise neutrino mass determination. The
statistical calculations show that, using the endpoint as a free parameter, the unaccounted
right-handed couplings constrained by many beta decay experiments can change the fitted
neutrino mass value, relative to the true neutrino mass, by not larger than about 5-10 %.
Using, incorrectly, the endpoint as a fixed input parameter, the above change of the neutrino
mass can be much larger, order of 100 %, and for some cases it can happen that for large
true neutrino mass value the fitted neutrino mass squared is negative. Publications using fixed
endpoint and presenting large right-handed coupling effects to the neutrino mass determination
are not relevant for the KATRIN experiment.

1. Neutrino mass determination and the endpoint

In the KATRIN experiment the absolute neutrino mass is determined by the measurement of
the integral energy spectrum of the electrons coming from beta decay of tritium molecules.
The electrons are guided from the tritium source to the detector by magnetic field. Between the
source and the detector a large negative potential (-18.6 kV) is applied at the main spectrometer,
with the aim that only those electrons can reach the detector that have a decay kinetic energy
above the value corresponding to this potential. The transversal energy component (relative
to magnetic field) of the electrons is converted into longitudinal energy by using the inverse
magnetic mirror effect, due to small magnetic field inside the main spectrometer (the electric
field can change only the longitudinal energy component of the electrons). Thus it is possible to
measure the integral electron energy spectrum simultanously with high statistics and with high
precision. For further information about the KATRIN experiment see Refs. [1] and [2].
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The differential electron energy spectrum can be written (in a first approximation, close to
the endpoint) as

wdiff (E) = Eν

√
E2
ν −m2

ν , (1)

where E is the relativistic total electron energy, Eν = E0−E and mν denote the neutrino energy
and mass, and E0 is the nominal endpoint (maximum of E, if the neutrino mass is zero). There
are several theoretical modifications to this simplified spectrum, the most important of them
is due to the recoil molecular ion final state distribution (see Ref. [3] for a recent calculation).
Degenerate neutrino masses are assumed (the KATRIN experiment is able to find a non-zero
neutrino mass only above 0.2 eV).

The KATRIN experiment measures the integral energy spectrum, therefore one has to
multiply the differential spectrum by the response function of the spectrometer (see Ref. [2]
for details), and to integrate from the minimal electron energy EU = e|UA − US |, where UA
and US denote the electric potential in the middle of the main spectrometer and in the tritium
source, respectively. The expected absolute detection rate of the KATRIN experiment can be
seen in Fig. 1 for different neutrino mass and endpoint values. The most sensitive region for
the neutrino mass determination is around EU −E∗0 ≈ −5 eV, where the signal is twice as large
as the background (Ref. [4]). It is clear from the figure that there is a positive correlation
between the neutrino mass and the endpoint: a larger fixed endpoint value results in a larger
fitted neutrino mass value.

Figure 1. Expected detection rate of
the KATRIN experiment as function of the
minimal detected electron energy EU , for
different neutrino mass and endpoint values.
Full (black) curve: mν = 0, E0 = E∗0 ; dashed
(red) curve: mν = 1 eV, E0 = E∗0 ; dotted
(blue) curve: mν = 0, E0 = E∗0+0.15 eV.
The new KATRIN design parameters of Ref.
[2] together with 0.01 s−1 background rate
have been employed.

In the KATRIN experiment (like in several earlier neutrino mass experiments) the endpoint
is a free parameter, to be determined from the KATRIN spectrum data. Nevertheless, let us
assume for a moment that the endpoint is a fixed input parameter. Then a ∆E0 error of the
endpoint results in a ∆m2

ν (eV2) ≈ 7∆E0 (eV) error for the neutrino mass squared (using
the last 20 eV of the spectrum for the data analysis). From the triton-Helium3 nuclear mass
differences one has at present a ∆E0 = 1.2 eV error for the endpoint [5]. In addition, it is
difficult to determine the absolute potential values with a precision better than 100 mV. On
the other hand, the KATRIN experiment aims to measure the neutrino mass squared with an
accuracy of σ(m2

ν) = 0.025 eV2. To obtain this precision, the accuracy of the endpoint value (as
fixed parameter) should be at least 4 meV. Therefore, it is obvious: for the data analysis of
the KATRIN experiment the endpoint cannot be used as an external fixed input
parameter; it should be used necessarily as a free parameter, determined from
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the KATRIN data. Analyses assuming the endpoint as a fixed parameter are not
relevant for the KATRIN experiment.

2. Right-handed couplings and the electron energy spectrum

In the presence of right-handed weak couplings the differential electron spectrum is changed to
the following form:

wdiff (E) = Eν

√
E2
ν −m2

ν

(
1 + b′

mν

Eν

)
. (2)

This formula is valid close to the endpoint. A similar change of the electron spectrum is due
to the Fierz parameter b. The parameter b′ is a linear combination of the right-handed vector
(RV ), axial-vector (RA), scalar (RS) and tensor (RT )couplings:

b′ ≈ −2
<e(LVR∗V + LVR

∗
S)|MF |2 + <e(LAR∗A + LAR

∗
T )|MGT |2

|LV |2|MF |2 + |LA|2|MGT |2
(3)

(only the dominant terms are shown in this formula, which is in agreement with Ref. [6]).
The left-handed Lj and right-handed Rj couplings have the following simple relations with the

widely used couplings Cj and C ′j introduced by Lee and Yang in Ref. [7]: Cj = (Lj +Rj) /
√

2,

C ′j = (Lj −Rj) /
√

2. As it is explained in Ref. [8], there are several advantages using the
couplings Lj and Rj. In the Standard Model only the left-handed vector and axial-vector
couplings LV and LA are non-zero.

There are many experimental observables (like beta asymmetry, neutrino-electron correlation,
beta polarization etc.) that provide constraints for the couplings Rj . Unfortunately, these
observables are quadratic in the Rj couplings (with zero neutrino mass the right-handed
couplings have no interference with the dominant left-handed couplings), therefore the 95 %
confidence limits are not too small: |RV | < 0.08, |RA| < 0.10, |RS | < 0.07, |RT | < 0.10 (see the
recent overview in Ref. [9]; the LV = 1 normalization is used here). The signs of the couplings
Rj are not known; in order to obtain conservative limit for b′ we assume that these signs are
equal (in this case there is no sign cancellation in Eq. 3). Then we get the following constraints
for b′:

|b′| < 0.26 (95% CL); |b′| < 0.31 (99.7% CL). (4)

3. Right-handed couplings and neutrino mass determination in KATRIN

Let us assume that the real value of the parameter b′ is nonzero, and the KATRIN data are
analyzed with b′ = 0 theory (Standard Model). In this case, the fitted neutrino mass value

should deviate from the real mass value. Fig. 2 shows the ∆mν/mν = (m
(fit)
ν −m(real)

ν )/m
(real)
ν

relative deviation due to the unaccounted right-handed parameter b′ = ±0.28. The KATRIN
design parameters and the statistical method described in Ref. [2] have been used for this
calculation. The fitted parameter in these calculations is the neutrino mass squared, not the
mass. One has to emphasize also that the endpoint was taken as a free parameter. According to
Fig. 2 the relative change of the neutrino mass due to the unaccounted right-handed
couplings is of order of 5-10 %. For small neutrino mass values (below 0.5 eV) the shift

m
(fit)
ν −m(real)

ν is smaller than the expected experimental error of the mass, for larger mass values
(above 0.5 eV) the shift of the mass is larger than the experimental error.

Taking the endpoint as a fixed input parameter, the results are completely different. To
illustrate this difference, let us consider a special numerical example: we assume that the real

neutrino mass is m
(real)
ν =0.35 eV, and the real value of the parameter b′ is b′real = ±0.28. Then

we make a computer experiment: we generate the KATRIN data by using these real values, but
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Figure 2. Rela-

tive shift (m
(fit)
ν −

m
(real)
ν )/m

(real)
ν of

neutrino mass due
to unaccounted
right-handed cou-
plings, as function

of m
(real)
ν .

we analyze the data assuming b′ = 0. Table 1 shows the fitted neutrino mass values of these
calculations with fixed and with free endpoint. With free endpoint the fitted mass values
are close to the real mass. On the other hand, in the case of fixed endpoint the
fitted neutrino mass with b′real = −0.28 is completely different from the real mass
value. In the case of b′real = +0.28 the fitted mass squared becomes negative, in spite
of the positive real mass value. Using the endpoint as a free parameter such a large
deviation between real and fitted mass or mass squared values does not occur.

b′real E0 fixed E0 free

-0.28 m
(fit)
ν =0.6 eV m

(fit)
ν =0.33 eV

+0.28 m
2 (fit)
ν =-0.1 eV2 m

(fit)
ν =0.38 eV

Table 1. Fitted neutrino mass
(or mass squared) values with

m
(real)
ν =0.35 eV.

Several theoretical publications present large right-handed coupling effects to the neutrino
mass determination (Refs. [10, 11, 12]). Refs. [10, 11] tried to explain the negative mass
squared anomaly of several neutrino mass experiments by assuming the presence of non-zero
right-handed couplings. Nevertheless, all these 3 publications used in their analyses
fixed endpoint, therefore they are not relevant for the neutrino mass experiments
(like KATRIN) using free endpoint. We mention that in Ref. [13] right-handed couplings
were searched in the data of the Mainz neutrino mass experiment, using free endpoint in the
analysis; the data did not favor the existence of non-zero right-handed couplings.
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Abstract. This paper contains results from several cross section studies made using the near
detectors in the K2K neutrino beam. These include an estimate of neutral current single π

0

production, an upper limit on the cross section for charged current coherent π
+ production, and

an analysis of the axial vector form factor for quasi-elastic interactions.

1. Introduction
The neutrino experiments which have been running during the first half of this decade have
accumulated hundreds of thousands of neutrino interactions at energies around 1 GeV. The
K2K experiment was designed to study neutrino oscillation phenomena, but we have also used
our high statistics samples to study neutrino cross sections. For K2K, these neutrino interactions
occur on water (H2O), scintillator (HC), and iron (Fe), and come from a beam that peaks around
1.2 GeV, and averages 1.3 GeV. In these proceedings, we summarize the results of three such
cross section studies.

We are challenged to understand neutrino interactions in the region around 1 GeV because
this is the energy of the expected oscillation signal for several neutrino oscillation experiments
[1,2,3] as well as future neutrino oscillation initiatives. At the same time, it is the most
complicated region for neutrino interactions: this is where quasi-elastic, resonance production,
and deep inelastic scattering all contribute significantly. Finally, because of the difficulty in
designing beams and detectors for these energies, previous experimental measurements have
significant uncertainties in the cross sections. By necessity, neutrino oscillation experiments at
these energies must make their own measurements and arrange their experiments to minimize
these uncertainties.

The K2K near detectors were designed to measure the features of the neutrino beam right
after it was produced. The spectrum of neutrinos at the far detector can then be compared to the
near detector spectrum to observe the characteristic distortion caused by neutrino oscillations.
From upstream to downstream, the near detector system consists of a 1000 ton water Cerenkov
detector (1kT), a scintillating fiber detector which uses tanks of water as a target (SciFi), a fully
active plastic scintillator detector (SciBar), and a muon range detector (MRD).

The 1kT detector is designed to be a small scale version of Super-Kamiokande, in order to
partially cancel systematics due to the Cerenkov technique and uncertainties in the neutrino-
water interactions. The SciFi also uses water as the primary neutrino interaction target, but its
fine grained design and the use of the MRD to get muon momentum from range give it sensitivity
to higher energy neutrino interactions and yields different information about those reactions than
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the 1kT. The SciBar works on the same principle, but uses a fully active scintillator design, and
is even more sensitive to the protons and pions that come out of the interaction.

These detectors took data in several running periods between 1999 and 2004 in the K2K
neutrino beam, though, for technical reasons, the analyses below use data from different portions
of this run time. This beam is produced when 12 GeV protons are extracted from the proton
synchrotron at the KEK accelerator in Tsukuba, Japan, and bent toward the Super Kamiokande
detector. A proton spill 1.1 µs wide hits an aluminum target every two seconds. Among the
resulting hadrons, the π+ are focused into a decay region filled with helium where they decay to
µ+ and νµ. The muons and undecayed pions are absorbed by earth, while the neutrinos continue
to the near detector hall, 300 meters from the target, and eventually to Super Kamiokande, 250
km away. The resulting neutrino beam is 98% pure νµ.

More details about the experimental setup, with additional specifications and references, are
available in [1].

2. Neutral current single π0 production in the 1kT detector
This study is described more completely in Ref. [4]. The 1kT detector has excellent ability to
observe and reconstruct the π0 interactions. The neutral pions decay to two gamma rays, each
of which initiate an electromagnetic shower. These appear in the detector as two electron-like
Cerenkov rings, but no visible muon. In addition, any recoil proton will nearly always be below
threshold as well. From the two Cerenkov rings, it is possible to estimate the implied invariant
mass and select a sample of candidate π0 events.

This measurement is of the neutral current single π0 production. It includes as signal
neutral pions from resonance production events, coherent production, as well as from deep
inelastic scattering events in which only one neutral pion was produced. In the context of this
measurement, it is the outgoing pion, after intranuclear processes such as charge exchange and
absorption have occurred. The signal, after selections, is expected to be about 70% of the total
sample. The backgrounds to these processes are from charged current interactions in which the
muon is not seen, as well as from multi pion production in which the other particles are below
detection threshold.

Starting from this sample, we estimate the detection efficiency for the signal, and make
the appropriate calculation. Also, we use the Monte Carlo simulation (MC) to estimate the
background, and subtract it. After these corrections, the measurement for NC single π0

interactions yields (3.61 ± 0.07 stat. ± 0.36 syst.) x 103 events in the 25 ton fiducial volume.
We form the ratio with all muon-like (i.e. charged current) interactions observed in the same
samples: (5.65 ± 0.03 stat. ± 0.26 syst.) x 104 events.

Thus, the measured neutral current single π0 ratio at an average neutrino energy of 1.3 GeV
is 0.064 ± 0.001 stat. ± 0.007 syst. This can be compared to the ratio predicted from our Monte
Carlo simulation which is 0.065. Systematic errors dominate; they come from model errors (DIS
model 5.6%, NC/CC cross section 3.2%) which affect the background subtraction. The two
largest detector uncertainties are in identifying and counting Cerenkov rings (5.4% uncertainty
in the ratio) and the separation of electron-like and muon-like Cerenkov rings (4.2%). There is
an additional uncertainty in the denominator of the ratio of 4%, which comes from the interplay
between vertex reconstruction and the definition of the fiducial volume.

3. Charged current coherent pion production in the SciBar detector
Another study we have done is a search for charged current coherent pion production in the
SciBar plastic scintillator detector. This study was reported in [5]. In coherent production,
the neutrino interacts coherently with the nucleus as a whole, rather than with an individual
nucleon. For the charged current reaction on carbon νµ + C → µ− + C + π+, no recoil nucleon
is present, so the only observable products are the charged pion and the muon. This interaction
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is characterized by very forward going muons, equivalently a small momentum transfer. These
final states, with little or no other activity at the vertex of the interaction, combined with the
kinematics, give a signature that can be isolated in the SciBar detector data.

One motivation for looking at this reaction is that the K2K experiment, among others, had
observed that our MC over-predicts the number of events at very low square of the momentum
transfer Q2, which for our beam energies correspond to muons at very forward angles or the
lowest energies. In principle this discrepancy could come from any of the relevant interactions,
such as quasi-elastic, or resonance production events. It could be something fundamental to the
neutrino-nucleon cross section, or to the application of nuclear effects such as Pauli blocking.
However, since coherent production always happens at low momentum transfer, this offers a
unique probe of this discrepancy.

The first step in isolating coherent pion enhanced samples is to make a subsample of events
which have two tracks. This sample can be further divided into quasi-elastic enhanced and
non-quasi-elastic enhanced subsubsamples. Because quasi-elastic interactions are a two-body
scattering process, it is possible to use the muon angle and momentum to predict the angle at
which the recoil proton should be found. If the observed second track matches this prediction,
within 25 degrees, it is likely to be QE. If it does not match, then it is likely to be a proton or
pion from a resonance, coherent, or DIS interaction.

Because of the fully-active design of the SciBar scintillator detector, it is possible to identify
the products of the interaction. For a charged current coherent interaction, there should be a
muon and a π+, but there should be no recoil nucleon. The muon is easy to identify from its
long range, and second tracks can be identified as a proton or pion from the dE/dx along the
track. In this way, the non-quasi-elastic subsample is further divided into samples where that
second track is proton like or pion like.

This latter sample can be further examined. Because nothing comes out of the nucleus in a
coherent interaction, there should be little or no vertex activity apart from the two tracks. For
ordinary two-track interactions, there is often another particle present: a recoil nucleon or pion.
A cut on this feature further purifies the CC coherent sample.

Finally, we estimate the reconstructed Q2 of this interaction. Actually, this is done using
the quasi-elastic kinematic assumptions, so the reconstructed Q2 does not exactly correspond
to the correct momentum transfer, but it gives a method to treat the data and the MC the
same without knowing the underlying interaction kinematics, so that they data and MC may be
compared. The expected bias is 0.008 (GeV/c)2 for CC coherent pion events. We select events
with reconstructed Q2 < 0.1 (GeV/c)2. We again take the ratio to all the CC events and obtain
σCCcohπ/σAllCC = (0.04± 0.29stat.+0.32

−0.35syst.)× 10−2. This is consistent with zero CC Coherent
Pion production.

Because the value is consistent with zero, we compute an upper bound on the CC coherent
pion cross section. Again, relative to all CC events: σCCcohπ/σAllCC < 0.60 × 10−2 at 90% C.L.
This is approximately 30% of the former Rein and Sehgal prediction [6]. It is important to
note that this bound is set by two large systematics: the cross section for resonance pion events
(including Pauli blocking effects) and the model for pion reinteractions in carbon. It is possible
that the observed Q2 distribution is a combination of unexpectedly small coherent cross section
and an overestimation of resonance production due to one or both of these systematic effects.

Since the original publication of this result, there has been a renewed look at the very low
Q2 cross section calculations. Of principle interest is the inclusion of terms that depend on the
muon mass in the calculation, which suppress the cross section below Q2 < 0.2 (GeV/c)2 for
interactions that produce π+, including coherent production. In a very recent paper, Rein and
Sehgal [7] give a discussion of the size of this effect, not included in their original publication.
We have not yet quantified how this recent work impacts the interpretation of these data.
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4. Axial vector form factors in the SciFi detector
Our final topic summarized in these proceedings is a study of quasi-elastic interactions measured
by the SciFi detector. A full description of the technique and results can be found in [8].

Quasi-elastic interactions, νµ + n → µ− + p are the simplest kinematics available. This is a
two-body scattering process, which means that the muon momentum and angle are sufficient to
reconstruct the details of the interaction. In our analysis we take advantage of this to get an
estimate of the incident neutrino energy Eν , the square of the momentum transfer Q2 to the
nucleon, and a prediction for the angle of the recoil proton.

The expected cross section can be calculated following Llewellyn-Smith [9]. The interesting
feature of this calculation is that it involves vector form factors and other constants that are
relatively precisely determined from electron scattering data and neutron decay. In this analysis,
we assume the axial vector form factor can be approximated with a dipole form which has only
one free parameter, and fit to find the value for this parameter, the axial vector mass MA, that
best matches the data.

The parameter MA has two effects on the cross section. A 10% larger value increases the QE
cross section by about 10%. However, uncertainties in absolute normalization of the flux for this
experiment are significant. Instead, the fit we will do is a fit to the shape of the Q2 distribution.
In this case, a 10% larger value of MA produces a shape that is flatter, has relatively more high
Q2, high θµ events.

The SciFi detector is made of aluminum tanks filled with water. In between these tanks
are scintillating fiber tracker. Thus, the neutrinos are incident primarily on H2O, but 22% (by
mass) of the material is Al, and 8% is plastic. In our interaction model, neutrino quasi-elastic
interactions can only occur on neutrons, changing them to protons; there is no allowed final state
for the CC interaction on hydrogen. In this sense, we consider our result to be a measurement of
the effective MA for oxygen. Because of the fiber tracker design, this detector has outstanding
angle resolution for tracks that go three or more layers.

As with the SciBar samples in the previous section, we separate events into samples with one
track, two tracks where the second track matches the QE assumption, and a two-track sample
that is non-QE enhanced. The SciFi detector does not have strong capability to differentiate
protons from pions via dE/dx, so that additional cut is not used. We further concern ourselves
with the low Q2 discrepancy, as above. Regardless of the source of the discrepancy, resonance
production or coherent production cross sections, or Pauli blocking, or another nuclear effect,
we disregard all events with reconstructed Q2 < 0.2 (GeV/c)2.

Another feature of the analysis is that we are using the updated vector form factors from
electron scattering data [10,11]. Changing this part of the cross section calculation has a
significant effect on the shape, and thus affects the MA parameter extracted from fits to this
shape.

We then divide the data into five energy regions and bin it by Q2. We fit the entire collection
of samples. Because this includes the non-QE enhanced sample, the fit will constrain the size of
the non-QE background in the one-track and the two-track QE samples. In the end, we obtain
a fit value of MA = 1.20 ± 0.12 GeV, with a χ2 = 261 for 235 degrees of freedom. Our default
MC uses a value of MA = 1.1, so the data prefer a flatter Q2 spectrum than the MC.

We have investigated several systematic errors, and have a couple interesting conclusions.
First, nuclear effects that are understood at this time seem to have a small effect on the shape
of the Q2 distribution. However, the muon momentum scale has a very significant effect on the
measurement. Its contribution to this measurement is MA ± 0.07 GeV. How this is constrained
is described in more detail in [8], but can be roughly simplified to an unknown potential bias of
± 1.5% in the reconstructed muon momentum. A small bias has a large effect on the shape of
the Q2 distribution, stretching or compressing it significantly. The final uncertainty is from the
relative flux and normalization of the neutrino beam, which is included in the fit as a sequence
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of five unconstrained parameters.
Though most of these QE interactions occur on oxygen, it is relevant to compare this

result to measurements on deuterium from bubble chamber experiments [12,13,14]. In order
to make this comparison, it is easiest to reproduce their assumptions about the vector form
factors and other constants. The resulting fit value is higher: MA = 1.23 ± 0.12. The bubble
chamber measurements, which were also primarily shape fits, are usually taken together and
give MA = 1.03 ± 0.03. These two values agree at about the two-sigma level, though there is
no expectation that they should be the same. One other comment: because these results were
obtained primarily through shape fits, consumers of neutrino interaction generators should be
very cautious when assigning an uncertainty in MA. The small error from a shape fit may hide a
larger error in the absolute cross section, and it is the latter that is relevant for most oscillation
analyses.

5. Oscillation measurements
At the Neutrino 2006 conference, we are also pleased to present the final oscillation results from
the K2K oscillation analysis. Compared to the previous published results [15], these results
include small changes to the Super Kamiokande reconstruction and the inclusion of information
from the HARP measurement of the hadron production off a thin (5% interaction length) version
of the K2K target [16]. The K2K best fit result in the physical region is at ∆m2 = 2.8 × 10−3

(eV)2 and maximal sin2 2θ = 1. The 90% confidence contour crosses the maximal mixing axis
at ∆m2 = 1.9× 10−3 and 3.5× 10−3. In addition, a full paper with extensive description of the
experiment, analysis, and results is now published [1]. Another paper describing the upper limits
on νµ to νe oscillation obtained from an electron neutrino appearance search is also available
[17].

6. Conclusion
The K2K experiment has completed a program to measure neutrino oscillations, but also to
make measurements of neutrino interactions on nuclei. These measurements, combined with
upcoming cross section results from MiniBooNE, MINOS, and later SciBooNE and MINERvA,
will be vital to the continuing program to understand neutrino mixing and its implications for
particle physics, astrophysics, and cosmology.
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�=Öxç/È¤ã�Å,Î�åEÅxú`ÆbÕMÆDÇ\å¤Ú#Æ�çxË�Ç\ÉLú`Ë�ÆDÇ�Ç\ÆbÓ�Ë�Ç\ÎÐÉ¤Ï¾ÕMÆbÖMË�Ç\ÎÐÕ,ÈEÓ É�Ë�Ë�ÅMÆ

ÆbÉ�Ç�Ë�Å É�Ç�ÆÒÉ�Ë�Ñ�ÈEÓ�ØJÅMÆDÇ\ÎÐÔ�ÑGÖMÈEÕ,Ó¥É¤Õ=ÊæÕMÆbÖMË�Ç\ÎÐÕ,ÈEÓzãSÇ�ÈEÑ Ë�ÅMÆÒÎÐÕºË�ÆDÇ\É¤Ô�Ë�Î�ÈEÕæÈ¤ã�Ô�ÈEÓ�ÑÒÎ~ÔÌÇ\ÉbÚxÓ¥ÎÐÕâË�ÅMÆ1ÆbÉ�Ç�Ë�Å��nÓ
É�Ë�Ñ�ÈEÓ�Ø=ÅMÆDÇ�Æ¤õ Ä
ÅMÆ É�Ë�Ñ�ÈEÓ�Ø=ÅMÆDÇfÎÐÔáÑGÖMÈEÕ,Ó�É�Ç\ÆÁÆbÏÐÎÐÑ1ÎÐÕ,É�Ë�ÆbÊ/Ù�Ú/ÏÐÈºÈ¤ÍxÎÐÕMå ãKÈ¤Ç�ÆDö¤ÆbÕºË�ÓâÑ�ÈköxÎÐÕMå ÖMØºìëÉ�Ç\Ê
Ë�ÅMÇ\ÈEÖMåEÅÁË�Å,Æ�ÊMÆDË�ÆbÔ�Ë�È¤Ç�æÈEÕ,Ï�ÚáÕ,ÆbÖMË�Ç\ÎÐÕMÈEÓ¾ÔDÉ¤Õ�ØOÆbÕ,ÆDË�Ç\É�Ë�Æ Ë�Å,Æ1ÆbÉ�Ç�Ë�Å²õâÞ Ó�Ñ1É¤ÏÐÏ�ãKÇ\É¤Ô�Ë�Î�ÈEÕ È¤ã
Ë�ÅMÆ�ÏÐÉ�Ç�å¤Æ
ÊMÈ�ìvÕMå¤ÈEÎÐÕ,å1Ñ¾Ö,ÈEÕ��=Öxç�ìvÎÐÏ~ÏJÙdÆ¥ã7É¤ÏÐÓ�ÆbÏÐÚ Ç�ÆbÔ�ÈEÕ=Ó�Ë�Ç\Ö,Ô�Ë�ÆbÊ5ÎÐÕ Ë�ÅMÆGÖMØºìëÉ�Ç\ÊøÊ=Î�Ç�ÆbÔ�Ë�Î�ÈEÕ²õ�Ä
ÅMÆbÓ�Æ�É�Ç\Æ�Ç�ÆbÑ�È�ö¤ÆbÊ
Ù�Ú5Ë�ÎÐåEÅIË¡Ç�Æ���Ö,Î�Ç\ÆbÑ�ÆbÕIË�ÓzÈEÕáË�ÅMÆ�ä,Ë�Ë�ÆbÊæË�Ç\É¤Ô\ÍJõ ÞvãKË�ÆDÇ�É�Ë�Ñ�ÈEÓ�ØJÅMÆDÇ\ÎÐÔÌÑGÖMÈEÕ,Ó¥É�Ç�Æ�ÆbÏ~ÎÐÑÒÎÐÕ,É�Ë�ÆbÊ´×OË�Å,ÆDÇ�Æ1ÎÐÓzÉ
�=ÖMç1È¤ãªÉ�Ë�Ñ�ÈEÓ�ØJÅMÆDÇ\ÎÐÔ·ÕMÆbÖMË�Ç\Î~ÕMÈEÓ�Ó�ÆDÆbÕ�Î~Õ ÉÌÊMÆDË�ÆbÔ�Ë�È¤Çbõ�Ä
Å,ÎÐÓ¯ÔDÉ¤Õ�ÙdÆ¼Ö,Ó�ÆbÊ�É¤ÓëÉÌÔDÉ¤ÏÐÎ�Ù,ÇfÉ�Ë�Î�ÈEÕ1Ë�ÆbÓ�Ë¯ÙdÆbÉ¤ÑþË�È
ÔfÅMÆbÔ�ÍøË�Å,Æ�Ö,Õ,ÊMÆDÇfÓ�Ë�É¤Õ,Ê,ÎÐÕ,å¾È¤ãWË�ÅMÆ�Ê,ÆDË�ÆbÔ�Ë�È¤Çb×=È¤Ç¼ÙOÆ¥Ö=Ó�ÆbÊ Ë�È ÏÐÈºÈ¤Í�ãSÈ¤Ç·ÕMÆDì ÕMÆbÖ,Ë�Ç\ÎÐÕMÈ�Ø=ÅºÚxÓ�ÎÐÔDÓDõ�ÞQÓ�ÆbÉ�Ç\ÔfÅ
ãKÈ¤Ç
ØdÈEÎÐÕºËëÓ�ÈEÖMÇ\Ô�ÆbÓ�È¤ã;ÕMÆbÖMË�Ç\ÎÐÕ,ÈEÓ�ÎÐÓëÑÒÉ¤ÊMÆ¡Ù�Ú�Ï�È�È¤ÍxÎÐÕMåGãSÈ¤ÇvÉ¤ÕøÆ�çxÔ�ÆbÓ�Ó
È¤ãAÆDö¤ÆbÕºË�Ó
ãKÇ�ÈEÑ É�Ê,ÎÐÇ�ÆbÔ�Ë�Î�ÈEÕ�ÎÐÕ�Ë�ÅMÆ
Ó�Í�Ú¤õÁð�Ï�ÆbÔ�Ë�Ç�ÈEÑÒÉ�åEÕMÆDË�Î~Ô È¤ÙJÓ�ÆDÇ�ö�É�Ë�Î�ÈEÕ,ÓGÙºÚÁÈ¤Ë�ÅMÆDÇÒÊMÆDË�ÆbÔ�Ë�È¤Ç\ÓÒÑ1ÉbÚÁØ=Ç�ÈköxÎÐÊMÆ�ÎÐÕMãKÈ¤Ç\ÑÒÉ�Ë�Î�ÈEÕ Ë�ÈâÇ�ÆbÊ,Ö,Ô�Æ�Ë�ÅMÆ
Ë�ÎÐÑÒÆ¡Èkö¤ÆDÇ·ìvÅ,ÎÐÔfÅ Ó�Ö,Ô\Å�ÉÒÓ�ÆbÉ�Ç\ÔfÅ�ÎÐÓ�ÑÒÉ¤Ê,Æ¡ú�ãSÈ¤Ç¼ÎÐÕ,Ó�Ë�É¤Õ,Ô�Æ¥Î~Õ ÉÒÓ�ÆbÉ�Ç\ÔfÅøãKÈ¤ÇvÕMÆbÖMË�Ç\Î~ÕMÈEÓ�Ô�È¤Ç�Ç�ÆbÏÐÉ�Ë�ÆbÊøìvÎ�Ë�Å É
åEÉ¤ÑÒÑ1ÉLú`Ç\ÉbÚ Ù=ÖMÇ\Ó�ËDõ�òzÕMÆ¼ÔDÉ¤Õ É¤ÏÐÓ�È¾Ï�È�È¤ÍÌãSÈ¤ÇëÉ�Ê,Î��dÖ,Ó�Æ�Æ�çxÔ�ÆbÓ�Ó¯È¤ã²ÕMÆbÖMË�ÇfÎÐÕMÈEÓ3ãKÇ�ÈEÑ Ë�ÅMÆ¼Ó�Ö=ÑàÈ¤ã´É¤ÏÐÏ=Ó�ÈEÖMÇ\Ô�ÆbÓ
ÎÐÕÁË�ÅMÆ1Ö,Õ=Î�ö¤ÆDÇ\Ó�Æ¤õøñxÎÐÕ,Ô�Æ1Ë�ÅMÆ1Æ�çxË�Ç\ÉLú`Ë�ÆDÇ�Ç�ÆbÓ�Ë�Ç\ÎÐÉ¤Ï��JÖxçæØ,Ç�ÆbÊ,ÎÐÔ�Ë�ÎÐÈEÕ,ÓzË�ÆbÕ,Ê Ë�È�å¤È5É¤Ó����������������! L×WÈEÕMÆ
Ï�È�È¤ÍxÓ�ãKÈ¤Ç¢Å,Î�åEÅMÆDÇ¢ÆbÕMÆDÇ�å¤ÚÌÆDö¤ÆbÕIË�Ó¯ÎÐÕ�Ë�Å,ÆvÊMÆDË�ÆbÔ�Ë�È¤Ç¯Ë�È�Ó�ÆDØ=É�Ç\É�Ë�Æ¼Ë�ÅMÆbÑ�ãKÇ�ÈEÑàË�Å,ÆvÑ�È¤Ç�ÆvÓ�Ë�ÆDÆDØ É�Ë�Ñ�ÈEÓ�ØJÅMÆDÇ\ÎÐÔ
ÕMÆbÖ,Ë�Ç\ÎÐÕMÈ�Ó�ØdÆbÔ�Ë�Ç\Ö,Ñ � ���������"�#� �!$&% ' �fõ
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Ä
Å,Æ
ä,Ç\Ó�Ë�ÊMÆDË�ÆbÔ�Ë�Î�ÈEÕ È¤ã´Ñ¾ÖMÈEÕ�îëÅMÆDÇ�ÆbÕ,Í¤Èkö�Ç\É¤Ê,Î~É�Ë�Î�ÈEÕÒÎÐÕ�ØdÈEÏÐÉ�Ç¯ÎÐÔ�Æ
ìëÉ¤Ó�Ñ1É¤ÊMÆ¼ÎÐÕ15·Ç�ÆDÆbÕ,ÏÐÉ¤Õ=ÊÒÎÐÕ�6�787:9 ûuô�ý`×
Ö,Ó\ÎÐÕMå�Ë�ÅMÇ�ÆDÆ�Ø=ÅMÈ¤Ë�ÈEÑGÖ,Ï�Ë�ÎÐØ=ÏÐÎ�ÆDÇ\Ó¼ÊMÆDØ=Ï�È�Ú¤ÆbÊâË�ÈøÉ ÊMÆDØ,Ë�Å¿È¤ãëÉ�ÙOÈEÖ,Ë¡ü:989 ÑÒÆDË�Ç�ÆbÓDõ	;MÈEÏÐÏ�È�ìvÎÐÕMå�Ë�Å,ÎÐÓzÓ�Ö=ÔDÔ�ÆbÓ�ÓD×
Ó�Î~ÑÒÎÐÏÐÉ�Ç
Ë�ÆbÓ�Ë�Ó¼ì¯ÆDÇ�ÆÌÑÒÉ¤ÊMÆÌÉ�Ë¼Ë�Å,Æ�ñ�ÈEÖ,Ë�Å=<;ÈEÏ�ÆGÈkö¤ÆDÇ¡Ë�ÅMÆGÕMÆ�ç�Ë·Ú¤ÆbÉ�Ç\ÓD×dìvÎÐË�ÅøË�ÅMÆÌÞ·Ý5Þ·ß¼Û
Þvú¸Þ Ê,ÆDË�ÆbÔ�Ë�È¤Ç
ÊMÆDØJÏ�ÈkÚ¤ÆbÊ ÎÐÕ>6�787¤ô�ú?7�@âû @�ý`õ¯î¯ÈEÕ,Ó�Ë�ÇfÖ,Ô�Ë�Î�ÈEÕ�È¤ãªË�ÅMÆzØ,Ç\ÆbÓ�ÆbÕIË�ÏÐÚÒÈ¤ØdÆDÇ\É�Ë�ÎÐÕMåÌÞ·Ý5Þ·ß¼Û
ÞQÊMÆDË�ÆbÔ�Ë�È¤ÇvË�ÈºÈ¤Í�Ø=ÏÐÉ¤Ô�Æ
ãKÇ�ÈEÑA6�7878B¥Ë�È¾ü:98989x×xÈkö¤ÆDÇ¯ìvÅ,ÎÐÔfÅÌË�ÎÐÑ�ÆDCFE8E¡È¤Ø,Ë�ÎÐÔDÉ¤Ï,Ñ�ÈxÊ,Ö,ÏÐÆbÓWì�ÆDÇ�Æ¼ÊMÆDØ=Ï�È�Ú¤ÆbÊÒÈkö¤ÆDÇG6�7¥Ó�Ë�ÇfÎÐÕMåEÓD×¤Ë�ÈGÊMÆDØ,Ë�Å,Ó
Ç\É¤Õ,åEÎÐÕMåøãKÇ�ÈEÑH6�B:9895Ë�È¿ü:989895Ñ�ÆDË�Ç�ÆbÓDõ�Ä
ÅMÆÒØ=Ç�È¤ØdÆDÇ�Ë�Î�ÆbÓzÈ¤ãëË�ÅMÆÒØdÈEÏÐÉ�Ç�Î~Ô�Æ¤×;Ô�Ç\ÎÐË�ÎÐÔDÉ¤Ï3ãKÈ¤Ç¾Ö,Õ,Ê,ÆDÇ\Ó�Ë�É¤Õ,Ê,Î~ÕMå
È¤ã¡Ë�ÅMÆ¿ÊMÆDË�ÆbÔ�Ë�È¤Çb×
Å,Ékö¤Æ5ÙdÆDÆbÕ Ñ�ÆbÉ¤Ó�ÖMÇ�ÆbÊ Ö,Ó�ÎÐÕMåáÏ~Î�åEÅIË Ó�ÈEÖMÇ\Ô�ÆbÓ ÎÐÕ"Ë�ÅMÆ¿É�Ç�Ç\ÉbÚ ûIB�ý`õ#Þ·Ï�Ë�ÅMÈEÖMåEÅ Ñ�ÈEÓ�Ë È¤ã
ÞzÝ�Þ·ß·Û
ÞèÖ,Ó�ÆbÊâÉ¤Õ,É¤Ï�È¤åEÖ,ÆÒÓ�Î�åEÕ,É¤Ï;Ë�ÆbÔ\Å=ÕMÈEÏ�È¤å¤Ú¤×AÊ=Î�åEÎ�Ë�É¤Ï;Ë�ÆbÔ\Å,Õ,ÈEÏ�È¤å¤Ú¤×ªÆDö¤ÆbÕºË�Ö,É¤ÏÐÏ�Ú¿Ô\ÅMÈEÓ�ÆbÕæãSÈ¤Ç¡íoÔ�Æ�îëÖMÙdÆ¤×
ìëÉ¤Ó
Ë�ÆbÓ�Ë�ÆbÊ�ÈEÕøÈEÕMÆ¥Ó�Ë�Ç\ÎÐÕMå�ûIC�ý`õ

J�KMLFKDNPORQ�S:TVU!WYX[Z]\_^	`aX[bcORZ]\M`dS�T
÷/Å,ÎÐÏ�Æ�Ë�ÅMÇ�ÆDÆ�ÕMÆbÖ,Ë�Ç\ÎÐÕMÈÒÔDÉ¤Õ,Ê=ÎÐÊ,É�Ë�ÆbÓ
ì¯ÆDÇ�Æ¾È¤Ù=Ó�ÆDÇ�ö¤ÆbÊ�ìvÎ�Ë�Å Ë�ÅMÆ¾ä,Ç\Ó�Ë�ãKÈEÖMÇ·Ó�Ë�Ç\ÎÐÕMåEÓ
È¤ã�Þ·Ý5Þ¼ß·Û
Þ ûeELý`×=Ë�ÅMÆ
ä,ÇfÓ�ËGÔ�ÈEÑÒØOÆbÏ~ÏÐÎÐÕMåøÆDöxÎÐÊMÆbÕ=Ô�Æ È¤ã·Å,Î�åEÅxú`ÆbÕMÆDÇ\å¤ÚÁÉ�Ë�Ñ�ÈEÓ�Ø=Å,ÆDÇ\ÎÐÔ�ÕMÆbÖMË�Ç\ÎÐÕ,ÈEÓ¾ÔDÉ¤Ñ�Æ�ãKÇ�ÈEÑ Ë�ÅMÆ>6[9æÓ�Ë�Ç\ÎÐÕMåf6�787FE
Ê,É�Ë�É5Ó�ÆDËD×WìvÅMÆDÇ�Æ36�CøÖMØ,å¤ÈEÎ~ÕMå ÆDö¤ÆbÕIË�ÓGì¯ÆDÇ�Æ ÏÐÆDãSË�É�ãKË�ÆDÇÌÊ,É�Ë�ÉøÇ�ÆbÊ=Ö,Ô�Ë�Î�ÈEÕ ûIgLý`õ Û·Ç\É¤ÑÒÉ�Ë�Î~Ô1ÎÐÑ�Ø=Ç�Èkö¤ÆbÑ�ÆbÕºË�Ó
ÎÐÕ¿Ë�ÅMÆÌÉ¤Õ,É¤Ï�ÚxÓ�ÎÐÓ¼Ë�ÆbÔ\Å=Õ,Îh��ÖMÆbÓ�ûI7Lý�ÎÐÕ,Ô�Ç�ÆbÉ¤Ó�ÆbÊ¿Ë�Å,Î~Ó¼Õ�Ö,Ñ¾ÙOÆDÇ·Ë�È É�ÙdÈEÖMË¥ô:989âûi6[9=×j686Dý`õGò·ö¤ÆDÇzË�ÅMÆÌÆbÕIË�ÎÐÇ�ÆGÏ~Î�ãSÆ
È¤ãzÞ·Ý5Þ·ß¼Û
Þvú`í�ít×¢ÑÒÉ¤ÕºÚÁË�ÅMÈEÖ=Ó�É¤Õ,Ê,ÓGÈ¤ã¼É�Ë�ÑÒÈEÓ�Ø=ÅMÆDÇ\Î~Ô�Õ,ÆbÖMË�Ç\ÎÐÕMÈEÓÌÅ,Ékö¤ÆøÕMÈkìèÙdÆDÆbÕ�È¤Ù=Ó�ÆDÇ�ö¤ÆbÊ ûi6büx×k6bô�ý`õ
Ä
Å,ÆbÓ�Æ�É�Ç�Æ¥Ë�Å,Æ�Å,Î�åEÅMÆbÓ�Ë�ÆbÕMÆDÇ�å¤Ú ÕMÆbÖMË�Ç\Î~ÕMÈEÓëÆDö¤ÆDÇ¼È¤ÙJÓ�ÆDÇ�ö¤ÆbÊ²õ¯Ä
ÅMÆ¡È¤Ù=Ó�ÆDÇ\ö¤ÆbÊøÇ\É�Ë�Æ�Î~Ó
Ô�ÈEÕ,Ó�ÎÐÓ�Ë�ÆbÕIË
ì¼Î�Ë�Å Ë�ÅMÆ
Ö,Õ=Ô�ÆDÇ�Ë�É¤ÎÐÕºË�Î�ÆbÓ�ÎÐÕÌË�ÅMÆDÈ¤Ç\ÆDË�ÎÐÔDÉ¤Ï,Ø,Ç\ÆbÊ,ÎÐÔ�Ë�Î�ÈEÕ,Ó�ûi6�@,×d6�B�ý`õ�Þ Ç�ÆDåEÖ=ÏÐÉ�Ç\ÎÐÓ�ÆbÊ�Ö=ÕMãSÈEÏ~Ê,ÎÐÕMå¼Ë�ÆbÔ\Å,Õ,Îl�ºÖMÆ
Å=É¤Ó3ÙdÆDÆbÕÒÖ,Ó�ÆbÊ
Ë�È�Ñ1É�Í¤ÆvÉ¡ÙdÆbÓ�Ëoú`ä,ËWË�È¥Ë�ÅMÆvÈ¤Ç\Î�åEÎÐÕ,É�Ë�Î~ÕMå¼ÆbÕ,ÆDÇ�å¤ÚGÓ�ØOÆbÔ�Ë�ÇfÖ,ÑnmIÉ�åEÉ¤ÎÐÕ1Ô�ÈEÕ,Ó�ÎÐÓ�Ë�ÆbÕ=Ô�Ú¾ìvÎÐË�ÅÌÆ�ç�ØdÆbÔ�Ë�É�Ë�Î�ÈEÕ ÎÐÓ3Ó�ÆDÆbÕ
ûi6�C¤ý`õÒÄ
ÅMÆÒÉ�å¤Ç�ÆDÆbÑ�ÆbÕºË�È¤ã¯Ë�ÅMÆ1É�Ë�ÑÒÈEÓ�Ø=ÅMÆDÇ\Î~ÔGÕ,ÆbÖMË�Ç\ÎÐÕMÈ Ñ�ÆbÉ¤Ó\ÖMÇ�ÆbÑ�ÆbÕºË�Ó¥ìvÎÐË�ÅâÆ�ç�ØdÆbÔ�Ë�É�Ë�Î�ÈEÕ,Ó�Ó�ÅMÈkì¼Ó¡Ë�Å,É�Ë
Ë�ÅMÆ¾ÊMÆDË�ÆbÔ�Ë�È¤Ç·Î~Óëì�È¤Ç�ÍxÎÐÕMåÒÉ¤Ó
Æ�ç�ØdÆbÔ�Ë�ÆbÊ²õ

J�KlJ�KDoDS:\M`!O�T[S:bYZp^&X&T
ñ�ÆDö¤ÆDÇfÉ¤Ï3Ó�ÆbÉ�Ç\Ô\Å,ÆbÓzãSÈ¤Ç¡ÕMÈ¤Ç�Ë�Å,ÆDÇ\Õ5Å,ÆbÑÒÎÐÓ�Ø=Å,ÆDÇ�Æ¥ØdÈEÎÐÕºË·Ó�ÈEÖ,Ç\Ô�ÆbÓ·È¤ã¢ÕMÆbÖMË�Ç\Î~ÕMÈEÓ¼Å=Ébö¤ÆÌÙdÆDÆbÕ¿Ô�ÈEÕ=Ê,Ö,Ô�Ë�ÆbÊ¿ìvÎ�Ë�Å
Ë�ÅMÆæÞzÝ�Þ·ß·Û
Þ ÊMÆDË�ÆbÔ�Ë�È¤Çk×¼ãKÈ¤Ç�Ë�ÅMÆf6�787FE/ûi6qELý`×·ü:98989 ûi6�g�ý¡É¤Õ,Ê/ü:98989Lúr9Eü ûi6�7Lý¡Ê,É�Ë�É�Ó�ÆDË�ÓDõàÄ
ÅMÆâÑ�ÈEÓ�Ë
Ç�ÆbÔ�ÆbÕºË�Ó�ÆbÉ�ÇfÔ\Å Ö=Ó�ÆbÊ Ê,É�Ë�É�ãKÇ�ÈEÑ ü:98989Lúr9:@M×¾Ô�È¤Ç�Ç\ÆbÓ�ØdÈEÕ,Ê,ÎÐÕMåM×¼É�ãSË�ÆDÇ¿Ô�È¤Ç�Ç�ÆbÔ�Ë�Î�ÈEÕ ãKÈ¤ÇøÊMÈ�ìvÕxú`Ë�ÎÐÑ�ÆæÈ¤ãGË�ÅMÆ
ÊMÆDË�ÆbÔ�Ë�È¤Çk×JË�È=6[989c6GÊ,ÉkÚ�ÓvÈ¤ãWÏ~Î�ö¤Æ¡Ë�ÎÐÑ�Æ1ûi6büx×s6bôLý`õ�Ä
Å,Æ¡ä=Õ,É¤ÏdÆDö¤ÆbÕºË·Ó�ÆDË¼Ô�ÈEÕ,Ó�ÎÐÓ�Ë�Ó
È¤ãj@Iü8g¤ü1ÖMØ�ì¯É�Ç\Ê�Ñ�ÈköxÎÐÕMå
ÆDö¤ÆbÕºË�ÓD×�ÙdÆbÏÐÎ�ÆDö¤ÆbÊ�Ë�È ÙOÆøÉ�Ë�ÑÒÈEÓ�Ø=ÅMÆDÇ\Î~Ô ÕMÆbÖMË�Ç\ÎÐÕ,ÈEÓDõ ñ�ÆDö¤ÆDÇ\É¤Ï
Ó�ÆbÉ�Ç\Ô\Å#Ñ�ÆDË�ÅMÈxÊ,Ó�ì¯ÆDÇ�Æ�Ö,Ó�ÆbÊ"Ë�ÈÁÏ�È�È¤Í ãKÈ¤Ç
ØdÈEÎÐÕºË¡Ó�ÈEÖMÇ\Ô�ÆbÓ¥Î~ÕâË�ÅMÆÒÕMÈ¤Ç�Ë�ÅMÆDÇfÕ¿Ó�ÍºÚ¤õt;MÈ¤Ç�ÆbÉ¤Ô\Å²×;Ë�ÅMÆ�Æ�çxØOÆbÔ�Ë�ÆbÊáÙ=É¤Ô�Í�å¤Ç�ÈEÖ,Õ,ÊáãSÈ¤Ç¥É¤ÕºÚ¿Ó�ÈEÖMÇ\Ô�ÆÒÎÐÓzãKÈEÖ,Õ,Ê
ãKÇ�ÈEÑ È:�Jú¸Ó�ÈEÖ,Ç\Ô�Æ Ê,É�Ë�É5ãKÇ�ÈEÑ Ë�ÅMÆ�Ó�É¤Ñ�Æ�ÊMÆbÔDÏÐÎÐÕ,É�Ë�ÎÐÈEÕæÙ=É¤Õ,Ê²õ�Ä
ÅMÆ1Æ�ç�ØdÆbÔ�Ë�ÆbÊ�Ó�ÆbÕ,Ó�Î�Ë�ÎÐö�Î�Ë9Ú¿Î~Ó¥ãKÈEÖ,Õ,ÊæãKÇ�ÈEÑ
Ó�Î~Ñ¾Ö,Ï~É�Ë�Î�ÈEÕ,Ó¡È¤ãvÕ,ÆbÖMË�Ç\ÎÐÕMÈøÎ~ÕIË�ÆDÇ\É¤Ô�Ë�ÎÐÈEÕ,ÓD×3Ñ¾Ö,ÈEÕÁØ,Ç\È¤Ø=É�åEÉ�Ë�Î�ÈEÕ²×3É¤Õ,ÊÁË�ÅMÆ1ã7Ö,ÏÐÏ�Ê,ÆDË�ÆbÔ�Ë�È¤Ç�Ç�ÆbÓ�ØdÈEÕ,Ó�ÆÒË�È¿Ë�ÅMÆ
îëÅ,ÆDÇ�ÆbÕMÍ¤ÈköÒÏ~Î�åEÅIË¢ÆbÑÒÎ�Ë�Ë�ÆbÊ²õu;,Ö,Ï~Ï¹ú¸Ó�Í�ÚÌÓ�ÆbÉ�Ç\Ô\ÅMÆbÓ � Ï�È�È¤Í�Î~ÕMå¥ãKÈ¤Ç�É�Å,È¤Ë¢Ó�ØdÈ¤Ë¢É¤ÕºÚºìvÅ,ÆDÇ�Æ¼ÎÐÕÒË�ÅMÆvÓ�Í�Úc�f×xÓ�ØdÆbÔDÎ�ä=Ô
Ó�ÈEÖ,Ç\Ô�Æ¼Ó�ÆbÉ�ÇfÔ\ÅMÆbÓD×MÉ¤Õ,Ê Ó�Ë�É¤Ô�ÍxÎÐÕMåGÓ�ÆbÉ�Ç\ÔfÅMÆbÓ¯ì�ÆDÇ�Æ·Ô�ÈEÕ,Ê,Ö,Ô�Ë�ÆbÊ´õ�Ä
ÅMÆ
ã7Ö,ÏÐÏ¹ú¸Ó�ÍºÚGÉ¤Õ,Ê Ó�ØOÆbÔDÎÐä=Ô�Ó�ÈEÖMÇ\Ô�Æ·Ó�ÆbÉ�Ç\ÔfÅMÆbÓ
ì¯ÆDÇ�ÆzÈ¤Ø,Ë�ÎÐÑÒÎ~Ó�ÆbÊ1ÎÐÕ�É¤Õ�Ö,ÕºÙ=ÎÐÉ¤Ó�ÆbÊ1ãKÉ¤Ó�Å=Î�ÈEÕ1Ë�ÈÌØ,Ç\È�Ê,Ö=Ô�Æ
Ë�ÅMÆzÙdÆbÓ�Ë�ÏÐÎ~ÑÒÎ�Ë¢Ó�ÆDË�Ë�Î~ÕMå¾ØdÈ¤Ë�ÆbÕºË�ÎÐÉ¤Ï3ûuü:9�ý`õ�Ä
ÅMÆv7:9�w
Ô�ÈEÕMäJÊMÆbÕ,Ô�ÆzÏ�ÆDö¤ÆbÏdÓ�ÆbÕ,Ó�Î�Ë�ÎÐö�Î�Ë9ÚÌÈ¤ã´Ë�ÅMÆ·ãKÖ,Ï~Ï¹ú¸Ó�Í�ÚÌÓ�ÆbÉ�Ç\Ô\Å�Ë�ÈÌÉ¤Õ.���! k�JÖxç � É¤Ó�Ó�Ö,ÑÒÆbÊ Ë�ÈÌÅ,Ékö¤ÆzÉ�x�ytz{x�|¥Ç\É�Ë�Î�È
È¤ã}6:zh6q�f×ºÇ\ÆbÏÐÉ�Ë�Î�ö¤ÆbÏ�ÚGÔ�ÈEÕ,Ó�Ë�É¤ÕºË�ìvÎ�Ë�Å�ÊMÆbÔDÏ~ÎÐÕ,É�Ë�Î�ÈEÕ²×¤ÎÐÓ3É�ÙdÈEÖMË3ð  ~�� Ê=ß ~ �LÊ,ð ~{� 6[9 ���r� ÄAÆDù ÔDÑ �! Ó ��� õWÄ
ÅMÆ
Õ�Ö,Ñ¾ÙOÆDÇfÓ¡È¤ãëÈ¤Ù=Ó�ÆDÇ�ö¤ÆbÊæÆDö¤ÆbÕºË�ÓGÉ¤Ô�Ç�ÈEÓ�Ó¾Ë�ÅMÆ1Ó�Í�Ú5ì¯ÆDÇ�Æ1Ô�ÈEÕ=Ó�ÎÐÓ�Ë�ÆbÕºË¥ìvÎ�Ë�ÅáË�ÅMÆÒÙ=É¤Ô\Íºå¤Ç�ÈEÖ=Õ,ÊæÆ�çxØOÆbÔ�Ë�É�Ë�ÎÐÈEÕ,ÓD×
Ï�ÆbÉ¤Ê=ÎÐÕMå�Ë�È Ë�ÅMÆ�Ó�É¤Ñ�Æ�Ç�ÆbÓ\Ö,Ï�ËzãSÈ¤Ç¡Ë�Å,ÆÒÉbö¤ÆDÇ\É�å¤Æ�É¤ÏÐÏ¹ú¸Ó�Í�ÚøÆ�çxØOÆDÇfÎÐÑ�ÆbÕºË�É¤Ï;Ï~ÎÐÑÒÎ�ËDõ�ÄvÅMÆ�Å,Î�åEÅMÆbÓ�Ë¡Ó�ÎÐåEÕ,Î�ä=ÔDÉ¤Õ,Ô�Æ
Ó�ÆDÆbÕ ìëÉ¤ÓÌô�õ�E��#É¤Õ,Ê²×;öxÎÐÉøÓ�Ô�Ç\É¤Ñ¾Ù=Ï�ÆbÊÁÇ\É¤Õ,ÊMÈEÑ Ó�Í�ÚáÑÒÉ�Ø=ÓD×;Ë�ÅMÆ1Ø=Ç�È¤Ù=É�Ù=ÎÐÏ~Î�Ë¸Ú5È¤ã
Ó�ÆDÆbÎÐÕMå¿Ó�ÈEÑ�ÆDË�Å,ÎÐÕ,åøË�Å,ÎÐÓ
Ó�ÎÐåEÕ,Î�ä=ÔDÉ¤ÕºË È¤ÇøÅ=Î�åEÅMÆDÇ�ì¯É¤Ó�ãKÈEÖ,Õ,Ê#Ë�È�ÙdÆ>C87Fw�õèñ�ÆbÉ�Ç\ÔfÅMÆbÓ�ãSÈ¤Ç�ô¤ü�Ó�ØdÆbÔDÎ�äJÔ5ÔDÉ¤Õ,Ê=ÎÐÊ,É�Ë�ÆâÓ�ÈEÖMÇ\Ô�ÆbÓD×·É¤Õ,Ê
Ó�ÆbÉ�ÇfÔ\ÅMÆbÓzÑÒÉ¤ÊMÆ�ìvÅMÆDÇ�Æ¥Ë�Å,Æ�ÆDö¤ÆbÕºË�Ó¼ãKÇ�ÈEÑ È¤ÙY�oÆbÔ�Ë�Ó¼ÙdÆbÏ�ÈEÕMåEÎÐÕ,åGË�È�Ô�ÈEÑÒÑ�ÈEÕ5ÔDÏÐÉ¤Ó�Ó�ÆbÓ¼ì¯ÆDÇ�Æ¾Ó�Ö=ÑÒÑ�ÆbÊ²×Mì¯ÆDÇ�Æ
ÑÒÉ¤Ê,Æ¤õ¼éªÎ~ÑÒÎ�Ë�Ó
ì¯ÆDÇ�ÆGØ=ÏÐÉ¤Ô�ÆbÊ5ÈEÕ�Ë�Å,ÆGÕMÆbÖ,Ë�Ç\ÎÐÕMÈt�JÖxç�ÆbÓvãSÇ\ÈEÑ Ë�ÅMÆGÈ¤ÙY��ÆbÔ�Ë�Ó�ûuüY6¤×j6bô�ý`õ�;MÈ¤Ç¡É�Ó�ÈEÖMÇ\Ô�ÆÌÉ�ÙdÈkö¤Æ
Ë�ÅMÆ¥Å,È¤Ç\Î��DÈEÕ²×=ñ�5zï�6�g:9FC�ú9ü:9x×OÉ�Ó�ÆbÉ�Ç\Ô\Å ãKÈ¤ÇvÑGÖMÈEÕ,ÓëãKÇ�ÈEÑ ÙdÈ¤Ë�Å ÕMÆbÖMË�Ç\Î~ÕMÈEÓëÉ¤Õ,Ê�åEÉ¤ÑÒÑÒÉLú`Ç\ÉkÚ�Ó¼ìëÉ¤Ó
ÑÒÉ¤ÊMÆ¤õ
÷/Î�Ë�Å¿ÕMÈ1Ó�Î�åEÕ=Î�ä=ÔDÉ¤ÕºËvÓ�Î�åEÕ,É¤ÏªÓ�ÆDÆbÕ²×dÏÐÎÐÑÒÎ�Ë�Óëì¯ÆDÇ�ÆGØ=ÏÐÉ¤Ô�ÆbÊ�ÈEÕøË�ÅMÆ¾åEÉ¤ÑÒÑÒÉ�É¤Õ,Ê�ÕMÆbÖ,Ë�Ç\ÎÐÕMÈ��=ÖMç�ÆbÓvãSÇ�ÈEÑ Ë�ÅMÆ
Ó�ÈEÖ,Ç\Ô�Æáûuü¤üLý`õâ÷#Å,Î~Ï�Æ ÕMÈ¤ËGË�Ç\Ö,ÏÐÚáÉ5ØdÈEÎÐÕºË¾Ó�ÈEÖMÇ\Ô�Æ¤×3Ë�ÅMÆ�åEÉ¤ÏÐÉ¤Ô�Ë�ÎÐÔ�Ø=Ï~É¤ÕMÆ1ìëÉ¤ÓÌÓ�ÆbÉ�Ç\Ô\Å,ÆbÊ�ãSÈ¤Ç�É¤Õ�Æ�çxÔ�ÆbÓ\ÓÌÈ¤ã
ÕMÆbÖ,Ë�Ç\ÎÐÕMÈEÓ¯ãKÇ�ÈEÑ Ô�ÈEÓ�ÑÒÎÐÔ·Ç\ÉkÚ�ÎÐÕºË�ÆDÇ\É¤Ô�Ë�Î�ÈEÕ=ÓëìvÎ�Ë�Å Ë�ÅMÆ¥Ê,Ö,Ó�ËD×xÖ,Ó�Î~ÕMåGÓ\ÎÐÑÒÎÐÏÐÉ�Ç¯Ñ�ÆDË�ÅMÈxÊ,Ó�É¤ÓëÆbÑ�Ø=ÏÐÈkÚ¤ÆbÊ ÎÐÕ�Ë�ÅMÆ
ØdÈEÎÐÕºË
Ó�ÈEÖMÇ\Ô�Æ¥Ó�ÆbÉ�Ç\Ô\ÅMÆbÓbõ�ß¼ÈÒÆ�çxÔ�ÆbÓ\Ó
È¤ãWÆDö¤ÆbÕIË�Óvì¯É¤Ó¼Ó�ÆDÆbÕ�É¤Õ=Ê ÏÐÎÐÑÒÎ�Ë�Ó¯ÈEÕ5Ñ�È�Ê,ÆbÏÐÓëì�ÆDÇ\Æ�Ó�ÆDË¾ûuü¤ôLý`õ
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J�K���Kt���D��T
5zÉ¤Ñ1ÑÒÉLú`Ç\ÉbÚ Ù=ÖMÇ\Ó�Ë�Ó¾É�Ç�Æ�Ó�ÈEÑ�Æ È¤ã
Ë�ÅMÆ�Ñ�ÈEÓ�ËGÆbÕMÆDÇ�å¤ÆDË�ÎÐÔ Ø=ÅMÆbÕ,ÈEÑ�ÆbÕ,É�Î~ÕáË�ÅMÆ�Ö,Õ,Î�ö¤ÆDÇfÓ�Æ¤×Aì¼Î�Ë�ÅÁÆbÑ1ÎÐÓ�Ó�Î�ÈEÕ
Ë�ÎÐÑÒÆbÓ�ÔDÉ¤Ï�ÆbÓ�É¤Ó
Ó�Å,È¤Ç�Ë¯É¤ÓvÓ�ÆbÔ�ÈEÕ,Ê,ÓDõ�ÛzÖMÇfÎÐÕMåGË�ÅMÆ¡ÏÐÎ�ãKÆ¼È¤ã;Þ·Ý5Þ¼ß·Û
Þ¾×=Ó�É�Ë�ÆbÏÐÏ~Î�Ë�ÆbÓ�Ó�Ö,ÔfÅ�É¤Ó
Ë�ÅMÆ�îk5zï
òG×xìvÎ�Ë�Å
Ë�ÅMÆ¾ê¯Þ3Ä·ñxð ÊMÆDË�ÆbÔ�Ë�È¤Çk×JÉ¤Õ,Ê Ë�Å,Æ¡í�<�ßÿÓ�É�Ë�ÆbÏ~ÏÐÎ�Ë�ÆbÓD×,ÎÐÕ=ÔDÏÐÖ,Ê,ÎÐÕ,å��·ð¢Ä
ð É¤Õ,Ê�ñ�ìvÎ�ãKËD×MÅ,Ébö¤Æ¾Ç�ÆbÔ�È¤Ç\ÊMÆbÊøåEÉ¤ÑÒÑÒÉ
ÆbÑÒÎ~Ó�Ó�Î�ÈEÕ,Ó¼ãKÇ�ÈEÑ Ñ1É¤ÕIÚ�5¡ïvêëÓDõ¡÷áÉLçMÑÒÉ¤ÕæÉ¤Õ,Ê¿ê¯É¤Å=ÔDÉ¤ÏÐÏ;Ë�ÅMÆDÈ¤Ç\ÎÐÓ�ÆbÊ5Ë�Å,É�Ë*5zï¼ê¯ÓzÑÒÉkÚ�ÙdÆ�Ë�Å,ÆGÓ�ÈEÖ,Ç\Ô�ÆÌÈ¤ã
Ë�ÅMÆ¥Å=Î�åEÅMÆbÓ�Ë¯ÆbÕMÆDÇ�å¤Ú�Ô�ÈEÓ�ÑÒÎÐÔ·Ç\ÉkÚ�Ó�ûuü�@Eý`õ3íYÕ�Ë�Å,Î~Ó � ä,Ç\ÆDÙ=É¤ÏÐÏh�GÑ�ÈxÊMÆbÏ^×MÕMÆbÖMË�Ç\Î~ÕMÈEÓ¢ì¯ÈEÖ,ÏÐÊ�É¤ÏÐÓ�ÈGÙdÆ·Ø,Ç�ÈxÊ,Ö,Ô�ÆbÊ²õ
Ä
Å,ÆGÞzÝ�Þ·ß·Û
Þ Ê,É�Ë�É�Å,É¤Ó¼ÙdÆDÆbÕ5Ó�ÆbÉ�Ç\Ô\ÅMÆbÊ¿ãKÈ¤Ç¡ÕMÆbÖMË�Ç\ÎÐÕ,ÈEÓvÎÐÕ5Ó�Ø=É�Ë�ÎÐÉ¤Ï;É¤Õ,Ê5Ë�ÆbÑ�ØdÈ¤Ç\É¤ÏAÔ�ÈEÎ~Õ,ÔDÎÐÊMÆbÕ,Ô�Æ¾ìvÎ�Ë�Å
É�ÙdÈEÖMË�@F989>5zïvêëÓ�ûuü8BLý`õ Ä
Å,ÆÒÉ¤Ê,Ê,Î�Ë�Î�ÈEÕâÈ¤ãëÉ Ë�ÎÐÑÒÆ1ÔDÖMË¥ÈEÕæË�Å,Æ1Ó�ÆbÉ�Ç\ÔfÅáå¤Ç�ÆbÉ�Ë�Ï�ÚâÇ�ÆbÊ=Ö,Ô�ÆbÓ¥Ë�ÅMÆ�Æ�çxØdÆbÔ�Ë�ÆbÊ
Ù=É¤Ô\Íºå¤Ç\ÈEÖ,Õ,ÊGË�ÈzÈ¤ã,È¤Ç\ÊMÆDÇWÈEÕMÆ¯ÆDö¤ÆbÕIË3È�ö¤ÆDÇ3Ë�ÅMÆ�Ó�Ö,ÑÿÈ¤ã=É¤ÏÐÏc5zïvêëÓWÓ�ÆbÉ�Ç\ÔfÅMÆbÊ²õ3ß¼È·ÆDö¤ÆbÕºË�Å,É¤ÓAÙdÆDÆbÕ¾È¤ÙJÓ�ÆDÇ�ö¤ÆbÊ
ÎÐÕ�Ô�ÈEÎÐÕ,ÔDÎ~ÊMÆbÕ,Ô�ÆÒìvÎÐË�ÅÁÉ�5zïvê·×3Ô�ÈEÕ,Ó�ÎÐÓ�Ë�ÆbÕIË¾ìvÎ�Ë�ÅáË�Å=ÎÐÓ¾Ó\ÑÒÉ¤ÏÐÏ�Ë�È¤Ë�É¤Ï¯Æ�çxØdÆbÔ�Ë�ÆbÊ ÙJÉ¤Ô�Í�å¤Ç�ÈEÖ,Õ,Ê²õ5éªÎÐÑÒÎÐË�Ó¥ÈEÕ
Ë�ÅMÆP�JÖxç�ÆbÓ¯ãKÇ�ÈEÑ É¤ÏÐÏOÙ=ÖMÇ\Ó�Ë�ÓD×�ÔDÏ~É¤Ó�Ó�ÆbÓëÈ¤ãªÙJÖMÇ\Ó�Ë�ÓD×xÉ¤Õ,Ê�ÎÐÕ,Ê=Î�ö�Î~Ê,Ö,É¤ÏMÙ=Ö,Ç\Ó�Ë�ÓD×xÅ,Ébö¤Æ¡ÙdÆDÆbÕ�Ø=ÏÐÉ¤Ô�ÆbÊ´õ�Ä
ÅMÆzÏÐÎÐÑÒÎ�Ë�Ó
ãKÇ�ÈEÑ É¤Ï~Ï,Ù=ÖMÇfÓ�Ë�Ó�É�Ç�Æ
ì¼Î�Ë�Å,ÎÐÕ�É�ãKÉ¤Ô�Ë�È¤Ç�@¥È¤ã²Ë�ÅMÆv÷áÉLçxÑÒÉ¤ÕMú¸ê¯É¤Å=ÔDÉ¤ÏÐÏOØ,Ç�ÆbÊ,ÎÐÔ�Ë�ÎÐÈEÕ²õªíoÕ1É¤ÕMÈ¤Ë�Å,ÆDÇ¯É¤Õ,É¤ÏÐÚ�Ó�Î~ÓD×EË�ÅMÆ
È¤Ù=Ó�ÆDÇ�öLÉ�Ë�ÎÐÈEÕ,Ó�ãKÇ�ÈEÑèÆbÉ¤Ô\Å¿ÎÐÕ,Ê=Î�ö�Î~Ê,Ö,É¤Ï,ÙJÖMÇ\Ó�Ë�É�Ç�Æ�Î~ÕIË�ÆDÇ�Ø=Ç�ÆDË�ÆbÊøÎÐÕ ÏÐÎÐåEÅIËëÈ¤ã3É¤ÏÐÏ²ÎÐÕMãKÈ¤Ç\ÑÒÉ�Ë�ÎÐÈEÕ�Í�ÕMÈ�ìvÕøÉ�ÙdÈEÖMË
Ë�Å,É�Ë¼Ù=ÖMÇ\Ó�Ë�ãSÇ�ÈEÑ È¤Ë�ÅMÆDÇ·ì¯Ékö¤ÆbÏ�ÆbÕMå¤Ë�Å,ÓD×OöxÎÐÉÒÉ¤Õ�Î~Õ,Ê,Î�öxÎÐÊ,Ö,É¤Ï~Ï�Ú�ÔDÉ¤ÏÐÔDÖ,ÏÐÉ�Ë�ÆbÊ5ÕMÆbÖMË�Ç\ÎÐÕ,È��=Öxçdõ�Þ·Õ�É¤Õ,É¤Ï�ÚxÓ�ÎÐÓ
È¤ã
Ë�Å,Î~ÓzË¸Ú�ØOÆÒÅ=É¤ÓzÙOÆDÆbÕâØdÆDÇ�ãKÈ¤Ç\Ñ�ÆbÊ¿ãKÈ¤Ç�5zïvê�9Eô:9Eô¤ü87�ûuü8CLý`õÌÄ
ÅMÆÒÓ�Ë�Ö,Ê,ÚøÈ¤ã�ã7ÖMÇ�Ë�Å,ÆDÇ�5¡ïvêëÓ¥ÎÐÓ¡ÎÐÕ¿Ø,Ç\È¤å¤Ç�ÆbÓ�ÓDõ
ñ�ÆbÉ�ÇfÔ\ÅMÆbÓ1ãSÈ¤ÇÒÔDÉ¤Ó�ÔDÉ¤Ê,Æ5ÏÐÎ�Í¤Æ�ÆDö¤ÆbÕºË�ÓÒãKÇ�ÈEÑ�5zï¼êëÓÒÅ,Ébö¤Æ�ÙOÆDÆbÕ"Ñ1É¤ÊMÆÁûuüFE�ý`õ Þ·ÏÐÏ¹ú`Ë�ÎÐÑ�Æ�É¤Õ,Ê"Ç\ÈEÏÐÏÐÎÐÕMå5Ë�ÎÐÑ�Æ
ìvÎ~Õ,ÊMÈkì Ó�ÆbÉ�Ç\Ô\ÅMÆbÓ¼Å,Ébö¤Æ¾ÙdÆDÆbÕ ØdÆDÇ�ãSÈ¤ÇfÑ�ÆbÊ É¤Õ,Ê ÏÐÎÐÑ1Î�Ë�Ó¯Ø=ÏÐÉ¤Ô�ÆbÊ ÈEÕøÑÒÈ�ÊMÆbÏ~Ó�È¤ã;Õ,ÆbÖMË�Ç\ÎÐÕMÈÌØ,Ç\È�Ê,Ö=Ô�Ë�Î�ÈEÕ²õ

J�K��!Kn�1���=o�T
Ä
Å,Æ¼Ñ¾Ú�Ó�Ë�ÆDÇ\Ú�È¤ã²Ë�ÅMÆ·Ê=É�Ç�Í�ÑÒÉ�Ë�Ë�ÆDÇb×xÇ�ÆbÓ�ØdÈEÕ,Ó�ÎÐÙ=Ï�ÆëãSÈ¤ÇëÓ�ÈEÑ�Æzü¤ôFw È¤ã²Ë�ÅMÆvÆbÕMÆDÇ\å¤ÚÒÊMÆbÕ,Ó�Î�Ë9ÚÌÈ¤ã´Ë�ÅMÆ¼Ö=Õ,Î�ö¤ÆDÇ\Ó�Æ¤×
ÎÐÓÌÉ5Ë�É�Ç�å¤ÆDË�È¤ãvË�Å,Æ�Ó�ÆbÉ�ÇfÔ\Å�ãKÈ¤ÇG÷#í�Ý=<�Ó � ÷æÆbÉ�ÍxÏ�Ú�íYÕºË�ÆDÇ\É¤Ô�Ë�ÎÐÕ,åæÝ5É¤Ó�Ó�ÎÐö¤Æ1<WÉ�Ç�Ë�ÎÐÔDÏÐÆbÓ]��ìvÎ�Ë�Å�Þ·Ý5Þ¼ß·Û
Þ¾õ
Þ ÏÐÎ�Í¤ÆbÏ�Ú Ê,É�Ç�Í Ñ1É�Ë�Ë�ÆDÇ ÔDÉ¤Õ,Ê,Î~Ê,É�Ë�Æ ÎÐÓÌË�ÅMÆøÕMÆbÖMË�ÇfÉ¤ÏÐÎÐÕMÈ5ú¡Ë�ÅMÆøÏÐÎ�åEÅºË�ÆbÓ�ËÒÓ�ÖMØdÆDÇ\Ó�Ú�ÑÒÑÒÆDË�Ç\ÎÐÔÒØJÉ�Ç�Ë�ÎÐÔDÏ�Æ ÎÐÕ�ÎÐÕ
Ñ�ÈEÓ�Ë·Ó�Ö,ØOÆDÇfÓ�Ú�Ñ1Ñ�ÆDË�Ç\ÎÐÔzÆ�çxË�ÆbÕ,Ó�Î�ÈEÕ=Ó
È¤ã�Ë�ÅMÆGÓ�Ë�É¤Õ,Ê,É�ÇfÊ�Ñ�ÈxÊMÆbÏ^õ
Þ¼ãSË�ÆDÇzÓ�ÈEÑ�ÆGË�ÎÐÑ�Æ¤×JË�ÅMÆbÓ�ÆGì�ÈEÖ=ÏÐÊ ÙdÆbÔ�ÈEÑ�Æ
å¤Ç\Ékö�ÎÐË�É�Ë�Î�ÈEÕ,É¤ÏÐÏ�ÚÌË�Ç\É�Ø=ØOÆbÊ1ÎÐÕ�Ë�ÅMÆvÔ�ÆbÕºË�Ç�Æ¼È¤ãOË�Å,ÆvÆbÉ�Ç�Ë�Å É¤Õ,Ê1Ó�Ö=Õ²×EìvÅMÆDÇ\Æ�Ë�ÅMÆDÚÒÔ�ÈEÖ,ÏÐÊ�ØJÉ¤Î�Ç�ú`ìvÎÐÓ�ÆëÉ¤Õ=Õ,ÎÐÅ,ÎÐÏ~É�Ë�Æ
öxÎÐÉÁÓ�ÆDö¤ÆDÇ\É¤Ï·Ø=É�Ë�Å,Ó Ë�È Ø,Ç\È�Ê,Ö=Ô�Æ�ÕMÆbÖMË�Ç\Î~ÕMÈEÓDõ Ä
Å�Ö,ÓD×
ÞzÝ�Þ·ß·Û
Þ Ó�ÆbÉ�ÇfÔ\ÅMÆbÓ�ãKÈ¤Ç�Æ�çMÔ�ÆbÓ�Ó�ÆbÓ�È¤ã¥ÕMÆbÖ,Ë�Ç\ÎÐÕMÈEÓ
ãKÇ�ÈEÑ Ë�ÅMÆ Ô�ÆbÕºË�Ç�ÆøÈ¤ãvË�Å,Æ�ÆbÉ�Ç\Ë�Å � 6�787FEkú?787áÊ,É�Ë�É ûuü8gM×¢ü87LýM�f×�É¤Õ,Ê�ãKÇ�ÈEÑ Ë�ÅMÆ Ó�Ö,Õ � ü:989c65Ê,É�Ë�É ûuô:9�ýM�fõ ÄAÈ
Ê,É�Ë�Æ¤×�Õ,ÆbÎ�Ë�ÅMÆDÇ¥Ë�ÅMÆ ÆbÉ�Ç�Ë�Å�ÕMÈ¤ÇGÓ\Ö,ÕáÅ,É¤Ó¾ÙdÆDÆbÕáÇ�ÆDö¤ÆbÉ¤Ï�ÆbÊ�É¤ÓGÉ¤ÕÁÉ¤Õ,Õ,Î~Å,ÎÐÏÐÉ�Ë�Î�ÈEÕæÓ\Î�Ë�ÆÒãKÈ¤ÇGÕMÆbÖ,Ë�Ç\É¤ÏÐÎÐÕMÈEÓb×ªÉ¤Õ,Ê
Ë�ÅMÆbÓ�Æ·ÕMÈEÕMú`È¤Ù=Ó�ÆDÇ�ö�É�Ë�Î�ÈEÕ,Ó¢Ø=ÏÐÉ¤Ô�ÆvÙdÈEÖ,Õ=Ê,Ó3ÈEÕ öLÉ�Ç\ÎÐÈEÖ,Ó�Ø=É�ÇfÉ¤Ñ�ÆDË�ÆDÇ\Ó¯ÎÐÕ�Ë�ÅMÆzÓ�ÖMØdÆDÇ\Ó�ÚxÑÒÑ�ÆDË�ÇfÎÐÔ¯Æ�ç�Ë�ÆbÕ,Ó\Î�ÈEÕ,Ó�È¤ã
Ë�ÅMÆ Ó�Ë�É¤Õ,Ê,É�Ç\ÊÁÑ�È�Ê,ÆbÏ^õ òzÕ,Ô�Æ1É¤Ï~Ï3ÔDÖMÇ�Ç�ÆbÕºË¥Ê,É�Ë�É�Î~Ó¡É¤Õ,É¤Ï�ÚxÓ�ÆbÊ²×ªË�Å,ÆbÓ�ÆÒÙdÈEÖ,Õ,Ê,Ó·ìvÎ~ÏÐÏ;ÙOÆÒÔ�ÈEÑÒØOÆDË�ÎÐË�Î�ö¤ÆÒÉ¤Õ,Ê
Ô�ÈEÑ�ØJÏ�ÆbÑ�ÆbÕºË�É�Ç�Ú�ìvÎ�Ë�Å�Ë�ÅMÈEÓ�Æ�ãSÇ�ÈEÑ Ê,Î�Ç�ÆbÔ�Ë
ÊMÆDË�ÆbÔ�Ë�ÎÐÈEÕøÆ�çxØOÆDÇfÎÐÑ�ÆbÕºË�Ó�ÏÐÎ�Í¤Æ¾îëÛ¡ÝâñOõ

J�KM�FKD�*\  kb{T[XPT[X¢¡:Zp^[WYX&T
ÄAÈ1Ó�ÆbÉ�Ç\ÔfÅ�ãKÈ¤ÇvÉÒÊ=Îi�dÖ=Ó�Æv�=Öxç�È¤ã;ÕMÆbÖ,Ë�Ç\ÎÐÕMÈEÓëãKÇ�ÈEÑèË�ÅMÆ¾Ó�Ö,ÑèÈ¤ã3Ó�ÈEÖMÇfÔ�ÆbÓ
ÎÐÕ�Ë�ÅMÆ�Ö=Õ,Î�ö¤ÆDÇ\Ó�Æ¤×MÈEÕ,Æ�Ñ¾Ö=Ó�Ë
Ï�È�È¤Í
ãKÈ¤Ç¡ÕMÆbÖMË�Ç\ÎÐÕ,ÈEÓ¼ÎÐÕ�Æ�çxÔ�ÆbÓ\ÓzÈ¤ã�Ë�ÅMÆGÆ�ç�ØdÆbÔ�Ë�É�Ë�Î�ÈEÕâãKÈ¤Ç¡É�Ë�Ñ�ÈEÓ�Ø=ÅMÆDÇfÎÐÔ�ÕMÆbÖ,Ë�Ç\ÎÐÕMÈEÓDõ·Ä
ÅMÆGÆ�ç�Ë�ÇfÉLú`Ë�ÆDÇ�Ç�ÆbÓ�Ë�Ç\Î~É¤Ïs�JÖxç
ÎÐÓ1Æ�ç�ØdÆbÔ�Ë�ÆbÊ Ë�È Å,Ékö¤Æ¿É Å,É�Ç\ÊMÆDÇ Ó�ØdÆbÔ�Ë�Ç\Ö,Ñ � �£� �! �ÌË�Å,É¤Õ Ë�ÅMÆ5É�Ë�Ñ�ÈEÓ�Ø=ÅMÆDÇ\ÎÐÔ�ÕMÆbÖMË�Ç\ÎÐÕ,ÈEÓ � �£� �!$&% ' �f×
Ó�ÈøÓ�ÆbÉ�Ç\Ô\ÅMÆbÓ¡É�Ç\ÆÒÊMÆbÓ�Î�åEÕMÆbÊ5ìvÅMÆDÇ\ÆGÆDö¤ÆbÕºË¡ÆbÕMÆDÇ�åEÎÐÆbÓ¡É�Ç�ÆÌÆbÓ�Ë�ÎÐÑÒÉ�Ë�ÆbÊ²õ¾Ä
ÅMÇ�ÆDÆÌË¸Ú�ØdÆbÓzÈ¤ã�Ê,Î��dÖ,Ó�Æ¾Ó�ÆbÉ�Ç\ÔfÅæÉ�Ç�Æ
Ô�ÈEÕ,Ê=Ö,Ô�Ë�ÆbÊ¿ìvÎ�Ë�Å�ÞzÝ5Þ¼ß·Û
Þ¾×²ÈEÕMÆ¾Ó�ÆbÕ=Ó�Î�Ë�Î�ö¤Æ¾Ë�È�ÑGÖMÈEÕxú¸ÕMÆbÖ,Ë�Ç\ÎÐÕMÈEÓD×OÉ¤Õ,Ê5Ë�ÅMÆ¾È¤Ë�Å,ÆDÇ¼Ë9ì�È Ó�ÆbÕ,Ó\Î�Ë�Î�ö¤Æ�Ë�È�É¤ÏÐÏ
�=Ékö¤ÈEÖMÇ\ÓDõâÄ
ÅMÆ�Ñ¾Ö,ÈEÕ Ó�ÆbÉ�ÇfÔ\Å�Ó�ÆDÆDÍxÓ¾Ë�ÈâÎÐÓ�ÈEÏ~É�Ë�Æ�ÑGÖMÈEÕ Ë�Ç\É¤Ô�ÍxÓ�É¤Õ,Ê�Ö,Ó�Æ1ÆDö¤ÆbÕºËÌÈ¤Ù=Ó�ÆDÇ�ö�É�Ù=Ï�ÆbÓ¾Ç�ÆbÏÐÉ�Ë�ÆbÊ Ë�È
Ë�ÅMÆ¾ÆbÕMÆDÇ�å¤Ú¤õ·ò¡ÕMÆ�Ó�Ë9Ú�Ï�Æ¾È¤ã�É¤ÏÐÏ¹úV�=Ékö¤ÈEÖMÇzÓ�ÆbÉ�Ç\Ô\Å5ãKÈ�ÔDÖ,Ó�ÆbÓvÈEÕ5ÔDÉ¤Ó�ÔDÉ¤ÊMÆ�ú¸ÏÐÎ�Í¤ÆGÆDö¤ÆbÕºË�ÓvúëÉ¤Õ,Ê�Î~Ó
Ë�Å�Ö,Ó¼Ó�ÆbÕ,Ó�Î�Ë�Î�ö¤Æ
Ë�È Õ,ÆbÖMË�Ç\É¤Ï¡É¤Õ,Ê ÔfÅ,É�Ç�å¤ÆbÊ ÔDÖ,Ç�Ç�ÆbÕºËøÎÐÕIË�ÆDÇfÉ¤Ô�Ë�Î�ÈEÕ,Ó È¤ãÌÉ¤ÏÐÏv�=Ékö¤ÈEÖMÇ\ÓDõ îëÉ¤Ó�ÔDÉ¤Ê,ÆbÓøãKÇ�ÈEÑ Ô\Å,É�Ç\å¤ÆbÊ ÔDÖMÇ�Ç\ÆbÕIË
ÎÐÕºË�ÆDÇ\É¤Ô�Ë�Î�ÈEÕ=ÓvÔ�ÈEÑ�Æ¾ãSÇ�ÈEÑ ÆbÏ�ÆbÔ�Ë�Ç�ÈEÕ5É¤Õ,Ê Ë�É¤Ö¿ÕMÆbÖMË�Ç\ÎÐÕ,ÈEÓD×MÉ¤Õ,ÊøãKÇ�ÈEÑ Ó�ÈEÑÒÆ¾ÑGÖMÈEÕxú¸ÕMÆbÖMË�ÇfÎÐÕMÈEÓëìvÅMÆDÇ\Æ�Ñ�ÈEÓ�Ë
È¤ã3Ë�ÅMÆ¾ÆbÕMÆDÇ�å¤Ú�å¤È�ÆbÓ·Î~ÕIË�ÈÒË�Å,Æ¾ÔDÉ¤Ó�ÔDÉ¤ÊMÆ¤×dÏ�ÆbÉkö�ÎÐÕ,åÒÈEÕ,Ï�Ú É1Ó\ÅMÈ¤Ç�Ë
Ë�Ç\É¤Ô\ÍøãKÇ�ÈEÑ ÉÒÏÐÈkì ÆbÕMÆDÇ�å¤Ú Ñ¾Ö,ÈEÕ²õ�Ä
ÅMÆbÓ�Æ
Ó�ÆbÉ�ÇfÔ\ÅMÆbÓGÉ�Ç�ÆÒÑ�ÈEÓ�Ë�ÏÐÚ¿Ó�ÆbÕ=Ó�Î�Ë�Î�ö¤ÆÌË�È�ÔDÉ¤Ó�ÔDÉ¤Ê,Æ1ÆDö¤ÆbÕºË�Ó¾Ô�ÈEÕºË�É¤ÎÐÕMÆbÊáÎ~ÕâË�ÅMÆÒÊMÆDË�ÆbÔ�Ë�È¤ÇGö¤ÈEÏÐÖ,Ñ�Æ¤õÒÄ
Å,ÆÒÓ�ÆbÔ�ÈEÕ,Ê
Ë9ÚºØdÆÌÈ¤ã�É¤ÏÐÏ�úV�=Ébö¤ÈEÖMÇ¡Ó�ÆbÉ�ÇfÔ\ÅáÏ�È�È¤ÍxÓ¼ãKÈ¤Ç¡ÏÐÉ�Ç�å¤Æ�ÔDÉ¤Ó�ÔDÉ¤ÊMÆÒÉ¤Õ=Ê¿ÑGÖMÈEÕ¿ÆDö¤ÆbÕºË�Ó¡ãSÇ\ÈEÑ Æ�ç�Ë�Ç�ÆbÑÒÆbÏ�Ú�Å,Î�åEÅ¿ÆbÕMÆDÇ\å¤Ú
ÕMÆbÖ,Ë�Ç\ÎÐÕMÈÌÎÐÕºË�ÆDÇ\É¤Ô�Ë�Î�ÈEÕ,ÓD×,Î~Õ,ÔDÏÐÖ,Ê,Î~ÕMå¥ÆDö¤ÆbÕºË�Ó�ìvÅMÆDÇ�ÆzË�ÅMÆ¥ÔDÉ¤Ó\ÔDÉ¤ÊMÆ¥È¤Ç
ÑGÖMÈEÕ ÎÐÓ¯ì�ÆbÏ~ÏdÈEÖMË�Ó�ÎÐÊMÆ·Ë�ÅMÆ¡ö¤ÈEÏÐÖ=Ñ�ÆzÈ¤ã
Ë�ÅMÆGÊMÆDË�ÆbÔ�Ë�È¤Çbõ�ÛzÖMÆ¥Ë�È�É�Ë�Ë�ÆbÕºÖ,É�Ë�ÎÐÈEÕ�È¤ã3ÕMÆbÖMË�ÇfÎÐÕMÈEÓ�ÎÐÕ Ë�Å,Æ¥ÆbÉ�Ç�Ë�Å²×JË�ÅMÆbÓ�Æ�Ó�ÆbÉ�ÇfÔ\ÅMÆbÓ·É�Ç�Æ¾ÑÒÈEÓ�ËvÓ�ÆbÕ,Ó\Î�Ë�Î�ö¤Æ¡Ë�È
ÅMÈ¤ÇfÎ��DÈEÕIË�É¤Ï´ÆDö¤ÆbÕIË�ÓD×JìvÎ�Ë�Å Ë�Å,Æ¥ÑÒÉ¤ÎÐÕ�Ù=É¤Ô\Íºå¤Ç�ÈEÖ=Õ,ÊøÙdÆbÎÐÕMåGÆbÕMÆDÇ�å¤ÆDË�Î~Ô�Ô�ÈEÓ�ÑÒÎ~ÔzÇ\ÉbÚ ÑGÖMÈEÕ Ù=Ö,Õ=Ê,Ï�ÆbÓDõ
Ü·Õ,ÏÐÎ�Í¤Æ�É�ØdÈEÎÐÕºËvÓ�ÈEÖMÇfÔ�ÆGÓ�ÆbÉ�ÇfÔ\Å²×´É�Ê,Îi�²Ö,Ó�Æ�Ó�ÆbÉ�Ç\Ô\ÅæÓ�Ë�ÇfÎÐÔ�Ë�Ï�Ú Å,É¤ÓzÕMÈ � È:�Jú¸Ó�ÈEÖ,Ç\Ô�Æ���Ç�ÆDåEÎ�ÈEÕ¿ìvÅMÆDÇ�ÆGÊ,É�Ë�É

ÔDÉ¤ÕâÙdÆÌÖ,Ó�ÆbÊ5Ë�È�ÆbÓ�Ë�ÎÐÑÒÉ�Ë�Æ�Ë�ÅMÆGÙ=É¤Ô�Í�å¤Ç�ÈEÖ,Õ=Ê²õ¥Ä
Å�Ö,ÓvË�Å,ÆGÉ¤Õ,É¤ÏÐÚ�Ó�Î~ÓvÇ�ÆbÏ~Î�ÆbÓvÈEÕâË�Å,ÆDÈ¤Ç�ÆDË�ÎÐÔDÉ¤Ï;Ø,Ç�ÆbÊ,Î~Ô�Ë�Î�ÈEÕ,Ó¼È¤ã
Ë�ÅMÆ5É�Ë�Ñ�ÈEÓ�Ø=ÅMÆDÇfÎÐÔ�ÕMÆbÖMË�Ç\ÎÐÕ,È3�=ÖMç�ÆbÓÌãKÈ¤ÇÒÙ=É¤Ô\Íºå¤Ç�ÈEÖ=Õ,Ê"ÆbÓ�Ë�ÎÐÑ1É�Ë�Î�ÈEÕ,ÓDõ�íYÕ Ø,Ç\É¤Ô�Ë�ÎÐÔ�Æ¤×¯Ë�ÅMÆ È¤Ù=Ó�ÆDÇ\ö¤ÆbÊ Ï�Èkì¯ÆDÇ
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ÆbÕMÆDÇ\å¤ÚÒÆDö¤ÆbÕIË�ÓëÉ�Ç�Æ·Ö,Ó�ÆbÊ1Ë�È¾Ø=Ï~É¤Ô�Æ¼Ó�ÈEÑ�Æ·Ô�ÈEÕ,Ó�Ë�Ç\É¤Î~ÕIË¯ÈEÕÒË�ÅMÆzÉ�Ë�Ñ�ÈEÓ�ØJÅMÆDÇ\ÎÐÔ
ÑÒÈ�ÊMÆbÏ~Ó�ÙdÆDãSÈ¤Ç\Æ
Ë�ÅMÆDÚÒÉ�Ç�ÆzÖ,Ó�ÆbÊ
Ë�È ÆbÓ�Ë�Î~ÑÒÉ�Ë�Æ�Ë�ÅMÆ�Å,Î�åEÅ5ÆbÕMÆDÇ�å¤Ú¿Ù=É¤Ô�Í�å¤Ç�ÈEÖ,Õ=Ê²õ�Þ·ÓzãSÈ¤ÇzÈ¤Ë�ÅMÆDÇ¥É¤Õ,É¤ÏÐÚ�Ó�ÆbÓb×´ÊMÈkìvÕ,å¤ÈEÎÐÕMå Ñ¾Ö,ÈEÕ,ÓzÉ�Ç�ÆÒÖ,Ó�ÆbÊâÉ¤Ó
ÉâÔDÉ¤ÏÐÎ�Ù=Ç\É�Ë�Î�ÈEÕáÙdÆbÉ¤Ñ Ë�ÈâÔ\ÅMÆbÔ\Í Ë�Å,É�ËGË�ÅMÆ�ÊMÆDË�ÆbÔ�Ë�È¤ÇÒì¯ÈEÖ,ÏÐÊÁÙOÆ�Ó�ÆbÕ,Ó\Î�Ë�Î�ö¤Æ1Ë�È¿Ë�ÅMÆ�Ë¸Ú�ØdÆbÓ�È¤ã·Å,Î�åEÅxú`ÆbÕ,ÆDÇ�å¤Ú
ÆDö¤ÆbÕºË�ÓvÆ�çxØdÆbÔ�Ë�ÆbÊøãKÇ�ÈEÑèÆ�çxË�Ç\ÉLú`Ë�ÆDÇ�Ç�ÆbÓ�Ë�Ç\ÎÐÉ¤Ï´ÕMÆbÖ,Ë�Ç\ÎÐÕMÈEÓDõ
Ä;É�Ù=Ï�Æn6ÒÓ�Ö,Ñ1ÑÒÉ�Ç\ÎÐÓ�ÆbÓ·Ë�ÅMÆ1Ç�ÆbÓ�Ö,Ï�Ë�ÓzÈ¤ã¯Ë�ÅMÆÒÊ,Î��OÆDÇ�ÆbÕºË¥Ó�ÆbÉ�Ç\ÔfÅMÆbÓ¥ãKÈ¤Ç�ÉøÊ=Îi�dÖ=Ó�Æ��JÖxç5È¤ã�ÕMÆbÖMË�ÇfÎÐÕMÈEÓ·ìvÎ�Ë�Å

Ë�ÅMÆGÞ·Ý5Þ·ß¼Û
Þ Ê,É�Ë�É�Ó�ÆDË�ÓD×=Ë�É�Í¤ÆbÕ¿ãKÇ�ÈEÑ£6�787FE�Ë�È ü:989Eô�õ
íoÕøË�ÅMÆ¾Ç�ÆbÓ�Ö,Ï�Ë�ÓvÇ�ÆDØdÈ¤Ç�Ë�ÆbÊ�Å,ÆDÇ�Æ¤×=Ë�ÅMÆGÉ¤ÏÐÏ¹úV�=Ékö¤ÈEÖMÇ
É¤Õ,É¤ÏÐÚ�Ó�ÆbÓ¡É¤Ó\Ó�Ö,Ñ�ÆÒÉ>6:zh6:zh6ÒÆbÏÐÆbÔ�Ë�Ç�ÈEÕ²×´ÑGÖMÈEÕæÉ¤Õ,ÊâË�É¤Ö��=Ékö¤ÈEÖMÇ�ÑÒÎ�ç�Ë�ÖMÇ\ÆGÉ�Ë¡Ë�ÅMÆÌÆbÉ�Ç�Ë�Å´×ªÊ,ÖMÆÌË�ÈøÑÒÉLçMÎÐÑÒÉ¤Ï
ÕMÆbÖ,Ë�Ç\ÎÐÕMÈ¾ÈEÓ�ÔDÎÐÏÐÏÐÉ�Ë�ÎÐÈEÕ,ÓDõWÄ
ÅMÆbÓ�ÆzÏÐÎÐÑÒÎÐË�Ó¢ÔDÉ¤Õ�ÙdÆ¼Ô�ÈEÕºö¤ÆDÇ�Ë�ÆbÊ � É¤Õ,Ê�Ô�ÈEÑ�ØJÉ�Ç�ÆbÊd�¢Ë�ÈGÑGÖMÈEÕ�ÏÐÎÐÑ1Î�Ë�Ó�Ù�Ú1Ê,Î�öxÎÐÊ,Î~ÕMå
Ù�Ú�Ë�ÅMÇ�ÆDÆ¤õ
Ä�ì¯È>¡8¤�¤¦¥�§�¡:¨:S:bYZ4^¢¡�T[^¢¡F©�X1Ó�ÆbÉ�Ç\Ô\ÅMÆbÓ�Å,Ébö¤Æ�ÙdÆDÆbÕ¿ØdÆDÇ�ãSÈ¤ÇfÑ�ÆbÊ²×OÈEÕâË�ÅMÆn6�787FEâûuôY6�ý�É¤Õ,Êáü:98989áûuô¤üLý�Ê,É�Ë�É

Ó�ÆDË�Óbõ�Ä
ÅMÆÌÏÐÎÐÑÒÎÐË
ãSÈ¤Ç¡Ë�Å,Æ�ü:98989 Ê=É�Ë�É�Î~Ñ�Ø,Ç�È�ö¤ÆbÊ5Ù�Ú�É¤ÕâÈ¤Ç\Ê,ÆDÇ·È¤ã¯ÑÒÉ�åEÕ,Î�Ë�Ö=ÊMÆ�È�ö¤ÆDÇ¥Ë�Å,É�ËzãSÈ¤Çt6�787FEºõ¾íYÕ¿É
Ó�Î~ÑÒÎÐÏÐÉ�Ç¥ÆbÕ,ÆDÇ�å¤ÚæÇ\É¤ÕMå¤Æ � ü:9�ª«B � 6[9:¬ ÄAÆDùP�f×;Ë�ÅMÆ1êëÉ¤Î�Í�É¤Ï¯Ô�ÈEÏÐÏÐÉ�ÙdÈ¤Ç\É�Ë�Î�ÈEÕáÅ=É¤Ó�Ç�ÆbÔ�ÆbÕºË�Ï�ÚáÉ¤Õ,É¤ÏÐÚ�Ó�ÆbÊ6[9Eô8g
Ê,ÉkÚ�Ó � 6�7878g�ú9ü:989EôF�øÈ¤ã¾Ê=É�Ë�É ãKÇ�ÈEÑ�Ë�ÅMÆæß·Äëú9ü:989�Æ�ç�ØdÆDÇ\Î~Ñ�ÆbÕIËD×¼Ï�ÆbÉ¤Ê,ÎÐÕMå Ë�È"É�Ó\ÏÐÎ�åEÅºË�Ï�Ú"ÙdÆDË�Ë�ÆDÇ�Ï~ÎÐÑÒÎ�Ë È¤ã
ð  ~�� Ê,ß ~ �LÊ,ð ~8® g{¯h6 � 6[9 �d' 5·ÆDù ÔDÑ �! Ó ��� Ó�Ç ��� ûuô¤ôLý`õ
ÞëË1Å,ÎÐåEÅMÆDÇÌÆbÕMÆDÇ�åEÎ�ÆbÓD×¯Ë�ÅMÆbÓ�Æ5Ê,É�Ë�ÉáÓ�ÆDË�ÓÒÅ=Ébö¤Æ�ÙdÆDÆbÕ"É¤Õ,É¤ÏÐÚ�Ó�ÆbÊ�ì¼Î�Ë�Å�Ë�ÅMÆ°¡:¤M¤¦¥�§�¡:¨�S8b{Z«±�²G³ Ñ�ÆDË�ÅMÈxÊ

ûuô�@J×�ô8BM×1ô8CLý`õ Þ·Ï�Ë�ÅMÈEÖ,åEÅ Ë�ÅMÆ Ó�ÆbÕ,Ó�ÎÐË�Î�ö�ÎÐË¸Ú�È¤ã¿Ë�ÅMÆ ü:98989 Ó�ÆbÉ�ÇfÔ\Å � ð  ~�� Ê=ß ~ �LÊ,ð ~ ® ô{¯�E � 6[9 �d'
5·ÆDùÿÔDÑ.�! �Ó�����Ó�Ç[���]��ì¯É¤Ó¯ÎÐÑ�Ø,Ç\Èkö¤ÆbÊ Èkö¤ÆDÇ�6�787FEº×MË�ÅMÆ·Æ�ç�ØdÆDÇ\Î~Ñ�ÆbÕIË�É¤Ï~Ï�Ú¾È¤Ù=Ë�É¤ÎÐÕMÆbÊ�ÏÐÎÐÑÒÎ�Ë¢ãSÈ¤Ç�ü:98989GË�ÖMÇ\ÕMÆbÊ
ÈEÖMËëË�ÈGÙdÆ¼Ë�ÅMÆzÓ�É¤Ñ�ÆzÉ¤Ó¯Ë�Å,É�ËëãSÈ¤ÇP6�787FEº×,Ê,Ö,Æ¼Ë�ÈGË�ÅMÆ·È¤Ù=Ó�ÆDÇ�ö�É�Ë�Î�ÈEÕ�È¤ãªÉÌÕMÈEÕxú¸Ó�ÎÐåEÕ,Î�ä=ÔDÉ¤ÕºË�Æ�çMÔ�ÆbÓ�ÓëÈ¤ã´ÆDö¤ÆbÕºË�ÓDõ
Ä
Å,ÆbÓ�Æ�ÏÐÎÐÑ1Î�Ë�ÓëÉ�Ç�Æ¡Ë�ÅMÆ¥ÙdÆbÓ�Ë�È¤ãWÉ¤ÕIÚ ÊMÆDË�ÆbÔ�Ë�È¤ÇzÉ�Ë
ÆbÕMÆDÇ\åEÎ�ÆbÓ
ÖMØøË�È.�´6[<;ÆDù¾õ
ñ�ÆbÉ�Ç\ÔfÅMÆbÓ¡ãKÈ¤Ç¥ÉøÊ,Îi�²Ö,Ó�Æ��=Öxçd×´Ö,Ó�Î~ÕMå Ç\ÆbÔ�ÈEÕ,Ó�Ë�Ç\Ö,Ô�Ë�ÆbÊÁÔ�ÈEÕIË�É¤ÎÐÕ,ÆbÊáÑ¾Ö,ÈEÕæÆDö¤ÆbÕIË�Ób×AÅ,Ékö¤ÆÒÙdÆDÆbÕæÑÒÉ¤ÊMÆ�ÈEÕ

Ë�ÅMÆn6�787FEæûuôFELý`×ªü:98989 É¤Õ,Êæü:98989Lúr9EôøÊ,É�Ë�É�Ó�ÆDË�ÓDõ�;MÈ¤Ç¡Ë�ÅMÆÌÚ¤ÆbÉ�Ç¾ü:98989 Ê,É�Ë�É Ó�ÆDËD×´É�Ç�ÆDåEÖ=ÏÐÉ�Ç\ÎÐÓ�ÆbÊ¿Ö,ÕMãKÈEÏÐÊ,Î~ÕMå
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ÎÐÕMú¸ÎÐÔ�Æ�ÔDÖMÙ=ÎÐÔ¾Í�Î~Ï�ÈEÑ�ÆDË�Ç�Æ�ÕMÆbÖMË�ÇfÎÐÕMÈ�ÊMÆDË�ÆbÔ�Ë�È¤Çb×AÉ¤Õ=ÊæÉ ÍxÎÐÏ�ÈEÑÒÆDË�Ç�Æ�ÓÜ�ºÖ=É�Ç�Æ�Ó�ÖMÇ�ã7É¤Ô�ÆÒÔ�ÈEÓ�ÑÒÎÐÔGÇ\ÉkÚ¿É¤ÎÐÇ¥Ó�ÅMÈkì¯ÆDÇ
ÊMÆDË�ÆbÔ�Ë�È¤Ç � íYÔ�ÆbÄAÈ¤Øa�fõ î¯ÈEÕ=Ó�Ë�Ç\Ö,Ô�Ë�Î�ÈEÕ¿ÙdÆDåEÉ¤ÕáÉ�Ë¡Ë�ÅMÆ ñxÈEÖMË�Å><AÈEÏÐÆÒÊ,ÖMÇ\ÎÐÕ,å Ë�ÅMÆ�É¤Ö,Ó�Ë�Ç\É¤Ï3Ó�Ö,ÑÒÑÒÆDÇ�ü:989:@�úr9FB�×
ìvÎÐË�Å6�ÎÐÕxú¸ÎÐÔ�Æ Ó�Ë�Ç\ÎÐÕMåM×3É¤Õ,Ê°@¿íYÔ�ÆbÄAÈ¤Ø"Ó�Ë�É�Ë�Î�ÈEÕ,ÓÌÊMÆDØ=ÏÐÈkÚ¤ÆbÊ/û @IôLý`õ¿ÛzÖMÇfÎÐÕMåøË�ÅMÆ�Ó�ÆbÔ�ÈEÕ,Ê�Ó�Ö=ÑÒÑ�ÆDÇ¾Ó�ÆbÉ¤Ó�ÈEÕ²×
g ÑÒÈ¤Ç�ÆÒÓ�Ë�Ç\ÎÐÕ,åEÓ·É¤Õ=Ê
6bü�íYÔ�ÆbÄAÈ¤ØÁÓ�Ë�É�Ë�ÎÐÈEÕ,Ó¡ì¯ÆDÇ�Æ1ÎÐÕ,Ó�Ë�É¤ÏÐÏ�ÆbÊ²õ�ÄvÅMÆ�å¤ÈEÉ¤Ï�ÎÐÓzË�È�Ô�ÈEÑÒØ=Ï�ÆDË�ÆÒÔ�ÈEÕ,Ó�Ë�ÇfÖ,Ô�Ë�Î�ÈEÕæÎÐÕ
ÆbÉ�Ç\ÏÐÚâü:9c686�×WìvÎ�Ë�ÅÂg:9�Ó�Ë�Ç\ÎÐÕMåEÓ � @�g:989�Ñ�ÈxÊ,Ö,Ï�ÆbÓ&�vÉ¤Õ=ÊáÓ�Ë�É�Ë�Î�ÈEÕ,Ó � ô¤ü:9�Ñ�ÈxÊ,Ö,Ï�ÆbÓ&�vÔ�ÈEÑÒØ=Ï�ÆDË�ÆbÊ²õ1ÄvÅMÆÒÎÐÕxú¸ÎÐÔ�Æ
Ó�Ë�ÇfÎÐÕMåEÓ3ìvÎ~ÏÐÏºÎ~Õ,Ó�Ë�Ç\Ö,ÑÒÆbÕIË3É¡ÍxÎÐÏ�ÈEÑ�ÆDË�Ç\Æ�ö¤ÈEÏÐÖ,Ñ�Æ�ÙdÆDË¸ì¯ÆDÆbÕ=6�B:989¾É¤Õ,ÊÒü8B:989GÑ�ÆDË�Ç�ÆbÓ�ÊMÆDØ=Ë�Å²×IÉ¤Õ,Ê�Ë�Å,Æ�íYÔ�ÆbÄAÈ¤Ø
É�Ç�ÇfÉbÚâìvÎÐÏÐÏWÔ�È�ö¤ÆDÇGÉ ÓÜ��Ö,É�Ç�Æ�ÍxÎÐÏ�ÈEÑÒÆDË�Ç�ÆÒÉ�Ë¡Ë�ÅMÆ1Ó�Ö,Ç�ãKÉ¤Ô�Æ¤õÒÄvÅMÆÒÓ�É¤Ñ�ÆÒÊMÆbÓ\Î�åEÕâÈ¤ã�Û¡ò¥Ý � ÛzÎ�åEÎ�Ë�É¤Ï¯ò·Ø,Ë�ÎÐÔDÉ¤Ï
Ý�È�Ê=Ö,Ï�ÆÒ��Î~ÓvÖ,Ó�ÆbÊ5Ë�ÅMÇ�ÈEÖ,åEÅMÈEÖMËvË�Å,Æ¾ÊMÆDË�ÆbÔ�Ë�È¤ÇbõzÄ
ÅMÆbÓ�Æ¾Ô�ÈEÕ,Ó�Î~Ó�ËvÈ¤ã�Ø=Ç�ÆbÓ�Ó�ÖMÇ\Æ¥Ó�Ø=ÅMÆDÇ�ÆbÓ·Ô�ÈEÕºË�É¤ÎÐÕ,ÎÐÕMå�6[9 Î~Õ,Ô\Å
Ø=Å,È¤Ë�ÈEÑ¾Ö,ÏÐË�Î�Ø=ÏÐÎ�ÆDÇ¯Ë�ÖMÙdÆbÓD×xË�ÅMÆ¥Ó�ÎÐåEÕ,É¤ÏÐÓ¯È¤ãAì¼Å,ÎÐÔ\Å�É�Ç�Æ¥Ê=Î�åEÎ�Ë�ÎÐÓ�ÆbÊ�ÎÐÕ,Ó\ÎÐÊMÆvË�Å,Æ¥Ñ�È�Ê=Ö,Ï�ÆzÉ¤Õ,Ê�Ë�ÅMÆbÕ Ó�ÆbÕºË�Ë�ÈÒË�ÅMÆ
Ó�Ö,Ç�ãKÉ¤Ô�Æ¥Ê=É�Ë�É�É¤Ô[�ºÖ,Î~Ó�Î�Ë�Î�ÈEÕ�Ó�ÚxÓ�Ë�ÆbÑ õ¢ÄvÅMÆ¡Û¡ò¥Ý�Ó
Ê=Îi�OÆDÇëãKÇ�ÈEÑ Ë�ÅMÆ¥ÞzÝ�Þ·ß·Û
ÞàÑ�ÈxÊ,Ö,Ï�ÆbÓëÎÐÕ�Ë�Å,É�Ë�Ë�ÅMÆ¡ã7Ö,ÏÐÏ
Ë�ÎÐÑÒÆ¥Ó�ÆDÇ\Î�ÆbÓ�È¤ãWØ=Å,È¤Ë�ÈEÕ,Ó � Ë�ÅMÆ � ìëÉbö¤ÆDãKÈ¤Ç\Ñt���vÎÐÓ�ÔDÉ�Ø,Ë�Ö,Ç�ÆbÊ²õ
Ä
ÅMÆ�ÅMÈEÏ�ÆbÓÌÉ�Ç�Æ ÊMÇ\Î~ÏÐÏ�ÆbÊæìvÎÐË�Å ÉâÅMÈ¤ËGì¯É�Ë�ÆDÇ Ó�Ú�Ó�Ë�ÆbÑ ×3Ë�É�Í�Î~ÕMåæÉ�ÙOÈEÖ,ËÌô:9âÅMÈEÖMÇfÓ�Ë�ÈæÊMÇ\Î~ÏÐÏ�Ë�ÈâË�ÅMÆ�ä=Õ,É¤Ï

ÊMÆDØ=Ë�Å²×ºË�Å,ÆbÕ=6[9GÅMÈEÖMÇ\Ó¢Ë�È¾Ç�ÆbÉ¤Ñ Ù=É¤Ô\Í1ÖMØ´×IÊ,ÆDØOÈEÓ\Î�Ë�ÎÐÕMå¥Ñ�È¤Ç\Æ¼ÆbÕMÆDÇ\å¤Ú�Ë�ÈGÏ�ÆbÉkö¤Æ·É¾ÅMÈEÏ�Æ·É�Ë�Ë�ÅMÆ·Ô�È¤Ç�Ç�ÆbÔ�ËëÓ�Î��DÆ
Ê,Ö,Ç\ÎÐÕMåzË�ÅMÆvÓ�Ë�Ç\ÎÐÕMå¥ÊMÆDØJÏ�ÈkÚxÑ�ÆbÕºËDõ�Û¼ÆDØJÏ�ÈkÚxÑ�ÆbÕºË¢È¤ã²É¥Ó�Ë�Ç\Î~ÕMå¡Ë�É�Í¤ÆbÓëÉ�ÙOÈEÖ,Ëk6bü¥ÅMÈEÖMÇfÓWújg¥Å,ÈEÖMÇ\Ó3ãKÈ¤Ç�Ñ�ÈxÊ,Ö,ÏÐÆ
É�Ë�Ë�É¤ÔfÅ,Ñ�ÆbÕºËD×�@�ÅMÈEÖ,Ç\Ó�Ë�È�Ï�Èkì¯ÆDÇ¼Ë�È�Ë�ÅMÆ¾ä=Õ,É¤Ï´ÊMÆDØ=Ë�Å²õ�íYÔ�ÆbÄAÈ¤Ø¿Ë�É¤ÕMÍ�Ó·É�Ç�ÆGÎÐÕ,Ó�Ë�É¤ÏÐÏÐÆbÊøÎÐÕ�Ó\Å,É¤ÏÐÏ�È�ì Ë�Ç�ÆbÕ,ÔfÅMÆbÓ
Ê,Ö,å ÕMÆbÉ�ÇzÆbÉ¤Ô\ÅæÓ�Ë�Ç\ÎÐÕMå1ÏÐÈ�ÔDÉ�Ë�Î�ÈEÕ´×OÉ¤Õ,Ê¿É�Ç�ÆGä=ÏÐÏ�ÆbÊ�ìvÎ�Ë�Å�ì¯É�Ë�ÆDÇb×dìvÅ=ÎÐÔ\Å¿ÎÐÓvÉ¤Ï~Ï�Èkì¯ÆbÊ¿Ë�È�Ó�ÏÐÈkìvÏ�Ú ãKÇ�ÆDÆ[�DÆGÙ=É¤Ô�Í
É�ÙdÈEÖMË
Ë�Å,Æ¥Ñ�È�Ê=Ö,Ï�ÆbÓD×xË�ÈÒØ,Ç\ÆDö¤ÆbÕIË
ãKÈ¤Ç\ÑÒÉ�Ë�ÎÐÈEÕ È¤ãAÙJÖMÙ,Ù=Ï�ÆbÓbõ
Ä
ÅMÆÒÊ,ÆDØ=Ï�ÈkÚ¤ÆbÊ�Å,É�Ç\Ê,ì¯É�Ç�Æ Å,É¤Ó¥ØdÆDÇ�ãKÈ¤Ç\Ñ�ÆbÊáÖ,ØáË�È5Æ�çxØdÆbÔ�Ë�É�Ë�Î�ÈEÕ,Ó¾Ë�È5Ê,É�Ë�Æ¤õ Û·ÆDË�É¤ÎÐÏ�ÆbÊ�Ó�Ë�Ö,Ê=Î�ÆbÓ¡È¤ã�Ë�ÅMÆ

ä,ÇfÓ�Ë�Ó�Ë�Ç\ÎÐÕ,åzÉ¤Õ=Ê�íYÔ�ÆbÄAÈ¤Ø1Ë�É¤Õ,Í¾ÙdÆbÅ,Ékö�Î�ÈEÖ,Ç�Å,É¤Ó3ÙdÆDÆbÕ�Ø=ÖMÙJÏÐÎÐÓ�ÅMÆbÊ�û @Iô�ý`õ3Ä�ì¯È¥ÖMØ�ì¯É�Ç\Ê1Ñ�ÈköxÎÐÕMå¡ÆDö¤ÆbÕºË�Ó�ì¯ÆDÇ�Æ
ÊMÆDË�ÆbÔ�Ë�ÆbÊáìvÎ�Ë�Å¿Ë�ÅMÆÌÓ�ÎÐÕMåEÏ�ÆGÓ�Ë�Ç\ÎÐÕ,åM×dÔ�ÈEÕ=Ó�ÎÐÓ�Ë�ÆbÕºËzìvÎ�Ë�Å¿É¤ÕæÉ�Ë�Ñ�ÈEÓ�Ø=ÅMÆDÇfÎÐÔ¾Õ,ÆbÖMË�Ç\ÎÐÕMÈ È¤Ç\Î�åEÎÐÕ´õzÄvÅMÆ¾Ø=Ç�ÆbÓ�ÆbÕºË�Ï�Ú
È¤ØdÆDÇ\É�Ë�ÎÐÕ,å.7 Ó�Ë�Ç\ÎÐÕ,å É¤Õ,Êf6�C�Ó�Ë�É�Ë�Î�ÈEÕâÊMÆDË�ÆbÔ�Ë�È¤Ç�ÎÐÓ¼ØdÆDÇ�ãKÈ¤Ç\ÑÒÎÐÕMå�ì¯ÆbÏÐÏ^õzÜ¼ØºìëÉ�Ç\Ê¿Ñ�ÈköxÎÐÕMå�ÕMÆbÖMË�Ç\Î~ÕMÈÒÆDö¤ÆbÕºË�Ó
Å,Ékö¤Æ ÙdÆDÆbÕ�Ó�ÆDÆbÕ²õøÞëË�Ñ�ÈEÓ�Ø=ÅMÆDÇ\ÎÐÔ1Ñ¾ÖMÈEÕ=Ó¾Å,Ékö¤Æ ÙdÆDÆbÕÁË�Ç\É¤Ô�Í¤ÆbÊ�ÎÐÕÁË�ÅMÆ ÎÐÕMú¸ÎÐÔ�Æ1É�Ç�Ç\ÉkÚ¤õ�Þ·Î�Ç¾Ó�Å,Èkì¯ÆDÇ\Ó¾Å=Ébö¤Æ
ÙdÆDÆbÕ�Ç�ÆbÔ�ÈEÕ,Ó�Ë�ÇfÖ,Ô�Ë�ÆbÊ�ìvÎ�Ë�ÅÁíYÔ�ÆbÄAÈ¤Ø´×�É¤Õ=Ê Ô�ÈEÎÐÕ=ÔDÎÐÊMÆbÕºË¾ÆDö¤ÆbÕºË�ÓD×¢ì¼ÅMÆDÇ�Æ�íYÔ�ÆbÄAÈ¤Ø"Ó�ÆDÆbÓ�É¤Õ�É¤Î�Ç�Ó�ÅMÈkì¯ÆDÇ�É¤Õ,Ê
Ë�ÅMÆÌÎÐÕxú¸Î~Ô�Æ�É�Ç�Ç\ÉkÚøÓ�ÆDÆbÓ·Ë�ÅMÆ�ØdÆbÕMÆDË�Ç\É�Ë�Î~ÕMå1ÑGÖMÈEÕ,ÓD×dÅ,Ébö¤ÆGÙdÆDÆbÕ�Ó�Ë�Ö=Ê,Î�ÆbÊ²õ�;WÎ�Ç\Ó�Ë¼Ø=ÅºÚ�Ó�Î~ÔDÓvÉ¤Õ,É¤Ï�ÚxÓ�ÆbÓ¼É�Ç�Æ¾ì¯ÆbÏÐÏ
Ö,Õ=ÊMÆDÇ�ìëÉbÚ¤õ

��KlJ�KDo�W�À�T]\_^�T�UYSFOrX�`!OR\_¡:¤
Þ·Õ ÎÐÕ,ÎÐË�ÎÐÉ¤Ï¯ØOÈ¤Ë�ÆbÕºË�ÎÐÉ¤ÏëØdÆDÇ�ãKÈ¤Ç\ÑÒÉ¤Õ,Ô�ÆøÓ�Ë�Ö,ÊMÚÁãKÈ¤ÇÒË�ÅMÆ5ÎÐÕxú¸ÎÐÔ�Æ É�Ç�Ç\ÉkÚ�È¤ã¼íoÔ�Æ�îëÖMÙdÆ�ì¯É¤Ó Ô�ÈEÑ�Ø=Ï�ÆDË�ÆbÊ ÙOÆDãKÈ¤Ç�Æ
Ô�ÈEÕ,Ó�Ë�Ç\Ö,Ô�Ë�Î�ÈEÕàÙdÆDåEÉ¤Õ û @8@¤ý`õ ÄvÅMÆ"Ó�ÎÐÑGÖ,ÏÐÉ�Ë�Î�ÈEÕQÉ¤Õ,ÊQÇ�ÆbÔ�ÈEÕ=Ó�Ë�Ç\Ö,Ô�Ë�Î�ÈEÕQØ=Ç�È¤å¤Ç\É¤ÑÒÓæì¯ÆDÇ�Æ"Ë�ÅMÈEÓ�Æ Ö,Ó�ÆbÊàÎÐÕ
ÞzÝ�Þ·ß·Û
Þ�×AÉ¤Ê,É�Ø,Ë�ÆbÊâË�È Ë�ÅMÆ�ÏÐÉ�Ç�å¤ÆDÇzíoÔ�Æ�îëÖMÙdÆÌÊMÆDË�ÆbÔ�Ë�È¤Çbõ¾Þ·Ó¡Ó�Ö,ÔfÅ²×²ÕMÈ Ö,Ó�É�å¤ÆÌÈ¤ã¢Ë�Å,ÆÌÛ¥ò¡Ý ì¯Ékö¤ÆDãSÈ¤ÇfÑ
ÎÐÕ,ãSÈ¤Ç\Ñ1É�Ë�Î�ÈEÕ�ì¯É¤Ó�ÑÒÉ¤Ê,ÆzÎ~Õ Ë�Å,Æ·Ç\ÆbÔ�ÈEÕ,Ó�Ë�Ç\Ö,Ô�Ë�ÎÐÈEÕ²õ�Ä
ÅMÆzÉ¤Ó�Ó�Ö,ÑÒÆbÊ.�=Öxç1È¤ã;Ô\Å,É�Ç\ÑèÉ�Ë�ÑÒÈEÓ�Ø=ÅMÆDÇ\Î~Ô·Õ,ÆbÖMË�Ç\ÎÐÕMÈEÓ
û @�B¤ýxìëÉ¤Ó�ÔfÅMÈEÓ�ÆbÕÒÔ�ÈEÕ,Ó�ÆDÇ�öLÉ�Ë�ÎÐö¤ÆbÏ�Údm�Î�ã=ÎÐÕGÇ�ÆbÉ¤Ï~Î�Ë¸Ú¾Ë�Å,ÎÐÓ;Ù=É¤Ô�Í�å¤Ç�ÈEÖ,Õ=ÊÌË�ÖMÇ\Õ,Ó;ÈEÖMË�Ó�Ñ1É¤ÏÐÏ�ÆDÇb×�Ë�ÅMÆbÕÌË�ÅMÆ�Ø=Ç�ÆbÊ,ÎÐÔ�Ë�ÆbÊ
Ó�ÆbÕ=Ó�Î�Ë�Î�öxÎ�Ë�Î�ÆbÓëìvÎ~ÏÐÏOÙOÆ�ÙOÆDË�Ë�ÆDÇ¼Ë�Å,É¤ÕøË�Å,ÈEÓ�Æ*��ÖMÈ¤Ë�ÆbÊ²õëÞ ÑÒÆbÊ,ÎÐÉ¤ÕøÉ¤ÕMåEÖ=ÏÐÉ�Ç
Ç�ÆbÓ�ÈEÏ~ÖMË�Î�ÈEÕ È¤ãWÙdÆDË�Ë�ÆDÇvË�Å,É¤Õ°6�Ý¡ÎÐÓ
Ó�ÆDÆbÕáãSÈ¤Ç¥ÑGÖMÈEÕâÆbÕMÆDÇ�åEÎÐÆbÓzå¤Ç�ÆbÉ�Ë�ÆDÇ�Ë�Å,É¤Õ
6ÌÄAÆDù¾õAÄ
ÅMÆGÆ��OÆbÔ�Ë�Î�ö¤Æ É�Ç�ÆbÉ ãKÈ¤Ç¥Ñ¾ÖMÈEÕæÊ,ÆDË�ÆbÔ�Ë�Î�ÈEÕâÆ�çxÔ�ÆDÆbÊ=Ó¥Ë�ÅMÆ
å¤ÆDÈEÑ�ÆDË�ÇfÎÐÔëÍ�Î~Ï�ÈEÑ�ÆDË�Ç�Æ�É�Ç�ÆbÉzÉ�Ëk6[9¡ÄAÆDù¾×�Ç\ÎÐÓ\ÎÐÕMåvË�Èt6�õI@¥Ó¢�ºÖ,É�Ç\Æ�ÍxÎÐÏ�ÈEÑ�ÆDË�Ç\ÆbÓAãKÈ¤Ç3ÆDö¤ÆbÕºË�Ó�ÎÐÕGË�ÅMÆP6¯Ë�Èt6[989P<AÆDù
ÆbÕMÆDÇ\å¤Ú�ÇfÉ¤ÕMå¤Æ¤õ¢Ä
ÅMÆ¥Ó�ÆbÕ,Ó�Î�Ë�Î�öxÎ�Ë9ÚÒË�È1Ê,Îi�²Ö,Ó�Æ¡É¤Õ,Ê�ØdÈEÎÐÕºË
Ó�ÈEÖMÇfÔ�ÆbÓ�È¤ã;Õ,ÆbÖMË�Ç\ÎÐÕMÈEÓ�Å=É¤Ó�ÙdÆDÆbÕ�ÆbÓ�Ë�ÎÐÑÒÉ�Ë�ÆbÊ²õÓ;MÈ¤Ç
Ë�ÅMÇ\ÆDÆ�Ë�È1ä=ö¤Æ¥Ú¤ÆbÉ�Ç\Ó¼È¤ã;È¤ÙJÓ�ÆDÇ�ö�É�Ë�Î�ÈEÕ²×=Ë�Å,Æ�ÏÐÎÐÑÒÎÐË¯ÈEÕ5É¤Õ=� �! �=Öxç�È¤ã3Ê,Îi�²Ö,Ó�Æ¥ÕMÆbÖMË�ÇfÎÐÕMÈEÓ�ì¯ÈEÖ,ÏÐÊ ÙdÆ¥É�ÙdÈEÖMË
Ë�Å,ÎÐÇ�Ë¸ÚøË�Î~Ñ�ÆbÓ¡Ó�ÑÒÉ¤ÏÐÏÐÆDÇ¼Ë�Å,É¤Õ¿Ë�ÅMÆ�ÞzÝ�Þ·ß·Û
Þ
ú`í\í¼ãKÈEÖMÇ�ú`Ú¤ÆbÉ�Ç¥ÑGÖMÈEÕâÏÐÎÐÑÒÎÐË � Ó�ÆbÔ�Ë�Î�ÈEÕáü�õºBF�f×AÉ¤Õ,ÊâÉ4�JÖxçøÈEÕMÆ�ú
Ë�ÆbÕºË�ÅâÈ¤ã¢Ë�ÅMÆÌÞzÝ�Þ·ß¼ÛvÞ
ú`í�ízÏÐÎÐÑ1Î�Ë
ì¯ÈEÖ,ÏÐÊ5ÙOÆÌÊMÆDË�ÆbÔ�Ë�É�Ù=ÏÐÆÌÉ�Ë�B:��Ó�Î�åEÕ=Î�ä=ÔDÉ¤Õ,Ô�ÆGÎÐÕ�Ë�Å=É�Ë·Ë�Î~Ñ�Æ¤õP;MÈ¤Ç¡ØdÈEÎÐÕIË
Ó�ÈEÖ,Ç\Ô�ÆbÓD×ºÓ\ÎÐÑÒÎÐÏÐÉ�ÇWÇ�ÆbÓ\Ö,Ï�Ë�Ó3É�Ç�Æ
È¤Ù=Ë�É¤ÎÐÕMÆbÊ²õ};MÈ¤Ç�5¡ïvêëÓD×IË�Å,Æ
÷áÉLçxÑ1É¤Õxú¸êëÉ¤Å,ÔDÉ¤ÏÐÏ��JÖxçGì¯ÈEÖ,ÏÐÊÌÙdÆ
Ô�ÈEÕ,Ó�Ë�Ç\É¤ÎÐÕMÆbÊ
É�ãKË�ÆDÇ¼Ë�Å,Æ�È¤Ù=Ó�ÆDÇ\öLÉ�Ë�Î�ÈEÕ�È¤ã3É�ÙOÈEÖ,Ë*6[989.5¡ïvêëÓD×JÉ¤Õ=Ê3B:989n5zïvêëÓ
ì¯ÈEÖ,ÏÐÊøÙOÆ¾ÕMÆDÆbÊMÆbÊøË�È È¤Ù=Ó�ÆDÇ�ö¤Æ¾Ë�Å,É�ËD�JÖxç
É�Ë·ÉtB:�áÓ�Î�åEÕ,ÎÐä=ÔDÉ¤Õ,Ô�Æ¤õ

Þ 0�.¾<JNACI67FAÂk4K<JNAÂ
Ä
Å,Æ�Ï�ÈEÕMå�ú¸ÅMÆbÏ~Ê ÊMÇ�ÆbÉ¤Ñ È¤ã3ÉÒÏ~É�Ç�å¤Æ¥ö¤ÈEÏÐÖ,ÑÒÆ¤×=Å,Î�åEÅ�ÆbÕMÆDÇ\å¤Ú�Õ,ÆbÖMË�Ç\ÎÐÕMÈÒÊ,ÆDË�ÆbÔ�Ë�È¤Ç·ÎÐÓ
ä=Õ,É¤ÏÐÏ�Ú ÉÒÇ�ÆbÉ¤ÏÐÎÐË¸Ú�É�ËvË�ÅMÆ
ñ�ÈEÖ,Ë�Å1<;ÈEÏ�Æ¤õ�ÄvÅMÆ·Ï~É¤Ó�Ë¯Ê,ÆbÔDÉ¤ÊMÆ¡Å,É¤ÓëÙdÆDÆbÕ1ÈEÕMÆzÈ¤ã´Ë�ÆbÔfÅ,ÕMÈEÏ�È¤å¤Ú¤×JÊMÆDØ=Ï�È�Ú�Ñ�ÆbÕºËD×MÉ¤Õ,Ê�É¤Õ,É¤Ï�ÚxÓ�ÎÐÓ�ÊMÆDö¤ÆbÏ�È¤Ø=Ñ�ÆbÕºË
ìvÎÐË�Å Ë�Å,Æ¿ÞzÝ�Þ·ß·Û
Þ Ê,ÆDË�ÆbÔ�Ë�È¤Çb×¡Ï�ÆbÉ¤Ê,ÎÐÕMå Ë�È�Ë�ÅMÆæÊMÆbÓ�Î�åEÕ#É¤Õ,Ê/Ô�ÈEÕ,Ó�Ë�Ç\Ö=Ô�Ë�Î�ÈEÕ#È¤ã¥íYÔ�Æ�î�ÖMÙdÆ¤õ íoÔ�Æ�îëÖMÙdÆ¤×

115

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



Ó�Ï~É�Ë�ÆbÊ ãSÈ¤Ç5Ô�ÈEÑ�Ø=Ï�ÆDË�Î�ÈEÕ Î~Õ/ü:9c686�×¾ÎÐÓ�É¤Ï�Ç�ÆbÉ¤ÊMÚ#Ø,Ç�ÈxÊ,Ö,ÔDÎÐÕ,åÁØ=ÅºÚ�Ó\ÎÐÔDÓ Ê,É�Ë�Éx×¡É¤Õ,Ê/ÈEÕ,Ô�ÆÁÔ�ÈEÑÒØ=Ï�ÆDË�ÆbÊ²×zìvÎÐÏ~Ï
Å,Ékö¤Æ¼Ö,Õ,Ø,Ç�ÆbÔ�ÆbÊMÆbÕºË�ÆbÊÒÓ�ÆbÕ,Ó\Î�Ë�Î�öxÎ�Ë¸Ú¾Ë�È�Ó�ÈEÖMÇ\Ô�ÆbÓ�È¤ãOÆ�çxË�Ç\ÉLú`Ë�ÆDÇ�Ç\ÆbÓ�Ë�Ç\ÎÐÉ¤ÏJÕMÆbÖMË�Ç\ÎÐÕ,ÈEÓD×EÅMÈ¤ØdÆDãKÖ=ÏÐÏ�Ú¥Ï�ÆbÉ¤Ê,Î~ÕMåzË�È�ÕMÆDì
Ê,Î~Ó�Ô�Èkö¤ÆDÇ\ÎÐÆbÓvÉ�ÙdÈEÖMË�Ë�ÅMÆ¥Õ,É�Ë�Ö,Ç�Æ¡È¤ãWË�ÅMÆ�Ô�ÈEÓ�Ñ�ÈEÓbõ

ß @º:9@º+L@xNªCE@�Â
à ��á�âLcf[ª_�cf[`V;lsake¹c\[`_
Z\]`lnctaIp�j^VoVW]`h�VW®KmoV�©O L£¤V ¦ VY£Lj^lu]`Vt�=hD]^]`Xº� ã&ã�lsmYVomo L£¤Vf° ¦ lnj^mt° V�{k à ³Üá�äWZflnj^j^VY[�±�åëp:æ;Zf�eçoVoa�â1ZfaL{ � ]¸Zfa�Vor¼±á�o�t��¶Dèdé�ê]ë�ì{íËî�ï:ð�ìFñ:ò�ó���ô]õ à ö�÷r÷_ø ð�ù�ú ���f��¶Dñ8ûFü�õ�¶f¶�á~p�hLVoXk}SX�h8ã\�]ý��o�&õ]þ]ýÒÿ

�ºVoZ\[`aLVo{���ä/Z\a�{�yzZ\aLa�hLVoln_´å ³\�t�f�������FìÎíËî	�]ì�
jù���ºì�è ø]÷ ð�ì������hî	���rîkò�����ô\�qÿsæWZ\�ºçYVoa.âæZ\a�{tæ;cDctX¤V9[
U
³f�f��³�í¼î�ï:ð�ì!è ÷���� ì!èdé�ê¢ë�ì��:ò ���t³t¶bpMZ\[��;lnr¤� Zfj7]^[`c\}SX�h8ã\��³f�¢ýD¶f³&ô�ÿdæWZ\�eçoVoa�âø³\�t����è ÷ � �Üì ��!#" $ éÒî�úÓù� ð%�'&lú�î?ërë�î	� � î ÷
ø ï�ï ÷ ��ø �ré�ð � é(� � é(&Rî	�8î ÷)� ê ��ø ú�ú ø�÷Rø êkë � ù ÷ �rî?ë�* ",+ Z\[`mYVo�ncta�Z

à õ¢á-�ºc ¦ {�VY[AUáy¾p�y·ln�s�nVY[;±;p¤gM[`lnmoV�g + p�wGVoj7]`XLhLZf�º¬¢p + Z\[ ¦ lnm¸« � wâp�æ;Zf�eçoVoavâ1Z\a�{·y·cf[`j^V/.Á�o�t�b�0
 ø ð�ù ÷ î21:ò31võ]õk�
à ý]áë¬Aj^«�Vo£(47V9[;g�î?ð ø ���o�t�t¶5�3���lî	���rî¼ñ3�8û��f�pý�ô�}`�t��¶f�
à ¶Üáë¬Am¸«�VY[`_
Zfa�azy"î?ð ø �k³f�f���76 � ù ÷ � ø � �8!:9 î � ïÒé�ê¢ë;�%� ø ��íËî?ë�î ø]÷ �révü:ü�ü
U¯��õt³f�&õ
à �¢áë¬Am¸«�VY[`_
Zfa�azy"î?ð ø �k³f�f���<
}ù���ºì>=;��ëVð�ì ø �3?-@�î?ð¦éÒì��'��èdé�ê¢ë�ì{í¼î?ë�ìsp�¬�°�ò:ò3�G�A�f�
à ôÜáë¬Aa�{b[`Voj´|>î?ð ø ��³f�f�t�B�jërð ÷�� ï ø]÷ ð�ìYèdé�ê]ë�ì�üC1¾�
à þ¢á�å�Z\[`�nV¢¬¢pbe¹c\[A]`h�V3¬Wyz¬ª;UA¬�mocf�n�»Z\£¤cf[¸Z�]`lscfa����t�f�kè ÷�� �Üì�D(E¢ð¦éF=HG{í/G�*�� ø � ðJI ø,K îLG��ið�êH*/M�ð ø é
à �¢áë¬Ah�[`VYaLj���î?ð ø �k³\�t�¢ý<
}ù���ºî ø]÷ =;��ëVð ÷ ùqú�î	��ð�ë ø �3?-@�î?ð¦é � ?]ëN�'��èdé�ê¢ë;�%��ëjíËî?ë�î ø]÷ �réë¬�ò�ñOÌ�A�f�
à ���¢á�¬Ah�[`VYaLj���î?ð ø �k³\�t�t³�èaé�ê¢ë�ì{í¼î	�]ìLUP�3�Ep��b��³f�f��¶
à �t��á�¬Aa�{b[`Voj´|>î?ð ø ��³f�f�k�0
 ø ð�ù ÷ îQO{ü(�vý&ýk�
à ��³Üá�¬Am¸«�VY[`_
Zfa�a¾y¾pIe cf[3]`h�V¯®KmYV�©O L£¤V
©Ocf�n�»Z\£¤cf[¸Z�]`lscfa1³f�f���Pè ÷ � �Üì ��!R" $ é�î�ú�ùC� ð%�%&húkî?ëVë�î	� � î ÷Dø ï�ï ÷ ��ø �ré�ð � é(� � éC&Mî	�Fî ÷%� ê

��ø úÓú ø�÷_ø ê�ë � ù ÷ �rî?ë�* "H+ Z�[`moVo�nctaLZ
à ��õ¢á�¬Am¸hb]`V9[`£¤VY[`µ�¬ î?ð ø �k³f�f���ë]`c¯£¤V3j^ �£L_�lu]^]`V�{�]`ckèdé�ê]ë�ì�íËî	�]ì>S ì
à �pý]á + Z\[^[}äâU¯p�äWZflnj^j^VY[3±nåëp�ºlnXLZ\[`lxgxp.Acf£L£�lsa�j � Z\a�{ � ]¸Zfa�Vorv±5³\�t�¢ýDèaé�ê¢ë�ì{í¼î	�]ìLUÖû�Ip��t³]õt�f���
à ��¶Üá�æ;ctaL{LZ�y¾pÒå�ZA47lu]¸Z�±;p�å�Z\j`ZfhLZ\[¸Z�åÁZfaL{zy·ls{�c\[`ls«fZ ¦ Z � ³f�t�¢ýDèaé[ê]ë�ì�íËî	�]ìLUÖûC�ºp¤�¢ý�õt�f�&þà �A�¢á�åë°¤yUT �aLlnm¸h·e¹c\[A]`h�VW®KmoV�©O L£¤V¢©Oct�n�sZf£¤c\[¸Z\]`lncta¾³\�t��¶�³\�t�t¶
gM[`cDmt°�³f��]`hz®KaD]�°L©Octj^_�lnm/.;Zoi·©OctakeK°np¤g, La�V
à �ÜôÜá�¬Ah�[`VYaLj���î?ð ø �k³\�t�]õB�}ëVð ÷ � ïÒé�ê¢ëpìV6�ò�ó31¾���¢ý��
à ��þ¢á�¬Ah�[`VYaLj���î?ð ø �k³\�t�¢ýDèaé�ê¢ë�ì{í¼î	�]ì>IYî?ð�ð�ì�W:ñz��ôD�t�o��³
à ���¢á�¬Am¸«�VY[`_
Zfa�azy"î?ð ø �k³f�f��¶kèaé[ê]ë�ì�íËî	�]ìLUÂûFüv��ô]ôb���t³
à ³f�¢á�æ;ln�n�cäæ© ZfaL{F.;Z ¦ �nlnaLj¼å ³f�f�&õB�jërð ÷�� ï ø]÷ ð�ìYèdé�ê]ë�ì�üCWvõf�&õ
à ³b��á�¬Am¸hb]`V9[`£¤VY[`µ�¬ î?ð ø �k³f�f���<�jërð ÷�� ï ø]÷ ð%�)���ºî}èdé�ê¢ë;�%��ë¸p�ZfmomYVoX�]`V�{
à ³t³Üá�¬Am¸hb]`V9[`£¤VY[`µ�¬ î?ð ø �k³f�f���Dèdé�ê]ë�ì�í¼î	�]ìXIYî?ð�ð�ì�Z\momoVoXk]`V�{¼e cf[AXL L£��nlsmoZ\]`lncta
à ³]õ¢á�å3Vo�n�sV9i5�:�¾e cf[´]`hLV3®SmoV�©O �£¤V�©Oct�n�sZf£¤c\[¸Z\]`lnctaG³f�f��¶ëgM[`cDmt°E³\�\]`hz®Sab]�°L©Ocfj^_�lsmN.AZoi·©Octa�eS°np¤g, LaLV
à ³¢ý]á¯w�ZHYk_
Z\a·| Zfa�{ + Zfh�m�Zf�n�Z�·�o�t�&ô�èaé�ê¢ë�ì{í¼î	�]ì>IYî?ð�ð�ìFû�ó¡³t³\��³�}7³f³f�t¶
à ³t¶Üá�å3 LVoh�a�åâe cf[´]`hLVA®KmoV�©O �£¤V�©Oct�n�sZf£¤c\[¸Z\]`lncta�Z\a�{v]`h�VW®7g,¿©Oct�n�sZf£¤cf[¸Z�]`lncta¾³f�f��¶¯gM[`cDmt°E³\�\]`h¼®KaD]�°�©Octj^_�lnmN.AZ�i¼©Ocfa�eS°sp

g, LaLV
à ³[�¢á � ]¸Zf_
Z�]`ln«�ctjAy¾pÒå3 �[^]Vç ¦ Voln�\��Z\a�{z©O�sZ�[`«�V�y]�¯e cf[´]`hLV3®SmoV�©O �£¤V�©Oct�n�sZf£¤c\[¸Z\]`lncta�^lè ÷ î�ï ÷ �'��ð`_OZ\j7]^[`cf}~XLh:ãf�t¶b���]õ&õ[�ba
à ³&ôÜá�æ; LµfhLVYi + Z\a�{·±�Zf£¤c�Zf{LZë®=e¹cf[ª]`hLV;®KmoV�©O �£¤V¢©Oct�n�sZf£¤c\[¸Z\]`lnctaIpº³f�t�t¶ëg,[`cDmf°E³f��]`hz®KaD]�°L©Octj^_�lnmN.AZoiz©Ocfa�eS°sp�g= �aLV
à ³]þ¢á�¬Ah�[`VYaLj���î?ð ø �k³\�t�t³�èaé�ê¢ë�ì{í¼î	�]ìLUP�3�z�]õ�³\�t���
à ³f�¢á�¬Am¸hb]`V9[`£¤VY[`µ�¬ î?ð ø �k³f�f���<�jërð ÷�� ï ø]÷ ð�ì{èdé�ê¢ëpìLlnazXk[`Voj^j
à õt�¢á�¬Am¸hb]`V9[`£¤VY[`µ�¬ î?ð ø �k³f�f���<�jërð ÷�� ï ø]÷ ð�ì{èdé�ê¢ëpì8ñCOPýD¶[��}lýb���
à õk��á�¬Ah�[`VYaLj���î?ð ø �k³\�t�]õkèaé�ê¢ë�ì{í¼î	�]ìLUP�8û·�b��³\�t�&õ
à õ�³Üá�¬Am¸«�VY[`_
Zfa�azy"î?ð ø �k³f�f�]ýF�}ëVð ÷�� ï ø]÷ ð�ì{èdé�ê]ë�ì8ñ:ñ¾��³&ô
à õ&õ¢áëU}çohLln�n«bln£�ZfVYr5c�î?ð ø ��³\�t���B�jëVð ÷ � ï ø¢÷ ð�ìYèdé�ê¢ë�ì8ñ:ò¾�pýt�
à õ]ý]á�¬Am¸«�VY[`_
Zfa�azy"î?ð ø �k³f�f��¶B�}ëVð ÷�� ï ø]÷ ð�ì{èdé�ê]ë�ì8ñ:ñvõ]õt�
à õ�¶Üákä;VY[`h�Z�[¸{k]��¾e¹c\[´]`hLVW®SmoV�©O L£¤V¢©Ocf�n�»Z\£¤cf[¸Z�]`lscfaºpº³\�t��¶ëgM[`cDmt°¤³f�\]`h·®KaD]�°L©Octj^_�lnmN.;Zoi·©OctakeK°np¤g, La�V
à õ��¢ákä;VY[`h�Z�[¸{k]��¾e¹c\[´]`hLVW®SmoV�©O L£¤V¢©Ocf�n�»Z\£¤cf[¸Z�]`lscfaÌ³\�t�[��g,[`cDmt° � q �(d �[�
à õ�ôÜá�¬Ah�[`VYaLj���î?ð ø �k³\�t�]õkèaé�ê¢ë�ì{í¼î	�]ì>IYî?ð�ð�ì�W��¥³t¶D�t�o�k�
à õ&þ¢á�æ;cb{�µfVoj��¯e¹cf[´]`h�VW®KmoV�©O L£¤V¢©Oct�n�sZf£¤c\[¸Z\]`lnctaIpº³f�f��¶ëgM[`cDmt°E³\�\]`hz®Sab]�°L©Ocfj^_�lsmN.AZoi·©Octa�eS°np¤g, LaLV
à õt�¢á
©Oct Lj^lna�je.�UøZfaL{�æ;lnµth��sZfa�{:fg�G�o�t��³h
jù����ºì�=;��ë�ì3@�î?ð¦é�ì�èdé�ê¢ëpì:íËî?ë�ì � 1�ñ���õ]õk�fp�â�Vo�s{�_
Zfa�ä�Z\a�{
©Oct �j^lnaLje.����t�]þ

èdé�ê]ë�ì�í¼î	�]ìkU�ò8ûDõ]þ�ô]õbp¤©Ocfa�[¸Zf{F��p + c\]`aLVY[�i�p�æ;Zf�n�nµf[`Voa·¬øZfa�{v{�Vª�nctj�æAVY[`ctjª©�³\�t�]õ�èdé�ê]ë�ìFí¼î	�]ìkUj�8ûv�b��³f�f��³Dp
æ;ln�n�cäæ©�³f�f�&õkèdé�ê¢ëpì�í¼î	�]ì�U��t�pþk�o�k�

à ý��¢á�æ;cb{�µfVojk��e¹c\[;]`h�V¢®SmoV�©O �£¤V¯©Ocf�n�»Z\£¤cf[¸Z�]`lscfa�³\�t����è ÷ � �Üì $ îl	è ø]÷ ð%�)���ºî/�jërð ÷�� ïÒé�ê¢ë��)��ëN= =;*ºyzZt{�lnj^cfaºp¤]`c
ZfX�X¤V�Z\[;lnaU6qì
èdé�ê]ë�ì'_hG � � ! ìX�8î ÷ �lî?ë

à ý���á�¬Ah�[`VYaLj���î?ð ø �k³\�t�t³L�}ëVð ÷ � ï ø]÷ ð�ì{èaé�ê¢ë�ì�üC�võ]ý�¶
à ýD³Üá�¬Ah�[`VYaLj���î?ð ø ��^Ð¬;yz¬AAU;¬�ZfaL{ � gE¬ � | ©Oct�n�sZf£¤cf[¸Z�]`lnctaLj;aA³f�f�]ý<�jërð ÷�� ï ø]÷ ð�ìYèdé�ê]ë�ì8ñ�ü¼¶H��¶
à ý�õ¢á�¬Am¸hb]`V9[`£¤VY[`µ�¬ î?ð ø �k³f�f���<�jërð ÷�� ï ø]÷ ð�ì{èdé�ê¢ëpì�{kctl��n���b°s�o�k����ã�49° Zfj7]^[`ctXLZ\[^]`X�hbikjo° ³f�f����° �b�b° ����ô
à ý&ý]á�¬Ah�[`VYaLj���î?ð ø �k³\�t�¢ý<�}ëVð ÷ � ï ø]÷ ð�ì{èaé�ê¢ë�ì8ñ��¥¶f�&ô
à ýD¶Üá +  LµtZfVor·|�f×î?ð ø �����f�&þkèdé�ê¢ëpì�í¼î	�]ì\S=ò:óz��¶Üý��t�b�

116

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



Measurements of 8B Solar  Neutr inos – Results and Prospects 
from SNO and SuperKamiokande 

Andrew Hime 
Physics Division, MS H803, Los Alamos National Laboratory, Los Alamos, NM 
87545, USA 

ahime@lanl.gov 

Abstract. Measurements of 8B solar neutrinos at the Sudbury Neutrino Observatory (SNO) and 
at SuperKamiokande (SK) result in a model independent proof that electron neutrinos born in 
the Sun undergo active flavor transformation. Large mixing angle, matter enhanced neutrino 
oscillations are responsible for this flavor transformation and the total flux of 8B solar 
neutrinos measured is in agreement with standard solar model predictions. The long-standing 
solar neutrino problem is resolved. In this paper the salient results from measurements of 8B 
solar neutrinos at SNO and SK are summarized, including recent analyses looking for potential 
temporal variations in the solar neutrino fluxes and a new limit on the hep solar neutrino flux. 
The field of solar neutrino physics has entered a new era of precision with measurements 
aimed at the elucidation of fundamental neutrino properties and our basic understanding of 
how the Sun shines. Future goals and prospects of the SNO and SK experiments are discussed. 

1.Introduction 
This XXII’th International Conference on Neutrino Physics and Astrophysics marks an historic 
occasion in a distinguished series with the 50’th anniversary of the discovery of the electron 
antineutrino by Fred Reines and Clyde Cowan. We were privileged with the warm account from 
Herald Kruse at this meeting and equally so for the discovery of muon and tau neutrinos presented by 
Jack Steinberger. Solar neutrinos have played an equal and vital role in the history of neutrino physics. 
The pioneering work of Ray Davis Jr. provided the first experimental information about solar 
neutrinos in the Chlorine radiochemical experiment operating in the Homestake gold mine [1]. During 
the period of 20 years from 1968 to 1988 this effort was paralleled only by the dedicated and steadfast 
efforts of John Bahcall and collaborators who continued to refine the theoretical predictions of solar 
neutrino production rates in what is now commonly known as the Standard Solar Model (SSM). At 
this meeting Lincoln Wolfenstein reminded us of the original purpose of this pioneering work, namely 
to test the basic notion that the Sun is powered by nuclear fusion. The deficit of solar neutrinos that 
Davis measured relative to Bahcall’s calculations provided the first hint of either a fundamental 
problem with our basic understanding of how the Sun shines or the possibility of something anew in 
the fundamental behavior of neutrinos. 

The concept that neutrino properties themselves were responsible for the solar neutrino problem [2] 
was first met with skepticism. Nonetheless, the field endured with refined calculations and new 
experiments. In 1989, the Kamoiokande collaboration, following an upgrade to their proton decay 
experiment, observed a deficit of 8B solar neutrinos and was the first to make a real-time measurement 
of elastic-scattering (ES) interactions of neutrinos with the ability to point to the Sun as their origin 
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[3]. Soon thereafter, an initiative at the newly established Baksan Laboratory in the Soviet Union gave 
forth to the SAGE (Soviet American Gallium Experiment) project, a radiochemical experiment 
exploiting Gallium (Ga) capable to measure the low-energy and dominant (pp-fusion) component of 
the solar neutrino flux. Another experiment (Gallex) to exploit Ga as a solar neutrino target was also 
staged at the Grann Sasso Laboratory with a mainly European collaboration. Results from these Ga 
experiments, discussed at this meeting by Vladimir Gavrin, provided a vital ingredient to 
understanding the solar neutrino puzzle. Bahcall’s SSM predicted that Ga experiments should observe 
a signal of 136 SNU [4]. An observed rate above 69 SNU would indicate a flaw in the SSM while a 
smaller rate would require new physics at the responsibility of the neutrinos themselves. Nature 
grinned since the first results from SAGE [5] and Gallex [6] produced a result of exactly 69 SNU. 

All results from the solar neutrino experiments at this stage found rates well below the expectations 
of the SSM. In addition, the deficit of solar neutrinos appeared to be energy dependent and difficult to 
reconcile within the basic concepts of stellar evolution, nuclear, and particle physics. While the 
original purpose of the Davis experiment was to test the basic concept that the Sun is powered by 
nuclear fusion, the suite of experimental results pointed more strongly towards neutrino physics as the 
source of the solar neutrino deficit. This possibility was strengthened further with the realization of the 
Mikheyev-Smirnov-Wolfenstein (MSW) effect that would allow neutrino oscillations to be 
significantly enhanced in dense matter [7]. Nonetheless, there was no smoking gun that could 
differentiate between a flaw in the SSM or the discovery of new science associated with the neutrino 
sector. In 1985, Herb Chen and collaborators realized the smoking gun required to solve the problem 
by exploiting a real-time Cerenkov detector using heavy water to measure the 8B rate via both 
charged-current (CC) and neutral-current (NC) interactions on deuterium [8]. The realization of this 
concept in SNO (Sudbury Neutrino Observatory) has enabled a solution to the solar neutrino problem 
by decoupling neutrino properties per se from the physics determining their production rate in the Sun.  

The results from SNO and SuperKamiokande (SK) discussed below resolve the longstanding solar 
neutrino problem. The deficit of electron neutrinos born in the Sun as observed in the pre-SNO 
experiments have reappeared as muon and tau neutrinos through the direct detection of their NC 
interactions. This active flavor transformation of solar neutrinos is well described by the phenomena 
of matter enhanced neutrino oscillations and this scenario is confirmed by the observation of electron 
antineutrino disappearance in the KamLAND experiment [9]. Furthermore, the SSM stands 
triumphant by predicting with remarkable accuracy the total flux of 8B solar neutrinos. 

2.Results from SNO and SuperKamiokande 
The SNO detector [10] was filled with heavy water in May 1999 to commence its first phase of 
operations using pure-D2O. Unique to SNO is its ability to measure purely electron neutrinos via CC 
interactions and the total flux of active neutrinos via NC interactions, both on deuterium: 
 

(CC) νe + d  p + p + e- -1.44 MeV, and 
(NC) νx + d  p + n + νx -2.22 MeV. 

 
Both SNO and SK also measure ES interactions of solar neutrinos from electrons in D2O and H2O, 
respectively: 
 
 (ES) νx + e-  νx + e-. 
 
The first results from SNO were reported in 2001[11], which compared its CC-rate to the ES-rate 
measured in SK [12]. It was concluded for the first time that the total flux of 8B solar neutrinos agrees 
with SSM predictions but that ~2/3 of the electron neutrinos had been transformed to muon and tau 
neutrinos. This fact was determined directly after lowering the energy threshold in SNO to reveal the 
neutrons liberated from the NC disintegration of deuterium [13,14]. 
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   The SNO experiment was constructed to operate in three separate phases distinguished by the 
technique to detect neutrons liberated from the NC interactions. In its second phase, the addition of 
NaCl significantly enhanced SNO’s sensitivity to the NC interaction and allowed extraction of the 
CC-energy spectrum independent of assumptions regarding its shape [15]. A detailed record and 
analysis of the complete (391 day) dissolved-salt data set from SNO appears in ref. [16]. More 
recently, an archival account of the initial pure-D2O phase (306.4 days) has been provided in ref. [17]. 
SNO has completed data taking from its third and final phase using a discrete array of ultra-low 
background Neutral-Current-Detectors (NCDs). The SK collaboration has also published a detailed 
account of their first phase of operations (SK-I), which collected 1496 days of solar neutrino data (see 
Fig.1) between April 1996 and July 2001[18]. At this meeting, preliminary results from SK-II were 
presented based upon 791 days of solar neutrino data following a tragic loss of a significant fraction of 
PMTs in their Nov.12, 2001 accident. Fortunately, the SuperKamiokande detector is now fully 
restored and taking data in SK-III. 
 

 
Figure 1: The 1496-day data set from SK-I (ref. [18]) containing 22400 solar neutrino events 
extracted from the characteristic elastic scattering peak. 
 
   In units of 106 cm-2 s-1, the measured 8B solar neutrino fluxes are shown below. These fluxes can be 
used to deduce the flavor content of the B flux as shown in Fig.2. The total active flux obtained 
directly from SNO’s NC measurement is in good agreement with the SSM value of (5.69 ± 0.91) x 106 
cm-2 s-1 [19] and the experimental value is determined now with a precision roughly two times better 
than the predicted value. 
 
  φCC

SNO = 1.68 ± 0.06 ± 0.09 (ref. [16]) 
 
  φNC

SNO = 4.94 ± 0.21 ± 0.36 (ref. [16]) 
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  φES
SNO = 2.35 ± 0.22 ± 0.15 (ref. [16]) 

 
  φES

SK-I = 2.35 ± 0.02 ± 0.08 (ref. [18]) 
 
  φES

SK-II = 2.38 ± 0.05 ± 0.16 (preliminary) 
 

 
 
Figure 2:  Flavor content of the 8B solar neutrino flux from ref. [16]. The total flux is measured by the 
NC rate in SNO (blue band), which agrees well with the SSM prediction shown as the dotted lines. 
The electron neutrino flux is extracted directly from the CC measurement in SNO (red band). When 
combined, the solid ellipses constrain the muon/tau versus electron flux plane as shown. 
Approximately 2/3 of the electron neutrino flux is actively converted to muon/tau neutrinos. Also 
shown are the ES measurements made both at SNO and SK. 
 
   Interpreted as two-neutrino flavor oscillations, the LMA (Large Mixing Angle) solution is the only 
survivor in a global analysis of the solar neutrino data (see Fig.3) and maximal mixing is ruled out 
with a confidence exceeding five standard deviations. The solar neutrino data and KamLAND data are 
highly complementary in pinpointing the neutrino parameters. The baseline and energy spectrum of 
reactor antineutrinos allow KamLAND to zero in on the neutrino mass splitting, ∆m2

12, while the solar 
neutrino data, in particular the NC/CC ratio measured in SNO, provides the best measure of the 
mixing angle, θ12. Matter-enhanced neutrino oscillations as described by the MSW mechanism predict 
that electron neutrinos originally converted to muon and tau neutrinos in the Sun would be regenerated 
as they pass through the Earth. This effect would give rise to an asymmetry in the electron component 
of the solar neutrino flux as measured in the daytime versus the nighttime, AND ≡ 2(φN - φD)/ (φN + φD). 
Unfortunately, SNO and SK predict this effect to be small for the established LMA parameter space 
and the 8B neutrino energies accessible: 
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  ACC
SNO = 0.037 ± 0.040 (ref. [16]) 

 
  AES

SK-I = 0.021 ± 0.020 ± 0.013  (ref. [18]) 
 
  AES

SK-II = 0.014 ± 0.049 ± 0.025  (preliminary) 
 
In principle, distortions could also be observable in electron energy spectra owing to the energy 
dependence of the electron neutrino survival probability. Again, this effect is predicted to be small for 
the established LMA parameter space and the 8B neutrino energies accessible by SNO and SK (Fig.3). 
As discussed in section 5 below, efforts to combine data from the various phases of SNO and to 
accumulate more and more data from SK-III aim to improve the precision of these fundamental 
measurements and extend the scientific reach accessible with 8B solar neutrinos. 
 

 
 
Figure 3:  The left panels show the two-neutrino mixing parameters from ref. [16] in a global analysis 
of the solar neutrino data (upper left) and when combined with the results from the KamLAND 
experiment (lower left). The CC electron energy spectrum extracted from the SNO dissolved-salt 
phase (ref. [16]) is shown in the upper right panel. Also shown are the spectral shapes predicted in 
SNO for the standard, undistorted, 8B spectrum along with that predicted for the central LMA solution. 
The recoil electron energy spectra extracted from the ES measurement in SK-I (ref. [18]) is shown in 
the lower right panel along with systematic spread associated with energy-related systematic 
uncertainties. The colored lines show the expected distortions in the SK spectrum within the allowed 
regions of the LMA solution. 
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3.Temporal Modulations and Flux Per iodicities 
At this meeting David Caldwell discussed recent reports of periodic variations in the measured solar 
neutrino fluxes associated with the solar rotational period. On the one hand, since solar rotation should 
not produce variations in the nuclear fusion rate, periodicities in the solar neutrino flux would indicate 
new physics such as electron neutrino conversion to sterile neutrinos due to coupling through a 
transition magnetic moment to harmonics of the Sun’s rotating magnetic field. On the other hand, 
analyses including those of the experimental collaborations themselves, do not find evidence for such 
periodicities. Particularly relevant to this paper is the claim by Sturrock et al of a 7% amplitude 
modulation in SK’s 8B neutrino flux [20]. The period of this modulation is 9.43 yr-1 with a claimed 
significance exceeding 99%. The SK collaboration reports no such evidence in their analysis using the 
Lomb-Scargle periodogram method [21]. Ranucci analyzed the same data using both maximum 
likelihood and Lomb-Scargle methods [22] and attributes the contradictory claims to differences in the 
treatment of uncertainties but does not confirm or directly rule out the possibility of the claimed effect. 
More recently the SK collaboration performed another study of their data using a ∆χ2 technique in 
order to account directly for the error bar associated with each of the 5-day binned data points. As 
shown in Fig.4, structure is present in the data including the claimed frequency of 9.43 yr-1, however, 
it corresponds only to 8.4% statistical significance and the SK collaboration concludes that no 
significant periodicity is observed. 
 

 
 
Figure 4: The ∆χ2 analysis of the SK-I data set provided by the SK collaboration at this meeting. The 
arrow points to the potential peak in the frequency spectrum at 9.43 yr-1 claimed by Sturrock et al. to 
be present at a high C.L. in an independent analysis. The study provided here by the SK collaboration 
claims a probability of only 8.4% that this peak is more than a statistical fluctuation and that such 
fluctuations are consistent with those found at other frequencies spanned by the data set. 
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The SNO collaboration has published its own periodicity analysis of its D2O and dissolved-salt data 
sets using both a Lomb-Scargle periodogram and an unbinned maximum likelihood fit [23]. For the 
combined data sets the largest effect occurs at a period of 2.4 days and Monte Carlo shows that a peak 
at least this large would occur 35% of the time. At the claimed frequency of 9.43 yr-1, SNO’s best-fit 
amplitude is (1.3 ± 1.6)% and inconsistent with a 7% modulation of the 8B flux. While any evidence 
for non-standard periodicities in the SNO and SK data sets appears waning, studies can also be 
performed at other frequencies of interest. In particular, a seasonal variation is expected owing to the 
Earth-Sun orbital eccentricity of 1.67%. An eccentricity of (2.1 ± 0.3)% has been extracted from the 
SK-I data [18] and (1.43 ± 0.86)% from SNO [23], both in agreement with the expected value. 

4.  Search for  hep Solar  Neutr inos 
Five reactions in the primary pp fusion chain lead to solar neutrinos, the highest energies of which 
ensue from the hep reaction with endpoint energy of 18.77 MeV: 

 
  3He + p  4He + e+ + νe 

 
An observation of these hep neutrinos has so far eluded experiments owing to their small-predicted 
flux of (7.97 ± 1.24) x 103 cm-2 s-1 [24], some 700 times lower than even the 8B flux. A limit on the 
hep flux of 7.3 x 104 cm-2 s-1 at 90% C.L. was set by the SK collaboration [25]. Accounting for 
neutrino oscillations this can be interpreted as an upper bound on the total hep flux of 1.5 x 105 cm-2 s-

1. SNO has recently improved this limit by a factor of ~6.5 in an analysis of their initial, pure-D2O data 
set [26]. As can be seen in Fig.5 the dominant background for the hep neutrinos is the 8B neutrinos 
themselves. Consequently, a low energy (6 to 12 MeV) energy window is chosen to normalize the 8B 
spectrum with an account for neutrino oscillations. A signal box for hep neutrinos was then optimized 
using Monte Carlo simulations while blinding the data on the energy interval from 12 to 35 MeV. An 
optimum window of 14.3 to 20 MeV was found where 3.1 ± 0.6 background events were expected and 
a SSM signal of 0.99 ± 0.09 events. With 2 events observed in the signal box, this leads to SNO’s 
upper limit of the total hep flux of 2.3 x 104 cm-2 s-1 at 90% C.L. 
 

 
Figure 5: The signal region and backgrounds for the pure-D2O data set from SNO recently used to set 
a limit of 2.3 x 104 cm-2 s-1 at 90% C.L. on the hep solar neutrino flux (ref. [26]). 
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5.  Future Prospects 
With the solar neutrino problem resolved, the field of solar neutrino physics has evolved to one of 
precision measurements aimed at the elucidation of the new paradigm of neutrino oscillations. At 8B 
energies, the SNO and SK programs continue to push their envelope of sensitivity both by the analysis 
of new data as well in perfecting analysis methods to improve systematic uncertainties. Improved 
precision in the 8B fluxes alone directly impacts the precision with which the fundamental neutrino 
parameters can be extracted. This is particularly true for the mixing angles since the ratio of CC to NC 
fluxes as measured in SNO is a direct measure of the electron neutrino survival probability. For active 
neutrino oscillations we have: 
 
  φCC / φNC ~ Cos4θ13Sin2θ12 = 0.34 ± 0.23 ± 0.031 (ref. [16]). 
 
Consequently, in a simple 2-component mixing scenario (ie. θ13=0), the solar neutrino measurements 
directly constrain the mixing probability Sin2θ12. Interestingly, the solar neutrino data also play a role 
in constraining θ13 in a 3-component analysis of neutrino oscillation data as can be seen by the 
additional Cos4θ13 weighting above. The solar neutrino data are particularly important in this regard 
for the region of small values of the atmospheric neutrino mass splitting [27,28]. 
 

 
 
Figure 6: The 3He(n, p)t spectrum extracted from the blind data set in SNO’s third and final phase 
with discrete Neutral Current Detectors (NCDs) deployed in the central detector. Shown are the 
experimental data points with statistical error bars. The data clearly contain neutron capture events 
distributed as expected based upon the neutron calibration data (shown in red). These events sit upon a 
continuum of alpha-particle background associated with U and Th contained within the bulk material 
comprising the proportional counters. 

124

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



Of particular interest is the possibility to directly demonstrate what is now a fundamental prediction of 
the new paradigm of LMA neutrino oscillations, namely the presence of matter effects and the energy 
dependence of the electron neutrino survival probability. The former would be revealed in a 
measurement of a non-zero day-night asymmetry while the latter would be manifest as a distortion in 
the electron neutrino energy spectrum. Unfortunately, as described above, these effects are now 
predicted to be small in the SNO and SK experiments. The possibility to reveal a day-night asymmetry 
will benefit mainly through the accumulation of statistics through further running of the SK-III 
experiment and by combining the data accumulated from the various stages of the SNO experiment. 
More data will also aid studies of the spectral shape, however, improvements are required to also 
reduce systematic uncertainties associated with energy-dependent correlations. Both the SK and SNO 
collaborations are developing methods to do just this and there are positive indications that analyses of 
8B solar neutrinos will be extended to a threshold as low as ~4 MeV in both cases. Ultimately, the 
extraction of CC and NC signals in SNO will be enhanced with data from its third and final NCD 
phase. The NCD experiment allows a measurement of the NC independent of the Cerenkov signal and 
thus offers a unique method to break the statistical correlation between CC and NC signals 
characteristic of previous phases of the experiment. As can be seen in Fig.6 the quality of the data is 
high and the collaboration is presently engaged in a blind analysis of the NCD data set.  
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Henderson Deep Underground Science and Engineering Lab: 
Unearthing the secrets of the Universe, underground  

C K Jung for the HUSEP collaboration 
Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 

alpinist@nngroup.physics.sunysb.edu 

Abstract.  The Henderson Mine near Empire, Colorado is proposed to be the site to host a 
Deep Underground Science and Engineering Laboratory (DUSEL), which will have a rich 
program for forefront research in physics, biology, geosciences, and mining engineering. The 
mine is owned by the Climax Molybdenum Company (CMC).  It is located about 50 miles 
west of Denver and is easily accessible via major highways.  The mine is modern and has 
extensive infrastructure with reserve capacity well-suited to the demands of DUSEL.  CMC 
owns all land required for DUSEL, including the tailings site.  It also has all environmental and 
mining permits required for DUSEL excavation, core drilling, and rock disposal.  The mine 
owners are enthusiastic supporters of this initiative. In support of the Henderson DUSEL 
project, the State of Colorado has pledged substantial funding for surface construction. 

1.  Introduction 
In the past decade, large-scale underground physics laboratories in Canada, Europe, and Japan have 
made major discoveries in neutrino physics, but the United States lacks a comparable facility.  When 
established, the Henderson laboratory will help American researchers regain lost leadership not only 
in this one area of physics but in several important fields of underground science and engineering 
while also providing the infrastructure for international cooperation in a broad range of disciplines. 

The Henderson mine, one of the largest operating underground mines in the world, offers a superb 
location and infrastructure for such a laboratory.  Established by Climax Molybdenum Company 
(CMC) in the 1970’s at a cost of $500 million and modernized in 1999 for $150 million, it offers high-
capacity rock removal (40 ktons/day), ample electric power (48 MW), water, and water treatment 
facilities.  The opportunity to share this infrastructure and benefit from the world-class mine-staff’s 
expertise will make the design, construction and operation of this underground laboratory highly 
efficient, cost effective, environmentally sound and safe.  

CMC personnel have been active and enthusiastic participants in the development of this proposal. 
To ensure that the company has been well-educated on the potential impact of hosting a scientific 
laboratory, senior managers from Henderson visited the Kamioka Laboratory in Japan, SNOLab in 
Canada, Gran Sasso National Laboratory in Italy and Brookhaven National Laboratory in New York. 

1.1.  Why DUSEL at Henderson? 
This site’s core advantages derive from the proximity of an efficient modern mine with large capacity 
to a large metropolitan area and several prominent universities.  Even a cursory visit to the mine 
reveals impressive assets for establishing a new science and engineering laboratory.  A large-capacity 
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shaft and hoisting system, one of the largest in the U.S., can accommodate 20-ft ISO sea-containers 
and up to 50-ton loads.  This system will ease construction, and lower the cost, of large underground 
experiments.  A massive underground crusher feeding a fast, high capacity conveyor system can 
remove 40,000 tons of rock daily.  This system can easily handle DUSEL loads including a 2.5-
million ton excavation for a neutrino-physics and nucleon-decay experiment with minimal impact on 
the mine’s commercial operations. A less obvious, but essential, Henderson strength is its well-
established and environmentally sound tailing site available to deposit rock excavated during DUSEL 
construction. (Indeed, there is minimal environmental concern for any aspect of laboratory 
construction or operation.)  This vast physical plant is supported by an enthusiastic high-tech corporate 
partner with all needed underground and environmental permits and an excellent safety and 
management record.  Successful laboratories in working mines elsewhere include the Kamioka 
Observatory in Japan, SNOLab in Canada, and the Boulby Mine in England.  These facilities all began 
with the cooperation of friendly, science-sympathetic and image-conscious mine owners who 
furnished safety and environmental expertise – exactly the relationship enjoyed with the Henderson 
Mine and its parent company.  Area residents, and local and state government officials are involved 
and are extremely supportive. In two years of presenting the project to varied constituencies, not a 
single serious concern has been raised. 

Easy access to the site is another strength.  The mine is less than two miles from U.S. highway 40 
on a well-maintained paved road, and just ten miles from I-70.  Based on the past three decades of 
experience, the mine is generally accessible year-round by two-wheel drive vehicles without requiring 
four-wheel drive or snow tires/chains. Denver International Airport, providing nonstop flights to all 
major U.S. and Canadian cities and with international connections, is a 1.5-hour drive.  So there will 
be economies of travel time and expense for researchers and other visitors. 

The academic, technical, commercial, and industrial resources available near this site are 
outstanding.  Through hubs in Denver, a high bandwidth optical fiber network provides access to the 
national Internet2 backbone.  The three primary Colorado education and research institutions with core 
participation in this proposal (the University of Colorado at Boulder, Colorado State University, and 
Colorado School of Mines) have underground research programs and will provide access to 
equipment, services, and personnel.  And finally, the breathtaking scenery of the Rocky Mountains, 
with related recreational opportunities, will help attract gifted researchers from around the world.  

2.  Henderson DUSEL Vision and Conceptual Design 
Henderson DUSEL [1] will be a comprehensive laboratory for neutrino physics and astrophysics, dark 
matter and proton decay searches, geoscience and bioscience explorations, and mining engineering 
development.  It will also have state-of-the-art low background counting facilities and vigorous 
outreach and education programs.  It will embody a unique multidisciplinary and cross-disciplinary 
effort that will optimize science output and complement the characteristics and capacity of laboratories 
in other countries.  It will be the scene of multinational efforts lasting many decades, providing 
continuous access and long-term research opportunities.  At the same time, its dynamic program and 
underground cavern network will enable it to adapt to rapidly changing scientific landscapes in the 
short term.  There will be a flexible, staged, meet-the-need approach that will allow experiments to be 
carried out as the laboratory is being built while minimizing the initial investment.  

Figure 1 shows muon background reduction as a function of the depth in existing laboratories at 
their operating depths.  It shows also the planned Henderson DUSEL campuses that will offer muon 
reduction rates appropriate for a wide range of crucial experiments.  The Upper Campus (UC) at 3000 
mwe overburden uses existing mine caverns where experiments can be installed within a year of 
groundbreaking; the Central Campus (CC) at 4300 mwe will be available in 3 years; and the Lower 
Campus (LC) at 5800 mwe will be operational in 5 years. Figure 2 shows the conceptual design layout 
of the Henderson DUSEL with schematic geologic cross-section.  Also shown in Figure 2 are the 
Geoscience/Engineering Campus beneath the molybdenum ore body, which includes outposts for 
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biological research, and the Deep Exploration Station at the deepest level, where core drilling to 
extreme depths will extract samples for biological and geological studies. 

The conceptual design includes a baseline approach and a faster option (should circumstances 
support it) and desired future expansions.  In the Fast-Track scenario, the UC has seven clean-area 
experimentation halls totaling nearly 15,900 ft2.  The baseline UC also has seven halls, all located in 
currently existing excavations, totaling 6,600 ft2.  At CC there will be seven clean-area halls, including 
two that are 10,000 ft2 each, totaling 44,200 ft2.  The LC has 25,300 ft2, including one 10,000 ft2 hall 
and the Deep Exploration Station.  The baseline design provides a 76,100 ft2 total research area, and 
future expansions with much larger research area would be readily accommodated.  In comparison, 
Halls A, B and C at Gran Sasso National Laboratories at 3800 mwe overburden have about 68,000 ft2 
in total, and SNOLab at 6000 mwe has about 11,800 ft2. 

For geological and/or hydrological characterization of the site, we have performed two core 
drillings: a 762-m drilling to the CC site and a 1152-m drilling to the LC site.  We saw no show-
stoppers from the cores, and the rock quality was found to be good to very good. 

 

 

 

 

Figure 1. Muon intensities at various under-
ground laboratories and proposed Henderson 
DUSEL campuses. 

 
Figure 2. Henderson DUSEL conceptual de-
sign layout with schematic geologic cross- 
section, view to north. 

3.  Science at Henderson DUSEL  

3.1.  Physics 
Physics experiments planned for this lab will address some of the deepest questions about our 
understanding of the fundamental nature of particle interactions and the universe:  What is the nature 
of the dark matter that comprises some 80% of the matter in the universe?  Is the neutrino its own 
antiparticle and did it play a unique role in generating the matter universe we know today?  Do protons 
decay, and what does this tell us about the “grand unification” of forces? [2] 

We present two possible schemes for developing facilities needed to address such questions.  One 
is a Baseline Design based on our current understanding of the technical and funding status of 
candidate experiments; the other is a Fast-Track Option that could be implemented if high-priority 
experiments make rapid progress in the next few years.   
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In the Baseline Design, existing mine space is developed into a modest UC for early experiments, 
low-background counting facilities, and prototyping that does not require extreme overburden.  
Primary support facilities and first-stage laboratory space for experiments requiring greater depth are 
developed at a CC.  Space for sensitive experiments requiring the greatest depth will be developed at 
LC.  This strategy is driven partially by the needs of the initial suite of experiments, which includes 
two neutrinoless double beta decay experiments, two dark matter search experiments, and a nuclear 
accelerator experiment for astrophysics-related measurements.  Some experiments initially slated for 
the CC may make rapid technical progress and be able to operate at UC depth before completion of the 
CC.  In order to accommodate this possibility, the Fast-Track option emphasizes early operation of 
these experiments at the UC with the creation of new larger cavities to accommodate water shielding. 

In the long term, we envision a large multi-purpose proton decay and neutrino detector at the CC.  
Excavation of the large cavity required for this 500 kton-plus detector is well suited to the rock quality 
and the unique Henderson infrastructure and rock removal capacity.  The primary US proponents of 
such a detector, the UNO collaboration, have identified Henderson as the most promising site to build 
the experiment. The working group on long baseline neutrino oscillation experiments, co-sponsored 
by Fermilab and Brookhaven National Laboratory, has identified Henderson as a suitable location for 
a detector used in conjunction with a neutrino superbeam generated at Fermilab to probe first and third 
generation mixing and CP violation in the lepton sector.  The lab’s flexible design will allow effective 
pursuit of these opportunities, and others not yet conceived of. 

3.2.  Other Science and Engineering 
Henderson DUSEL geoscience plan will address fundamental questions about the deformation of rock, 
transport of heat and mass, and interactions between inert rock and living organisms in the deep 
subsurface.   The Henderson DUSEL is ideal for studying geoscience because it offers a combination 
of pristine homogeneous conditions, which are perfect for experiments involving basic natural 
processes, along with important heterogeneities, which hold the answers to many current questions in 
geoscience.  The geoscience plan includes a major exploration drilling program, a Fracture Processes 
Laboratory, a Coupled Processes Laboratory and a Deep Flow Hydrology Laboratory. 

Geochemical heterogeneity at Henderson makes it an excellent site for long-term study of 
biogeochemistry, biodiversity, and evolution.  Preliminary analyses of deep fracture water in the mine 
have already revealed diverse water chemistry and a concomitant diversity of life forms, including 
entirely novel bacterial phyla.  These data, combined with the interests of our collaborators, are 
focusing attention on four initial research themes: energy sources and nutrients that support life; 
analyses of reactions at rock-water interfaces; characterization of subsurface biodiversity; and 
metagenomic and proteomic analyses of the diversity of metabolic pathways and enzymes that adapt 
life to deep environments.  Experiments will be conducted using drilling and coring at distributed 
outposts to access diverse fracture-water chemistry and mineralogy.  Also, from our Deep Exploration 
Station we will bore to an approximate depth of 4.7 km, where the temperature will approach 120°C. 

The lab will provide a large lateral area (11.7 km2) and depth (2.25 km) encompassing pristine 
homogeneous granitic rock under Harrison Mountain and a variety of pristine and perturbed granitic 
rocks under Red Mountain for research in mining and engineering.  Massive excavation to create 
science caverns will provide a superb opportunity to address unanswered geo-engineering questions.  

Many high-priority scientific investigations must minimize interference from background radiation. 
For this reason, Henderson DUSEL will have a modern Low Background Counting Facility (LBCF).  
The installation will have counting stations with detector arrays surrounded by shielding designed to 
eliminate background radiation.  There will be the necessary infrastructure to fabricate and clean 
samples and detector components, as well as methods to store samples that satisfy acceptance criteria. 

We envision DUSEL at Henderson as transcending disciplinary boundaries to become a truly 
interdisciplinary enterprise.  Indeed, that process has already begun.  Physicists, geologists, and 
engineers are collaborating to design large facilities at depth; biologists and geologists will join in the 
study of deep subsurface ecosystems; geologically based applications such as earth imaging and 
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drilling will serve multiple scientific communities and are being planned by interdisciplinary teams; 
and education and outreach efforts (e.g., the planned Mining Academy) will be a shared endeavor 
among all the disciplines.  Henderson DUSEL will nurture these and other connections and synergies. 

4.  The HUSEP Collaboration 
Founded in 2004 the collaboration now has 224 members from 98 institutions or organizations in 14 
countries.  It has a well-established organizational structure with an Executive Committee (EC) at its 
core.  The EC is advised by a 24-member International Advisory Board that includes researchers 
experienced in underground science and engineering from Canada, Europe, Japan and the United 
States.  Eleven standing committees cover all DUSEL science and engineering topics, broader 
impacts, environmental safety and health, local community and government relations, industry 
relations, and management.  Our engineering team is composed of groups from the Henderson Mine, 
the Colorado School of Mines, CNA Engineers and its partners (Dunham Associates and Miller-
Dunwiddie Architects), Itasca Consulting Group Inc., and ILF Consulting Engineers. 

5.  Support from Collaborating Universities, State of Colorado and the Local Community 
The relationship between HUSEP and local community and government groups is excellent at all 
levels.  In 2005, Colorado Governor Bill Owens established the State Advisory Commission for 
HUSEP, and in May 2006, the Colorado legislature passed a bipartisan bill allocating $20M to fund a 
visitor center and other DUSEL surface facilities if Henderson is chosen as the DUSEL site.  The State 
has contributed $145,000 toward core drillings in the proposed site and has identified potential 
additional funds of more than $1 million.  Members of Colorado’s Congressional delegation and both 
of the state’s U.S. Senators have expressed strong support.  Local supporters have established the 
Arapaho Project Inc., which has raised money for a broad range of activities and facilitated 
interactions with local and state officials, neighboring communities and schools. 

6.  Conclusions 
A national DUSEL will house experiments that will address some of the most important science 
questions of today with potential for major discoveries.  As envisioned, the Henderson facility will: 
house particle, nuclear and astro-particle experiments (examining dark matter, neutrinoless double 
beta decay, proton decay, and supernova neutrinos) that are regarded as among the highest priority 
research topics in the particle and nuclear physics community; establish a “4-D” geoscience/bioscience 
observatory, i.e. one involving large scale (km3) and long term (multi-decade) access; provide an 
opportunity for the American mining and engineering community to take a leading role in developing 
deep underground construction techniques; and enable U.S. researchers to lead the world in particle 
physics using a Large Multi-Purpose Detector and a neutrino superbeam.  

Henderson DUSEL will be a unique facility serving the interdisciplinary science community on a 
national and international basis.  The Henderson Mine presents an excellent practical, cost-effective 
site with great support from the local community and with no environmental concerns during 
construction or operation.  As an operating mine with a modern and vast infrastructure, it has many 
advantages for DUSEL construction and operation. 
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Abstract. The observation of high-energy extraterrestrial neutrinos is one of the most
promising future options to increase our knowledge of non-thermal processes in the universe.
Neutrinos are e.g. unavoidably produced in environments where high-energy hadrons collide; in
particular this is almost certainly true at astrophysical accelerators of cosmic rays, which thus
could be identified unambiguously by sky observations in “neutrino light”. To establish neutrino
astronomy beyond the detection of single events, neutrino telescopes of km3 scale are needed. In
order to obtain full sky coverage, a corresponding detector in the Mediterranean Sea is required
to complement the IceCube experiment currently under construction at the South Pole. The
groups pursuing the current neutrino telescope projects in the Mediterranean Sea, ANTARES,
NEMO and NESTOR, have joined to prepare this future installation in a 3-year, EU-funded
Design Study named KM3NeT (in the following, this name will also denote the future detector).
This report highlights some scientific key questions, addresses the status of current projects and
outlines the path towards the realization of KM3NeT.

1. The scientific case
The energy range accessible to neutrino telescopes is intrinsically limited by the detection method
to some 10GeV at its lower end, while at energies beyond roughly 1017 eV the neutrino flux is
expected to fade below detection thresholds even for future km3-scale detectors. The lower-
energy region is dominated by the flux of atmospheric neutrinos produced in reactions of cosmic
rays with the atmosphere. There are three approaches to identify cosmic neutrino signals on
top of this background: (i) Neutrinos from specific astrophysical objects (point sources) produce
excess signals associated to particular celestial coordinates; (ii) Neutrinos not associated to
specific point sources (diffuse flux) are expected to have a much harder energy spectrum than the
atmospheric neutrinos and to dominate the neutrino flux above 1014 – 1015 eV; (iii) Exploitation
of coincidences in time and/or direction of neutrino events with observations by telescopes (e.g.
in the radio, visible, X-ray or gamma regimes) and possibly also by cosmic ray detectors (multi-
messenger method).

The various astro- and particle physics questions to be addressed with the resulting data
have been summarised e.g. in [1] and the references therein. Here, we will focus on a few central
topics.
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1.1. Neutrinos from galactic sources
The recent observation of various types of TeV gamma ray sources in the Galactic plane by
H.E.S.S. (see [2] and references therein) allows us, for the first time, to estimate expected neutrino
fluxes and spectra with rather small uncertainties, provided the production of gamma rays is due
to hadronic processes [3]. Detailed calculations [4, 5] indicate that neutrinos from some of these
sources could be detected with a km3-scale detector in the Mediterranean Sea, even though with
limited statistics. Promising candidate sources are e.g. the two shell-type supernova remnants
RXJ1713.7-3946 and RX J0852.0-4622, for which the observations by H.E.S.S. [6] disfavour
explanations of the gamma flux by purely electromagnetic processes. The detection of neutrinos
from any of these sources would identify unambiguously specific cosmic accelerators.

Note that this requires a Northern-hemisphere neutrino telescope which, in contrast to the
South Pole detectors, covers the relevant part of the Galactic plane in its field of view (see
Fig. 1).

1.2. The diffuse neutrino flux
The sensitivity of current and future experiments is sufficient to test various predictions of
diffuse neutrino fluxes (see e.g. [7, 8]). Whereas some of the models are already now severely
constrained by the data, others require km3-size neutrino telescopes for experimental assessment
and potential discoveries. The measurement of the diffuse neutrino flux would allow for
important clues on the properties of the sources, on their cosmic distribution, and on more
exotic scenarios such as neutrinos from decays of topological defects or superheavy particles
(top-down scenarios).

Figure 1. Field of view of a neutrino telescope in the Mediterranean Sea, assuming a 2π downward
sensitivity appropriate for neutrino energies up to about 100 TeV. The dark shaded area indicates
visibility above 75% of the time, the light shaded area above 25%. From the South Pole, the region
marked “South Pole visible” can be observed (100% visibility). The symbols indicate the known TeV
gamma ray sources (SNRs: super nova remnants; XRBs: x-ray binaries; PWNe: pulsar wind nebulae;
AGNs: active galactic nuclei). The enlarged insert indicates the Galactic plane. Figure taken from [5].
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1.3. Search for dark matter annihilation
The major part of the matter content of the universe is nowadays thought to be non-baryonic,
weakly interacting massive particles (WIMPs), such as the hypothetical lightest supersymmetric
particle, the neutralino. Complementary to direct searches, indirect WIMP observations may be
possible by detecting neutrinos produced in WIMP annihilations in regions with enhanced WIMP
density, e.g. due to gravitational trapping in the Sun or the Galactic Centre. The signal would
be an enhanced neutrino flux from these directions, with a characteristic upper cut-off in the
energy spectrum below the WIMP mass, MWIMP. Although there is no generic upper constraint
on MWIMP, supersymmetric theories prefer values below 1TeV. Substantial detection efficiency
down to neutrino energies of about 100GeV is therefore essential. The expected sensitivity
depends strongly on assumptions on the WIMP density profile, on MWIMP and on the energy
spectrum of neutrinos from WIMP annihilations. At least for some supersymmetric scenarios
this sensitivity is compatible or even better than for direct searches [1, 9]

2. Current neutrino telescope projects in the Mediterranean Sea
The pioneering neutrino telescopes, AMANDA at the South Pole [10, 11] – now embedded in
its growing, km3-scale successor IceCube (see e.g. [12]) – and the Lake Baikal experiment [13],
are already taking data for several years.

Three current Mediterranean pilot projects are reporting progress: By early 2007, more than
40% of the foreseen detector modules of ANTARES [14, 15] have been deployed and connected;
ANTARES has reported the detection of first neutrinos with this setup [16]. A further neutrino
telescope, NESTOR [17]), is under construction. Preparatory work for a future large-scale
installation in the Mediterranean Sea is being performed in the R&D project NEMO [18]; a
first successful deployment of a prototype detector modules was achieved in December 2006.
All groups involved in these projects have now joined into a 3-year EU-funded Design Study
towards the future km3-scale neutrino telescope in the Northern hemisphere (KM3NeT) [19].

2.1. ANTARES
The ANTARES neutrino telescope [14] is situated in 2500m depth about 40 km from the French
coast of the Mediterranean Sea near Toulon. It will consist of 12 lines (“strings”) that are
anchored to the sea bed at distances of about 70m from each other and kept vertical by
buoys. Each string is equipped with 75 optical modules (OMs) [20] arranged in triplets (storeys)
sustained by titanium frames that also support water-tight titanium containers for the electronic
components. The OMs are glass spheres housing one 10-inch photomultiplier each, directed at
an angle of 45◦ towards the sea bed. The storeys are spaced at a vertical distance of 14.5m
and are interconnected with an electro-optical-mechanical cable supplying the electrical power
and the control signals and transferring the data to the string bottom. Submersible-deployed
electro-optical link cables connect the strings to the junction box (JB), which acts as a fan-out
between the main electro-optical cable to shore and the strings.

For a detailed description of ANTARES and its current status see [21].

2.2. NESTOR
The site selected for the NESTOR neutrino telescope is off Pylos at the West coast of the
Peloponnese, at a depth of 3800m. The NESTOR design is based on rigid, hexagonal star-like
structures (floors) with a diameter of 32m, carrying 6 pairs of upward- and downward-looking
photomultipliers each as well as a titanium sphere for the readout electronics in the centre
(see Fig. 2). 12 floors are foreseen to be connected vertically at a distance of 30m to form a
tower. The deployment operations are performed by lifting the existing structure to the surface,
connecting the new module(s) and redeploying the extended set-up, thus avoiding the use of
submersibles.
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Figure 2. Reduced-size NESTOR floor
during preparation for deployment.

In 2003, a single floor of reduced size has been deployed, connected to the cable to shore
and operated for more than a month [22]. In this time, more than 2 million 4- or higher-fold
coincidence triggers have been collected [23]. From these data the angular distribution of the
atmospheric muons was reconstructed. The good agreement of the results with simulations
and previous measurements confirms that the functionality of the detector complies with the
specifications and that a detailed level of detector understanding has been reached.

2.3. NEMO

Figure 3. Schematic
view of a flexible NEMO
tower.

In the framework of the Italian R&D project NEMO, a candidate
site for a future km3-scale detector has been identified at a depth
of 3340m off the East coast of Sicily near Capo Passero, and
new solutions for various detector components have been developed.
Amongst these is a new design of a mechanical structure, consisting
of 20m-long rigid arms connected to each other by cables and kept
vertical by a buoy. The cables form a tetrahedral structure, sustaining
successive arms orthogonally to each other at a distance of 40m (see
Fig. 3). Each arm carries 2 pairs of upward- and downward-looking
photomultipliers. One advantage of this flexible tower structure is
that a tower can be deployed folded into a compact structure which
unfurls when released after reaching the sea bottom. A further NEMO
development is a composite junction box, consisting of an inner,
pressure-resistant steel vessel embedded in an oil-filled plastic tank,
thus separating the resistance against pressure and salt water.

For assessing the newly developed components, a test site at a
depth of 2000m has been identified and connected to the shore station
by an electro-optical cable. In December 2006, a junction box and
a prototype of a flexible tower have been successfully deployed and
connected to this cable; since than, data taking with the prototype
module is in progress.

3. Towards a km3 neutrino telescope in the Mediterranean Sea
In 2002 the High Energy Neutrino Astronomy Panel (HENAP) of the Particle and Nuclear As-
trophysics and Gravitation International Committee (PaNAGIC) of the International Union of
Pure and Applied Physics (IUPAP) has concluded that “a km3-scale detector in the Northern
hemisphere should be built to complement the IceCube detector being constructed at the South
Pole” [24]. This has triggered a joint activity of the groups involved in the Mediterranean neu-
trino telescopes towards a common future project. The KM3NeT Design Study (see below)
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has been approved to prepare this project. Concurrently, the European Strategy Forum for Re-
search Infrastructures (ESFRI) has included KM3NeT into the European Roadmap for Research
Infrastructures [25], thus assigning high maturity and priority to this project.

The vision of the proponents is that KM3NeT will be a pan-European research infrastructure,
giving open access to the neutrino telescope data, allowing to assign “observation time” to
external users by adapting the online filter algorithms to be particularly sensitive in predefined
celestial directions, and providing access to long-term deep-sea measurements to the marine
sciences communities.

3.1. The KM3NeT Design Study
The 3-year KM3NeT Design Study is funded with 9 million Euro through the 6th Framework
Programme of the European Union and has an overall volume of about 20 million Euro, which
will mainly be used for personnel and costs for prototyping, deployment tools and tests, etc. It
started in February 2006 and is conducted by a consortium of 30 particle/astroparticle physics
and 7 sea science/technology institutes from Cyprus, France, Germany, Greece, Ireland, Italy,
the Netherlands, Spain and the United Kingdom. The Design Study comprises, amongst others,
the groups involved in ANTARES, NEMO and NESTOR, and is coordinated by the University
of Erlangen, Germany.

The major objective of the KM3NeT Design Study is to work out the technical foundation
for the construction of the neutrino telescope, to be documented in an intermediate Conceptual
Design Report (CDR) and the final Technical Design Report (TDR). The goal is to design
a neutrino telescope with sensitivity down to neutrino energies Eν of a few 100GeV. The low
level of light scattering in deep-sea water is to be exploited to reach a pointing resolution limited
by the average angle between incoming neutrino and secondary muon up to Eν ∼ 10TeV and
better than 0.1◦ above this energy.

Some technical key questions to be addressed during the Design Study are:
Detector architecture: Although all first-generation projects use large-diameter photomultipliers
(PMs), they pursue different approaches for the arrangement and mechanical support of the
PMs. A choice has to be made between flexible strings (ANTARES), towers formed by rigid
structures (NESTOR), towers formed by rigid arms connected to each other by cables (NEMO),
a combination of these, or yet other solutions. This question is closely related to a variety of
aspects, such as the physics sensitivity (which strongly depends on the geometrical arrangement
of the photosensors, see [26]), the deep-sea infrastructure (cables, power distribution, data
transport), deployment procedures, calibration methods, readout and data acquisition.
Photodetection: The KM3NeT time-line (see Sect. 3.2) is too tight to embark on alternative
photodetection developments, such as silicon PMs. Nevertheless, different options have to be
assessed. It has e.g. been suggested to use multiple smaller PMs arranged in spherical glass
vessels. Careful studies are required to investigate the physics sensitivity of such arrangements,
to optimise the readout and to assess the implications for the overall detector cost.
Deployment and deep-sea infrastructure: Different deployment approaches have been developed
by the first-generation projects (e.g. connections performed by remotely-operated submersibles
or at surface, deployment from ships or dedicated platforms, etc.) which need to be adapted to
the needs of the KM3NeT infrastructure. Also to be addressed are the architecture of the deep-
sea cable net, the choice of its components and the installation and maintenance procedures.

The current projects offer three possible sites for the KM3NeT infrastructure. The existing
studies on the characteristics of these sites (water transparency, currents, sedimentation,
bioluminescence, etc.) will be consolidated during the Design Study, and the site parameters
(depth, distance to shore, etc.) will be taken into account in the optimisation of the physics
sensitivity, where the figure of merit will be physics output per Euro. The results of these studies
will provide the scientific input to the political site decision process.

141

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



3.2. The Path to KM3NeT Construction
In the 7th Framework Programme of the EU, a call for Preparatory Phase projects focusing
on the political, legal and strategic questions that need to be solved in order to proceed with
the construction has been issued; this scheme is restricted to research infrastructures of the
ESFRI roadmap. In case of a successful application, this project would run concurrently with
the KM3NeT Design Study and could lead to a start of the construction as early as 2010 or 2011.
First data would thus become available concurrently with data from the IceCube telescope.

4. Conclusions
Neutrino astronomy is an emerging field in astroparticle physics offering exciting prospects for
gaining new insights into the high-energy, non-thermal processes in our universe. The current
neutrino telescope projects in the Mediterranean Sea are yielding exciting first data. They have
reached a level of technical maturity allowing for the preparation of the next-generation cubic-
kilometre detector to complement the IceCube telescope currently being installed at the South
Pole.

The technical design of the future Mediterranean km3 neutrino telescope will be worked out
in the 3-year EU-funded KM3NeT Design Study that started in Feb. 2006. The construction of
the KM3NeT neutrino telescope during the first years of the next decade appears to be in reach.
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Searches for Astrophysical and Dark-Matter Axions

D. Kiniona ∗

aLawrence Livermore National Laboratory, 7000 East Ave., Livermore, CA 94550

I describe three on-going experiments to detect axions, light pseudoscalar particles which arise from the Peccei-
Quinn solution to the Strong-CP problem. The Axion Dark-Matter Experiment (ADMX) has been searching
for dark-matter axions using the Sikivie microwave cavity technique. The CARRACK experiment plans to use
the same technique while employing a very sensitive photon detector using Rydberg Atoms. Finally, the Cern
Axion Solar Telescope (CAST) is searching for axion-like particles with a two-photon interaction which could be
produced in the Sun by the Primakoff process. The most recent exclusion regions from these experiments will be
presented.

1. INTRODUCTION

Axions, a promising cold dark matter candi-
date, arise from a minimal extension of the Stan-
dard Model to enforce CP conservation in the
strong interactions. The Peccei-Quinn solution
to the Strong-CP problem in QCD [1] involves
an approximate UPQ(1) global symmetry. This
UPQ(1) symmetry is spontaneously broken at
some unknown symmetry-breaking scale fa, and
the axion is the associated pseudo-Goldstone Bo-
son [2].

The properties of the axion depend mainly on
the symmetry breaking scale fa. Its mass is in-
versely proportional to fa and given by

ma[eV ] ≈ 0.6 eV
107 GeV

fa [GeV ]
(1)

All of the axion’s couplings are proportional to
ma. The coupling relevant for detection is the
two-photon coupling described by

Laγγ = gγ
αφa

4πfa
Fµν F̃µν = −gaγγφaE ·B (2)

where α is the fine structure constant, φa is the
axion field, gγ is a model-dependent constant of
order unity, and gaγγ = (αgγ/πfa). For the
two most important axion models, KSVZ [3] and
DFSZ [4], gγ ∼ 0.97, and gγ ∼ −0.36 respectively.
∗Work performed under the auspices of the U.S. Depart-
ment of Energy by the University of California Lawrence
Livermore National Laboratory under contract W-7405-
ENG-48.

Since fa is unknown and arbitrary, ma could
have any value. Fortunately, astrophysical and
cosmological considerations help constrain ma.
These constraints are described in [5], which re-
sult in the allowed mass range, or axion window:

10−6 < ma < 10−2 eV. (3)

2. Microwave-Cavity Axion Searches

To date, the most sensitive method of search-
ing for axions is the microwave cavity technique
originally proposed by Sikivie [6]. In a static
background magnetic field, axions will decay into
single photons via the Primakoff effect. The en-
ergy of the photons is equal to the rest mass of
the axion with a small contribution from its ki-
netic energy, hence their frequency is given by
hf = mac2

(
1 + O(10−6)

)
. At the lower end of

the axion window (3), the frequency of the pho-
tons lies in the microwave regime. A high-Q res-
onant cavity, tuned to the axion mass serves as
the detector for the converted photons. The ex-
pected signal power varies with the experimental
parameters as [6,7]

Pa→γ ∝ B2V CQfρa (4)

where B is the background magnetic field, V is
the cavity volume, C is a mode dependent form
factor, Q is the loaded quality factor, f is the
resonant frequency, and ρa is the local halo ax-
ion density. Axions couple most strongly to the
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Figure 1. The ADMX detector.

TM010 cavity mode (C ∼ 0.5), so it is the only
mode used in most searches. For the parameters
of the ADMX experiment, the power from KSVZ
axions is typically 5× 10−22 W .

Since the axion mass is unknown, the frequency
of the cavity must be tunable. The signal-to-noise
ratio (SNR) is related to the integration time t,
and signal bandwidth B by Dicke’s radiometer
equation

S

N
=

Pa→γ

P̄N

√
Bt =

Pa→γ

kBTs

√
t

B
(5)

where kB is Boltzmann’s constant, and Ts is the
system noise temperature. This expression can
be inverted to give the scan rate which scales as

df

dt
∝ f2

o QuC2B4V 2

T 2
s

. (6)

Equation 6 demonstrates the need for large mag-
netic fields and low temperatures.

2.1. The Axion Dark-Matter Experiment
(ADMX)

The Axion Dark-Matter Experiment (ADMX)
is a microwave cavity search currently under-

way at Lawrence Livermore National Labora-
tory (LLNL). The ADMX collaboration includes
LLNL, the University of Florida, the University
of Washington, and the University of California
at Berkeley. Figure 1 is a schematic of the ADMX
detector. The magnet employed in this search is
an 8 T superconducting NbTi solenoid.

The microwave cavity is a right-circular cylin-
der 50 cm in diameter and 1 m long constructed
from stainless steel and plated with ultra-high pu-
rity, oxygen-free copper. The resonant frequency
of the empty single-cavity is 460 MHz and the
unloaded Q is approximately 200000. Moving a
combination of metal and dielectric rods, running
the full length of the cavity, changes the resonant
frequency. The entire system is cooled to 1.5 K
by pumping on a bath of superfluid 4He.

The cryogenic amplifiers currently used are
double-balanced GaAs HFET amplifiers supplied
by NRAO [8]. The in situ measured noise tem-
peratures range from 1.7 - 4.5 K. Cascading two
of these amplifiers achieves sufficient gain (35 dB)
to render downstream noise contributions negligi-
ble.
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Before data is taken at a given frequency, a
transmission measurement is made. A fit of the
transmission curve to the sum of a Lorentzian and
constant background determines the resonant fre-
quency and Q.

The double-heterodyne receiver shown in Fig-
ure (1) mixes a small bandwidth centered on the
cavity frequency down to 35 kHz. This audio fre-
quency signal is then sent to medium and high-
resolution spectrum analyzers.

The medium-resolution search channel consists
of a commercial FFT spectrum analyzer. The
sampling interval of the analyzer is 80 msec, giv-
ing a frequency resolution of 125 Hz. These
data are coadded and the result searched for
Maxwellian peaks a few bins wide (about 700 Hz)
characteristic of thermalized axions in the halo
[9].

An independent, high-resolution search chan-
nel operates in parallel to explore the possibil-
ity of fine-structure in the axion signal [10,11].
The 35 kHz signal passes through a third mixing
stage to shift the center frequency to 5 kHz. A
PC based DSP takes a single 50 second spectrum
and performs an FFT with 20 mHz frequency res-
olution, about the limit imposed by the Doppler
shift due to the earth’s rotation. These data are
searched for coincidences between different scans,
as well as coincidences with peaks in the medium
resolution data.

Positive fluctuations in the power spectrum
are identified as candidate peaks and rescanned.
Peaks which are statistical in nature will not reap-
pear and can be eliminated as axion signals. Can-
didates which survive the rescan are considered
persistent, and must be checked in other ways.
Those few that remained have all been linked to
external sources by using an antenna in the room.
If a peak were to survive all of these checks, the
definitive test would be to see if it appears only
when the magnetic field is on.

So far, no axion signal has been detected.
Based on these results, we exclude at 90% con-
fidence a KSVZ axion of mass between 1.9 and
3.3 µeV , assuming that thermalized axions com-
prise a major fraction of our galactic halo (ρa =
450 MeV/cm3). This exclusion region is shown
in Figure 4. For more details see Refs. [12,13].

2.2. Phase I Upgrade
As seen in Equation 6, the scan rate depends

strongly on the parameters B, V , Q and TS . B
and V are both constrained by financial and ma-
terial considerations, and the cavity Q is already
very close to the theoretical limit for copper in the
anomalous skin-depth regime. There is, however,
room for significant improvement in the system
noise temperature TS .

Although the NRAO HFET amplifiers are
state-of-the-art, their noise temperatures are still
more than an order of magnitude higher than the
Standard Quantum Limit (TN = hν/kB)[5]. In
the past several years a group at Berkeley led by
John Clarke has developed dc SQUID amplifiers
in the 100 - 3000 MHz range specifically for the
ADMX experiment.

A dc SQUID consists of two Josephson junc-
tions connected in parallel on a superconducting
loop. The SQUID produces an output voltage in
response to a small input flux, and is a very sen-
sitive flux-to-voltage transducer. Flux is coupled
into the SQUID through a microstrip resonator.
Near the fundamental frequency of the resonator,
the gain of the amplifier is strongly enhanced.
The noise temperature of the SQUID amplifiers
was determined by measuring the Nyquist noise
from a tuned tank circuit at the input and found
to be more than an order-of-magnitude lower
than that of the GaAs HFETs. More details can
be found in Ref. [5].

The second, almost equal, contribution to the
current value of TS comes from the 1.5 K physical
temperature. This can be reduced below 100 mK
by cooling the entire experiment with a dilution
refrigerator.

These two pursuits have been divided into a
two-phase upgrade. Phase I is just underway with
the goal of getting a SQUID amplifier working
in the current experiment at 1.5 K. When this
is accomplished, Phase II will be installing the
dilution refrigerator.

2.3. The CARRACK Experiment
Another microwave-cavity axion search is un-

der development at the University of Kyoto
(’CARRACK’ for Cosmic Axion Research with
Rydberg Atoms in a Resonant Cavity in Ky-
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oto). This effort seeks to exploit the extremely
low-noise photon counting capability of Rydberg
atoms in a Sikivie-type microwave cavity experi-
ment. The initial goal is to sweep out a 10% mass
window around 2.4µeV .

Rydberg atoms are atoms (usually alkali met-
als) where one electron is promoted to a princi-
pal quantum number n À 1, near the ionization
limit. The valence electron of such highly excited
atoms in hydrogen-like.

The experimental principle of the Kyoto exper-
iment is shown in figure 2. Similar to ADMX,
axions are converted to photons in the conversion
cavity which is permeated by a strong magnetic
field. The conversion cavity is a copper cylinder
(4.5 cm radius, 72.5 cm long) which fits inside a
superconducting solenoid (15 cm diameter, 50 cm
long, 7 T peak field). Power from the conversion
cavity is coupled to a superconducting Nb cavity,
where the magnetic field is canceled by the com-
bination of a compensation coil and the Meissner
effect. The frequency of both cavities are made
to track by means of 6 mm sapphire rods inserted
axially into them. The cavities are cooled to <
15 mK by means of a dilution refrigerator.

A beam of Rb atoms is accelerated, neutralized
and directed through the detection cavity. Just
before entering the detection cavity, the atoms
are excited to a Rydberg state with principal

quantum number near 110 by triple optical ex-
citation with three collinear diode laser beams.
In the detection cavity, the Rydberg atoms are
Stark-tuned so that the transition from the ini-
tial Rydberg state |g〉 to an excited state |e〉 is
matched to the cavity frequency. Rydberg atoms
have large transition dipole moments, and there-
fore have a high quantum efficiency for absorbing
photons corresponding to an allowed transition.
Upon exiting the cavity, most of the atoms are
still in state |g〉, but a few of them are in state |e〉
by virtue of having absorbed a microwave photon.

The key to this technique is selective field ion-
ization. After exiting the detection cavity, an
electric field is applied to the atoms, the com-
bined atomic + coulomb potential is such that
the electrons in state |e〉 are unbound while those
in state |g〉 remain bound. The liberated elec-
trons are counted in the electron detector and in
principle this counts the number of photons in the
detection cavity.

Studies have been performed to confirm that
the experiment is sensitive to single blackbody
photons in the < 15 mK range. These include
verifying the temperature dependence, and the
number and velocity of the Rydberg atoms. For
more details, see Ref. [?].
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3. Axion helioscopes

Axions or other hypothetical axion-like parti-
cles with a two-photon interaction can also be
produced in the interiors of stars by Primakoff
conversion of the plasma photons. This axion
emission would open new channels of stellar en-
ergy drain so energy loss arguments may signifi-
cantly constrain axion properties in order not to
conflict with our knowledge of solar physics or
stellar evolution[15].

The solar axion flux can be estimated [16,17]
within the standard solar model. The expected
number of solar axions at the Earth surface is
Φa = (gaγγ/10−10 GeV−1)2 3.54× 1011 cm−2 s−1

(being gaγγ the axion-photon coupling) and their
energies follow a broad spectral distribution
around ∼4 keV, determined by solar physics
(Sun’s core temperature). Solar axions, unlike
galactic ones, are therefore relativistic particles.

These particles can be converted back into pho-
tons in a laboratory electromagnetic field. This

technique was first experimentally applied in [18]
and later on by the Tokyo helioscope [19], which
provided the first ”self-consistent” limit to solar
axions, i.e, compatible with solar physics. Cur-
rently, the same basic concept is being used by
the CAST collaboration at CERN [20] with some
original additions that provides a considerable
step forward in sensitivity to solar axions.

The CAST experiment is making use of a de-
commissioned LHC test magnet that provides a
magnetic field of 9 Tesla along its two parallel
pipes of 2×14.5 cm2 area and 10 m long. These
values provide an axion-photon conversion prob-
ability that is a factor of 100 higher than in the
Tokyo helioscope. The CAST magnet has been
mounted on a platform that allows it to point to-
ward the Sun and track it during ∼3 h per day
on average. The rest of the time is devoted to
measuring the background. CAST operates three
different X-ray detectors with complementary ap-
proaches: a TPC, a MICROMEGAS and a CCD.
An X-ray focussing mirror system, designed and
built as a spare system for the X-ray astronomy
mission ABRIXAS, focusses the X-rays coming
out of the magnet down to a spot of a few mm2

on the CCD, increasing the sensitivity of the ex-
periment.

The experiment operated for about 6 months
in 2003 and the results of the first analysis have
been recently released [21]. No signal above
background was observed, implying an upper
limit to the axion-photon coupling gaγ < 1.16 ×
10−10 GeV−1 at 95% CL for the low mass (co-
herence) region ma <∼ 0.02 eV. This limit, shown
in Figure 3 is a factor 5 more restrictive than
the limit from the Tokyo axion helioscope and al-
ready comparable to the one derived from stellar
energy-loss arguments.

A better limit for the coherence region is ex-
pected after the analysis of the full body of data
of CAST phase I, including 2004 data and espe-
cially the data taken with the focusing mirror.
Later, a second data taking phase of CAST is
foreseen with a buffer gas (He4 and/or He3) inside
the magnet pipes. Varying the pressure of the gas
matches the coherence condition for a range of ax-
ion masses up to ∼eV. As can be seen in Figure 4,
CAST phase II sensitivity will enter for the first
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Figure 4. Combined exclusion region for axion search
experiments.

time the region of the parameter space where the
theoretically best-motivated axion models lie.

4. CONCLUSION

After twenty five years, the axion remains the
most elegant solution to the Strong-CP problem
in QCD. In the meantime, a number of experi-
ments have searched for axions via the Primakoff
interaction, the resulting exclusion regions are
shown in Figure 4. For more details, see Ref.
[22].

REFERENCES

1. R. Peccei and H. Quinn, Phys. Rev. Lett. 38,
1440 (1977).

2. S. Weinberg, Phys. Rev. Lett. 40, 223 (1978);
F. Wilczek, ibid. 279 (1978).

3. J.E. Kim, Phys. Rev. Lett. 43, 103 (1979);
M.A. Shifman, A.I. Vainshtein, and V.I. Za-
kharov, Nucl. Phys. 166, 493 (1980).

4. M. Dine, W. Fischler, and M. Srednicki, Phys.
Lett. 104, 199 (1981); A.R. Zhitnitsky, Sov.
J. Nucl. Phys. 31, 260 (1980).

5. R. Bradley et al., Rev. Mod. Phys. 75, 777
(2003).

6. P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983).

7. L. Krauss et al., Phys. Rev. Lett. 55, 1797
(1985).

8. E. Daw and R.F. Bradley, J. Appl. Phys. 82,
1925 (1997).

9. M.S. Turner, Phys. Rev. D 42, 3572 (1990).
10. P. Sikivie and J. Ipser, Phys. Lett. B 291, 288

(1992).
11. P. Sikivie et al., Phys. Rev. Lett. 75, 2911

(1995).
12. S. Asztalos et al., Phys. Rev. D 64, 092003

(2001).
13. L. Duffy et al., Phys. Rev. Lett. 00, 000000

(2006).
14. M. Mück, M., J. B. Kycia, and J. Clarke,

2001, Appl. Phys. Lett. 78, 967 (2001).
15. G. G. Raffelt, Ann. Rev. Nucl. Part. Sci. 49,

163 (1999) [hep-ph/9903472].
16. K. van Bibber, P. M. McIntyre, D. E. Morris

and G. G. Raffelt, Phys. Rev. D 39 (1989)
2089.

17. R. J. Creswick, F. T. Avignone, H. A. Farach,
J. I. Collar, A. O. Gattone, S. Nussinov and
K. Zioutas, Phys. Lett. B 427 (1998) 235
[hep-ph/9708210].

18. D. M. Lazarus et al., Phys. Rev. Lett. 69
(1992) 2333.

19. S. Moriyama et al., Phys. Lett. B 434, 147
(1998) [hep-ex/9805026].

20. K. Zioutas et al., Nucl. Instrum. Meth. A 425
(1999) 482 [arXiv:astro-ph/9801176].

21. K. Zioutas et al., Phys. Rev. Lett. 94, 121301
(2005).

22. L. J Rosenberg and K. van Bibber Phys. Rep.
325, 1 (2000).

148

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



Dark Matter Candidates: What Cold, ..and What’s

Not

Lawrence M. Krauss
CERCA, Physics Department, Case Western Reserve University, 10900 Euclid Ave, Cleveland
OH 44106-7079, and Physics Department, Vanderbilt University, Nashville TN.

E-mail: krauss@cwru.edu

Abstract. In this brief review of recent theoretical developments associated with the search for
dark matter I describe the following: why baryons are now ruled out as dark matter candidates;
SUSY WIMPS and signatures in the MSSM and NMSSM why claimed indirect signatures are
probably not WIMP related, why axions may be of new interest, how WIMP detection might
tell us about the galactic halo, and how theorists are preparing to avoid the next generation of
experimental constraints. (Invited review talk, Neutrino 2006, Santa Fe 2006)

1. Introduction
Determining the nature and origin of the dark matter dominating almost all clustered systems
in the universe remains, some 40 years after strong evidence of the existence of dark matter was
first presented, one of most important outstanding questions in physics and cosmology. While
light neutrinos were the first natural non-baryonic candidate for dark matter, there is now
ample evidence that this material, while definitely non-baryonic as I shall describe, must also
be ’cold’, i.e. non-relativistic at the time the first large scale structures in the universe began to
form. Perhaps the favored Cold Dark Matter candidate is the Lightest Supersymmetric Particle
(LSP), which not only arises naturally in extensions of the Standard Model, but also has a
mass scale and interaction strength (making it a WIMP-Weakly Interacting Massive Particle)
which naturally falls in the range allowing it to possibly dominate the mass density of the
universe today. Nevertheless, as collider experiments continue to constrain the scale of SUSY
breaking, the LSP allowed range is shrinking, and questions of fine tuning have arisen. For this
reason, as I shall describe, extensions of the Minimal Supersymmetric Standard Model are now
being considered. For all such WIMPS, there has been potential excitement associated with
possible indirect signatures from annihilation in the galaxy, and I review why such excitement
is misplaced. At the same time, as the second generation of WIMP detectors is coming online
and beginning to seriously probe the LSP parameter space, it is worth considering how the
uncertainties associated with our lack of knowledge of our galactic halo might impact upon
such experiments, and also how one might design experiments that can separate astrophysical
uncertainties from particle physics uncertainties. Next, as I shall describe, axions, the ’other’
well motivated CDM candidate are once again returning from obscurity, as particle physicists
are finding new ways of making unnatural acts natural. Finally, of course, there are a host of
unmotivated dark matter candidates that are being discussed, demonstrating once again that
beauty, even in science, is in the eye of the beholder.
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2. Baryons Aren’t
From the moment that Dark Matter was first inferred, using the motion of galaxies in clusters,
and then, more solidly, by the rotation curves of spiral galaxies, the natural suspicion was that
it could easily be explained as being due to non-luminous baryons, like snowballs, planets, or
brown dwarfs. Over time these possibilities became more and more constrained. By the 1990’s,
one of the most severe constraints came from Big Bang Nucleosynthesis (BBN).

Observations of absorption of light from distant quasars by intervening hydrogen gas clouds
allowed for the first time a measurement of the fraction of primordial deuterium in these
clouds. While the measurements are quite difficult, and subject to large possible systematic
uncertainties, the measured deuterium to hydrogen fraction settled on a value of approximately
3 × 10−5. Comparing this to the predictions of standard BBN calculations yields a baryon
fraction (compared to the critical density) of ΩBh2 = .02± .002, where h represents the Hubble
constant in units of 100km/s/Mpc, and HST values suggest h ≈ 0.7.

At the same time, separate astrophysical observations, ranging from X-Ray studies of
galaxy clusters to gravitational lensing observations of these system began to converge on an
inferred dark matter fraction that was statistically incompatible with this fraction, in the range
Ωh2 = 0.1− 0.15.

While this inconsistency was apparent, there were still loopholes. First, could BBN
estimates be trusted? Second, large scale structure observations had often been subject to
large systematic uncertainties that had caused cosmologists to refine estimates of Ωclustered on
numerous occasions.

Happily, whatever nagging doubts may have existed have largely been laid to rest following
the WMAP observations of the CMB, which have independently confirmed both of the above
estimates for ΩB and Ωclustered [1]. As a result, we now have definitive evidence that dark
matter cannot be baryonic, and therefore is likely composed from a gas of more exotic elementary
particles.

3. The Usual Suspects
I like to categorize non-baryonic dark matter candidates by the different mechanisms by which
they may have arisen. In this case, dark matter candidates fall into one of the following
categories:

• BORN TO BE DARK,
• ACHIEVE DARK MATTERDOM
• HAVE DARK MATTERDOM THRUST UPON THEM

3.1. Born to be Dark
The prototypical such candidate is a light neutrino. Present in roughly the same thermal
equilibrium numbers in the early universe as photons, which have an energy fraction of roughly
Ω ≈ 10−5, if mν/T ≈ 105 then neutrinos will automatically close the universe. Unfortunately
they don’t. Or rather, fortunately, they don’t, because if they did it is not clear that galaxies
would have formed in time for us to be here today.

3.2. Achieve Dark Matterdom
Here, WIMPS are the prototypical candidate. Like neutrinos, they were present with thermal
equilibrium densitys comparable to photons at early times. However, their annihilation cross-
sections, which scale with their mass, are much larger. As a result, before their interactions
freeze out, the temperature of the universe would have decreased below their mass. As a
result, their number density will be suppressed by a factor of roughly exp[−M/Tfreeezeout]
compared to photons. This produces a roughly critical mass today if M ≈ O(GeV )
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and exp[−M/Tfreeezeout] ≈ 1/20, which requires interaction cross sections that are roughly
comparable to weak interaction cross sections.

3.3. Have Dark Matterdom Thrust Upon Them
Axions are the prototypical candidate in this regard. With predicted masses much less than 1
eV , axions by all rights should be cosmologically irrelevant. However, cosmic axions are not
be produced just thermally. Since axions are the pseudo-Goldstone boson associated with a
global phase transition, they can exist as a Bose condensate at early times. If, for example, the
Peccei-Quinn phase transition happens before Inflation, the axion field, described by an angular
variable, θ = a/F , where F is the PQ symmetry breaking scale, can have a non-zero expectation
value throughout the entire universe. While the potential is strictly flat, when QCD effects break
the symmetry, the axion field gets a mass. This induced curvature implies that there is non-zero
energy density stored in the coherent axion field. It is miniscule at early times, but if the axion
mass is very small, the axion field does not begin to relax down the potential until late times.
Until it relaxes, the energy density stored in the field looks like a cosmological term, and remains
constant, while the matter density of the rest of the universe falls as R−3. Once the field starts to
relax, the coherent field energy gets converted into non-relativistic matter, whose energy begins
to redshift. Ultimately, if the initial value of θ is O(1) then the axion can dominate the energy
density of the universe, with a contribution to Ω of

Ωa ≈ (10−5ev/ma)(200MeV/ΛQCD) (1)

4. Problems in SUSY Paradise: SUSY Dark Matter and the NMSSM
The Minimal Supersymmetric Standard Model (MSSM) provides an elegant framework in which
to attempt to understand two central issues in elementary particle physics, the hierarchy
problem, and the possibility of Grand Unification. It is remarkable that at the same time
the energy scale associated with low energy supersymmetry breaking can naturally result in
stable particles whose interaction strength is precisely in the range described above as required
for WIMPs.

And if nature were an impressionist painting the MSSM would, without question, be
considered the most likely candidate for physics beyond the standard model. However, when
examined in detail, certain issues arise which suggest some fine tuning might be necessary. These
are:

• THe µ problem: A SUSY conserving mass term for the two higgs superfields in the MSSM
with mass parameter µ can have values ranging from zero to the Planck Scale. Why it
should be fine-tuned at the electroweak scale is not clear

• Non observation of the Higgs: The upper bound on a neutral Higgs in the MSSM at LEP
requires that the Higgs exist very close to its upper bound, requiring fine tuning

• How to get Ω << 1?: Because annihilation of LSP’s determines their remnant abundance,
in order to get sufficient annihilation for relatively heavy LSP’s, one has to have light
intermediate annihilation channels. But collider constraints on sleptons and squarks, as
well as the Higgs particles make this increasingly difficult.

• small flavor changing rates require fine tuning
• parameter space squeezed: the parameter space of the MSSM is being increasingly squeezed,

especially if dark matter LSP’s is desired

Within the context of the MSSM, a number of authors have examined what the implications
of existing collider constraints are for dark matter searches. It has been claimed that constraints
on Ω, combined with collider constraints drive the allowed range of models to be those with
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small µ parameter. In some cases this gives a lower bound on the WIMP spin-independent cross
section with nucleons, the parameter of relevance to direct dark matter detectors [2]. It has also
been claimed [3] that Tevatron searches for the neutral Higgs, which are sensitive to large tanβ
and small mA are precisely the parameter range probed by dark matter experiments like the
CDMS experiment [4]. Thus, direct dark matter constraints will impact on what is observable
at the Tevatron.

As an alternative to this possibility, a number of authors have examined a next-to-minimal
version of the SSM, in which a gauge singlet Higgs superfield is added. If this superfield gets
a VEV of the order the the SUSY breaking scale, it leads to an effective µ parameter that is
also of the order of the EW scale. It also allows the upper bound on the neutral Higgs to be
increased, and allows for a very light Higgs boson which is not experimentally excluded, and
which also provides an additional annihilation channel for SUSY WIMPs, increasing the allowed
parameter space as a function of LSP mass [5, 6]. In particular, very light LSP dark matter
masses are now possible.

Recently, my collaborators and I carried out a comprehensive examination of the possibility
that these additional phenomenological attractions in the NMSSM might lead to new indirect
signatures for the detection of SUSY dark matter. We have found that extra one-loop amplitudes
for NMSSM annihilation into photons and gluons is enhanced, and that low mass antimatter
experiments should be a good probe of such NMSSM WIMPs, and that the possibility of the
detection of a monochromatic gamma-ray line within the NMSSM is more promising than the
MSSM [7]. It is also possible that NMSSM WIMPs might form an additional solar system dark
matter contribution which could enhance detection of annihilation in the Earth [8].

5. Looking for Dark Matter in All the Wrong Places?
While the direct and indirect signatures for SUSY WIMPs in the MSSM and NMSSM are
exciting, motivation for considering the added flexibility of light WIMPs allowed by the NMSSM
was provided by several claimed direct and indirect hints of halo dark matter in experiments.
The DAMA experiment, for example, claimed to observe an annual modulation signal in excess
of noise in their Sodium Iodide scintillation experiment. This, however, was inconsistent with
limits from the original CDMS experiment unless the WIMP mass was very small. However,
this rationale turns out to have been misplaced, as it now appears that the DAMA experiment,
which has its own consistency problems, appears inconsistent improved limits from direct search
experiments, even for low mass WIMPs.

At the same time, positron annihilation signals have been observed from the Galactic Core
[9, 10], which was thought might be possibly due to annihation of very light WIMPs in the
sub-GeV range.

It turns out however that detailed analyses have shown that WIMP annihilation cannot
account for this signature. In particular, any mechanism which produces energetic positrons
will also be accompanied by internal bremsstrahlung photon emission, and if the positrons
are created with an energy greater than 20 MeV, this will violate the COMPTEL/EGRET
constraints [11]. Moreover, if positrons are produced a mildly relativistic energies, then higher
energy gamma rays will be produced due to in-flight annihilations, requiring that the positrons
must be injected with E < 3MeV [12].

At the opposite SUSY extreme of very high WIMP masses, a claimed signature of dark matter
annihilation came from claims of an excess in high energy gamma rays in the 100 Gev-TeV range.
However, a careful analysis of the energy spectrum expected from such annihilations does not
match the observed flux [13] .

Thus, for the moment at least, it appears that there is as of yet no compelling direct or
indirect evidence for signatures for SUSY WIMPs, and that the next generation of direct and
indirect detectors, searching for the signals described in the last section, provide our best bet of
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constraining the SUSY parameter space in a way that will complement the upcoming searches
at the LHC.

6. Using Halo Uncertainties to distinguish Dark Matter from Noise
If direct search experiments ever do detect a signal, it will in fact resemble noise. Indeed this
fact is one of the reasons that the DAMA claimed detection is so difficult to interpret. Clearly
it will be necessary to consider a second generation of experiments that will be more sensitive to
the halo properties of the dark matter, in particular the fact that the Earth and Sun are moving
with respect to the galactic rest frame. A detector with full directional information would be
optimal in order to distinguish a preferred direction for nuclear recoils from WIMP interactions.
There are, however, no detectors with such sensitivity. Happily, we have recently explored the
efficacy of using detectors with a two dimensional directional sensitivity, as may be achieved
by the proposed DRIFT experiment. We have shown, as can be seen in the table below [14],
that if and only if forward backward sensitivity is possible, i.e. the head of the recoil track
can be distinguished from the tail, that 2D detectors which can rotate in the laboratory frame
are almost as efficient as full 3D detectors for distinguishing motion through an isothermal halo
from a flat laboratory background.

Table 1. The number of events required to identify a WIMP signal above a flat background for
different types of detectors and a WIMP mass of mχ = 100GeV .

Detector v0 (km/s)
Type 170 220 270

3D (full) 6 11 18
3D without FB 176 1795 > 35, 000
2D—best/worst 19/45 34/75 61/123
2D rotating 13 24 43

7. Axions are Back?
Axions, while by far the most elegant solution of the strong CP problem, have been less favored
of late as dark matter candidates because the parameter range for allowed axion masses does
naturally lie in the range in which axions would be dark matter. If the Peccei-Quinn scale is
near the GUT scale then if θ ≈ 1, axions would close the universe today. Moreover, constraints
from axion emission by supernovae, red giants and white drwarfs put a limit on axion masses of
less than O(10−3eV , so that axion masses are being squeezed from the high end as well.

However, it is true that if < θ ><< 1 in our universe then GUT scale axions could be dark
matter. Until recently this possibility was viewed as unnatural. However, recently, due to the
inability to naturally explain what appears to be a cosmological constant dominating the energy
density of the Universe with an absurdly small and non-zero value, theorists have been driven
to the last refuge of scoundrels, namely the anthropic principle.

While much of the discussion regarding anthropics is tantamount to metaphysics, it is true
that if inflation occurs after the PQ transition, then the value of θ will be a random variable over
different causally disconnected regions. Recently it has been argued that if one is to average over
universes with sufficient clustered matter, then the expected value of θ that is favored is such
that the axion dark matter density would be comparable to the observed density of dark matter
today [15]. This is amusing, but like all anthropic arguments, far from compelling. Nevertheless,
it has boosted axion stock on futures markets around the world.
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8. Conclusions: From the Sublime to the Ridiculous
Light SUSY WIMPs and axions remain as highly motivated and potentially detectable dark
matter candidates. The possibility of future discoveries in direct and indirect dark matter
searches can complement the range accessible at terrestrial accelerators, meaning that the
beautiful complementarity between non-accelerator and accelerator physics continues. Of course,
as mentioned, beauty is in the eye of the beholder, and the possibility of dark matter that might
arise naturally in particle physics has not stopped theorists from imagining a host of dark
matter particles that are both undetectable and unmotivated. I see no good reason to review
these possibilities here.
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Reines-Cowan team discovery of the electron neutrino 
 

Herald W Kruse 
Los Alamos, New Mexico, USA    Email:  herald@cybermesa.com 
 
Abstract.  Personal perspective and recollections by the author discuss the Reines-Cowan 
team discovery of the electron neutrino at a Savannah River reactor in 1956.  First presented at 
the Neutrino Santa Fe 2006 Conference.   

 
I am honored to participate with you in this Celebration of the Neutrino on the 50th year anniversary of 
its detection!  I understand that some of you are searching for relic neutrinos left over from the Big 
Bang. So it seems fitting that I should stand before you as a token relic of the team that first detected 
the neutrino!  (Of course, we detected antineutrinos, but I do not distinguish between the two types in 
this paper). 

 

Figure 1. Newly constructed Los Alamos National Laboratory 
administration building. 

 
    It all started up on the Hill at Los Alamos.  (figure 1) In fact, Reines stated that neutrino detection 
could only have happened at Los Alamos.  I list a few factors which may have been relevant:  
Excellent financing and support for electronics, detector fabrication, and computer facilities. 

Through persuasive discussions, Reines convinced his Division Leader, Carson Mark, and 
Laboratory Director, Norris Bradbury that such an effort, if successful, would be well justified 
by the scientific importance of confirming Pauli’s hypothesis of a new particle with unique 
properties. 

Easy availability of the security clearance required at large reactors. It was fortuitous that we 
needed to find such an excellent facility as Savannah River at a time soon after the reactor had 
come on line. 

Experience with large scintillators which were developed at Los Alamos to measure whole-
body radioactivity.  

An extensive history at Los Alamos of successful, large-scale experiments and operations.  
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Above all, we had Reines (figure 2).  
 
     He was the driving force for the experiment. I admired his strong focus, articulation, enthusiasm, 
and the steadfast effort he devoted to the work at hand. He excelled in explaining a plan for action and 
the reason for that action. He was born in New Jersey of immigrants from a small town in Russia. His 
first interest in science occurred during a moment of boredom at a religious grade school, when he 
noticed something peculiar (it turned out to be diffraction) when he looked at light through his closed 
fist. As a Boy Scout, he built radios from scratch. He earned his M.A. in science from Stevens Institute 
of Technology and Ph.D. in theoretical physics from New York University. He was recruited for work 
in the Theoretical Physics Division at Los Alamos by none other than Richard Feynman, even before 
he had finished his Ph.D. dissertation! 
 

          

Figure 2. Fred Reines Figure 3. Clyde Cowan, Jr. 
 
    After a chance meeting while waiting in an airport, Reines and Cowan established a firm 
partnership; they complimented each others’ scientific expertise (figure 3). They communicated 
together, even late at night, discussing the merits of new ideas. Cowan was the administrative leader of 
our Neutrino Group but he also handled the instrumentation design and configuration details with 
inventive insight.  Reines and Cowan first took a team to the Hanford reactor and the detector they 
used there is on display here at the Conference. Reines considered the Hanford experiment to have 
achieved tentative detection of the neutrino, and he titled our first paper announcing results from 
Savannah River a confirmation of the Hanford experiment. But I think, in general, our team thought of 
the Hanford result as justification for a far better experiment because the Hanford results suffered from 
a poor signal/noise ratio and poor statistics.  
 
    None of the Savannah River team had been a part of the Hanford team, except for Reines and 
Cowan. The Savannah River team (figure 4) included Kiko Harrison, an expert in large scintillators; 
Marty Warren, assisting in logistic details; two machinists who installed the detectors, assembled lead 
shielding, etc.; a young fellow in the lower corner of figure 4 who looks like I did 50 years ago; and 
Mac McGuire, an experienced physicist who designed the tank farm that housed the liquid scintillator. 
Mac was invaluable in many other phases of the project. Besides, he was our entertainer at social 
events at which he played a neat guitar and sang fun songs which he had composed. From his days in 
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Pacific nuclear tests, he sang “Don’t stand under a coconut tree when the bomb goes off out here ---” 
and a clever neutrino song “Oh, the little neutrino, of which there may be no --” in this one I think 
verse four was about living in fame with a Nobel Prize!  There were two other team members who did 
not travel to Savannah River. One was Armand Brousseau, who was an exceptionally competent 
electronics technician. The other member was Tony Ronzio, a chemist who developed the cadmium 
chloride used in the scintillator for neutron capture. Tony loved to grow all kinds of huge crystals.  In 
addition, a young woman living in Aiken, Linda Smith (to the best of my recollection) skillfully 
analyzed recorded traces on film each day. 
 

 

Figure 4.  The neutrino discovery team at the Savannah River reactor site. 
Clyde Cowan Jr., F.B. ‘Kiko’ Harrison, Austin McGuire, Fred Reines, Martin 

Warren, Herald Kruse, Forrest Rice, Richard Jones (Top left clockwise) 
 
   I came to Los Alamos as a graduate student at Kansas State at the suggestion of my graduate 
professor, Max Fowler, who had worked at Los Alamos for a few summers and who later came to LA 
full-time. He was a giant in the area of mega Gauss magnetic fields. I am sorry to say that he passed 
away earlier this year. 
  
    In just a few more years, you graduate students in the audience may experience the same feelings I 
had in coming to LA. I came in the summer of ‘53 to work in the cyclotron group. A few days after 
arrival, I answered the phone and the caller said he wanted to speak to John Brolley, a well-known 
physicist in the group. I said, “I’m sorry but Dr. Brolley is out for lunch right now. Could I take a 
message?” He said, “Just have him call me.” I said, “Who shall I say is calling?” He said -----“Fermi.” 
You could have blown me away with a feather and I realized what Moses had felt when he heard the 
voice of God on the mountaintop!  
 
    I came again in the summer of ‘54, when I was ushered into the Physics building and was told we 
were going to detect the neutrino! You can imagine how my brain was buzzing as I recalled the crisis 
of missing energy and spin in beta decay, the desperate hypothesis of Pauli, and his reluctance to 
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suggest his concept of the neutrino because, as he said, IT PROBABLY COULD NEVER BE 
DETECTED! At first, it seemed as if I was joining a lost cause, but then I decided it might be a great 
adventure! 
 
    I also recalled a joke or two. A group of protesters appeared at the fence surrounding the reactor 
with signs “No Nukes”, etc. You know the scene. A guard called to their attention that the neutrino 
shield had not yet been installed. So they all left. I’m sure each of you can recall a few more similar 
stories about neutrinos. 
 
    One of my tasks that summer was to test over 300 5” photomultiplier tubes for gain, noise level, and 
to seal the bases, since these tubes were to be mounted in an air/liquid interface. We also assembled 
the electronics that we would need in a trailer such as amplifiers, high voltage supplies, and 
coincidence circuits. (figure 5). These were all designed and fabricated in Los Alamos. Remember, 
this was a time before transistors; so all the electronics were bulky. 
 

      

Figure 5. The electronics trailer used at 
the Savannah River reactor. 

Figure 6. Detector design: Two target 
tanks (blue) between three scintillation  

detectors. 

 
   Some team members brought their families to Savannah River since we intended to stay for an 
extensive although unknown length of time. We all stayed in Aiken, a small but delightful town with 
beautiful flowers, sometimes a parade with beauty queens, and polo ponies. I spent weekends during 
the summer swimming somewhere; my favorite beach was at Beaufort State Park. 
 
   Reines and I both sang with the local choral society in a performance of The Messiah. Fred was a 
soloist, reflecting his earlier interest in music. He said he had once considered a career in music and at 
one point he had received free lessons from a musician at the Metropolitan Opera. Fortunately for all 
of us, he decided on a different direction! We also sang with an excellent chorus in Augusta, 
performing the St. Matthew Passion by Bach, accompanied by Virgil Fox, a famous organist in those 
days. Again Fred sang solo in that performance.  I was asked to do a solo but I turned it down. 
  
    At the Savannah River reactor, we assembled our apparatus, tons of lead shielding, the pneumatic 
operated doors of lead bricks, the detectors, the scintillator plumbing, etc.  Two target tanks containing 

158

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



water and cadmium chloride were located between 3 tanks of liquid scintillator (figure 6).  As all of 
you know, our goal was to examine a certain reaction:  

 
     I have seen Reines write this reaction on a blackboard countless times in various discussions, and it 
is so familiar now that I fear it has become prosaic. But in 1956 this reaction was hypothetical and to 
our team it presented an enormous challenge. We were attempting to establish the reaction either as a 
reality or a figment of a “desperate” imagination, both possibilities with far reaching results.   
 
    The reaction above was chosen by Reines because it had been computed to have such a high cross-
section! Of course, that is facetious since it was several decades below the value of cross sections in 
previously observed interactions. Reines had first intended that just the positron signals were to be 
recorded which likely would have resulted in a failed experiment. Later, Reines and Cowan realized 
the very powerful technique of a delayed coincidence - detecting both the positron and the neutron 
signal within a short time (typically a few microseconds), offering a way to discriminate strongly 
against unwanted backgrounds. A typical event looked like this (figures 7 and 8): a pair of small 
pulses from each of 2 adjacent tanks, due to gammas from positron annihilation, followed by a pair of 
larger pulses, due to gammas resulting from neutron capture in Cd. These experimental details are 
described more fully in our original papers as well as in a thorough review of the experimental details 
published in Los Alamos Science. [1] [2] and [3] 
 

  

Figure 7. The reaction investigated by the 
Savannah River experiment. 

Figure 8. A typical scope trace of a 
delayed-coincidence signal. 

 
    Finally, everything was ready for our first data recording session. When we turned on the main 
switch, nothing happened! We expected a scalar to trigger on possible events of interest, and we 
expected to hear the camera advancing the 35 mm film for each triggered event. We all stared at the 
electronics for a while and finally called the control room to see if the reactor was really on. Yes, it 
was, and after an agonizing wait, our first trigger happened, and we all relaxed a little.  
 
    One evening I accompanied Clyde and Fred to Columbia where we presented a talk to physics 
students at University of South Carolina.  Clyde’s theme was that we were searching for the smallest 
particle in the world; and it took the largest detector in the world to detect it. 
 
    It was easy to determine that there was a reactor associated signal rate that was larger than the 
nonreactor rate. And we were pleased that this kind of signal/noise ratio was about a factor of 3 or 4, 
depending on many adjustable factors. Numerous checks followed which led to conclusions that the 
counting rate of just a few per hour was proportional to the number of protons in the target tank, that 

 
 ν + p                    β + + n

_
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the first small signal was due to positron annihilation, and the second was caused by neutron capture in 
Cd. I am certain that Reines spent many hours during the days and many nights, wondering what 
additional checks and tests would be necessary and sufficient to provide convincing evidence for 
neutrino detection. Team members were aware of the chasm that separated, on one hand, our results 
being consistent with the reaction under investigation, and on the other hand the conclusion that a 
neutrino had been detected. After significant amount of review of data in hand and soul searching, 
Reines and Cowan crossed that chasm and sent a wire to Pauli that “neutrinos were definitely detected 
from fission fragments by observing inverse beta decay of protons.”  As I understand and paraphrase, 
Pauli announced in a surprised tone - “the neutrino is real after all” -as if anybody doubted it. Then 
they celebrated with champagne. I think our team celebrated with Florida orange juice!  
 
     In my personal view, it may have been venturesome to announce the first detection of the neutrino 
in 1956, even though no alternative was thought to be reasonable. I feel that the term “detection” or 
“discovery” is largely in the eye of the beholder.  So, after having withstood the test of 50 years and 
receiving support from other experiments and the scientific community, it seems fair at this time to 
recognize our result as first detection of the neutrino. 
 
    Word of the neutrino detection spread, and I took a call one day from Life magazine. They wanted 
pictures, of course, and I offered some of a detector or photomultipliers or some hardware items- 
really exciting stuff! But they particularly wanted, of all things, you could never guess - baby pictures 
of Cowan! I said we didn’t have any of those, and I tried to steer them to Cowan’s family.  
 
    After we packed up and returned to Los Alamos, Reines and Cowan wrote publications, and I set up 
two of the detector tanks in an underground facility called the “ice house”, and proceeded to record a 
new lower limit for proton decay. Reines and I published a paper concerning this result and he 
continued to pursue this particular topic for years to come, including a project with a giant-sized 
detector, the IMB experiment. 
 
    Reines and Cowan were also busy preparing a proposal for another neutrino experiment using an 
accelerator instead of the reactor. Reines said he was puzzled by the Lab’s response: “You all have 
had too much fun already and it ‘s time to get back to work.”  I guess that’s why they proceeded to 
move, in separate directions, to other locations in the country.  
 
    The experimental value of the cross section for the reaction studied is an important factor in a 
discussion about validity of our neutrino experiment.  I believe that our experiment was designed to 
provide a valid test of the existence of the neutrino through concentration on the unique characteristics 
of inverse beta decay. But the features of the experimental configuration resulted in an unacceptably 
large uncertainty in the observed cross section, primarily due to the difficulties in determining the 
neutrino spectrum and detector efficiencies. I believe that Reines and Cowan considered that the test 
of uniqueness over-rode the need for cross section determination, in this first experiment. They 
probably argued that a cross section resulting from observed counting rates, no matter how precise, 
has no value unless a real neutrino caused the reaction. At the same time, it seems understandable that 
Reines, a theoretician, would have wanted to report a cross section! I feel that more details of this 
topic are intricate enough so as to be beyond the scope of this presentation. For further discussion, I 
refer you to a thorough review of our experiment by Robert Arns who is the only person, as far as I 
know, who has talked to team members and has reviewed in great detail the data recorded in the 
Savannah River notebooks, now on file at UC-Irvine. He pointed out an error that resulted in 
publication of apparent counting rate differences and discussed possible reasons for the belated Nobel 
Prize. [4] 
 
    Later in my own career, I returned to neutrino physics with a goal of detecting neutrinos from 
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underground nuclear tests. I wanted to demonstrate a practical application of measuring fission yields 
in a nonintrusive manner (such techniques were under investigation in order to assure treaty 
compliance) and to extend the technique to pursue evidence of neutrino oscillations. Reines had 
intended, originally, to use this approach, although I thought I had a better scheme! We organized a 
team, built a detector, computed in detail the neutrino spectrum expected, and studied effects of shock 
waves on photomultipliers and the detector to evaluate survivability. We expected to record about 100 
neutrino events for each nuclear event during a 30 sec time duration. While we never fielded this 
experiment in Nevada, we used the detector in neutrino experiments at the Meson Facility (LAMPF) 
with a collaboration of scientists. 
 
    You recall that I previously mentioned the importance of the “delayed coincidence.” When the 
Nobel Prize was announced in 1995, another “delayed coincidence” occurred.  Word was received at 
Savannah River with understandable excitement, in view of their considerable support. At that instant, 
my daughter, Deanna, was there in a conference, on LANL business. She stood up and said, “Hey, my 
Dad was on that team.” And she is here today! Stand up, please, Deanna. 
 
    When Reines left Los Alamos, he suggested that I follow him to Case Institute of Technology. At 
moments like this, I think perhaps I should have done that. There was only one reason that I remained 
in Los Alamos. Her name is Peggy Jo and she will stand for recognition now, please! 
 
    In behalf of the neutrino detection team, we and the Los Alamos National Laboratory are proud to 
have been a part of a very important experiment. Our only regret is that Clyde Cowan was not able to 
share the honor of receiving the Nobel Prize along with Fred Reines. We take pride that we were able 
to open a door that ushered in a whole new field of particle physics which raises so many questions 
that must be answered. We are gratified and have enormous satisfaction that so many of you are able 
to engage in challenging experiments in such interesting places all over the world! We know you will 
try, as we have tried, to advance our knowledge of the universe in which we live.  
 
    Long live the little neutrino! 
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Abstract.
Neutrino masses are likely to be a manifestation of the right-handed, or sterile neutrinos.

The number of sterile neutrinos and the scale of their Majorana masses are unknown. We
explore theoretical arguments in favor of the high and low scale seesaw mechanisms, review the
existing experimental results, and discuss the astrophysical hints regarding sterile neutrinos.

1. Sterile neutrinos in particle physics
The term sterile neutrino was coined by Bruno Pontecorvo, who hypothesized the existence of
the right-handed neutrinos in a seminal paper [1], in which he also considered vacuum neutrino
oscillations in the laboratory and in astrophysics, the lepton number violation, the neutrinoless
double beta decay, some rare processes, such as µ → eγ, and several other questions that have
dominated the neutrino physics for the next four decades. Most models of the neutrino masses
introduce sterile (or right-handed) neutrinos to generate the masses of the ordinary neutrinos
via the seesaw mechanism [2]. The seesaw lagrangian

L = LSM + N̄a (iγµ∂µ) Na − yαaH L̄αNa −
Ma

2
N̄ c

aNa + h.c. , (1)

where LSM is the lagrangian of the Standard Model, includes some number n of singlet neutrinos
Na with Yukawa couplings yαa. Here H is the Higgs doublet and Lα (α = e, µ, τ) are the lepton
doublets. Theoretical considerations do not constrain the number n of sterile neutrinos. In
particular, there is no constraint based on the anomaly cancellation because the sterile fermions
do not couple to the gauge fields. The experimental limits exist only for the larger mixing
angles [3]. To explain the neutrino masses inferred from the atmospheric and solar neutrino
experiments, n = 2 singlets are sufficient [4], but a greater number is required if the lagrangian
(1) is to explain the LSND [5], the r-process nucleosynthesis [6], the pulsar kicks [7, 8], dark
matter [9, 10, 11, 12], and the formation of supermassive black holes [13].

The scale of the right-handed Majorana masses Ma is unknown; it can be much greater than
the electroweak scale [2], or it may be as low as a few eV [5, 14]. The seesaw mechanism [2] can
explain the smallness of the neutrino masses in the presence of the Yukawa couplings of order
one if the Majorana masses Ma are much larger than the electroweak scale. Indeed, in this case
the masses of the lightest neutrinos are suppressed by the ratios 〈H〉/Ma.

However, the origin of the Yukawa couplings remains unknown, and there is no experimental
evidence to suggest that these couplings must be of order 1. In fact, the Yukawa couplings of
the charged leptons are much smaller than 1. For example, the Yukawa coupling of the electron
is as small as 10−6.
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One can ask whether some theoretical models are more likely to produce the numbers of
order one or much smaller than one. The two possibilities are, in fact, realized in two types of
theoretical models. If the Yukawa couplings arise as some topological intersection numbers in
string theory, they are generally expected to be of order one [15], although very small couplings
are also possible [16]. If the Yukawa couplings arise from the overlap of the wavefunctions of
fermions located on different branes in extra dimensions, they can be exponentially suppressed
and are expected to be very small [17].

In the absence of the fundamental theory, one may hope to gain some insight about the size
of the Yukawa couplings using ’t Hooft’s naturalness criterion [18], which states essentially that
a number can be naturally small if setting it to zero increases the symmetry of the lagrangian. A
small breaking of the symmetry is then associated with the small non-zero value of the parameter.
This naturalness criterion has been applied to a variety of theories; it is, for example, one of the
main arguments in favor of supersymmetry. (Setting the Higgs mass to zero does not increase
the symmetry of the Standard Model. Supersymmetry relates the Higgs mass to the Higgsino
mass, which is protected by the chiral symmetry. Therefore, the light Higgs boson, which is not
natural in the Standard Model, becomes natural in theories with softly broken supersymmetry.)
In view of ’t Hooft’s criterion, the small Majorana mass is natural because setting Ma to zero
increases the symmetry of the lagrangian (1) [19, 5].

One can ask whether cosmology can provide any clues as to whether the mass scale of
sterile neutrinos should be above or below the electroweak scale. It is desirable to have a
theory that could generate the matter–antimatter asymmetry of the universe. In both limits
of large and small Ma one can have a successful leptogenesis: in the case of the high-scale
seesaw, the baryon asymmetry can be generated from the out-of-equilibrium decays of heavy
neutrinos [20], while in the case of the low-energy seesaw, the matter-antimatter asymmetry
can be produced by the neutrino oscillations [21]. The Big-Bang nucleosynthesis (BBN) can
provide a constraint on the number of light relativistic species in equilibrium [22], but the sterile
neutrinos with the small mixing angles may never be in equilibrium in the early universe, even at
the highest temperatures [9]. Indeed, the effective mixing angle of neutrinos at high temperature
is suppressed due to the interactions with plasma [23], and, therefore, the sterile neutrinos may
never thermalize. High-precision measurements of the primordial abundances may probe the
existence of sterile neutrinos and the lepton asymmetry of the universe in the future [24].

While many seesaw models assume that the sterile neutrinos have very large masses, which
makes them unobservable, it is worthwhile to consider light sterile neutrinos in view of the above
arguments, and also because they can explain several experimental results. In particular, sterile
neutrinos can account for cosmological dark matter [9], they can explain the observed velocities
of pulsars [7, 8], the x-ray photons from their decays can affect the star formation [25]. Finally,
sterile neutrinos can explain the LSND result [5, 26, 27], which is currently being tested by the
MiniBooNE experiment.

2. Experimental limits
Laboratory experiments are able to set limits or discover sterile neutrinos with a large enough
mixing angle. Depending on the mass, they can be searched in different experiments.

The light sterile neutrinos, with masses below 102 eV, can be discovered in one of the neutrino
oscillations experiments [28]. In fact, LSND has reported a result [29], which, in combination
with the other experiments, implies the existence of at least one sterile neutrino, more likely, two
sterile neutrinos [5, 26]. It is also possible that sterile neutrino decays, rather than oscillations,
are the explanation of the LSND result [27].

In the eV to MeV mass range, the “kinks” in the spectra of beta-decay electrons can be used
to set limits on sterile neutrinos mixed with the electron neutrinos [30]. Neutrinoless double
beta decays can probe the Majorana neutrino masses [31].
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For masses in the MeV–GeV range, peak searches in production of neutrinos provide
the limits. The massive neutrinos νi, if they exist, can be produced in meson decays,
e.g. π± → µ±νi, with probabilities that depend on the mixing in the charged current.
The energy spectrum of muons in such decays should contain monochromatic lines [30] at
Ti = (m2

π + m2
µ − 2mπmµ −m2

νi
)/2mπ. Also, for the MeV–GeV masses one can set a number of

constraints based on the decays of the heavy neutrinos into the “visible” particles, which would
be observable by various detectors. These limits are discussed in Ref. [3].

3. Sterile neutrinos in astrophysics and cosmology
Sterile neutrinos can be produced in supernova explosions. The observations of neutrinos from
SN1987A constrain the amount of energy that the sterile neutrinos can take out of the supernova,
but they are still consistent with the sterile neutrinos that carry away as much as a half of the
total energy of the supernova. A more detailed analysis shows that the emission of sterile
neutrinos from a cooling newly born neutron star is anisotropic due to the star’s magnetic
field [7]. The anisotropy of this emission can result in a recoil velocity of the neutron star as
high as ∼ 103km/s. This mechanism can be the explanation of the observed pulsar velocities [8].
The range of masses and mixing angles required to explain the pulsar kicks is shown in Fig. 1.
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Figure 1. Sterile neutrinos in the
keV mass range can be dark matter;
their emission from a supernova
can explain the observed velocities
of pulsars. If the sterile neutrinos
account for all dark matter, they
must be sufficiently cold to satisfy
the cosmological bounds on the mass.
The limit depends on the production
mechanism in the early universe. The
lower bound of 2.7 keV corresponds
to production at the electroweak
scale [33].

The sterile neutrinos could play an important role in Big-Bang nucleosynthesis [24], as well
as in the synthesis of heavy elements in the supernova, by enhancing the r-process [6].

The sterile neutrinos can be the cosmological dark matter [9, 10, 11, 12]. The interactions
already present in the lagrangian (1) allow for the production of relic sterile neutrinos via the
Dodelson-Widrow (DW) mechanism [9] in the right amount to account for all dark matter, i.e.
Ωs ≈ 0.2. The x-ray limits on the photons from the decays of the relic sterile neutrinos [34]
forces them to have mass of at least a few keV if they are produced a la DW. However, these
neutrinos appear to be too warm to agree with the Lyman-α bound [35], which is ms > 10 keV
in this scenario (see Fig. 1).

If the lepton asymmetry of the universe is relatively large, the resonant oscillations can
produce the requisite amount of dark matter even for smaller mixing angles, for which there are
no x-ray limits. (The x-ray flux is proportional to the square of the mixing angle.)

It is also possible that some additional interactions, not present in eq. (1) can be responsible
for the production of dark-matter sterile neutrinos [39, 33]. For example, if the mass M ∼ keV is
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not a fundamental constant of nature, but is the result of some symmetry breaking via the Higgs
mechanism, the Lyman-α bound can be relaxed to well below the current x-ray limits [33]. In
this case the same sterile neutrino can simultaneously explain the pulsar kicks and dark matter
(Fig. 1). The Higgs field giving the sterile neutrinos their Majorana mass, the so called singlet
Majoron, can be discovered at the Large Hadron Collider (LHC).

As was mentioned above, the relic sterile neutrinos can decay into the lighter neutrinos and
an the x-ray photons [36], which can be detected by the x-ray telescopes [34]. The flux of x-rays
depends on the sterile neutrino abundance. If all the dark matter is made up of sterile neutrinos,
Ωs ≈ 0.2, then the limit on the mass and the mixing angle is given by the dashed line in Fig. 1.
However, the interactions in the lagrangian (1) cannot produce such an Ωs = 0.2 population of
sterile neutrinos for the masses and mixing angles along this dashed line, unless the universe
has a relatively large lepton asymmetry [11]. If the lepton asymmetry is small, the interactions
in eq. (1) can produce the relic sterile only via the neutrino oscillations off-resonance at some
sub-GeV temperature [9]. This mechanism provides the lowest possible abundance (except for
the low-temperature cosmologies, in which the universe is never reheated above a few MeV after
inflation [32]). The model-independent bound [33] based on this scenario is shown as a solid
(purple) region in Fig. 1. It is based on the flux limit from Ref. [34] and the analytical fit to
the numerical calculation of sterile neutrino production by Abazajian [37]. This calculation may
have some hadronic uncertainties [38]

Of course, the sterile neutrinos can have some additional couplings [39, 33], and the additional
production can take place at higher temperatures. In particular, if the relic sterile neutrinos are
produced above the electroweak scale, the Lyman-α bound is relaxed from 10 keV to 2.7 keV [33].
Of course, if the sterile neutrinos constitute only a small part of dark matter, the Lyman-α
bounds do not apply at all.

The x-ray photons from sterile neutrino decays in the early universe could have affected
the star formation. Although these x-rays alone are not sufficient to reionize the universe,
they can catalyze the production of molecular hydrogen and speed up the star formation [25],
which, in turn, could cause the reionization. Molecular hydrogen is a very important cooling
agent necessary for the collapse of primordial gas clouds that gave birth to the first stars. The
fraction of molecular hydrogen must exceed a certain minimal value for the star formation to
begin [40]. The reaction H+H→H2 + γ is very slow in comparison with the combination of
reactions H+ + H → H+

2 + γ and H+
2 + H → H2 + H+, which are possible if the hydrogen is

ionized. Therefore, the ionization fraction determines the rate of molecular hydrogen production.
If dark matter is made up of sterile neutrinos, their decays produce a sufficient flux of photons to
increase the ionization fraction by as much as two orders of magnitude [25]. This has a dramatic
effect on the production of molecular hydrogen and the subsequent star formation.

4. Conclusions
The underlying physics responsible for the neutrino masses is likely to involve right-handed, or
sterile neutrinos. The Majorana masses of these states can range from a few eV to values well
above the electroweak scale. Theoretical arguments have been made in favor of both the high-
scale and low-scale seesaw mechanisms: the high-scale seesaw may be favored by the connection
with the Grand Unified Theories, while the low-scale seesaw is favored by ’t Hooft’s naturalness
criterion. Cosmological considerations are consistent with a vast range of mass scales. The
laboratory bounds do not provide significant constraints on the sterile neutrinos, unless they
have a large mixing with the active neutrinos. The atmospheric and solar neutrino oscillation
results cannot be reconciled with the LSND result, unless sterile neutrinos (or other new physics)
exist.

There are several indirect astrophysical hints in favor of sterile neutrinos at the keV scale.
Such neutrinos can explain the observed velocities of pulsars, they can be the dark matter, and
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they can play a role in star formation and reionization of the universe.
The preponderance of indirect astrophysical hints may be a precursor of a major discovery,

although it may also be a coincidence. One can hope to discover the sterile neutrinos in the
x-ray observations. The mass around 3 keV and the mixing angle sin2 θ ∼ 3×10−9 appear to be
particularly interesting because the sterile neutrino with such parameters could simultaneously
explain the pulsar kicks and dark matter (assuming the sterile neutrinos are produced at the
electroweak scale). However, it is worthwhile to search for the signal from sterile dark matter in
other parts of the allowed parameter space shown in Fig. 1. The existence of a much lighter sterile
neutrino, with a much greater mixing angle can be established experimentally if MiniBooNE
confirms the LSND result.
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The Homestake Interim Laboratory and Homestake DUSEL
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Abstract. The former Homestake gold mine in Lead South Dakota is proposed for the National
Science Foundation's Deep Underground Science and Engineering Laboratory (DUSEL).  The
gold mine provides expedient access to depths in excess of 8000 feet below the surface (>7000
mwe). Homestake’s long history of promoting scientific endeavours includes the Davis Solar
Neutrino Experiment, a chlorine-based experiment that was hosted at the 4850 Level for more
than 30 years.  As DUSEL, Homestake would be uncompromised by competition with mining
interests or other shared uses.  The facility’s 600-km of drifts would be available for
conversion for scientific and educational uses.   The State of South Dakota, under Governor
Rounds' leadership, has demonstrated exceptionally strong support for Homestake and the
creation of DUSEL.  The State has provided funding totalling $46M for the preservation of the
site for DUSEL and for the conversion and operation of the Homestake Interim Laboratory.
Motivated by the strong educational and outreach potential of Homestake, the State contracted
a Conversion Plan by world-recognized mine-engineering contractor to define the process of
rehabilitating the facility, establishing the appropriate safety program, and regaining access to
the facility. The State of South Dakota has established the South Dakota Science and
Technology Authority to oversee the transfer of the Homestake property to the State and the
rehabilitation and preservation of the facility. The Homestake Scientific Collaboration and the
State of South Dakota’s Science and Technology Authority has called for Letters of Interest
from scientific, educational and engineering collaborations and institutions that are interested
in hosting experiments and uses in the Homestake Interim Facility in advance of the NSF's
DUSEL, to define experiments starting as early as 2007.  The Homestake Program Advisory
Committee has reviewed these Letters and their initial report has been released.  Options for
developing the Homestake Interim Laboratory and evolving this facility into DUSEL are
presented.

1.  Deep Underground Science and Engineering Laboratory Objectives and Goals
The US National Science Foundation is aggressively pursuing the creation of a Deep Underground
Science and Engineering Laboratory (DUSEL) to promote and to assist underground research and to
support the related goals of education and public outreach.  The NSF has established a three-step
process to identify and to select a site for DUSEL. This process will consider many potential sites and
provide a process for selection of a site for DUSEL.  Professor Bernard Sadoulet of UC Berkeley is
leading the first solicitation (S-1) to assess the scientific questions of the greatest impact that require a
dedicated laboratory and to determine the approximate requirements for the facility.  This effort is a
site-independent assessment and will integrate the needs of the physics, earth science, biology,
engineering, educational uses and applications of DUSEL. The second step (S-2) projects this general
program of scientific uses for DUSEL onto specific sites to produce a conceptual design report
tailored for each site, considering the assets and potential programs for that location. Two sites
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received funding from the NSF to produce conceptual design reports, Homestake and Henderson.  The
third step (S-3) will produce a detailed design for DUSEL.

DUSEL’s focus for physics experiments includes dark matter and neutrinoless double beta decay
searches, solar neutrinos and geoneutrinos experiments, long baseline neutrino studies, nucleon decay,
nuclear astrophysics and supporting technologies and applications such as low background counting.

Our focus for Homestake is the development of appropriate laboratory and supporting space to
stimulate a diverse program in all of these physics topics, as well as supporting the earth science,
biology, engineering, and education goals.  The Homestake Interim Laboratory scientific program,
described below, is already developing synergistic ties among these disciplines.

2.  Homestake Strategy to Developing DUSEL
The mining activities in Homestake ceased in 2001 and, later that same year, the Barrick Mining
Corporation assumed control of the Homestake site. As part of the original Homestake Mining
Corporation plans, the site was environmentally remediated, closed, and sealed. A consequence of the
closure was that in-flowing water was no longer pumped from the underground facility.  The ~ 700
gpm in-flow of water has been characterized.  Approximately 2/3 of the in-flow water is essentially
surface water entering into the underground workings from above the 5300 Level of the facility.
(Levels refer to the elevation of the particular section of the mine in feet below the surface, thus the
5300 Level is 5300 feet below the surface at the Yates lift.)  The remaining 1/3 of the in-flow water
originates from deeper sources.  The lower levels of the facility are submerged as the facility
accumulates this water.  The water is currently at the 6200 Level The accumulation of water does not
place the mining infrastructure at serious risk (the water is nearly neutral pH).  However, if the water
were to reach the 4850 Level, then significant facility infrastructure would be submerged and reentry
into the mine would be complicated and delayed.  It is anticipated that the in-flowing water will reach
the 4850 Level in 2008.  Thus, the State of South Dakota, in an effort to preserve the site for future
consideration as DUSEL, has drafted a preliminary plan that outlines the necessary engineering steps
required to safely re-enter Homestake, rehabilitate the shafts, conveyances, and levels, and to establish
appropriate ventilation and dewatering facilities. Initially these efforts will reestablish the Yates and
Ross shafts as the primary safe conveyances to the 4850 Level.  Pumps will be installed at the 5300
Level to maintain the water below this level, while the upper facility (from the surface to 4850 Level)
is inspected, secured and rehabilitated.

Before the rehabilitation could begin the State was required to obtain title to the property and
satisfy the requirements in the Donation Agreement between the former owners, Barrick and South
Dakota.  These requirements included establishing indemnification statues, providing necessary
insurance, and providing adequate operational support for the facility while the NSF's DUSEL process
progressed.

It was soon realized that in preserving Homestake for DUSEL, that all the necessary components
were in place to consider establishing a modest interim facility and hosting scientific, engineering, and
educational uses at Homestake, with the facility being a state-operated facility.

Title to the facility was transferred to the South Dakota in May 2006.  The South Dakota Authority
has remodeled some of the surface buildings and moved their offices to the Homestake site.  A ribbon
cutting for the Homestake Interim Laboratory facility is scheduled for June 2006.

3.  Laboratory Structure
The Homestake Interim Laboratory will initially focus on developing the surface campus on the 186
acres of property transferred to the State.  This property has been fully remediated and inspected as
part of the transfer agreement. It includes the main administration buildings, Yates and Ross shafts and
associated buildings, and many of the original Homestake shops and support buildings.  In all ~ 50
buildings were transferred to the South Dakota Authority.

At the 300 Level there are portals providing drive-in access to the underground that connects to the
Ross or Yates shafts.  We recognized that the development of a relatively shallow campus with
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exceptional drive-in access was strongly desired by various R&D activities and scientific
collaborations, for certain educational uses, and for support services such as refining and storing low
activity materials for dark matter and neutrinoless double beta decay experiments.

The main focus for stationary experiments will be the 4850 Level, the site of the original Davis
Experiment.  Initial experiments will be sited in proximity to the Davis-cavity near the Yates lift.   We
envision developing a new campus of laboratories in the "triangle" of rock formed by the existing
drifts connecting the Yates and the Ross shafts.

As part of DUSEL we plan to develop a deep campus at the 7400 Level (~ 7000 mwe).
The earth science and engineering research efforts will be distributed throughout the facility. There

is particular interest in several of the long cross drifts at the 2000 Level, 3900 Level, laboratories at the
4850 Level, obtaining access to large intact blocks of rock at different levels, and a very deep facility
at the 8000 Level. The existing rooms and drifts enable some experiments and uses to obtain
beneficial occupancy soon after rehabilitation in 2007.  Custom built modules are being designed and
developed both as part of the Homestake Interim Laboratory but also to make expanded space
available as part of DUSEL. Our current plans call for 900 m2 of laboratory space at the 300 Level,
11,000 m2 of laboratory and common space at the 4850 Level, and 4500 m2 of laboratory space at the
7400 Level as the full DUSEL is developed at Homestake.  Additional rooms and space can be made
available as the laboratory design advances. Figure 1 presents an isometric view of the Homestake
facility and the approximate locations and sizes of the laboratories discussed above.

Figure 1. The Homestake plans for developing laboratory space on the surface, the 300 Level,
4850 Level, 7400 Level, and 8000 Level.
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4.  Homestake Scientific Program

Figure 2. The Draft Scientific Roadmap for Homestake, indicating proposed and reviewed
experiments from the first call for Letters of Interest. Additional Calls will be issued in the coming
years.
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To help define the scientific uses for Homestake, the requisite infrastructure and approximate time-
lines, Homestake issued a call for Letters of Interest to be submitted to the South Dakota Authority.
By February 2006, 85 letters had been received. The letters were grouped into Earth Science: 60%,
Physics: 25%, and Education and Engineering: 15%.  The Program Advisory Committee has reviewed
the letters and their recommendations can be found at: http://www.lbl.gov/nsd/homestake .  The
Letters have been assembled into an initial roadmap for Homestake, shown in Figure 2.

5.  Summary
The State of South Dakota has accomplished many of the steps necessary to develop DUSEL.  These
include obtaining title to the property, satisfying the initial insurance and indemnification requirements
for a laboratory, and providing adequate financing to rehabilitate and to operate the facility in advance
of the NSF's DUSEL.  With the establishment of the Homestake Interim Laboratory in advance of the
NSF’s DUSEL, the process of assembling the scientific program for Homestake has begun. This
diverse program involves excellent synergistic links between physics and the other DUSEL
disciplines.  The program includes dark matter searches, neutrinoless double beta decay, solar neutrino
and geoneutrino experiments, experimental nuclear astrophysics, and the initial R&D for a very long
baseline neutrino program and nucleon decay experiments.

The South Dakota has dealt with issues of ownership, insurance, liability and has launched the
Homestake Interim Laboratory to take advantage of the efforts to preserve Homestake for DUSEL.
This program will naturally evolve into the NSF’s Initial Suite of Experiments for DUSEL.
Homestake’s initial focus will be on the 300 Level and 4850 Level laboratories with additional and
deeper labs being developed in the coming years.  Most recently, the Yates shaft was inspected from
the surface to the bottom at 4850 and was found to be in good condition. Homestake offers a low risk
and lower cost option for developing a DUSEL that addresses a full spectrum of physics, earth
science, and engineering questions of the highest importance and provides an unequaled opportunity to
couple education and public outreach into the scientific program at Homestake.

[1] For the Homestake Scientific Collaboration
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Abstract. I review the status and perspectives of the research on the diffuse flux of (core
collapse) supernova neutrinos (DSNνF). Several upper bounds exist on this flux in different
detection channels. The strongest is the limit from SuperKamiokande (SK) of 1.2 electron
antineutrinos cm−2s−1 at 90% confidence level above 19.3 MeV of neutrino energy. The
predictions of the DSNνF depend on the supernova rate and on the neutrino emission
in a individual supernova. Above the SK threshold, they range between 0.05 electron
antineutrinos cm−2s−1 up to touching the SK limit. The SK bound constrains part of the
parameter space of the supernova rate – and indirectly of the star formation rate – only in
models with relatively hard neutrino spectra. Experimentally, a feasible and very important
goal for the future is the improvement of background discrimination and the resulting lowering
of the detection threshold. Theory instead will benefit from reducing the uncertainties on the
supernova neutrino emission (either with more precise numerical modeling or with data from a
galactic supernova) and on the supernova rate. The latter will be provided precisely by next
generation supernova surveys up to a normalization factor. Therefore, the detection of the
DSNνF is likely to be precious chiefly to constrain such normalization and to study the physics
of neutrino emission in supernovae.

1. Introduction
What are our chances to detect neutrinos from core collapse supernovae in the near future? With
current and upcoming neutrino telescopes, a high statistics signal is possible if a supernova occurs
in our immediate galactic neighborhood. Such event would be as exciting as it is rare: indeed it
could require decades of waiting time, since the rate of core collapse in our galaxy is as low as
1-3 supernovae per century (see e.g. [1, 2]. A different option is to look for the flux of neutrinos
from all supernovae, i.e., integrated over the whole sky. Recently it was shown that the detection
of this diffuse supernova neutrino flux (DSNνF) is a concrete possibility [3], which, if realized,
could turn the field of supernova neutrinos from the realm of rare events to the territory of a
moderately paced and steady progress.

Aside from practical advantages, the study of the DSNνF has an interest of its own, because
it would give complementary information, on supernovae and on neutrinos, with respect to
an individual supernova burst. Since it contains contributions from several supernovae at
different distance and of different morphology, the DSNνF reflects the supernova population
of the universe. Thus, from it we could learn about the distribution of core collapse supernovae
with the redshift and with the mass of the progenitor. It is known that the supernova rate
(SNR) increases with the redshift: supernovae were more numerous in the past than at present,
so that as much as ∼ 40% of the DSNνF above the SuperKamiokande detection threshold of
19.3 MeV come from cosmological sources, with redshift z > 0.5. The distribution in mass goes
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roughly as the power -2.3 of the progenitor mass, meaning that about 60% of the DSNνF is
produced by relatively small stars with mass between the lower cutoff of 8 M� (the minimum
mass to have core collapse) and 15M�, with M� = 1.99 · 1030 kg being the mass of the Sun.
Thus, data from the diffuse flux would complement those we already have from SN1987A, which
had a ∼ 15 − 20M� progenitor.

By testing the SNR, the DSNνF also probes, indirectly, the history of star formation. Indeed,
the SNR is proportional to the star formation rate (SFR), because supernovae progenitors have a
very short lifetime, only ∼ 107 years (three orders of magnitude shorter than the Sun’s lifetime),
negligible with respect to their formation time. Specifically, neutrinos would be precious to learn
about the normalization of the SNR, since they are not affected by dust extinction, in contrast
with electromagnetic probes. The diffuse flux also offers the theoretical possibility to study the
first (Population III) stars [4], since these are believed to have died as core collapse supernovae,
and therefore to have contributed to the DSNνF

Similarly to a neutrino burst from an individual galactic source, a detected signal from the
DSNνF would provide a large amount of information on the physics of neutrino production,
propagation and emission from a supernova. I refer to other contributions for those [5]; focusing
here on the aspects that are distinctive of the diffuse flux.

2. Experimental status: upper limits

Table 1. Summary of the most stringent bounds on the DSNνF from currently active detectors,
with their confidence level (C.L.). The limit on the νe component labeled as “indirect” proceeds
from the SK ν̄e limit with considerations of similarity of the detected νe and ν̄e fluxes due to
neutrino oscillations in the star [6]. The result in the channel νe −16O is given as an interval
of limits, corresponding to the range of neutrino spectra used in the analysis. The SNO result
is also spectrum-dependent: the quoted bound is the median of several 90% C.L. limits found
with different neutrino spectra.

Experiment,species channel energy interval upper limit (cm−2s−1)

KamLAND, ν̄e [7] ν̄e +p → n + e+ 8.3 < E/MeV < 14.8 3.7 × 102 (90% C.L.)
SK, ν̄e [3] ν̄e +p → n + e+ E/MeV>19.3 1.2 (90% C.L.)
SK/indirect, νe [6] E/MeV>19.3 5.5 (∼ 98% C.L.)
SK, νe [8] νe +16O →16 F + e− E/MeV>33 61-220 (90% C.L.)
SNO, νe [9] νe +2

1H → p + p + e− 22.9 < E/MeV < 36.9 70
LSD, νµ + ντ [10] νµ,τ +12 C →12 C + νµ,τ 20 < E/MeV < 100 3 · 107 (90% C.L.)
LSD, ν̄µ + ν̄τ [10] ν̄µ,τ +12 C →12 C + ν̄µ,τ 20 < E/MeV < 100 3.3 · 107 (90% C.L.)

So far, the DSNνF has escaped detection. In Table 1 I summarize the most stringent
bounds available on this flux. Thanks to their larger volumes, currently active detectors
detectors [3, 7, 12, 9] have improved dramatically on the limits set by the previous generation of
experiments [13, 10]. In particular, the 50 kt of water of SuperKamiokande (SK) has allowed to
push the limit on both the ν̄e and νe components of the DSNνF within an order of magnitude
or so from theoretical predictions (see Sec. 3 for those).

The main challenge and limiting factor of experimental searches of the diffuse flux is
background reduction. At a water Cerenkov detector like SK a search for the diffuse flux
requires to cut all events with energy below 18 MeV (positron energy), due to the high spallation
background below that threshold. This excludes the bulk of the flux, which is concentrated at
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lower energy, ∼ 5 MeV, causing a huge loss of sensitivity with respect to the ideal case of
no background. In the remaining energy window one has to look for the signal induced by
the DSNνF (ν̄e component) on top of the ineliminable background from invisible muons and
atmospheric neutrinos, which limit the sensitivity further. Similar considerations hold for heavy
water. Liquid scintillator allows to single out inverse beta decay events by observing the positron
and neutron capture signals in coincidence. This results in a better background reduction and
thus explains the sensitivity of KamLAND down to energy of about 8 MeV, which is where the
ineliminable background of reactor neutrinos ends.

3. Status of theory: flux predictions
The recipe to estimate the DSNνF is relatively simple: consider the neutrino output of an
individual supernova, apply the relevant propagation effects – such as redshift of energy and
neutrino oscillations – and then sum over the supernova population of the universe. Formally,
this corresponds to the following integral:

Φ(E) =
c

H0

∫ zmax

0
RSN (z)

∑

w=e,µ,τ

dNw(E′)
dE′ Pwe(E, z)

dz√
Ωm(1 + z)3 + ΩΛ

, (1)

which describes the νe component of the flux differential in the neutrino energy at Earth, E.
There dNw(E′)/dE′ is the flux of neutrinos of flavor w emitted by an individual supernova,
differential in the neutrino energy at production, E ′. Pwe is the probability that a neutrino
produced as νw is detected as νe at Earth, and RSN describes the SNR per comoving volume.
Ωm ' 0.3 and ΩΛ ' 0.7 represent the fractions of energy density of the universe in matter
and dark energy respectively, c is the speed of light and H0 ' 70 Km s−1Mpc−1 is the Hubble
constant.

Many estimates of the DSNνF according to Eq. (1) have been published in the literature
[14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 11, 25, 26, 27]. Fig. 1 shows a sample of results for
the ν̄e component of the flux above the SK threshold, compared with the current SK limit (see
Table 1.) The spread between them reflects the different approaches used by different authors.
Specifically, Hartmann and Woosley [20], Ando and Sato [24, 11], Strigari et al. [23] and Olive et
al. [27] have used the SNR as it is inferred from measurements of the SFR, while Kaplinghat et
al. [21] have estimated the SNR considering the constraints on the universal metal enrichment
history. Lunardini [26] used information on the SNR from direct supernova observations only.
Different were also the choices of the neutrino spectrum: all the references take the spectra from
numerical simulations, with the exception of ref. [26], where only the (softer) spectra that fit
the SN1987A data are considered, following the earlier example of Fukugita and Kawasaki [28].

Predictions exist also for the flux of ν̄e above energy thresholds lower than the current SK
one. These could be relevant for future neutrino telescopes, e.g. SK with Gadolinium addition
(see Sec. 5). Table 2 shows the results obtained in ref. [26] for the ν̄e flux and the corresponding
rate of events from inverse beta decay in SK. From it, one concludes that a lowering of the
energy threshold down to ∼ 10 MeV would represent a large improvement in the flux captured,
with no guarantee of a detection, however, due to the smallness of the number of events.

4. What have we learned on supernovae and on neutrinos? What will we learn?
Undoubtedly, the best piece of information that we have, at present, on the DSNνF is the
negative result of SK. Is this upper limit strong enough to give any information? The answer
can be read off from fig. 1: there one can see that the SK limit touches some of the theoretical
predictions but not others, with the conclusion that only conditional bounds can be put on the
SNR (or, indirectly, on the SFR) or on the neutrino emission in a supernova. The situation is
illustrated well in fig. 2, taken from ref. [28]. The figure shows how the exclusion region for the
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Figure 1. A sample of theoretical predictions [20, 21, 24, 11, 23, 26, 27] for the ν̄e component
of the DSNνF above the SK energy threshold (figure adapted from ref. [26]). The number
by Lunardini is quoted with a 99% C.L. error bar. For the other results, the error bars are
an indicative description of the uncertainty due to uncertain input parameters; they have no
statistical meaning. The SK limit (see Table 1) is shown for comparison.

Table 2. Predictions for the ν̄e diffuse flux and for the corresponding rate of inverse beta decay
events in SK for different energy thresholds, from ref. [26]. The intervals correspond to 99%
C.L.. These results were obtained using soft neutrino spectra compatible with the SN1987A
data, and therefore lie on the conservative side with respect to predictions that used harder
neutrino spectra, motivated by numerical simulations.

E > 19.3 MeV E > 11.3 MeV E > 5.3 MeV

flux (cm−2s−1) 0.05 - 0.35 0.33 - 2.1 3.2 - 22.6
events/year at SK 0.09 - 0.7 0.27 - 1.6 0.43 - 2.2

SFR varies by varying the neutrino spectrum in the region allowed by SN1987A and the minimum
progenitor mass between 8 and 10 M�. The space allowed by astrophysical measurements of
the SFR, also shown in the figure, is only marginally touched by the most conservative exclusion
line, corresponding to the softest neutrino spectrum and 10 M� minimum progenitor mass (“SK
Limit Min” in the figure). Some restriction of this space is obtained if the hardest spectrum
is used with 8 M� minimum progenitor mass. The conclusions of ref. [26] are analogous. The
exclusion found by Strigari et al. [29] is not in constrast with what shown in fig. 2, since these
authors relied on a harder neutrino spectrum, with respect to refs. [28] and [26], motivated by
numerical simulations.

On the side of neutrino physics, the DSNνF could be the best probe of exotic effects that
could manifest themselves only on cosmological distances. An example of this is neutrino decay:
it was shown [30, 31] that data from the diffuse flux would be sensitive to a ratio of neutrino
lifetime over mass as large as τ/m ' 1010 s/eV. It was also pointed out [32] that the DSNνF
could reveal the existence of new, light gauge bosons that could be produced in the resonant
annihilation of a neutrino and an antineutrino, one of them from a supernova and the other
from the cosmological relic neutrino background. A test of dark energy, complementary to
astrophysical measurements, is also possible in principle [33].

5. Discussion: perspective of future research
What are the likely developments in the study of the DSNνF in the next 5-10 years?
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Figure 2. Measurements of the SFR
compared with the exclusion region obtained
from the SK limit on the ν̄e diffuse flux
(see Table 1), from ref. [28]. The figure
shows how the exclusion region changes by
varying the input neutrino spectrum in the
range allowed by SN1987A. The less stringent
exclusion barely touches the astrophysical
measurements.

Progress will be made with new, more sensitive neutrino telescopes. The first to become
operational could be the GADZOOKS project [34], based on adding Gadolinium trichloride to
the water of SK. Gadolinium would enhance neutron capture, resulting in better background
discrimination for the search of the ν̄e flux. This would make it feasible to lower the energy
threshold to 11.3 MeV in neutrino energy and therefore to have a larger event rate (up to 2 [26]
or even 6 [34] events/year). The GADZOOKS initiative is progressing with the creation of a
dedicated committee internal to the SK collaboration and the construction of a new test tank
made of stainless steel [35].

In the space of a decade from now, water Cerenkov detectors of megaton mass, 20 times
larger than SK, could become a reality. Projects of this type are under study: these are
HyperKamiokande [36], UNO [37] and MEMPHYS [38]. According to a very conservative
estimate [26], these should have an event rate between 2 and 44 events/year above the current
SK threshold of 19.3 MeV.

A rather intense activity is ongoing to plan large non-water neutrino detectors. One of
these is LENA [39], which, with its 50 kt of liquid scintillator, would have a better background
rejection than SK and a comparable event rate. Detectors using ∼ 100 kt of liquid Argon, like
GLACIER [40] and LANNDD [41] would be precious for their sensitivity to the νe component
of the DSNνF.

On the side of theory, much work has to be done to improve the predictions of the DSNνF.
To reduce the uncertainty on the estimated diffuse flux, it would be crucial to reduce the

uncertainties on the neutrino fluxes and spectra emitted by an individual supernova. This
could be offered by the advancement of numerical simulations or by data from a future galactic
supernova. Besides knowing better the neutrino emission by a single star, it would be important
to generalize the calculation of the diffuse flux, Eq. (1), to include individual variations of the
neutrino output between different stars, depending on various factors like the progenitor mass,
rotation, magnetic fields, etc.. The uncertainty on the diffuse flux associated with the SNR
will be dramatically reduced when results become available from the next generation supernova
surveys like SNAP [42] and JWST [43]. While primarily designed to study type Ia supernovae,
these would see thousands of core collapse supernovae up to redshift ∼ 1 and beyond [42].

Finally, let us review the scenarios that could be realized with new experimental results on
the ν̄e component of the DSNνF and the current theoretical predictions as in fig. 1. Evidence
of the diffuse flux above the SK limit would point in the direction of a neutrino spectrum much
harder than what used in the analysis of the current SK data [3], or would indicate a fluctuation
in the flux due to an extragalactic supernova at moderate distance [2]. The latter case could
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be distinguished on the basis of the time distribution of the excess flux. A detection of the
neutrino flux anywhere below the SK limit would be very important to discriminate between
the different predictions. To constrain the SNR unambiguously (i.e., to obtain a constraint in
every framework of theory considered so far), would require upper limits on the diffuse ν̄e at the
level of ∼ 0.3 cm−2s−1 above the current SK threshold.
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Abstract. The design studies are under way for the deep ocean anti-neutrino observatory 
located in the vicinity of the Big Island (Hawaii) with the main goal of measuring geo-neutrino 
flux from the mantle and core which can exclusively be done in a location far from the 
continental plates such is Hawaiian Islands chain. Hanohano will also accomplish the definitive 
measurement of the electron anti-neutrino signal from the core to observe or eliminate a 
hypothetical natural reactor in the Earth’s core. 

1.  Introduction 
Uranium and thorium content of the Earth is directly related to the Earth’s heat flow, which is not a 
well known quantity [1]. One suggested way of estimating the uranium and thorium content of the 
Earth is via detection of anti-neutrinos produced in the radioactive decays of these elements [2] which 
has been done in [3] for the first time. The hypothetical nuclear reactor in the Earth’s core can also be 
detected through its anti-neutrino flux and attempt has been made in [4]. Hawaiian Anti-neutrino 
Observatory (Hanohano) will be a liquid scintillator detector designed with a goal to make a definitive 
measurement of geo-neutrino flux due to uranium and thorium in the Earth’s mantle and core and to 
observe or eliminate a putative reactor in the Earth’s core via its anti-neutrino flux. Experience from 
the KamLAND detector in Japan is used to estimate needed baseline to achieve desired sensitivity as 
well as for the background rate estimates. 

2.  Hanohano detector  
In order to accomplish 16% measurement of the U/Th content of the mantle plus core, Hanohano must 
have at least 10 kiloton-years of exposure. It should be placed at 4 km depth to reduce cosmic ray 
induced backgrounds, thus the suggested location is in the vicinity of the Big Island in Hawaii. It is 
expected that Hanohano should reach the same level of radio-purity levels as in KamLAND, except 
for radon where the significant improvement is need (at least a factor of 40). 1 TW or larger core 
nuclear reactor may be detected with 5σ confidence level with Hanohano detector.  
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Cryogenic Double Beta Decay Experiments:

CUORE and CUORICINO
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Abstract. Cryogenic bolometers, with their excellent energy resolution, flexibility in material,
and availability in high purity, are excellent detectors for the search for neutrinoless double beta
decay. Kilogram-size single crystals of TeO2 are utilized in CUORICINO for an array with
a total detector mass of 40.7 kg. CUORICINO currently sets the most stringent limit on the
halflife of 130Te of T0ν

1/2
≥ 2.4 × 1024 yr (90% C.L.), corresponding to a limit on the effective

Majorana neutrino mass in the range of 〈mν〉 ≤ 0.2 – 0.9 eV. Based on technology developed
for CUORICINO and its predecessors, CUORE is a next-generation experiment designed to
probe 〈mν〉 in the range of 10 – 100 meV. Latest results from CUORICINO and overview of the
progress and current status of CUORE are presented.

1. Introduction
The search for neutrinoless double beta decay (0νββ) has become one of the top priorities in the
field of neutrino physics since the discovery of neutrino oscillations in atmospheric[2], solar[3],
and reactor[4] experiments. An overview and current status of double-beta decay physics and
experiments were given in earlier talks by Hirsch, Simkovic, Elliott, and Barabash[5]. The need
to verify the claim of the observation of 0νββ by a subset of Heidelberg-Moscow germanium
experiment[6] has also been presented in these talks. The most stringent limit on the effective
mass of Majorana neutrinos comes from two 76Ge experiments, Heidelberg-Moscow[7] and
IGEX[8]. CUORICINO which is searching for 0νββ in 130Te follows closely behind[9]. NEMO-
3 is capable of a multiple-isotope search for double-beta decay events, and with its tracking
capabilities, has excellent sensitivity to 2νββ[11].

A number of experiments are currently at various stages of development to probe the
degenerate mass hierarchy region of the neutrino mass spectrum and into the inverted hierarchy,
many of which are represented at this conference[12]. CUORE (Cryogenic Underground
Observatory for Rare Events) is one such experiment, to be located at the Gran Sasso National
Laboratory (LNGS). It will consist of 988 bolometers of TeO2 crystals, with a total mass of
741 kg. Because of the high isotopic abundance of 34%, 204 kg of 130Te is available for 0νββ

without isotopic enrichment, making CUORE both timely and significantly less expensive than
other experiments. CUORE’s modular design and flexibility will also allow future searches in
other isotopes of interest. It is imperative to carry out double beta decay searches in multiple
isotopes, both to improve the nuclear matrix calculations necessary to extract the effective
neutrino mass, and to ensure that the observation of a line at the expected energy is not a result
of an unidentified background.
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Double beta decay experiments can be divided into three categories: indirect measurements
such as geochemical analyses, direct measurements with the source being separate from the
detector, and direct measurements with a detector that also acts as the source. Bolometers
belong to the last category[16]. When the source is the same as the detector, the source mass is
maximized while materials that could potentially contribute to the background are minimized.
In bolometers, the deposited energy is measured thermally, therefore the entire energy of a decay
event is fully accounted for. At low temperatures (the operating temperature for CUORICINO
is 8mK), the heat capacity of crystals is proportional to the cube of the ratio of the operating
and Debye temperatures. The energy released in a single particle interaction within the crystal
is clearly measurable as change in temperature of the entire crystal. The temperature change is
measured by neutron transmutation doped (NTD) germanium thermistors which are optimized
to operate at these temperatures[14, 15]. The energy resolution of cryogenic bolometers rivals
that of germanium detectors, and 5 keV FWHM resolution at 2.5 MeV is readily achievable.

2. CUORICINO: Results and Performance
CUORICINO started taking data in April 2003 at LNGS and is now producing competitive
results with those achieved by the germanium experiments. It will continue to run until CUORE
has been constructed and is ready to take data. First results from CUORICINO were published
recently which included data from a total exposure of 3.09 kg·yr of 130Te[9]. Here we report on an
update that includes the data up to May 2006 with a total of 8.38 kg-yr of 130Te (see Fig. 1)[17].
No evidence for excess counts is observed at 2530 keV, the expected Q-value for 0νββ for 130Te.
The absence of any excess events above backgrounds in the region of interest gives a limit of
T0ν

1/2
≥ 2.4×1024 yr (90% C.L.) on the 0νββ decay rate of 130Te. This corresponds to an effective

neutrino mass of 〈mν〉 ≤ 0.18 – 0.94 eV, the range reflecting the spread in QRPA nuclear matrix
element calculations (see [9] for list). The background measured in the 0νββ region of interest
is 0.18 ± 0.01 counts/keV·kg·yr.

Figure 1. Left: Photo of the CUORICINO tower before Cu thermal shields were installed.
Right: CUORICINO summed background energy spectrum in the 130Te 0νββ region. The peak
at 2505 keV is the sum peak from two 60Co gamma lines. 0νββ signal from 130Te is expected at
2530 keV. No evidence of DBD is seen.

CUORICINO is roughly one-twentieth the size of CUORE, and much of the technology that
will be used in CUORE was used to build CUORICINO. It consists of 62 TeO2 crystals with
a total mass of 40.7 kg. The crystals are arranged in a tower, 11 levels each containing four
crystals 5×5×5 cm3 in size weighing ∼ 790 g and 2 levels each housing 9 crystals, 3×3×6 cm3 in
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size, weighing ∼ 330 g (see Fig. 1). All 5×5×5 cm3 crystals and all but four of the 3×3×6 cm3

crystals are made from tellurium of natural abundance. Two of the 3×3×6 cm3 crystals are
enriched to 75% 130Te and two are enriched to 82.3% 128Te. The average resolution in the 0νββ

region, measured with the 2615 keV 208Tl line during calibration runs, is ∼ 8 keV. In 3 years of
running with the present background level, CUORICINO will achieve a half-life sensitivity for
0νββ decay of 7.1 × 1024 yr, corresponding to an effective mass on the order of 300 meV.

3. CUORE
CUORICINO also serves as an excellent test bed and prototype for CUORE. All critical
subsystems of the proposed CUORE detector are based on the design of CUORICINO. CUORE
will consist of an array of 988, 5×5×5 cm3 TeO2 bolometers arranged in 19 CUORICINO-like
towers. The total crystal mass of TeO2 will be 741 kg, with 204 kg of 130Te (see Fig. 2). The
entire detector will be housed in a single dilution refrigerator at 10 mK.

Figure 2. Left: The CUORE detector
consisting of a close-packed array of 19 towers
with a total of 988 crystals. Right: One
of the 19 towers of the CUORE detector
array, similar to the one operating in the
CUORICINO experiment.

In 5 years of running with a background of 0.01 counts/keV·kg·yr and a resolution of 5 keV,
CUORE expects to have a sensitivity to the half-life of 0νββ of T0ν

1/2
∼ 2.1 × 1026 yr. This

corresponds to an effective neutrino mass of 〈mν〉 ≤ 19 – 100 meV, with the spread coming from
the uncertainty in matrix element calculations. If we are able to reduce the background to
0.001 counts/keV·kg·yr, the sensitivity will extend to T0ν

1/2
= 6.5 × 1026 yr (11 – 57 meV). The

main technical challenges will be to control the background levels, ensure that the narrow energy
resolution achieved with many of the crystals are uniformly implemented in all crystals, and that
all crystals are well calibrated for energy.

A combination of CUORICINO background data, measurements from an independent R&D
setup in Hall C in LNGS, direct counting with germanium detectors on- and off-site, neutron
activation analysis, and other techniques are used to characterize materials and components
to be used in CUORE. The results of these measurements as well as other potential sources
of radioactive background (e.g. environmental activity) are used as input for Monte Carlo
simulation. Estimates of the relative contributions of the main background sources in the ROI
in CUORICINO is as follows: 10±5% from U/Th contaminations on the TeO2 surfaces, 50±20%
from Cu surfaces (both from the crystal support structure and thermal shielding), and 30±10%
from the bulk of the Cu shields.

The sources of backgrounds are divided into three main categories: contamination in the bulk,
surfaces, and environmental radioactivity. Because the Q-value for 130Te 0νββ decay is higher
than most gamma-lines from U and Th, the only tails of known lines that may contribute to
the background for CUORE are the 60Co and 208Tl lines at 2505 keV and 2615 keV respectively.
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Alpha events with lines at higher energies can contribute if they deposit only a part of their
energy in the crystals, therefore surface contaminations on or near the crystals is of particular
concern.

Other components facing the detector (Teflon stand-offs, heaters used for gain stabilization,
and gold wires for signal and other electrical controls) were also tested in the R&D setup in
Hall C by covering crystal surfaces with a large amount of these materials. The background
seen from these materials was found to be negligible.

Simulations are being refined as more data are being collected with the CUORICINO detector
and elsewhere. As of April 2006, we have demonstrated that background reductions of a factor
of ∼ 8 and detector resolutions of 5 keV are achievable. Figure 3 shows the background spectrum
obtained from CUORICINO and the R&D setup in Hall C. The shielding around the Hall C
setup is insufficient to shield much of the γ’s below 2.6 MeV, however significant reduction in the
α events above 2.6 MeV is clearly seen. Effort is underway to further reduce the background by
careful material selection and handling procedures. In addition, background rejection through
anticoincidence among adjacent crystals will be more effective in the much larger CUORE array
and will aid in achieving the background goals.

Energy [keV].
2000 4000 6000 8000 10000 12000 14000

co
u

n
ts

/k
eV

/k
g

/y

-310

-210

-110

1

10

210

Energy [keV].
2000 4000 6000 8000 10000 12000 14000

co
u

n
ts

/k
eV

/k
g

/y

-310

-210

-110

1

10

210

Figure 3. CUORICINO background energy spectrum (black) and background spectrum from
the R&D setup in Hall C (red).

We have estimated that for the muon flux observed in LNGS (2.5×10−8
µ/(cm2 s)), muons

would produce ∼0.04 neutrons/day in the polyethylene shield and ∼25 neutrons/day in the lead
shield. This indicates that neutrons will play a secondary role in the total background compared
with other sources of background. In addition, we are planning a series of experiments at the
GEANIE facility at Los Alamos National Laboratory to measure cross-sections for neutron-
induced reactions on the abundant Te isotopes for neutrons from 1-100 MeV[18]. The results of
these measurements will then be used in our MC calculations to refine background estimates.

4. Beyond CUORE
The main goal and design of CUORE is to search for 0νββ decay in 130Te. Its sensitivity can be
increased three times (∼60% improvement in the sensitivity to neutrino mass) by replacing
the detectors with enriched crystals. Event identification using multiple signatures from a
single event is a powerful tool in reducing backgrounds. Work is underway to further reduce
backgrounds by using Surface Sensitive Bolometers (SSB) and/or scintillating bolometers[18].
Every factor of ten reduction in background would increase the halflife sensitivity by a factor of
three.

SSB allows us to distinguish surface events and bulk events, especially for α-particles. It
consists of the main DBD absorber and thin absorbers attached to the crystal surfaces. The

191

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



surface events from either the main crystal absorber or elsewhere would trigger the SSB, and
those events could be rejected. In addition, the additional heat capacity from the thin absorbers
alters the pulse shape of the signal from the main absorber[19].

Scintillating bolometers would combine heat and scintillation approach already successfully
applied in dark matter experiments such as CRESST and ROSEBUD. Scintillation and heat
signals have different sensitivities for nuclear recoils, α particles, and ionizing events such as
0νββ decay. A CaF2 bolometer has successfully been used[20], and the collaboration is currently
investigating TeO2 doped with Nb and Mn[21].

The modular design of the CUORE detector also allows for searches of 0νββ in other
isotopes. It is possible to create thermal detectors from a variety of materials, and CUORE could
investigate 0νββ in other nuclei. Several DBD candidates have been tested as thermal detectors:
CaF2, Ge, MoPbO4, CdWO4, and TeO2. Possible crystals for Nd are under development.

5. Conclusion
Cryogenic bolometers, with their flexibility in material choice and the ability to scale up to
the ton-scale are ideal for large-scale detectors for double-beta physics experiments. CUORE
aims to probe the Majorana nature of the neutrino, with a sensitivity to the neutrino mass
deep into the inverted mass hierarchy. CUORICINO is currently running as the most sensitive
0νββ experiment, and will continue until CUORE comes online. Much of the technology has
been tested for CUORE, and a factor of 8 reduction from the radioactive background observed in
CUORICINO has been achieved. CUORE has been approved by the advisory Commissione II of
INFN (Italian Institute of Nuclear Physics) and funding has been allocated in 2005. The CUORE
experiment was approved by the Scientific Committee of LNGS in 2004, and preparations of the
laboratory space and the construction of CUORE are underway.

References
[1] For more information and complete list of authors, see the CUORE website:

http://crio.mib.infn.it/wig/Cuorepage/CUORE.php.
[2] Super-Kamiokande Collaboration, S. Fukuda et al., Phys. Rev. Lett. 86 (2001) 5656.
[3] SNO Collaboration, Q.R. Ahmad et al., Phys. Rev. Lett. 89 (2002) 011301.
[4] KamLAND Collaboration, K. Eguchi et al., Phys. Rev. Lett. 90 (2003) 021802.
[5] See presentations at Neutrino’06 by M. Hirsch, F. Simkovic, S. Elliott, and A. Barabash.
[6] H.V. Klapdor-Kleingrothaus et al., Mod. Phys. Lett. A 16 (2001) 2409; H.V. Klapdor-Kleingrothaus, A. Dietz,

I. Krivosheina and O. Chkvorets, Phys. Lett. B 586 (2004) 198; H.V. Klapdor-Kleingrothaus et al.,
Nucl.Instrum.and Meth. 522 (2004) 367.

[7] H.V. Klapdor-Kleingrothaus et al. Eur. Phys. J. A 12 (2001) 147.
[8] C.E. Aalseth et al., Phys. Rev. D 65 (2002) 092007.
[9] CUORICINO Collaboration, C. Arnaboldi et al., Phys. Rev. Lett. 95 (2005) 142501.
[10] CUORE Collaboration, R. Ardito et al., hep-ex/0501010.
[11] R. Arnold et al. Phys. Rev. Lett. 95 (2005) 182302.
[12] See presentations at Neutrino’06 by S. Schoenert, A. Piepke, and J. Wilson.
[13] C. Arnaboldi et al., Phys.. Lett. B 584 (2004) 260.
[14] E.E. Haller et al., Proc. Fourth Int. Conf. on Neutron Transmutation Doping of Semiconductor Materials,

Nat. Bureau of Standards, June 1,2 1982, Gaithersburg MD, R.D. Larrabee ed., (Plenum Press 1984) p 21.
[15] E. Haller, J. Appl. Phys. 77 (1995) 2857.
[16] S.H. Moseley, J.C. Mather and D. McCammon, J. Appl. Phys. 56 (1994) 1257.
[17] S. Capelli, Poster presentation at Neutrino’06 Conference (Santa Fe, NM, USA).
[18] M. Dolinski, S. Sangiorgio, P. Gorla, Poster presentations at Neutrino’06 Conference (Santa Fe, NM, USA);
[19] I. Bandac et al., submitted to Journal of Applied Physics (2006).
[20] A. Alessandrello et al., Phys.Lett. B 420 (1998) 109
[21] I. Dafinei et al., TeO2 scintillating crystal growth and properties, presented at the Int.Conf. on Inorganic

Scintillators and their Industrial Applications SCINT2005,; Crimea, Alushta (Ukraine), Sept.19-23, 2005

192

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



Neutrinos from Supernovae and Gamma Ray Bursts:

Nucleosynthesis and Detection

G. C. McLaughlin

Department of Physics, North Carolina State University, Raleigh, NC 27695-8202

E-mail: Gail McLaughlin@ncsu.edu

Abstract. We discuss the way in which neutrino oscillations, sterile neutrinos and ambient
conditions impact the nucleosynthesis in extreme astrophysical environments such as supernovae
and gamma ray bursts. We focus first on r-process nucleosynthesis and supernovae and the role
of neutrinos. Secondly, we discuss active sterile neutrino oscillations in this environment. We
then turn to gamma ray bursts and examine the nucleosynthesis that can be produced by
accretion disk winds, and the impact of the neutrinos. Finally we comment on the prospects
for detecting such an accretion disk if it were to occur in the Galaxy with existing neutrino
detectors.

1. Introduction
In both supernovae and gamma ray bursts, an essential part of the energetics is dominated
by neutrinos. In supernovae, most of the gravitational binding energy from the gravitational
collapse of the star is released in the form of neutrinos, which leak out of the proto-neutron star
core on a timescale of about ten seconds, see e.g. [1]. Long duration gamma ray bursts may be a
rare form of supernovae, while short duration bursts may be produced by neutron star mergers
[2, 3]. In both of these cases, it is likely that an accretion disks forms around a black hole, which
becomes hot enough to emit large numbers of neutrinos, see the sketch in Fig 1. Neutrino fluxes
become large when the neutrinos are emitted from regions where the mean free path is small. In
Fig. 2 we show the neutrino trapped region for a proto-neutron star and for an accretion disk.
As can be seen from the figure, all types of neutrinos are produced in the proto-neutron star,
while primarily νe and ν̄e types are produced in the accretion disk.

A wind flows away from both the proto-neutron star and from the accretion disk. Close to
these objects, the material is sufficiently hot that it is composed of free nucleons, as it flows
away it cools, and nucleons combine into nuclei. The type of nuclei that are formed in this way
depends sensitively on the outflow timescale, the entropy, and in particular the electron fraction,
Ye = 1/(1 + n/p). Since there is an intense flux of neutrinos emitted in each case, the electron
fraction will be influenced by both the backward and forward reactions below:

νe + n ↔ p + e
+ (1)

ν̄e + p ↔ n + e
− (2)

If these reactions equally matched, then the material has roughly equal numbers of neutrons
and protons, which makes an environment favorable for forming iron peak elements, such as
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outflow

black hole, jet

neutrinos
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Figure 1. Sketch of an accretion disk, the jet and the wind.

Figure 2. Shows the neutrino surfaces for a proto-neutron star and a 1 M⊙/s accretion disk.
Figure from [21].

Nickel-56. In addition, for an intense νe flux, with little ν̄e, proton rich conditions would occur,
while for the reverse situation, neutron rich conditions occur. Neutron rich conditions are
favorable for the formation of the rapid neutron capture (r-process) elements. The observed
abundance pattern of the heavy elements is shown in as the upper line in Fig. 3.

2. Proto-neutron Star Supernovae
Since the electron antineutrinos that are released from proton-neutron stars have slightly higher
energy than the electron neutrinos, it was originally speculated that the “neutrino driven wind”
of the supernova would be a good site for the r-process [4, 5]. However, self-consistent calculation
shows that the standard scenario falls short of this expectation [6] as seen in by the lower left
line in Fig 3.

The inclusion of one additional species of sterile neutrino which mixes with the electron
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neutrino can improve the situation [7, 8]. The lower right curve in Fig. 3 shows the
nucleosynthesis products from a calculation which includes the mixing at the level of δm2 =
2eV2, sin2 2θ = 10−2, for a neutrino driven wind with parameters entropy per baryon s =
100, and outflow timescale τ = 0.3 s [9] . The reason for this success is that the flux of
electron neutrinos during the critical period of alpha particle formation is decreased, allowing
the outflowing material to remain neutron rich. The parameter space which would allow
for conditions which produce the r-process (in the absence of the inclusion of neutrino self
interactions) is shown in Fig. 4 [9]. Part of this space is coincident with the positive LSND [10]
result and will be tested in the future by MiniBooNE [11].

3. Accretion Disks
If accretion disks produce gamma ray bursts, the jet will occur on axis above the black hole,
but there will be an additional much less relativistic outflow from the sides (see Fig. 1). For
very rapidly accreting disks, the average energy of νe is much less than that of the ν̄e [12] and
this much less relativistic outflow does become neutron rich [13]. It produces an r-process for a
wide range of entropy, s and outflow conditions as can be seen in Fig. 5. In this figure we show
the nucleosynthesis products for outflow coming from a disk accreting at a rate of 10 M⊙/s [14].
The peaks of the r-process distribution are labeled. The most complete r-process is labeled as
A=195, while conditions which produce only the lightest r-process elements are labeled as A=80.
The parameter β is a measure of the acceleration of the outflow. For small β the acceleration is
the most rapid and the neutrinos have the smallest influence on the nucleosynthesis.

Such rapidly accreting disks are at present theoretically suggested to come from neutron star
mergers [15, 16]. Lower accretion rate disks, of the order of 0.1 M⊙/s are predicted to come from
the collapse of massive stars in the collapsar model [17, 18]. These disks produce a great deal of
Nickel-56. One can see from Fig. 6 where the overproduction factors of Nickel are shown, that
the amount of Nickel produced quite closely tracks the electron fraction (sold lines). Nickel-56
is an element which is important to produce in gamma ray bursts, since the supernova light
curve “bumps” which are observed to occur with a few long duration gamma ray bursts, have
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Figure 5. Shows the type of r-process
produced by accretion disk outflow for a disk
accreting at a rate of 10 M⊙/s. Figure from
[12]

Figure 6. Shows the mass fraction of Nickel-
56 from the outflow of a disk of 0.1 M⊙/s.
Shaded Contours represent mass fractions
greater than 0.1, 0.2, 0.3, 0.4, 0.5 From [12]

spectra which are associated with Type Ic supernova. The light curve of the supernova is driven
by the decay of nickel to cobalt and then iron. In addition these disks my produce certain rare
elements, including some p-process elements [19, 14, 20].

4. Detection of Disk Neutrinos
The neutrinos from the accretion disks just discussed in the context of nucleosynthesis may
also be considered in the context of supernova neutrino detection. Currently on line neutrino
detectors would only detect these neutrinos if the event occurred within our Galaxy. Gamma ray
bursts are several orders of magnitude more rare than supernovae, and at present one does not
expect such an event to occur in our lifetime. However, it is likely that the rate of disk formation
is considerably higher than the rate of burst formation, since not all disk may produce bursts.

If such a disk occurred in the Galaxy, it would produce events in currently on-line detectors.
Rates of such events in the disk of our Galaxy in SuperKamiokande are given in Table 1. In
comparison with the proto-neutron star supernova neutrinos the spectrum is quite similar (see
Fig. 7).

Timescale and energetics are two possible ways to distinguish the proto-neutron star from the
accretion disk. Total energetics however, would require a distance measurement to the object,
which may be difficult as much of the Galaxy is obscured by dust. Neutrinos from the proto-
neutron star are emitted on a characteristic diffusion timescale. The timescale of the accretion
disk is set instead by the time the material is accreted onto the disk. Timescale is therefore an
important observable, but uncertainties in the models of both the proto-neutron star supernova
(fallback, black hole formation) and accretion disks (uncertain time in steady state), make it
desirable to look for an additional test.

A better test is the flavor content of the neutrinos because the emitted flavor content of the
neutrino signal would differ significantly in the cases of accretion disk neutrinos and proto-
neutron star neutrinos. Proto-neutron stars produce neutrinos in all flavors with roughly
equipartition of energy. In contrast, accretion disks produce primarily νe and ν̄e. Although
oscillations will mix these spectra, it is unlikely that this mixing will mimic the roughly
equipartition of energy of the proto-neutron star [21]. However in order to distinguish the
two, in addition to a ν̄e + p measurement, it is necessary to have a measurement in the νe or
neutral current channel, preferably both.
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Figure 7. Comparison between the counts for ν̄e + p → e
+ + n at SuperKamiokande as a

function of positron energy for the two oscillation scenarios. Plotted are the signals from the
proto-neutron star and accretion disks ranging from 0.01 M⊙/ s to 1.0 M⊙/ s. With a normal
hierarchy (left panel) and an inverted hierarchy (right panel). Figure from [21]

Table 1. Approximate numbers of events for a supernova with a proto-neutron star at 10 kpc
and various accretion disks which process one solar mass of material at 10 kpc.

Type of Astrophysical Object Events in Detector Time

Protoneutron Star 7000 10 seconds

Accretion Disk of Ṁ = 1M⊙/s 2800 1 second

Accretion Disk of Ṁ = 0.1M⊙/s 1400 10 seconds

Accretion Disk of Ṁ = 0.01M⊙/s 50 100 seconds

5. Conclusions
Both proto-neutron stars and accretion disks produce nucleosynthesis in winds driven from
their inner regions. The type of elements produced are strongly influenced by the neutrinos. In
the proto-neutron star, the prospects for the production of the r-process elements are greatly
improved by active sterile neutrino transformation. In the accretion disk scenario, the disk must
be quite rapidly accreting to become hot enough to produce sufficiently neutron rich conditions
to create the r-process elements. These disks would also produce a neutrino signal in currently
on-line neutrino detectors, such as Super-Kamiokande.
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Getting the most from NOνA and T2K
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Abstract. The determination of the ordering of the neutrino masses (the hierarchy) is
probably a crucial prerequisite to understand the origin of lepton masses and mixings and
to establish their relationship to the analogous properties in the quark sector. In this talk, we
follow an alternative strategy to the usual neutrino–antineutrino comparison: we exploit the
combination of the neutrino-only data from the NOνA and the T2K experiments by performing
these two off-axis experiments at different distances but at the same 〈E〉/L, 〈E〉 being the mean
neutrino energy and L the baseline. This would require a minor adjustment to the proposed
off-axis angle for one or both of the proposed experiments.

1. Introduction
During the last several years the physics of neutrinos has achieved a remarkable progress. The
experiments with solar [1, 2, 3, 4, 5, 6], atmospheric [7], reactor [8], and also long-baseline
accelerator [9, 11] neutrinos, have provided compelling evidence for the existence of neutrino
oscillations, implying non zero neutrino masses. The data quoted above require two large mixing
angles (θ12 and θ23) and may involve a small third one (θ13) in the neutrino mixing matrix and
two mass squared differences, Δm2

ji ≡ m2
j − m2

i , with mj,i the neutrino masses, one driving
the atmospheric (Δm2

31) and the other one the solar (Δm2
21) neutrino oscillations. The mixing

angles θ12 and θ23 control the solar and the atmospheric neutrino oscillations, while θ13 is the
angle limited by the data from the CHOOZ and Palo Verde reactor experiments [12, 13].

The Super-Kamiokande [7] and K2K [9] data are well described in terms of dominant νμ → ντ

(ν̄μ → ν̄τ ) vacuum oscillations. The MINOS Collaboration has recently reported their first
neutrino oscillation results from 1.27 × 1020 protons on target exposure of the MINOS far
detector [11]. A recent global fit [14] (see also Ref. [15]) provides the following 3σ allowed
ranges for the atmospheric mixing parameters:

|Δm2
31| = (1.9 − 3.2) × 10−3eV2, 0.34 < sin2 θ23 < 0.68 . (1)

The sign of Δm2
31

, sign(Δm2
31

), cannot be determined with the existing data. The two
possibilities, Δm2

31 > 0 or Δm2
31 < 0, correspond to two different types of neutrino mass

ordering: normal hierarchy and inverted hierarchy. In addition, information on the octant in
which θ23 lies, if sin2 2θ23 �= 1, is beyond the reach of present experiments.

The 2-neutrino oscillation analysis of the solar neutrino data, in combination with the
KamLAND spectrum data [16], shows that the solar neutrino oscillation parameters lie in the
low-LMA (Large Mixing Angle) region, with best fit values [14] Δm2

21 = 7.9 × 10−5 eV2 and
sin2 θ12 = 0.30.
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A combined 3-neutrino oscillation analysis of the solar, atmospheric, reactor and long-baseline
neutrino data [14] constrains the third mixing angle to be sin2 θ13 < 0.041 at the 3σ C.L.

The future goals in the study of neutrino properties will be to measure precisely the already
known oscillation parameters and to obtain information on the unknown ones, namely θ13,
the CP–violating phase δ and the neutrino mass hierarchy (or equivalently sign(Δm2

31)). In
this talk [17], we concentrate on the extraction of the neutrino mass hierarchy by combining
the Phase I (neutrino-data only) of the long-baseline νe appearance experiments T2K [18] and
NOνA [19], both exploiting the off-axis technique [20]. For our analysis, unless otherwise stated,
we will use a representative value of |Δm2

31| = 2.4 × 10−3 eV2 and sin2 2θ23 = 1. For the solar
oscillation parameters Δm2

21 and θ12, we will use the best fit values quoted in this introductory
section.

2. Formalism
The mixing angle θ13 controls νμ → νe and ν̄μ → ν̄e conversions in long-baseline νe appearance
experiments and the ν̄e disappearance in short-baseline reactor experiments. Present and future
reactor neutrino experiments [21], conventional neutrino beams and future long baseline neutrino
experiments could measure, or set a stronger limit on, θ13. Therefore, with the possibility of
the first measurement of θ13 being made by a 1-to 2-km baseline reactor experiment, the long-
baseline off-axis νe appearance experiments, T2K [18] and NOνA [19], need to adjust their focus
to emphasize other physics topics. The most important of these questions is the form of the
mass hierarchy, normal versus inverted and the measurement of leptonic CP violation, which in a
three neutrino oscillation framework is directly related to the existence of a CKM-like CP-phase,
δ. Consider the probability P (νμ → νe) in the context of three-neutrino mixing in the presence
of matter [22], represented by the matter parameter a, defined as a ≡ GF ne/

√
2, where ne is the

average electron number density over the baseline, taken to be constant throughout the present

study. Defining Δij ≡ Δm2
ijL

4E , a convenient and precise approximation is obtained by expanding
to second order in the following small parameters: θ13, Δ21/Δ32, Δ21/aL and Δ21. The result
is (details of the calculation can be found in Ref. [23], see also Ref. [24]) 1:

Pνµνe �
∣∣∣∣sin θ23 sin 2θ13

(
Δ31

Δ31 − aL

)
sin(Δ31 − aL)e−i(Δ32+δ) + cos θ23 sin 2θ12

(
Δ21

aL

)
sin (aL)

∣∣∣∣2 (2)

where L is the baseline and a → −a, δ → −δ for Pν̄µν̄e . Suppose Pνµνe < Pν̄µν̄e : in vacuum,
this implies CP violation. On the other hand, in matter, this implies CP violation only for
the normal hierarchy but not necessarily for the inverted hierarchy around the first oscillation
maximum. The different index of refraction for neutrinos and antineutrinos induces differences in
the ν, ν̄ propagation that could be misinterpreted as CP violation [25]. Typically, the proposed
long baseline neutrino oscillation experiments have a single detector and plan to run with the
beam in two different modes, neutrinos and antineutrinos. In principle, by comparing the
probability of neutrino and antineutrino flavor conversion, the values of the CP–violating phase
δ and of sign(Δm2

31
) could be extracted. However, different sets of values of CP–conserving and

violating parameters, (θ13, θ23, δ, sign(Δm2
31)), lead to the same probabilities of neutrino and

antineutrino conversion and provide a good description of the data at the same confidence
level. This problem is known as the problem of degeneracies in the neutrino parameter
space [26, 27, 28, 29, 30] and severely affects the sensitivities to these parameters in future
long-baseline experiments. Many strategies have been advocated to resolve this issue. Some
of the degeneracies might be eliminated with sufficient energy or baseline spectral information.
In practice, statistical errors and realistic efficiencies and backgrounds limit considerably the

1 The author would like to thank S. Parke for the shorter version of the oscillation probability below.
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capabilities of this method. Another detector [27, 31, 32, 33, 34] or the combination with
another experiment [35, 36, 37, 38, 39, 40, 41, 42, 43, 44] would, thus, be necessary.

The use of only a neutrino beam could help in resolving the type of hierarchy when two
different long-baselines are considered [36, 37, 45, 46]. It was shown in ref. [37] that if the 〈E〉/L
for the two different experiments is approximately the same then the allowed regions for the
two hierarchies are disconnected and thus this method for determining the hierarchy is free of
degeneracies. Naively, we can understand this method in the following way for sin2 2θ13 > 0.01:
assume that matter effects are negligible for the short baseline, then at the same 〈E〉/L, if
the oscillation probability at the long baseline is larger than the oscillation probability at the
short baseline, one can conclude that the hierarchy is normal, since matter effects enhance
the neutrino oscillation probabilities for the normal hierarchy. For the inverted hierarchy the
oscillation probability for the long baseline is suppressed relative to the short baseline

3. Our strategy: only neutrino running and two detectors
Following the line of thought developed by Minakata, Nunokawa and Parke [37], we exploit the
neutrino data from two experiments at different distances and at different off-axis locations [17].
The off-axis location of the detectors and the baseline must be chosen such that the 〈E〉/L is
the same for the two experiments. Here we explain the advantages of such an strategy versus
the commonly exploited neutrino-antineutrino comparison.

Suppose we compute the oscillation probabilities Pνµνe and Pν̄µν̄e for a given set of oscillation
parameters and the CP-phase δ is varied between 0 and 2π: we obtain a closed CP trajectory (an
ellipse) in the bi–probability space of neutrino and antineutrino conversion [28]. In general, the
ellipses overlap for a large fraction of values of the CP–phase δ for every allowed value of sin2 2θ13.
This indicates that, generically, a measurement of the probability of conversion for neutrinos
and antineutrinos cannot uniquely determine the type of hierarchy in a single experiment. This
makes the determination of sign(Δm2

31) extremely difficult, i. e., the sign(Δm2
31)-extraction is

not free of degeneracies.
In the case of bi–probability plots of neutrino–neutrino conversions at different distances

(which will be referred as near (N) and far (F)), the overlap of the two bands, which implies
the presence of a degeneracy of the type of hierarchy with other parameters, is controlled by
the slope and the width of the bands. Using the fact that matter effects are small (aL 	 Δ13),
we can perform a perturbative expansion and assuming that the 〈E〉/L of the near and far
experiments is the same, at first order, the ratio of the slopes reads [37]

α+

α−
� 1 + 4 (aNLN − aFLF)

(
1

Δ31

− 1
tan(Δ31)

)
, (3)

where α+ and α− are the slopes for normal and inverted hierarchies, and aF and aN are the
matter parameters for the two experiments. The separation among the ellipses for the two
hierarchies increases as the matter parameter times the path length for the two experiments
does. The width of the ellipses is crucial: even when the separation between the central axes
of the two regions is substantial, unless the ratio 〈E〉/L is kept close to constant, the width of
the ellipses will grow rapidly and the ellipses will overlap. Consequently, we have to satisfy two
conditions in order to optimize the determination of the neutrino mass hierarchy: (a) maximize
the difference in the factor aL for both experiments and (b) minimize the ellipses width by
performing the two experiments at the same 〈E〉/L.

The most promising way to optimize the sensitivity to the hierarchy with relatively near
term data is therefore to focus on the neutrino running mode and to exploit the Phase I data of
the long-baseline off-axis νe appearance experiments, T2K and NOνA. T2K utilizes a steerable
neutrino beam from JHF and Super-Kamiokande and/or Hyper-Kamiokande as the far detector.
The beam will peak at 0.65 GeV by placing the detector off-axis by an angle of 2.5◦ at 295 km.
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(a) Δm2
31 = 2.4 × 10−3 eV2 (b) Δm2

31 = 3 × 10−3 eV2

Figure 1. (a) 90% CL hierarchy resolution (2 d.o.f) for different possible combinations: the
default one (T2K at an off-axis angle of 2.5◦ and NOνA far detector at 12 km off-axis, in solid
blue), T2K at an off-axis angle of 2.5◦ and NOνA far detector at 13 km off-axis (long dash-dot
red curve), at 14 km off-axis (short dashed red curve), at 16 km off-axis (three dots-three dashes
blue curve) and T2K at an off-axis angle of 2◦ and NOνA far detector at 12 km off-axis (dotted
blue curve). (b) The same as (a) but assuming that Δm2

31 = 3.0 × 10−3 eV 2 and only for the
three most representative combinations.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 30 kton
low density tracking calorimeter with an efficiency of 24%. Such a detector would be located
12 km off-axis, resulting in a mean neutrino energy of 2 GeV. While for the T2K experiment
matter effects are non negligible, albeit small [47], matter effects are quite significant for NOνA.
Therefore, the condition (a) is satisfied, since (aL)NOνA � 3(aL)T2K . What about the
condition (b)? A back-of-the-envelope calculation indicates that the current off-axis detector
locations are not such that 〈E〉/L of the two experiments is the same. However, by placing
the detector(s) in slightly different off-axis location(s), one can manage the 〈E〉/L of the two
experiments to be exactly the same. This neutrino-data strategy would only need half of the
time of data taking (because we avoid the antineutrino running), when compared to the standard
one (i.e. running in neutrinos and antineutrinos at a fixed energy, E, and baseline, L).

4. Optimizing the NOνA and T2K detector locations
In this section we present what could be achieved if NOνA and T2K setups are carefully chosen,
focusing on the physics potential of the combination of their future data. We define the Phase I
of the experiments as follows. For the T2K experiment, we consider 5 years of neutrino running
and SK as the far detector with a fiducial mass of 22.5 kton and 70% detection efficiencies. For
the NOνA experiment, we assume 6.5 × 1020 protons on target per year, 5 years of neutrino
running and the detector described in the previous section.

We summarize the results in Figs. (1), where we present the exclusion plots in the (sin2 2θ13, δ)
plane for a measurement of the hierarchy at the 90% CL for the several possible combinations,
assuming that nature’s solution is the normal hierarchy and Δm2

31 = 2.4× 10−3 eV2 (left panel)
and Δm2

31
= 3 × 10−3 eV2 (right panel) (in light of the recent MINOS results, we explore here
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the impact of a larger Δm2
31). We show as well the corresponding CHOOZ bound for sin2 2θ13.

A larger value of Δm2
31 implies more statistics and consequently a sensitivity improvement: see

Fig. (1) (b), where for the sake of illustration only the three most representative configurations
are shown.

If both T2K and NOνA run in their default configurations the combination of their future
Phase I data (only neutrinos) will not contribute much to our knowledge of the neutrino sector,
see the solid blue line in Figs. (1). If we fix the T2K off-axis location to its default value of 2.5◦
but we change the location of the NOνA detector to 14 km the improvement is quite remarkable,
see the short dashed red line in Figs. (1): the sensitivity to the mass hierarchy has a milder
dependence on the CP-phase δ once that the 〈E〉/L of the two experiments is chosen to be
the same. The best sensitivity to the hierarchy extraction is clearly achieved when the NOνA
experiment is at 14 km off-axis and the T2K off-axis angle is the default one. If the T2K off-axis
angle is slightly modified to 2◦, see the dotted lines in Figs. (1) it would be possible to reproduce
the results from the combination of the data from T2K located at 2.5◦ off-axis and the NOνA
detector placed at 13 km off-axis.

The combination of data from an upgraded phase (Phase II) of the T2K and/or NOνA
experiments (by increasing the proton luminosities, the years of neutrino running and/or the
mass of the far detectors) will obviously increase the statistics and will shift the sensitivity curves
depicted in Fig. (1) (a), similarly to the effect of increasing Δm2

31.
If the nature’s choice for the neutrino mass ordering is the inverted hierarchy, the sensitivity

curves depicted in Fig. (1) (a) will be shifted but in the opposite direction, making the case for
the Phase II of both experiments stronger, especially if Δm2

31 = 2.4 × 10−3 eV2.

5. Conclusions
The most promising way to extract the neutrino mass hierarchy is to make use of the matter
effects and exploit the neutrino data from two near-term long baseline νe appearance experiments
performed at the same 〈E〉/L, provided sin2 2θ13 is within their sensitivity range or within the
sensitivity range of the next-generation ν̄e disappearance reactor neutrino experiments. Such
a possibility could be provided by the combination of the data from the Phase I of the T2K
and NOνA experiments. We conclude that the optimal configuration for these experiments
would be 14 km off-axis for the NOνA far detector and 2.5◦ off-axis for the T2K experiment.
The combination of their expected results could provide a 90% confidence level resolution of the
neutrino mass hierarchy if sin2 2θ13 > 0.11 (for Δm2

31 = 2.4×10−3 eV2) or if sin2 2θ13 > 0.07 (for
Δm2

31 = 3 × 10−3 eV2). A modest upgraded next Phase of both NOνA and T2K experiments
(by increasing a factor of five their expected Phase I statistics) could shift the 90% CL limits
quoted above to sin2 2θ13 > 0.03 (for Δm2

31 = 2.4 × 10−3 eV2) and to sin2 2θ13 > 0.025 (for
Δm2

31 = 3 × 10−3 eV2).

Acknowledgments
The material presented here is based on work developed in collaboration with H. Nunokawa,
S. Palomares-Ruiz, S. Parke and S. Pascoli. Fermilab is operated by URA under DOE contract
DE-AC02-76CH03000.

References
[1] Cleveland B T et al. 1998 Astrophys. J. 496 505; Fukuda Y et al. [Kamiokande Collaboration] 1996 Phys.

Rev. Lett. 77 1683; Abdurashitov J N et al. [SAGE Collaboration] 2002 J. Exp. Theor. Phys. 95 181;
Hampel W et al. [GALLEX Collaboration] 1999 Phys. Lett. B 447 127; Kirsten T A [GNO Collaboration]
2003 Nucl. Phys. Proc. Suppl. 118 33.

[2] Fukuda S et al. [Super-Kamiokande Collaboration] 2002 Phys. Lett. B 539 179
[3] Ahmad Q R et al. [SNO Collaboration] 2001 Phys. Rev. Lett. 87 071301
[4] Ahmad Q R et al. [SNO Collaboration] 2002 Phys. Rev. Lett. 89 011301; and ibid. 89 011302.

203

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



[5] Ahmed S N et al. [SNO Collaboration] 2004 Phys. Rev. Lett. 92 181301
[6] Aharmim B et al. [SNO Collaboration] 2005 Phys. Rev. C 72 055502
[7] Ashie Y et al. [Super-Kamiokande Collaboration] 2005 Phys. Rev. D 71 112005
[8] Eguchi K et al. [KamLAND Collaboration] 2003 Phys. Rev. Lett. 90 021802
[9] Ahn M H [K2K Collaboration] Preprint hep-ex/0606032

[10] Ables E et al. [MINOS Collaboration] FERMILAB-PROPOSAL-0875.
[11] MINOS Collaboration Preprint hep-ex/0607088.
[12] Apollonio M et al. 1999 Phys. Lett. B 466 415
[13] Boehm F et al. 2000 Phys. Rev. Lett. 84 3764 and Phys. Rev. D 62 072002
[14] Schwetz T Preprint hep-ph/0606060
[15] Fogli G L et al. Preprint hep-ph/0608060
[16] Araki T et al. [KamLAND Collaboration] 2005 Phys. Rev. Lett. 94 081801
[17] Mena O, Nunokawa H and Parke S Preprint hep-ph/0609011
[18] Hayato Y et al., Letter of Intent, available at http://neutrino.kek.jp/jhfnu/
[19] Ayres D S et al. [NOvA Collaboration] Preprint hep-ex/0503053
[20] Para A and Szleper M Preprint hep-ex/0110032
[21] Anderson K net al. Preprint hep-ex/0402041 Ardellier F et al. Preprint hep-ex/0405032 Abouzaid E et al.

“Report of the APS Neutrino Study Reactor Working Group”, LBNL-56599, available at http://www-
library.lbl.gov/docs/LBNL/565/99/; Huber P et al. “From Double Chooz to Triple Chooz: Neutrino
physics at the Chooz reactor 2006 JHEP 0605 072

[22] Wolfenstein L 1978 Phys. Rev. D 17 2369; Barger V D, Whisnant K, Pakvasa S and Phillips R J N 1980 Phys.
Rev. D 22 2718; Mikheev S P and Smirnov A Y 1985 Sov. J. Nucl. Phys. 42 913; Parke S J 1986 Phys.
Rev. Lett. 57 1275; Zaglauer H W and Schwarzer K H 1988 Z. Phys. C 40 273; Banuls M C, Barenboim
G and Bernabeu J 2001 Phys. Lett. B 513 391; Freund M, Lindner M, Petcov S T and Romanino A 2000
Nucl. Phys. B 578 27

[23] Cervera A et al. 2000 Nucl. Phys. B 579 17 [Erratum-ibid. 2001 B 593 731]
[24] Akhmedov E K et al. 2004 JHEP 0404, 078
[25] Arafune J, Koike M and Sato J 1997 Phys. Rev. D 56 3093 [Erratum-ibid. 1999 D 60, 119905]; Minakata H

and Nunokawa H 1997 Phys. Lett. B 413 369; Donini A et al. 2000 Nucl. Phys. B 574 23
[26] Fogli G L and Lisi E 1996 Phys. Rev. D 54 3667
[27] Burguet-Castell J et al. 2001 Nucl. Phys. B 608 301
[28] Minakata H and Nunokawa H 2001 JHEP 0110 001
[29] Barger V Marfatia D and Whisnant K 2002 Phys. Rev. D 65 073023
[30] Kajita T, Minakata H and Nunokawa H 2002 Phys. Lett. B 528 245; Minakata H, Nunokawa H and Parke S

J 2002 Phys. Rev. D 66 093012; Freund M, Huber P and Lindner M 2001 Nucl. Phys. B 615 331; Huber
P, Lindner M and Winter W 2002 Nucl. Phys. B 645 3; Donini A, Meloni D and Rigolin S 2004 JHEP
0406 011; Aoki M, Hagiwara K and Okamura N 2005 Phys. Lett. B 606 371; Yasuda O 2004 New J. Phys.
6 83;

[31] Minakata H and Nunokawa H 1997 Phys. Lett. B 413 369;
[32] Donini A, Meloni D and Migliozzi P 2002 Nucl. Phys. B 646 321; Autiero D et al. 2004 Eur. Phys. J. C 33

243
[33] Barger V, Marfatia D and Whisnant K 2002 Phys. Rev. D 66 053007
[34] Ishitsuka M et al. 2005 Phys. Rev. D 72 033003; Hagiwara K, Okamura N and Senda K 2006 Phys. Lett. B

637 266
[35] Burguet-Castell J et al. 2002 Nucl. Phys. B 646 301
[36] Huber P, Lindner M and Winter W 2003 Nucl. Phys. B 654 3
[37] Minakata H, Nunokawa H and Parke S J 2003 Phys. Rev. D 68 013010
[38] Barger V, Marfatia D and Whisnant K 2003 Phys. Lett. B 560 75
[39] Whisnant K, Yang J M and Young B L 2003 Phys. Rev. D 67 013004; Huber P et al. 2003 Nucl. Phys. B 665

487; Huber Pet al. 2004 Phys. Rev. D 70 073014; Donini A et al. 2005 Nucl. Phys. B 710 402; ; Donini
A, Fernández-Mart́ınez E and Rigolin S 2005 Phys. Lett. B 621 276 Narayan M and Uma Sankar S 2000
Phys. Rev. D 61 013003

[40] Mena O and Parke S J 2004 Phys. Rev. D 70 093011
[41] Huber P, Maltoni M and Schwetz T 2005 Phys. Rev. D 71 053006
[42] Mena O 2005 Mod. Phys. Lett. A 20 1
[43] Huber P et al. Preprint hep-ph/0606119
[44] Blondel A et al. Preprint hep-ph/0606111
[45] Mena Requejo O, Palomares-Ruiz S and Pascoli S 2005 Phys. Rev. D 72 053002;
[46] Mena Requejo O, Palomares-Ruiz S and Pascoli S 2006 Phys. Rev. D 73 073007

204

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



[47] Aoki M, Hagiwara K and Okamura N 2003 Phys. Lett. B 554 121

205

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



����������

������������	 �
 ����������� ������ ���� ����	

������ ����	


���� ����	
 ������
 ������� ���������� �� �������
 �	� �����
 ����� ! "�#�����
 �	���

�$%��#& ����������	��
��
�

��������� '�������#��� ���(#� (��� ����) *����+ ,��#���� #�	��� ��%(�� () �-� �����
 �
	�����,� �(���,����� �.���/��� ���������#) �%	#��� 	.)���� (�)��� �.� �������� %���#0 ����

�.��� 	����(#� ������(������ �� ���� ����) ��� (���1) ��,��-��& *�+ 2.� %��� %��.����% ���
��� ���������� �� �������� ����##������3 *(+ 4�/�$��5.� �)%%����� %���#� ��� �.� #�-�� #�%�� ��
�.� ��5.�$.����� � (���� %���3 ��� *�+ 6$	����) ,��#����5 ��	���)%%���)0 �� ��������
 �.�
������#) 	�(#��.�� 7�8������ (#��9 (�8: �.����% �� (���1) ���������0 �%(���� -��. ���� /��%
����##����� �8	���%���� �.�� �.����% 	��,���� 	���/ �.�� �.� ���� ����) �%	#����� %��� �����,�
� ���$;��� ������(����� /��% �.� %��� %��.����%
 �/ ��������� ��� ������ <�=����� 	�����#��0

�� ������	����

	
�� �� �
������ �� ����
�� ���
����
��� ��� ���� ����� �� ����
����� ����� ���
����  ����! ��� "����
��� ���������� �� 
�� 
���
���
��� ��� #�$����� ����
�� �����%
&�'��( �� 
� '���)��'�( ��� ���� ����� �� �������� ���� �� ����
�� ����
��( '�
��
����'� ��� ����� ����� �
����
��( �����
���� �����
���� �� ���� ����% *���( �� ���
�
����
�� �� ���� ���� ��� � ������
+� ��,

�
� ����
���

���
-
��

�

�������

��
� ���� �  �!

*� ������ ���� �����
�� ���  ��)��'�( ��� ����� ����� �
����
�.! ����
�� ����
��
��������% *� ����
� �� ����
��� ���� �� ���� 
���� ���� ����( "��
��� ���

�����
��� ������ ����
��( 
� ���% /"��
���� �
�
�  �� �����! � ����
��� ( ��� � �
�����
�� ��

���
��� �
0��� "��
���� �( ��� "���� ���% ��� 
� 1%  �! ������ ��� � ������ ��������
����
" ����% 2
0��� ����
�� ����
�� �����
���
��� �� ���� ���� ���� �� �
0���
����
" �����% 3� �4�
� �������� ����� �� ���� ���( ���� 
����������( �� ���� ��
������ ����
" ����� "
�� �� �� ��'% ��� � ������.� �
�����
�� � �5�% �
�����( � ���� 
� �
�����
� ���� ���� 
��.���( 
�� ���� ��� � ��������� 1�
� ���
��� �6�%

*�
� ���) ���������� "����
��� �� ����
�� ����
�� ������ �� ���� ����% *� �����
�
7����) ��"8 �9� ����� ��� 
�� ������ ����
��� 7"����8 ���
�� ��� �� ��
:� �
������(
���� ��
'
�. �������
��� �� �����
.�� ������
� ����� ��� ����������� '
�� ;����
��
�
����
�� ��
�� ���� � ��'� �
�
� �� �� ���� ���� ������
�% <��� ��� ��� ����( "�����
���
��� �� ���� �����
�� �� ���� ���� 
� �
.�� �� ����
�� ���
����
�� ���� �� �
������% �� 
�
���
��� �� ���( ���� ����
�
�. �� 7"���� ����) ��"8 '
�� ���
����
�� ���� ��� ������ �����
���������� ���� ��� ���� � � ����+�� �����
���
�� ���� �� ���� �����
�� �� �� ����
���� ����
���( 
� ����
��� �� 
��� #�$����� ����
���%

206

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



�� ���� ��	�� ��� �
� ���	� ���
���� �� "��
����� ��
�� �� �
' ����� ����� �
����
�� 
� ���� ���� 
� ������ �����.�
�� �������� �� �'� ������� 
� �� 4��� ���� '
�� �� �
��
�. ��.�% #��� �
0���(
����
�� �����
��� ��� �� �
������ 
� �� �
������% ������
�.��( ��'��( �� ��� ���'
�9� ���� 
������� �� '�
�� �����
���
�� �� ���� ���� 
� �� ���
���� ��( ����
��� ��
.������� �� ��� � ����+�� #�$����� ����( 
� ���� ���� 
� ������% *� ����� �� ��
�
7����) ��"8 ����� �9� ����
���� �����'� ���� �� �������
�� ���� ��� 0��
� ��'���.�
=� �- � ������� 
����
�. ���� ���� '
�� �����
��� ���� � ����
��� �� �� ��� ���� 
�
��������
�� �����( ��� ��� 
� ��� �
.�� ���� � �� ��  �� � ��! ���� �� �� #�$�����
����
�� ���� ����
"  ��

��!% > ����� ��������
�� �� ��� �
0��� �����
���
��� �� ��
�� '����

��� �1�
� � ���
�� ������� ��� �� ����� �� �� ����) ��" ����� 
� ������� �� ���'
�.
���� �� ���� ������� ��� "
�� �?� 
� ��� .��. ���� �����
�
�. �� �������� ���� ����.�
������ 
������
��%

*�
� '���)��'� ����� ��� ������ �� "���� �� �� ��� �� ��� .����
��� ��
����
��� ��� ���
����� ����� ����� ��� ����� :����� �
����
�. ������� ���% ����
��
'
�� ���� ���� ���
����
�� "��
���� ��
� 7"����8 ����) ��" ����� ��� � ��� �� ���'
���� ��

�� �- �% *� ����� 
������ �'� ����% �� �� 4��� ��� 
� 
� ���'� ���� ��� 0��
�
������� .����
�. ����� ����� �
����
�. ������� �� �� ���� @� � @�			� ( '�� @� ���
@� ����� ������
����� ��� ��� �� �� 	# ����
��� '
�� � - �( ������
�� .����� � ����
+�� ��

	� ���� 
� �� #�$����� ����
�� ���� ����
" 
� �
.�� ���� �� ��������
�� �����%
>� ��� �� ��
.
��� ����) ��"( �� ��� ���' ���� ��� 
� �� ����
�� ������� ����'
�. ��� �
����� ��������
�� �� �
0��� �����
���
��� �� ��
� ����% �� �� ����� ���( ��� ��� ����'�
����
�� ���� ����
�� '
�� ��

�� � � �� ����������% �� 
� ��� ��� �� ���' ���� ��� �� ��
����
�� 4� ��������� 
� ����
���� '
�� ���
����
�� ����% A� ��� ���� ������� ���� ��

�� �- �

� .������� ��� #�$����� ����
��� ��� ������ �����%

*� ���� ����� �! �� ��� ���� '�
�� �����
�� �� ���� ���� 
� �� ���
���� ��%
*'� 
�������
� "�����( 
� '�
�� �� ���� �����
�� �
.�� 
��� ��� � �� ���
����
�����
���
�� �� ���� ����( �� ������ �
������ �"�%

���� ��	
����
 �����
��

��� ���� ����( '
�� 
�� ���
��� ��' ��.� ���� �� � �' #B( ��� ��������
��� ��� � ���
'
�� �� 0��
� &��
����
�� �6�

�


� -


�	
�

�
��
��

�
� C ��

��
�
� C ���

��
�
� C ���

��
�
�

�
�  �!

&�( ��
� - ���	 ��� ��� - ���	 �� �� ������
� ��� �����
� ����.� �������( ��� ������

��� ���� - �
�
 � 
 ��!% 
� 
� �� ���
 ��������(  � � � ��� �( 
%% �� �
"
�. ��.� ��'�

�� �� ��� �� ������( ��� � �  ���
����

!�%
*� &��
����
�� �� 1%  �! .
�� �
� �� �� �
�.���� 
� 4.%  �!% *� .����� �� �� ���

��� �� �
��� ������ �������� 7���.����.8 �����
���
���% *� .���� �� �� ��� 
� �� ��
� ������� �� �'� ��� ��� ���������� �� �� ���� �����
�� �� ���� ����( �������
���� ��

���� -
�

� �
�
�����  � �
�����
�� 
� �� �"� ���
��!% *� .���� 
� �� �
��� 
� �������
����

�� ��� - �
�

� ������ ��� ��� - �
�

� ������% *� .���� �� �� �
.�� 
� �������
���� ��

��� -
�
�� C �� � ���

�
��
����

�
�

��
��

���
�

��
���� � �D�% &�( � �

��
� -

�
�
��� �

��

�
�	

�


�
%

��������( �� ���.����. �����
���
�� 
� <; ����� �� �������� ���� �� �� ��'� �� ���(
������� �� �� ���������. �����
���
��( '�
�� 
� 1������
� 
� ���% #��� ��������
��� ������
��� ��)� 
��� ������� ���� �� ���.����. <; �����
���
���% &�'��( �� 4��� ��
��� ��� ��
#�������� �E� ��� ���4��� �� � ���
�� ��������
�� �� �� ������ ������ ����
" �����
�D�( �� ���������. �����
���
�� ��� � ���� ��� 
�������� ��� �� ���.����. ��% *�
� ��

207

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



νi

Uei

e−

W−
L

νi

Uei

e−

W−
L

νi

Uei

e−

W−
L

νi

Vei

e−

W−
R

Ni

Vei

e−

W−
R

Ni

Vei

e−

W−
R

������ �� <����
�
����� �� �� ���� ��
��� ����
��� 
� ����
�
.�� ������
� �����%
*� .���� �� �� ��� ���
����� �� ���� ������
�
�% *� .���� 
� ��
�
��� 
� ���.����.( ���
�������� ��

�
� ������%

*� .���� �� �� �
.�� 
�
�� �������� ����� ���.
�����
���
�� ��� ����
#�$����� ����
���%

4��� �
.�� �������
��
� ������� ��� � ��
�� ���������% �� �����
.�� ������
� ����� ��
�
"
�. ��'� �� ���
�( ���  ��� �
.��! ����
��� '
�� �� ����( ���
� ��� ��� � ��
����

7F� �� ���'8 �� � ��� ���.��� �� �� ����
�

� ������ � ��

��
�
	

�

��
% *��( '
�� � �
�
� ��

��� �� D  ���� �� .�� ���
�� ��� ���

 �

���
!��	 ��

�
��
!���	% �� �� ����� ���. �����
���
��(

������.� ��� ��������
�� �� ���� 
� ��� � �
.�� �����( �� ���� �����. ������
�� 
� "����%

���� �D� ��� �����
�. � �
�
� �� �� ��G ������
� �� � ����
��� � ���  ���� �� � �
�
� ��

���
�� ��5

� ��� �
��*B�

����	
*B  5!

��� ��� � ��
��% 3�� ���� �� �
�
� �
������� �� ��� � .�� �� 
�4�
��( �� 
� ������% 3��
���� ���� �� ������
��� 
� ��
� �
�
� �� �� �� ������
��� 
� �� ������ ����
" ����
��������
�� ����� ���� �� =���

�  =�!���	 ��� ���� 
� 1�
� 
����
�
� �� �� ���
�� �� ��
������ ����%

���� �����
� ����
��

�� �� �������� ���� ����� ����� 
� �������( ����� ��� 
�  �! �� �
.�������� ����
��
���  �! ���� �� &
..� ������ '
�� � - �% �� ����������
� �����( �� �� ���� ����( 
�
�� ��� ��� ����� ����� ����� ��������
�� � ��
��
( �� ��� '�
� ��'� �� �����'
�.
 ��
�
���! ����� ����� �
����
�. ����

���� - � �����



� H�� H��!� 

�
���
����


�

 I��!� C  H�� H��!�  ��!� 
�

I���
� I���

�
�

C  6!

C  H�� H��!�  ��!� 
�

I���
�I���


�

C �� �

�

&�( �� �
�� 
��
���� �� ������ ����������� �� �� ����� 1���)� ��� ������% > ������� ��
�'� �� �� ���� 
� 1%  6!( ��.��� '
�� �� #		# ������
�� ������ .��
�� 
������
�� ���
�� ���� ���� �
�.���� '
����� ��� �
����� ����
��� �
�. "����.�( �� 4��� ��
��� ��� 
�

���( ���% > ��
���� ��������
�� �� ��� �
�.���� ����( ��.��� '
�� � �
�
� �� � ����
��� � ���  ����

� ��� ��G ���� ��

����� � 5��� ���	 
���

���GB
!� 

��

���GB
!����  9!

�� 
� 
�����
�. �� ���( ���� ���� � ����� ���� �� ����� .����� �� ������ ��� �� ���� 
� ��
#�$����� ����
�� ���� ����
" �� ��

�� � ���� B ����%

208

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



�� �������� ��	��������� ��� ���� ��	��
�� �� ���� �����
�� 
� ���
����( �� ���� ���� ������
� 
� �������
���� �� ��  �1��� ��
��!  �� � ��! ���� �� �� #�$����� ����
�� ���� ����
"% ��� ��� .����
��� �� �
.��
����
���( ��
� �������� 70��
� #�$�����8 ���� ��� � "����� ��,

��
�� � ���� -  ��� 

�
��� C !��� 

�
��

�	�� C !���
���  �!

/1% �! �����
�� � ��
��
 ��� ��)��'��, *�� ���� 
.������( �'� ��.�� ��� �'� �����%
J
�� �� ��� �� ���� ���� ����
�� ���
����
�� "��
����( �� ��� ���� �'� ���� 
.������
��� �� ������ =��

��� ��� =��
� ��� ���� �� �'� ��.�� �� �� �����  "�! ��� ������ ��.�

 "�!% ��� �� ��� �� ������ �
������( ��� � ��� � ��� ( 1% �! ��� ��� � '�
��� ��

���� -  �� ����� C !�� ���
�	
	

��
�� C =��

� C !���
��
	

��
�� C =��

� C =��
���#  ?!

'�
� ��� �� ��� �� 
���� �
������( ��� � ��� � ��� ( 
� 
� .
�� ��

���� -  �� ��

	
��
�� �=��

� C =��
���

C !�� 
�
��

�	
	

��
�� C =��

���
C !���

�����  D!

10-6 10-5 10-4 10-3 10-2 10-1 100 101
10-6

10-5

10-4

10-3

10-2

10-1

100

101

10-6 10-5 10-4 10-3 10-2 10-1 100 101
10-6

10-5

10-4

10-3

10-2

10-1

100

101

〈m
ν
〉[

eV
]

mν1 [eV]

10-6 10-5 10-4 10-3 10-2 10-1 100 101
10-6

10-5

10-4

10-3

10-2

10-1

100

101

10-6 10-5 10-4 10-3 10-2 10-1 100 101
10-6

10-5

10-4

10-3

10-2

10-1

100

101

��
�

�
��
�
�

���
����

������ �� >���'� ���. �� ���� �� � �����
�� �� �� �
.���� ����
�� ���� 
.�����% *� ��
��� ������ �
������( �� �� �
.�� 
���� �
������% *� �������� �� ����'� ���. �� ���� ��
5 $ �%�% 
������� �� �� ���
����
�� �������� ��� �� ��� ��5�( "��� ��� �� ��� �� ������
�
������( ��� '�
�� 5 �
0��� ���� ��� �� ���� �
�
� �� !�� �� ���'�% *�� �� !�� � ���6
 �
.�� ���!( !�� � ����9  ��
�� ���!( !�� � ����9  ���)� ���!%

�
.%  �! ���'� �� �����
�. ����'� ���. �� ���� ��� ����( ������ ��� 
���� �
������(
��)
�. 
��� ������� �� ����� ������ ���� � .����� 4� �� ��� ����
�� ���
����
�� ���� ��5�% *�
��'� �
�
� �� ����( '�
�� ������ 
� �� ��� �� 
���� �
������( ��� � ��������� ��
�
����%
��� ��� - � ��� % - & 1%  D! ���� �����"
�����

���� �  ��  �� � !��!
	

=��
����  E!

*���( �� ���� �� ���� ���� �� ���� !�� � �

�
( "��� ��������
�� 
� �� ���.� � ����
�
�
��% *�
�

������� ���
�� ��� ��� ��� 4�
� ��� ( �
���� ����� !�� � ��� �"�! 
� .������� �� ����
��'�����% �
.%  5! ���'� ��' ��
� ��'� �
�
� ����� '
�� ����� ���� ���� ����
�� ���
����
��
"��
����% > ����
�� ����� ������ ���� ����� �� !�� '���� ��) 
� ��
� ��� ���� ����
"��
���� �� ��� ��� 
���� �
������%

209

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



0.1 0.2 0.3 0.4 0.5
1

2

5

10

20

50

100

��
�

�
��
��
�

����	��


� � � � � �

���

���
	�������
���� ���

������ �� <�'� <
�
� �� ����

� �� ��� �� 
���� �
������ ��
� �����
�� �� �� ����� �
"
�. ��.�
�
�� "� ��� ��� �
0��� ����� ��
=��

���( 
%% ��� 4� ��
�� � 5 $
����'� ���.% *� ���
��� ����)
�
�� 
��
��� �� ������ ��� 4�
��
�� ��� �� 5 $ �%�% ����'�
���. �� !�� � �
�� "�!% *� '����
���( 
%% �� ���� ��������
�
�
�
�( 
� ����� ��� �
�� "���

� ���
 =��

���!���( �������� ���� � D
�B%

*�� 
� �� ���� �
��� 1����
���
� ��'� �
�
� ��� �� ��� �� ������ �
������% �
.%  �!(
�� �� ���( �
�� �� ���������
�. ��
� ��
��% �� ��� � �( � ��'� �
�
� ������ 
�

!�� �
	

=��
�!��	

=��
� C =��

���
C
	

=��
�!

�
�

� ���56  ��!

&�'��( ���� ��
� ����4�
�� ���) �� �� ���� �� �� ��
�� ��� - ���� "���� "��� ��������
��
�
��
�. ���� � � ��� ����
��% &�'��( ��
� 
� 1�
����� �� ���
�. ��

�� � � ��� 
� 
� "�����
��
� ����
�
�
�� '�
�� 
� ���� ��� �� �� 7"���� ����) ��"8 ����� ���%

10-5 10-4 10-3 10-2 10-1 100 101

1022

1024

1026

1028

1030

10-5 10-4 10-3 10-2 10-1 100 101

1022

1024

1026

1028

1030

T
0ν

β
β

1/
2

(76
G

e)
[y

]

mν1 [eV]

GERDA-II

GERDA-III/Majorana ?

M
a
in

z
&

T
ro

it
sk

K
A

T
R

IN

Cosmo ⇒

������ �� 	������ �� "��
�
����� ���� �� �� ������� ���
��
�� ���� ���� ��� �� ������
� ��
��G ���� ����% ��� �
�����
��
� �"�%

�� 4.%  6! 4����� � ������� �� �� ������ ������ �� ���
��� "��
����� ������� ��
�����
�.��
�
�
�. �� ������� ���� �� ����
�� ����� 
� .
��% *� �
.�� ��� ���)� ���
���� �� ����'� ��� �� ���� ���� ���� �
� �� ��G ��� ������ ��� 
���� �
������( ���������
'
�� ����
" ����� ���� ��6�% 3��( ���� ����
" ����� ���� ��9� ��� �� ��
.���� ���.�
������
��( � ���� �� �
�����
�� 
� �5�% *� .�� ��� ����� 7#�
�+ K *��
��)8 ���'� ��
����� ���� �
�
�� ��
�� ���� ����
�� ��������� 
� & ���� ���( �?�% *� ��� �����

210

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



7L>*;�38 ������� �� "���� ���
�
�
� �� �� �"� .����
�� & "��
��� L>*;�3
��D�% 3��( ���� L>*;�3 ���
�� � 4��� ���
�
�
�� �� ��� � ��� B  M E� N �%�%! �� � 9 $
�
������ �������� �� ��� � ��59 B% B��
��� �
�
�� �� �� ������� ����
�� ���� ���� ����
�������.� ��� �� ����
��� ������( ��
�� ���� �#O ���� ����
�� '
�� 
�������
��
���� ���. ���� �������� ������% ��� ��� .����
��� �� ����
��� ������ ���.
�. �����

���� � ��6 � ��� B( ����
�. �� 
���� ��� �
��( ��� �� ����
���% ��� � ���
��
�
�����
�� �( ��� "����( �� ��
' ��E�% *� ���
+����� .��� ���� 
��
���� �� ���. ��

�� 4�
� � ����
��� ���
�� �� ��� ����� �� �� &
����.�#����' "��
��� ����% 3��

���� ��
� ����� 
� �
.��� ���������
��( � ��� "���� �� �
�����
�� �� O������� 
� ���% *�
���
��� �� �
�� 
��
��� �� ���
�
�
�� �� �'� ����� G "��
����% G/;2> ���� 
� ��������

� ���� �( ���� �� 
� �����% �� �� ����� #�$����� ���� ������ G/;2> ���� ��� ��� ���
�� ���. ����'� �� 
���� �
������%

�� ���	�������

<�'� �
�
�� �� �� ���� ���� ���� �
� ��� � ��� �� �������
� ���
��� ����
�� ����
��
��������% &�'��( ���� �� ��
�� �� �
' �� ����
�� ����
�� 
� '���� � 
�����
�. ��
����
� �� ������
 �����
���
�� �� ���� ����% B�� �
��� '��) ��� �� ��� 
� ��
�
�
���
��% >�.���� �������
��� ��'� �� ������ �6� �� � ��������
� ����� �� ������ ���
�����'( ���� ��5� �
.�� � ��� �� �
�����.� ������� ��� �����
.�������� ����
���
���
�� �������  �� �� ���. ���. ���!% &�'��( ���� �����
���
��� �� ���� ���� ����
��� "
��
��� ���
����� 
� �
.�� � ���� ���� � ����
���
�� �� ���
��� �
0��� �
�� �� "��
�����
���� '
�� ����
� �� ������ ��� 4��� ���'�%

�	�������� ����

� '���� �
) �� ����) 	%G% L�����)� ��� P%J%�% B��� ��� ���
��� �
�����
��� �� �� ���$��%
�
����
�� ������� �� 	���
�� .���� �Q>���9�����E( �� /������ ����
��
�� &���� Q����
��
Q��.��� ;*3 ��'��) #;*3��*����6�9�55�E ��� �� /R 3�'��) �� >��������
�� Q���
��
 /3*>�Q! JQ�( �� '�� �� �� ����
�� #��* ;���� � ��$�� ���.��� 
� ��)��'��.�%

>!? @0 ��9��� �� ��� >��	��$A�%��9���� �##�(�������?
 �.)�0 6�,0 4���0 	

 !��� *!BB�+
>�? �0 �##����
 �0 C���(��.
 �0 ��.D�����
 �0 ���	9�
 60 <���)�%� ��� E0 F�#���
 �.��� 	��������5�
>G? �0 ��%9�,��
 �.��� 	��������5�
>�? <0 H��
 20 A����� ��� �0 2�9���5�
 ���50 2.���0 �.)�0 ��		#0 	�
 ! *!B��+0
>�? E0 ��.��.��� ��� E0 F0 �0 "�##�
 �.)�0 6�,0 H �
 �B�! *!B��+0
>�? <0 �����.
 �0�0 A�,�#��9� ��� �0 ��.%���
 .�	$	.�����888
> ? �0 2�9���5�
 �.)�0 4���0 C 
��
 G � *!B��+0
>�? <0 �����.
 �0 "0 A#�	���$A#���5���.��� ��� I0 ����##�
 �.)�0 4���0 C ���
  *!BB�+
>B? 60 '0 <�.�	����
 �.)�0 6�,0 H ��
 B�B *!B��+0

>!�? 60 '0 <�.�	����
 �.)�0 6�,0 H ��
 G�� *!B��+0
>!!? E0 H0 "��5����
 �.)�0 4���0 C 
	�
 �� *!B� +0
>!�? <0 �����.
 �0 "0 A#�	���$A#���5���.��� ��� �0 �0 A�,�#��9�
 �.)�0 6�,0 H �
 !G�B *!BB�+
>!G? <0 <�#����
 20 ��.-��;
 <0 �0 2����#� ��� E0 F0 �0 "�##�
 '�- E0 �.)�0 �
 !�� *����+ >��J�,&.�	$	.�����! �?0

*"�+ �� �.� ���.�,� 	��,���� �	����� ��%(��� ��9��5 ���� ������� �## ��#�,��� ���� �� �/ E��� ����0
>!�? A0 <���
 �.)�0 4���0 C ��

 ��G *!BB +0
>!�? "0 �0 6����
 �0 �����#��
 �0 ��%9�,�� ��� �0 "�5�#
 '��#0 �.)�0 � ���
 !� *����+0
>!�? 0 A���� �� ���
 ���0 �.)�0 E0  ��
 �� *����+ >��J�,&.�	$�8���!����?0
>! ? "0 <0 4�(��.�, �� ���
 '��#0 �.)�0 ����0 ��		#0 �

 ��� *���!+0
>!�? �0 I��	�-��; �� ��� >A�26�' �##�(�������?
 ��J�,&.�	$�8��!�B�GG3 ��� �#��& .��	&��---$�90/;90��� 9�$

���������80.�%#
>!B? E0 4��5���5��� ��� �0 ������
 �.)�0 6�	�0 ���
 G� *����+ >��J�,&�����$	.����G�B�?0
>��? �0 "0 A#�	���$A#���5���.���
 �0 H���;
 �0 "0 A��,��.���� ��� I0 .9,�����
 '��#0 ������%0 <��.0 � ��


G ! *����+ >��J�,&.�	$	.����G�!�?0
>�!? �0 �(� �� ���
 ��J�,&.�	$�8������GB0 ��� �#�� �.� ��6H� -�( 	�5� .��	&��---0%	�$.�0%	50���5� ��
>��? 60 �����9�## �� ��� ><�=����� �##�(�������?
 ��J�,&���#$�8��G!!�!G0
>�G? <0 �����.
 A0 <���
 20 I�� ��� �0 "0 A#�	���$A#���5���.���
 K0 �.)�0 � ���
 !�! *!BB�+0

211

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



Some Recent Secondary Production Measurements for  
Neutr ino Flux Determination 

Geoffrey B. Mills 
Physics Division, MS-H846, Los Alamos NL, Los Alamos, NM, 87544 

mills@lanl.gov 

Abstract. Recent measurements of meson production in proton-nucleus interactions have made 
possible reliable neutrino flux determinations at modern neutrino experiments.  This article 
discusses preliminary results from the HARP, MIP, and E910 are discussed along with some of 
their implications for the MINOS, K2K, and MiniBooNE neutrino experiments. 

1.  Introduction 
 

Modern accelerator-neutrino experiments require a precise knowledge of the flux of neutrinos 
passing through the experimental apparatus in order to extract the most information from their data. 
Neutrinos beams from accelerators are generally produced by the decays of secondary mesons which 
in turn are produced by proton interactions with the nuclei in specially designed targets. The mesons 
are focused by pulsed magnetic field devices like magnetic horns which generate powerful toroidal 
focusing fields. That is the case for the two neutrino experiments that currently operate at Fermilab, 
MINOS [1] and MiniBooNE [2] and the experimental efforts. 

 
With the use of second generation Monte Carlo transport codes [3], all electro-magnetic processes 

such as charged particle tracking in magnetic fields, energy loss, and multiple scattering are well 
characterized. The complex geometry of production targets, magnetic horn systems, decay tunnels and 
beam stops can be easily managed in today’s computer simulation codes. The dominant source of 
uncertainty has become the knowledge of hadronic processes during particle transport, especially the 
yield of mesons in the primary proton interaction. The difficulty in modeling hadronic processes 
originates in the lack of a predictive theory for the underlying fundamental processes. The ability to 
predict hadronic processes rests on a foundation of empirical data that has been taken over a period of 
nearly 50 years. 

 
While the empirical data can provide accurate information at measured values of beam energies, 

secondary momenta and angles, a model is usually needed to interpolate or extrapolate to other values. 
It was long ago noticed that at incident proton beam energies above 12 GeV, inclusive hadronic cross 
sections obeyed scaling laws [4] that allowed reliable interpolation and extrapolation over significant 
energy ranges. Feynman [5] in particular noticed that the scaling was most evident in “Feynman x” 
variable (xF). While the theoretical motivation for this scaling is somewhat qualitative, it has been 
shown to be reasonably accurate over a large range of energies above 12 GeV. It has been shown that 
below 12 GeV simple scaling models are less reliable and other methods are necessary. 
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Neutrino experiments, which are typically designed to use the primary beam of an accelerator, are 
interested in a precise knowledge of secondary production at the accelerator’s primary beam energy. 
In order to avoid extrapolation errors, measurements must be made at the same proton beam energy as 
the experiment is operated at and on the same material the target is constructed from. Empirical data 
with the appropriate combination of beam energy, secondary momentum-and-angle, and target 
material is quite often not available. This makes it necessary to perform hadron production 
measurements with the precise conditions of the neutrino beam. 

 
Ideally, one would make secondary measurements after the entire target and focusing system, but 

this is usually not practical as the magnetic focusing systems generally have an expensive physical 
plant of pulsed power supplies and associated equipment. The dominant uncertainties are in the 
primary production cross sections, and then related to the scattering and absorption of secondary 
particles in the thick targets required for neutrino production. The approaches that have been taken 
attempt to use thin targets to measure production cross sections and thick replica targets to measure 
effects related to secondary interactions. 
 

2.  Strategies for  Mitigating Flux Uncer tainties in Accelerator  Neutr ino Exper iments 
 
There are a number of strategies for minimizing the effects of hadro-production uncertainties in 
neutrino beams. The heart of the problem is lack of knowledge of the phase-space distribution of the 
secondary particles. The uncertainty can be reduced by either modifying the secondary phase-space 
distribution to a known configuration by cooling or momentum selection or by measuring it carefully 
in an experiment. 

2.1.  Decay-at-Rest Beams 
 
One approach is to stop (cool) the mesons in a beam stop. The neutrino flux shape is perfectly 
understood in this case since the decays of mesons are well understood in the rest frame of the meson 
(e.g. muon, pion, or kaon decays). All that remains is to constrain the overall normalization, which can 
be achieved via one known reaction channel. Examples of this are KARMEN [6] or LSND [7], where 
the experiments were conducted in a stopped π/µ beam. The 12C(ν,e)12NGS reaction serves to 
normalize the flux and the decay-at-rest fluxes were completely understood. The advantage of that 
situation cannot be emphasized enough; the flux is completely determined by a single, known cross 
section measurement. 
 

2.2.  Decay-in-Flight Beams 
 
Decay-in-flight experiments use several techniques to improve meson phase space distributions. One 
method is to momentum-select the secondary mesons in order to create a narrow-band beam. This 
approach yields a narrower, better understood momentum distribution at the expense of overall flux. A 
more costly alternative is to use phase space cooling techniques on long lived secondary particles (e.g. 
muons), and insert them into a storage rung, which can potentially yield a well defined neutrino beam.  

 
When flux and cost are both an issue, broadband neutrino beams such as MiniBooNE or MINOS 

are often used.  In this situation it can be crucial to understand the initial phase-space distribution of 
the primary mesons and follow its evolution in the decay region, by taking into account magnetic 
focusing and secondary interactions until they either decay or are absorbed by material. Often the 
primary production cross section is not completely understood and the secondary interactions even 
less well understood making broadband beam lines difficult to engineer. 
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3.  Hadron Production Exper iments 
 

Hadron production experiments play an important role in decay-in-flight neutrino beam design and 
utilization. Several have become relevant to neutrino beams in the recent past. In this article I will 
discuss recent progress related to the operating neutrino experiments at Fermilab and KEK, the K2K 
beam line, the NUMI beam line, and the MiniBooNE beam line. Those experiments are E910 at 
Brookhaven, HARP at CERN, and MIPP at Fermilab. There are other recent experiments such as SPY 
how I will leave out of this discussion, if only for a lack of time. 

 
While experimental design varies to some extent due to incident beam energies, the experiments 

generally place a TPC system around an interchangeable target, followed by a forward spectrometer 
arrangement with drift chamber tracking, a dipole magnet, a Cerenkov system, time-of-flight system, 
and finally an electro-magnetic calorimeter system. The E910 and MIPP experiments in fact used the 
same TPC provided by LBL. 

3.1.  E910 at BNL 
 

The E910 experiment [8] at Brookhaven was designed and operated to test intra-nuclear cascade 
models that are employed in understanding heavy ion experiments. Most of its running was in a 
triggered mode not ideally suited for unbiased hadron production measurements. However, it did 
record some proton-Be data at 6 GeV/c and 12GeV/c incident beam momenta which could be used for 
the purposes of constraining fluxes at the 8.9 GeV/c MiniBooNE beam line. A preliminary analysis of 
this data for MiniBooNE purposes [8] is shown in Figure 1. 

 

 
 

Figure 1: The results of a preliminary analysis of E910 positive pion production from 6.4 GeV/c 
proton-Be data [8]. The histogram results from a fit to a Sanford-Wang model. 
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3.2.  HARP (PS214) at CERN 
 

The HARP experiment was constructed for the express purpose of surveying a large number of 
target materials in proton-nucleus interactions with incident beam momenta in the range 2 GeV/c to 15 
GeV/c. It was situated in the East Hall of the CERN PS on the T9 beam line. A schematic of the 
experimental apparatus is shown in Figure 2. 

 
The MiniBooNE collaboration was graciously allowed to operate the HARP detector for a one 

week period in August of 2002 in order to record proton-Be data at the appropriate beam momentum 
of 8.9 GeV/c. In the subsequent week the K2K was allowed to do the same at 12.9 GeV/c. In both 
cases, thin (0.05 λ) and thick target-replica data were accumulated. 

 

 

 

Figure 3: The HARP apparatus 
 
The results of analyses of the thin target 8.9 GeV/c Be data [9] and for 12.9 GeV/c Al data [10] are 

shown in Figure 3 and Figure 4 respectively. In that analysis the forward spectrometer system was 
used exclusively because it covers the most important part of the production phase space for the 
MiniBooNE and K2K.  

 
It is clear from the fits of a Sanford-Wang model [4] to E910 and HARP data above and below 12 

GeV/c, that the model has difficulty at 8.9 GeV/c. The model was developed prior to the 
understanding gained by using Feynman x (xF) as the scaling variable, never-the-less, it is still 
employed by some neutrino experiments. With the analysis of the remainder of the HARP data, taken 
on many types of targets ranging from hydrogen and deuterium to lead and tantalum, it is hoped that 
an empirically based model will allow the description of hadro-production over a wide range of 
incident proton momenta. 

 

3.3.  MIPP (E907) at Fermilab 
 

The MIPP experiment is designed to measure secondary production cross sections at beam 
momenta in the range below 120 GeV/c. Figure 5 shows a preliminary momentum distribution from 
several beam energies. MIPP ran with a replica NUMI target and is expected to help constrain MINOS 
fluxes and aid in the Minerva cross section measurements and NUMI. 
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Figure 3 

 Positive pion production cross sections from the HARP experiment [9] for incident protons of 8.9 
GeV/c on a beryllium target are shown in 30 mrad bins of angle. The data are fit to a Sanford-Wang 

[4] model which clearly has difficulty describing the data at 8.9 GeV/c. The χ2 /dof of the fit is 248/70 
indicating the inability of the model to describe the data when full systematic error correlations are 

accounted for in the data.  
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Figure 4 

 Positive pion production cross sections from the HARP experiment [10] for incident 12.9 GeV/c 
protons on an aluminium target are shown in 30 mrad bins in angle. At this incident proton 

momentum, the Sanford-Wang model seems to describe the data reasonably well. 
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Figure 5 

 Preliminary raw momentum distributions from the MIPP experiment [11] at incident proton energies 
of 20 GeV/c, 58 GeV/c, and 120 GeV/c are shown that demonstrate the MIPP tracking system 

capabilities. 

4.  Summary 
 

The engineering and design of future neutrino beams for experiments like Nova [12] and T2K [13] 
will prove to be a challenge. Only with the best tools in hand will those experiments bear their full 
potential.  A detailed understanding of neutrino flux enables the understanding of neutrino-nuclear 
cross sections. A detailed understanding of those cross sections enables the observation of new 
phenomena like neutrino oscillations, leptonic CP violation, and possibly exotic effects like violation 
of Lorentz invariance and CPT violation. Only with steadfast determination will these become a 
reality.  
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KamLAND Results and Future
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Abstract. KamLAND results, current status, and near-future plans are reviewed. For reactor
and geoneutrino physics, reduction of the systematic uncertainties is underway, while taking
subsequent data. For the detection of 7Be solar neutrinos, purification of the scintillator by
distillation will start soon.

1. Introduction
KamLAND is a detector for low-energy electron-anti-neutrinos (ν̄e) with very high sensitivity. By
employing 1 kton of ultra-pure liquid scintillator, as well as the powerful background suppression
by neutron inverse β-decay (ν̄e + p → e+ + n, Figure 1), KamLAND can identify as rare
as ∼1 event per month of ν̄e interaction in the detector, corresponding to the ν̄e flux, for
example, ∼ 107 cm−2 s in the energy range 2 < Eν < 3 MeV, or higher sensitivity for higher
Eν . With this sensitivity and flavor identification, KamLAND succeeded in detecting ν̄e from
distant (∼180 km) nuclear reactors to establish reactor neutrino oscillation, and also performed
first experimental study of geologically produced ν̄e (“geoneutrinos”) which come from Earth’s
interior.

KamLAND is located at 2700 m.w.e. (Kamioka mine, Japan). The liquid scintillator (1200
m3 ∼ 1 kton) consists of 1,2,4-trimethylbenzene 20%, dodecane 80% and PPO 1.52g/l as a fluor,
which is contained in a plastic balloon (Figure 1). The light output of the liquid scintillator is
8000 photons/MeV, which are detected by 1879 PMTs with 34% photo-coverage, providing 500
p.e./MeV. With water extraction, and nitrogen purge, the scintillator has been purified before
filled into the balloon. The present impurity level is 3.5 ± 0.5 × 10−18 g/g for Uranium and 5.2
± 0.8 × 10−17 g/g for Thorium.

2. Reactor neutrino
The data taking of KamLAND started in 2002, to confirm or reject the Large Mixing Angle
solution (MSW-LMA solution) of the “solar neutrino problem”, at that point, by using artificial
antineutrinos from commercial reactors, which are fortunately distributed around Kamioka with
a typical distance ∼180 km. First results of KamLAND [1, 2] has been reported in 2002, in
which reactor neutrino disappearance is observed for the first time. This disappearance is
only consistent with LMA solution, excluding other solutions at 99.95% confidence level (C.L.)
under the assumption of CPT invariance. The second result [3, 4, 5] is reported in Neutrino
2004 conference, in which the energy spectral distortion is observed (Figure 2). The observed
sinusoidal pattern is consistent with neutrino oscillation and is not consistent with hypotheses to
explain neutrino disappearance without appearing again, such as neutrino decay or decoherence.
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Figure 1. KamLAND detector and neutron inverse β-decay to detect electron-anti-neutrinos.
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These second data have also constrained the neutrino oscillation parameters precisely;
Δm2 = 7.9+0.6

−0.5 × 10−5 eV2 and tan2 θ = 0.40+0.10
−0.07 [4] in a combined analysis with solar neutrino

data. For further improvement of the precision of the oscillation parameters, improved statistics
with subsequent data and reduction of the systematic uncertainty are important. To reduce the
uncertainty of the fiducial volume, which is the dominant source of the systematic uncertainty
at present, the all volume calibration is now being performed using a device that can access
almost all points in the fiducial volume, called “4π system”. If the total systematic uncertainty
of the absolute number of events is reduced to 3% (6.5% at present) by this 4π system and other
efforts, the mixing angle θ will also be constrained by KamLAND data alone (Figure 3) with a
precision similar to the current solar neutrino data. Then, KamLAND and solar neutrino data
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will provide independent measurements of oscillation parameters of νe and ν̄e, for an exciting
test of CPT principle.
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Figure 3. Present and future
sensitivity for Δm2 and tan2 θ.
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data alone with 3 kton-yr exposure
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3. Geoneutrinos
KamLAND is the first detector sensitive enough to measure geologically produced antineutrinos
(geoneutrinos), which are produced in the Earth interior from the 238U and 232Th decay chains.
The decay chains are also sources of Earth’s power. In the standard geological understanding,
radiogenic heat from 238U, 232Th, and 40K should contribute about 40% to Earth’s total power.
The source of Earth’s power is a key to understanding the plate tectonics, thus understanding
the mechanisms of continental drift, earthquakes, and volcanoes. Although 238U and 232Th are
the dominant contributions to the radiogenic heat, 40K neutrino may be important to solve
the puzzle of geomagnetism. KamLAND is only sensitive to 238U and 232Th neutrinos because
energies of 40K neutrinos are lower than the threshold of inverse β-decay 1.8 MeV.
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Figure 4 shows the observed energy spectrum [6] in the signal region of geoneutrinos. The
total number of ν̄e candidates is 152, while the number of expected background 127±13.1,
which are due mainly to reactor neutrinos and α-induced neutron background (13C(α, n)16O)
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[5]. Considering all systematic and statistical errors, the number of geoneutrino candidates
is 25+19

−18 [6], being consistent with the “reference model” [7] that predicts ∼19 events in the
present data. Further analysis [6] using energy spectral shape and the fixed Th/U ratio are also
consistent with the standard geological models, although statistical significance is not high.

In the near future, systematic uncertainty of the background will be reduced by the following
efforts. For reactor neutrino, the main uncertainty is from oscillation parameters which will be
determined more precisely by subsequent KamLAND and solar neutrino data. For 13C(α, n)16O
background [4, 5], we will improve the rate and spectral estimation by (i) using new data of the
13C(α, n)16O cross section [8], (ii) performing direct measurement of the quenching factor for
protons recoiled by α-induced neutrons. For the latter one, the present estimation is deduced
from α quenching factor, so quite conservative systematic error is applied in the analysis.
We already performed the direct measurement by using a monochromatic neutron beam from
OKTAVIAN [9], which we utilized by courtesy of Osaka University. Now the precise analysis is
underway.

Moreover, after the purification of the scintillator described in the next section, reduction of
α source for 13C(α, n)16O is expected, because the dominant α source is 210Po that is a daughter
of 210Pb (see the next section).

4. Low energy solar neutrinos
Figure 5 shows the current single spectrum of KamLAND together with the identified
background spectra (lines), whose intensities are fitted to the data. Also shown is the expected
spectrum from the 7Be solar neutrinos via elastic scattering with an electron ν + e → ν + e. As
seen, the expected signal is 4 to 5 orders of magnitude lower than the background from 210Bi,
210Po, and 85Kr. Then, the long-lived 210Pb and 85Kr should be removed from the scintillator,
considering the decay chains 210Pb (T1/2 = 22.3 yr) → 210Bi (5.01 day) → 210Po (138 day) →
206Pb (stable), and 85Kr (10.8 yr) → 85Rb (stable).
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Figure 5. KamLAND single spectrum. Identified background and expected solar neutrino
spectra.

We found the most effective way of scintillator purification is combination of distillation and
nitrogen purge. As described already, KamLAND scintillator consists of 1,2,4-trimethylbenzene
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(pseudocumene, PC) 20%, dodecane (a kind of normal paraffin, NP) 80%, and PPO 1.52g/l.
The boiling points are PC 168, NP 216, and PPO 360 ◦C under one Atmosphere. For lower
boiling points, vacuum distillation is chosen. Nitrogen purge works to remove inert gases 85Kr
and 222Rn. The present 210Pb is resulted from 222Rn, so its removal is important not to pollute
the scintillator again.

Three separate distillation towers will be installed for PC, NP and PPO. Each tower extracts
each component only and discards, in principle, any of contaminants having different boiling
points. The first tower boils the scintillator, then PC and more volatile contaminants are
evaporated. At the top of the tower, PC is condensed while more volatile contaminants including
222Rn, 85Kr and some of the possibly existing organic lead compounds are not condensed and
exhausted. The next tower will boil the mixture of NP and PPO drawn from the bottom of
the first tower, then NP is evaporated and condensed at the top. Contaminants having boiling
points between NP and PC will not be condensed and exhausted here. The third tower will
perform the same thing for PPO, and the contaminants having higher boiling points than PPO
will be discarded as residue.

For R&D [10] of distillation, 212Pb is used as a substitute for 210Pb, because 212Pb can be
identified much more easily than 210Pb by tagging 212Bi-212Po coincidence (T1/2 = 299 ns).
The decay curve of 212Pb (10.6 hr) also helps to identify it. Figure 6 is an example of PPO
distillation, in which reduction of 212Pb by 4 orders of magnitude is observed.
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Figure 6. A typical result
of PPO distillation test-bench.
By tagging 212Bi-212Po coin-
cidence and fitting the decay
curve, concentration of 212Pb
is measured before and after
distillation. Reduction by 4
orders of magnitude is con-
firmed.

Constructions of the real distillation system started in 2006. Main civil engineering is
excavating a new tunnel for the system, and construction of the power line for ∼1 MW
consumption during distillation. A 1-ton liquid scintillator detector is also created to measure
222Rn concentration of the purified scintillator, before it is filled into KamLAND.

For pep and CNO neutrinos, cosmogenic 11C is a serious source of background (Figure 5)
even after purification is quite successful. To reject 11C events in off-line analysis, three-
fold coincidence [11] between parent muon, neutron capture and 11C signal is studied with
KamLAND data, finding that 11C production accompanying more than one neutrons can be
tagged efficiently. To perform this technique for real solar neutrino data, highly efficient detection
of spallation neutrons soon after muon events is needed. To reduce dead time of electronics after
large signals from muons, development of backup electronics has been started.

To measure low-energy part of 8B solar neutrino spectrum for possible detection of MSW
effect, 208Tl background should be reduced. To reject those distributed 208Tl events, further

224

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



removal of Thorium from the scintillator is required, which may be achieved with distillation
hopefully.

5. Exotic ν̄e and nucleon decay
With the high sensitivity for low-energy events, search for rare phenomena is one of the important
tasks of KamLAND. Exotic antineutrinos are searched for in the energy range 8.3 < Eν̄e < 14.8
MeV (above the tail of reactor antineutrinos) and upper limit of 3.7×102cm−2s−1 (90% C.L.) on
the ν̄e flux is obtained [12] assuming 8B solar νe energy spectrum. The result can be interpreted
for any of exotic ν̄e sources.

As one of the possible mode of nucleon decay, invisible decay of neutron is searched for [13]
by tagging signals from highly excited 11C or 10C nuclei, which should be created when one or
two neutrons disappear from 12C nuclei abundant in the KamLAND scintillator. No significance
is found and limits for one- and two-neutron disappearance: τ(n → inv) > 5.8 × 1029 years and
τ(nn → inv) > 1.4 × 1030 years at 90%C.L. is obtained.
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Neutrino Mass Theory: Where We Stand ?

R. N. Mohapatra

Department of Physics, University of Maryland, College Park, USA

E-mail: rmohapat@physics.umd.edu

Abstract. A brief overview of the progress in understanding neutrino masses and

their implications for new physics is given with special emphasis on the seesaw

mechanism and its implications.

1. Introduction

Two major puzzles of the successful standard model are : (i) origin of mass and (ii)

origin of flavor. The first deals with understanding why the Higgs field of the standard

model has a nonzero vacuum expectation value giving rise to masses for all particles.

Attempts to answer this question is at the heart of the theoretical developments such as

supersymmetry, extra dimensions etc. The large hadron collider machine is expected to

provide an answer to this question. On the other hand, the origin flavor deals with the

question of why there are three generations of fermions with the given pattern of masses

and mixings, what is the origin of CP violation etc. ? A full understanding of neutrino

masses and mixings will shed light on this important question of particle physics.

In the standard model neutrinos are massless making the entire lepton sector “flavor

sterile” which leaves all flavor related questions to be probed by quark physics. The

discovery of neutrino masses and their unusual mixing patterns has changed this picture

and made the leptons “flavor active” turning them into important players in the flavor

game specially when they are combined with ideas such as quark-lepton unification or

grand unification. This brief review is an assessment of how far we have come in our

understanding of neutrinos and the integrated approach to the flavor puzzle[1].

We start by outlining the major challenges for theory posed by neutrino

observations: (i) why are neutrino masses so much smaller than the masses of the

quarks and leptons i.e. mν ≪ mu,d,e ? (ii) why are the neutrino mixings θAtmos and θ⊙
so much larger than the corresponding mixing angles in the quark sector ? (iii) How

do neutrinos fit into the big picture of particle physics that addresses other issues in

particle physics and cosmology such as hierarchy problem, origin of matter, inflation etc.

While there are many approaches to understanding the smallness of neutrino masses,

the seesaw mechanism[2] which introduces three right handed neutrinos with a large

Majorana masses to suppress the light neutrino mass is no doubt the most appealing

and as such has received the most attention. The addition of the right handed neutrinos
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Neutrino Mass Theory: Where We Stand ? 2

not only restores quark lepton symmetry to unified theories but it also imposes nontrivial

restrictions on the new physics scenarios beyond the standard model.

I focus on both the bottom-up and top-down approaches. The former consists of

searching for symmetries and patterns in the neutrino mass matrix whereas the latter

starts with a high scale grand unified theory and isolate predictions that can distinguish

between different models and then use symmetries to understand the naturalness of the

model parameters. Both represent progress since the disparate mixing patterns between

quarks and leptons is so counter intuitive in a quark-lepton unified theory.

2. Seesaw mechanism

The basic idea of seesaw mechanism is to introduce three right handed neutrinos to the

standard model and give them a large Majorana mass MR. This combined with the

now allowed Dirac mass MD that arises from the Yukawa coupling L̄HNR, one get the

seesaw mechanism with the formula for neutrino masses given by [2]:

Mν = − MT

D
M−1

R
MD (1)

This provides a natural way to understand the small neutrino masses and implies

interesting new physics beyond the standard model.

2.1. Generic tests of seesaw

Seesaw being a high scale phenomenon its effects at low energies tend to be small since

they are suppressed by m2

W
/M2

R
. However in the presence of supersymmetry, there are

enhanced lepton flavor violating effects in processes such as µ → eγ etc. and changes

in the slepton spectrum. It is also possible to rule out the conventional seesaw if either

or both of the following is established: (i) the neutrinos are Dirac fermions and/or (ii)

there is Z ′ in the TeV scale with couplings similar to the left-right model. One way to

establish if the neutrino is a Dirac fermion using current and planned experiments is a

negative result of the ββoν down to the level of neutrino mass sensitivity of ten milli-eV

or so and if simultaneously, the long baseline experiments establish that the ∆m2

31
is

negative (or inverted mass hierarchy).

2.2. Seesaw scale

A simple minded estimate the rough scale of right handed neutrino masses can be made

using the present observed value for the ∆m2

A
required for understanding atmospheric

neutrino deficit if we assume that the largest element of MD to be mt ∼ 100 GeV,

ignoring mixing effects, one can conclude that MR is around 1015 GeV or so. This is

tantalizingly close to the conventional grand unification scale. Thus the seesaw scale

may well be related to the GUT scale, explaining why MR ≪ MPℓ suggesting GUT

embedding of the seesaw mechanism that unifies both quark and lepton flavor physics.

An advantage of this approach is that due to the high symmetry of the theory, one may

be able to predict the various observed mass and mixing parameters.
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2.3. New symmetry associated with seesaw

The addition of NR’s not only restores the quark-lepton symmetry, but also generates

new gauge symmetries, e.g. B −L which was a global symmetry in the standard model

but becomes a gaugeable symmetry since one has the condition Tr(B−L)3 = 0, implying

cancellation of gauge anomalies. The gauge group of weak interactions expands to

become the left-right symmetric group SU(2)L×SU(2)R×U(1)B−L which is a subgroup

of the SU(2)L × SU(2)R × SU(4)c group of Pati and Salam. This leads to a picture of

weak interactions which is fundamentally different from that envisaged in the standard

model in that weak interactions becomes parity conserving. Furthermore, in this theory,

the electric charge formula is given by : Q = I3L + I3R + B−L

2
, where each term has

a physical meaning unlike the case of the standard model. Once the gauge symmetry

SU(2)R × U(1)B−L is broken down, one finds the relation ∆I3R = −∆
(

B−L

2

)
. This

connects B − L breaking, i.e. ∆(B − L) 6= 0, and hence the neutrino mass to the

breakdown of parity symmetry, ∆I3R 6= 0.

3. Seesaw and quark-lepton flavor structure

Seesaw mechanism by itself however does not throw any light on the detailed flavor

structure of leptons. In a top down theory such as an SO(10) GUT model, one can

either look for a dynamical mechanism that gives rise to large lepton mixings while

keeping the quark mixings small or use flavor symmetries that endow appropriate flavor

structure to MR which will decouple neutrino mixing pattern from quarks despite quark

lepton unification. The dynamical mechanisms can come either from type II seesaw

mechanism[3] which relates neutrino mass matrix to couplings of a standard model

triplet to leptons or to double seesaw mechanism which relates it to new standard

model singlet fermios[4].

Other approaches tried in literature are not related to symmetries e.g. the anarchy

approach[5] where the neutrino mass matrix elements are allowed to be random numbers

and one then studies the probability that the observed large leptonic mixings (within

two σ range of observations) emerges out of these. A generic feature of such models is

that the mixing angle θ13 is typically near the present upper limit. Another approach

is to assume texture zeroes in the neutrino mass matrix in the basis where the charged

lepton mass matrix is diagonal[6].

4. SO(10) Grand Unification and lepton flavor structure

The main reason for considering SO(10) group as appropriate for understanding neutrino

masses is that its 16 dimensional spinor representation consists of all fifteen standard

model fermions plus the right handed neutrino. It also contains the B − L symmetry

and implies that the seesaw scale is at or below the GUT scale. In the context of

supersymmetric SO(10) models, the way B-L breaks has profound consequences for low

energy physics. For instance, if B-L is broken by a Higgs field belonging to the 16
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dimensional Higgs field, then the field that acquires a nonzero vev has the quantum

numbers of the νR field i.e. B-L breaks by one unit. In this case higher dimensional

operators of the form ΨΨΨΨH will lead to R-parity violating operators in the effective

low energy MSSM theory such as QLdc, ucdcdc etc which can lead to large breaking of

lepton and baryon number symmetry and hence unacceptable rates for proton decay.

This theory also has no dark matter candidate without making additional assumptions.

On the other hand, one may break B-L by a 126 dimensional Higgs field. The member

of this multiplet that acquires vev has B − L = 2 and leaves R-parity as an automatic

symmetry at low energies and a naturally stable dark matter in this case.

In order to study the predictions of the theory, one can either go the route of

breaking B-L symmetry by 16-Higgs[7] or by 126 Higgs[8, 9]. In the former case, one

not only need to assume matter parity to have stable dark matter but one also needs to

impose extra horizontal symmetries to make the theory predictive. In the 126 case on

the other hand, one does not need to assume any new symmetry and only a CP like Z2

symmetry if CKM physics is to be incorporated.

In order to study the predictions of the minimal 126-Higgs models, we first note

that in generic SO(10) models, seesaw formula gets modified to the form[3] Mν = fvL.

In ref.[8], one considers only two Higgs multiplets that contribute to fermion masses i.e.

one 10 and one 126. A unique property of the 126 multiplet is that it not only breaks

the B-L symmetry and therefore contributes to right handed neutrino masses, but it

also contributes to charged fermion masses by virtue of the fact that it contains MSSM

doublets which mix with those from the 10 dimensional multiplets and survive down

to the MSSM scale. This leads to a tremendous reduction of the number of arbitrary

parameters[8]. If we ignore CP violation for a moment, there are only two real Yukawa

coupling matrices: (i) h for the 10 Higgs and (ii) f for the 126 Higgs. SO(10) has the

property that the Yukawa couplings involving the 10 and 126 Higgs representations are

symmetric. Therefore if we assume that CP violation arises from other sectors of the

theory (e.g. squark masses) and work in a basis where one of these two sets of Yukawa

coupling matrices is diagonal, then it will have only nine parameters. To determine the

light neutrino masses, we use the type II seesaw formula, where the f is nothing but the

126 Yukawa coupling. Thus all parameters that give neutrino mixings except an overall

scale are determined. A simple way to see how large mixings arise in this model is to

note that when the triplet term dominates the seesaw formula, we have the neutrino

mass matrix Mν ∝ f , where f matrix is the 126 coupling to fermions discussed earlier.

Mν = c(Md − Mℓ) (2)

Using the generic hierarchical forms forms for Md,ℓ characterized by a small parameter

λ ∼ 0.22 it is easy to see that b− τ mass convergence of supersymmetric theories leads

to

Mν = c(Md − Mℓ) ≈ m0




λ3 λ3 λ3

λ3 λ2 λ2

λ3 λ2 λ2


 . (3)

This gives both the θ12 and θ23 to be large and it predicts sin θ13 ≡ Ue3 is near 0.18.
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There have been two approaches to CP violation in this class of SO(10) models:

(i) introducing complex couplings within the minimal 10+126 Higgs fields[11] and (ii)

introducing a 120 Higgs field[12]. In the class (i) models, there is a very specific range of

model parameters where one can get CKM CP violation, a point specifically emphasized

in the detailed analysis in the last paper of ref.[11]. In thwe second class of models,the

couplings matrices h and f are real and symmetric whereas the 120 coupling matrix

becomes imaginary and antisymmetric. In this case, one can predict Ue3, θA as well as

the Dirac CP phase for neutrinos.

4.1. 16H based models

The other class of SO(10) models for neutrinos that has been widely discussed in the

literature includes 10H , 16H , 16H and 45H only [7]. An advantage of these models

is that they use low dimensional Higgs multiplets. However, since in these models the

only renormalizable term is the 16m16m10H , this can neither explain the observed

quark and lepton masses nor can it explain the neutrino masses. One has to therefore

include higher dimensional operators in the Yukawa coupling such as 16m16m16H16H ,

16m16m16H16H , 16m16H16m16H , 16m16H16m16H , 16m16m10H45H , where

16m stands for various fermion generations. Of these, the first two give symmetric

Yukawa couplings and the next two have no symmetry property and the last one can be

both symmetric as well as antisymmetric. Since each coupling is a 3 × 3 matrix, there

are many more free parameters in such models than observables, one needs additional

discrete symmetries to reduce the number of parameters. These models have certain

advantages: (i) it is possible to implement the doublet-triplet splitting in a simple way

such that the low energy theory below the GUT scale is the MSSM and (ii) the threshold

corrections to the gauge couplings are not excessive, so that no particular constraint on

symmetry breaking is necessary for the gauge couplings to remain perturbative. Most

16-Higgs based SO(10) models lead to small value for θ13, although it is possible to have

variations of the model which have bigger value for it.

5. Bottom up approach and leptonic symmetries

In this approach, one looks for symmetries of leptons that would naturally lead to the

unusual mixing pattern for leptons and the attempt to gain insight into quark flavor

structure from this knowledge. A tantalizing indication of a symmetry comes from the

following two observations: (i) θAT ≃ 45o and θ13 ≤ 0.2. In the limit that θ13 = 0,

the neutrino Majorana mass matrix is invariant under a µ − τ exchange symmetry[13].

Departures from it can lead to verifiable correlation between the θA−π/4 and θ13. Thus

this is an approximate symmetry whose existence can be tested in the next round of

neutrino experiments. As far as what insight it may provide into quark flavor puzzle,

the first step would be to embed it into a more quark lepton unified framework. This

has been discussed in a recent series of papers. What is now clear is that even though
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none of the charged fermion masses indicate any such symmetry, it is possible to embed

these models into grand unified theories. The next step would be to see if they indicate

some still higher flavor symmetries that may shed light on the flavor puzzle issue in

general.

A much more striking fact is that the solar angle has the value sin2θ⊙ ∼
1

3
, a fact

which leads to the socalled tribimaximal mixing pattern for neutrinos[14] i.e.

UPMNS =
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 (4)

. There have been many speculations that this is an indication that the µ− τ exchange

symmetry is part of a bigger symmetry such as S3 or A4[15] to mention two examples.

The challenge then would be to embed it into a quark-lepton unified framework. S3

flavor models for quarks already exist in literature and it will be interesting to merge

them together.

To give a flavor for the S3 symmetry example, we note that the mass matrix that

leads to tbm has the form:

Mν =




a b b

b a + c b − c

b b − c a + c


 (5)

It turns out that this can be obtained from a mixed type I+II seesaw as follows:

Mν = M0−MT

D
M−1MD where M0 has the general S3 invariant form. If there is only one

right handed neutrino (or three, of which two have large mass) and MD = (0, m,−m),

then one gets the desired form for tri-bimaximal mixing. Note that the dominance of one

right handed neutrino could be an indication that the S3 symmetry is broken in the right

handed neutrino sector to µ − τ symmetry. It is possible to construct a detailed model

where the charged lepton masses are diagonal so that one has tri-bimaximal mixing.

5.1. Quark-lepton complementarity and large solar mixing

There has been a recent suggestion[16] that perhaps the large but not maximal solar

mixing angle is related to physics of the quark sector. According to this suggestion,

the deviation from maximality of the solar mixing may be related to the quark mixing

angle θC ≡ θq

12 and is based on the observation that the mixing angle responsible for

solar neutrino oscillations, θ⊙ ≡ θν

12
satisfies an interesting complementarity relation

with the corresponding angle in the quark sector θCabibbo ≡ θq

12 i.e. θν

12
+ θq

12 ≃ π/4. It is

interesting to pursue the possibility that there is a deep meaning behind it. If Nature is

quark lepton unified at high scale, then a relation between θν

12
and θq

12 can be obtained

in a natural manner provided the neutrinos obey the inverse hierarchy. However, in such

models one generally gets a modified QLC relation due to the fact that true QLC requires

that we have UPMNS = UbmU †

CKM
whereas in models one gets UPMNS = U †

CKM
Ubm

(where Ubm stands for the bimaximal mixing matrix.). This model gives a variation

of the quark-lepton complementarity relation and predicts sin2θ⊙ ≃ 0.34 which agrees
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with present data at the 2σ level. It also predicts a large θ13 ∼ 0.18, both of which are

predictions that can be tested experimentally in the near future.

6. Conclusion

Neutrino model building- very much a work in progress ! though we have learnt several

important things: (i) Seesaw is a simple paradigm with many interesting features; (ii)

Quark lepton symmetry and B −L are nature’s new symmetries; (iii) SO(10) GUT is a

natural group and testable; (iv) Bottom up scenarios do reveal many new symmetries

which can throw light on the flavor structure of quarks. High precision searches for θ13,

mass ordering, CP phase, ββ0ν will “weed” out a lot of models.
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Abstract. A careful study of neutrino scattering physics is an essential part of the program
to answer many open questions being addressed by several diferent physics communities. A
deeper understanding of nuclear e!ects induced by neutrinos and considerably more accurate
measurements of neutrino exclusive cross sections are crucial for minimizing systematics of
neutrino oscillation experiments and understanding the mechanism by which core-collapse
supernovae explode.

1. Introduction
What are the open questions in neutrino physics? According to the multi-divisional study on
the physics of neutrinos they are the following:

• What are the masses of the neutrinos?
• What is the pattern of mixing among the di!erent types of neutrinos?
• Are neutrinos their own antiparticles?
• Do neutrinos violate the symmetry CP?
• Are there “sterile” neutrinos?
• Do neutrinos have unexpected or exotic properties?
• What can neutrinos tell us about the models of new physics beyond the Standard Model?

The answer to almost every one of these questions involves understanding how neutrinos
interact with matter! In particular, the requirements on the neutrino scattering program from
the particle physics community are quite stringent. For high-statistics !µ neutrino oscillation
disappearence studies, such as the MINOS experiment currently running at Fermilab, we need
accurate measurements of nuclear e!ects with neutrinos for a neutrino energy calibration. For
upcoming !e appearence experiments a careful measurement of pion production cross sections,
both coherent and resonant, are essential for both the ! to ! exposures.

Currently there are three experiments designed specifically to address the topic of low-energy
neutrino-nucleus scattering: the !-SNS experiment at ORNL and the SciBooNE and MINER!A
experiments at Fermilab.
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2. The !-SNS Experiment at ORNL [1]
The construction of the Spallation Neutron Source at ORNL provides an extraordinary
opportunity to make the high precision neutrino measurements required to satisfy the needs
of important astrophysics problems to be addressed over the next few years. As a byproduct
the SNS will produce, the worlds most intense flux of decay-at- rest neutrinos which have an
energy spectrum that fortuitously overlaps with the energy of interest for nuclear astrophysics,
supernovae dynamics, and nuclear theory. A multi- institutional collaboration with more than
40 scientists is actively involved in the proposal to build the facility.

At present, only neutrino cross sections on C12 have been measured well (roughly 4-10 %
errors). The only other reported results are for H2, Fe56 and I127, all with !40% uncertainty.
The anticipated neutrino flux at the SNS facility will allow the measurement of the charged-
current neutrino-nucleus cross section for any nuclear target to a statistical accuracy of better
then 10% in one year of running.

2.1. Proposed Facility
The neutrino detector and shielding enclosure would be located inside the SNS target hall. It
would be at a mean distance of !20m from the spallation target, and at an angle of 165deg
relative to the incoming proton beam direction. The available floor space is 4.5m" 4.5m with
a clear height of 6.5m.

At full power (1.0 MW) the SNS will bombard a mercury target with a 1.0 mA, 1.0 GeV
proton beam. The resulting neutrino flux at the detector location will be 1.0" 107 !/s/cm2 of
each flavor, providing several tens of neutrino interactions per day for a ten ton detector. This
must be compared with the cosmic ray muon [or neutron] flux through this volume of 2.5" 108

[1.4" 106] events per day. Such cosmic ray events must be suppressed through a combination
of the SNS time structure, an active veto counter, and shielding.

The facility would consist of two detectors for neutrino cross section measurements that would
operate simultaneously. The available volume inside the shielded enclosure (3.5 " 3.5" 5.5 m3)
is su"cient for two detectors with a mass of !20 tons each. Each will be designed to allow for
reuse of the detectors with di!erent target material.

One of the detectors would be a homogeneous scintillation detector filling the bottom half
of the !-SNS enclosure. A 43 m3 steel tank would be viewed by 600 8-inch PMTs, resulting
in a fiducial volume of about 15 m3. This detector would be used to measure neutrino-nucleus
cross sections on liquid target materials like carbon (mineral oil), oxygen (water) or deuterium
(heavy water). Monte Carlo simulations indicate a rate of 1300 events/year for charged-current
interactions on carbon.

The second detector is based on gas proportional counters interleaved with thin sheets of
solid target materials. This detector would be mounted above the homogeneous detector and
would be slightly smaller in size.

2.2. The !-SNS Scientific Program
The first neutrino cross section measurement would be made with iron as the target material
in the segmented detector due to the great importance of the iron cross sections for
understanding the electron capture that drives core collapse at the onset of the supernova and
for understanding the role that neutrino-nucleus interactions have in driving the supernova
explosion. Simultaneously a cross section measurement on carbon, using mineral oil, would
bemade in the liquid detector. Since carbon is the only nucleus that has been previously
measured, an accurate initial measurement of this cross section will allow us to understand the
neutrino flux normalization, calibrate the detector, and understand the background environment.
Cross sections on iron and carbon with an accuracy of about 10% should be achievable within
the first full year of operation.
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A program of neutrino cross section measurements that are important for understanding
nucleosynthesis as well as supernova dynamics would follow these initial measurements on iron
and carbon. Accurate neutrino cross section measurements on such relatively simple nuclei
spanning a wide mass range (A = 16, 58, and 208) would be a crucial first step toward assessing
and eventually improving the reliability of neutrino-nucleus cross section calculations.

!-SNS will also make definitive measurements of nuclear excitations that would be di"cult
to generate or analyze with any other type of experiment. When combined with reliable nuclear
theory, this will enable a more quantitative understanding of neutrino cross sections throughout
the periodic table.

In order to make precise neutrino-nucleus cross section measurements both statistical and
systematic errors must be minimized. The combination of SNS time structure, passive shielding
and active veto allows us to make measurements that are largely background free. As a result
the statistical accuracy is well-defined by the number of signal counts. The expected statistical
significance for one year of operation at full SNS power ranges from # 1.4% for lead to ! 7.4%
for oxygen..

3. The SciBooNE Experiment at the FNAL Booster Neutrino Beam 1

As we proceed up the neutrino energy scale, we come to the concept of installing the K2K
SciBar detector in the FNAL Booster Neutrino Beamline in an experiment called SciBooNE [3].
The marriage of a high rate, low energy neutrino beam and the fine granularity of SciBar is a
unique opportunity for precise measurements of neutrino cross sections since both are already
built and have been operated very successfully. The energy range covered by SciBooNE is very
appropriate for understanding the backgrounds of T2K [2].

The current schedule assumes that the SciBooNE detector will be installed and begin
commissioning in the spring of 2007 and exposed to 2" 1020 POT in one year of running.

3.1. The Booster Neutrino Beam at FNAL
To create the Booster Neutrino Beam (BNB), 8 GeV protons are extracted from the Booster
and steered to strike a beryllium target. This target sits at the upstream end of a magnetic horn
to focus the mesons, primarily "+, produced by the p-Be interactions. Following the horn is a
50 m long decay pipe that gives "+ a chance to decay and produce neutrinos, before the mesons
encounter an absorber. By reversing the polarity of the horn current, "! are focused and hence
a predominantly antineutrino beam is created.

The pion and kaon production cross sections from p-Be interactions are the most important
input to the neutrino flux prediction, and the most uncertain. These cross sections have been
measured by the HARP experiment at CERN [4]. This will allow a very precise prediction of
neutrino and antineutrino fluxes in the BNB.

The entire range of the T2K energy spectrum is encompassed within the spectrum of
SciBooNE. This indicates why SciBooNE is of direct interest to T2K.

3.2. The SciBooNE Detector
The SciBooNE detector will be located 100 m downstream from the neutrino production target.
The detector complex will consist of three detectors: a scintillator tracking detector (SciBar),
an electromagnetic calorimeter (EC) and a muon range detector (MRD).

SciBar [5] is a fully active, finely segmented tracking detector which was operated at K2K
from October 2003 to November 2004.

The tracker consists of extruded scintillator strips, each 1.3 " 2.5 " 300 cm3. The scintillators
are arranged vertically and horizontally to construct a 3 " 3 " 1.7 m3 volume with a total mass of
1 My thanks to Katsuki Hiraide, Kyoto University, for supplying much of the text for this section on SciBooNE.
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15 tons, and a fiducial mass of 9.38 tons. Each strip is read out by a wavelength-shifting (WLS)
fiber attached to a 64-channel multi-anode PMT (MA-PMT). Charge and timing information
from each MA-PMT is recorded by custom electronics.

The EC is installed downstream of SciBar, and consists of 32 vertical and 30 horizontal
modules made of scintillating fibers embedded in lead foils. Each module has dimensions of
4.0" 8.2" 262 cm3, and is read out by two 1” PMTs on both sides. The EC has a thickness of
11X0 along the beam direction. The energy resolution of the EC is 14%/

!
E [GeV].

The MRD is located downstream of EC. The MRD will consist of 12 layers of iron plates
sandwiched between layers of plastic scintillator. The cross sectional area of each plate is
approximately 3.5" 4.0 m, and each plane has a thickness of 5 cm of iron.

3.3. SciBooNE Physics
If we make the assumption that in the one year run, 0.5" 1020 protons on target (POT) will be
delivered in neutrino mode and 1.5"1020 POT will be delivered in antineutrino mode, SciBooNE
would study, among others, the following channels with the given statistics.

• Charged Current Coherent Pion Measurement
Recently, K2K observed no evidence for coherent charged pion production in neutrino-
carbon interaction in the energy range of a few GeV [6]. SciBooNE will have antineutrino
mode running as well as neutrino mode running, and hence can perform further studies of
CC coherent pion production in the low energy range in both neutrino- and antineutrino-
carbon interaction with the same detector.
After subtracting the background, !160 (!240) CC coherent pion events are expected in
the region with Q2 < 0.10 (GeV/c)2 in neutrino (antineutrino) mode, based on the Rein
and Sehgal model. The purity for CC coherent pion production in the sample is estimated
to be 44% (49%) in neutrino (antineutrino) mode.

• Charged Current Single Pion (CC-1"+) Cross Section
The expected number of CC-1"+ interactions in SciBar is !14,000 assuming 0.5 " 1020

POT. Selecting two track events and requiring that both are MIP-like yield a sample of
!2,900 events that are 47% pure CC-1"+ events. With this cut e"ciency, we still expect
less than 5% statistical uncertainty per energy bin. Further requiring large energy deposited
near the vertex can separate !p$ µp"+ from !n$ µn"+.

• Neutral Current Single Pion (NC-1"0) Cross Section
Since the neutrino spectrum in the BNB is so well matched to that of T2K, a measurement
of the NC-1"0 production rate at SciBooNE is directly applicable to T2K. The di!erence
between these two beams in the high energy tail does mean, however, that the NC-1"0

production rate at SciBooNE will not be exactly the same as that in the T2K beam. With
the expected sample of !1,900 such interactions for SciBooNE (assuming 0.5" 1020 POT),
a 15% cross section measurement can be obtained.

• Antineutrino Cross Sections
The state of antineutrino cross section knowledge in the few GeV range is very poor with
only a handful of low statistics measurements. The proposed SciBooNE antineutrino run
of 1.5 " 1020 POT will provide healthy numbers for an antineutrino CC-QE measurement
and su"cient numbers for CC-1" and NC-1"0 measurements.

4. The MINER!A Experiment at the FNAL Main Injector Neutrino Beam
(NuMI)
The NuMI Facility at Fermilab, based on the 120 GeV protons from the Main Injector (MI)
accelerator, is providing an extremely intense beam of neutrinos for the MINOS Neutrino
Oscillation Experiment, yielding several orders of magnitude more events per kg of detector
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per unit of time than the earlier Tevatron neutrino beam. It is an ideal place for a high
statistics (anti)neutrino-nucleon/nucleus scattering experiments. The MINER!A (Main Injector
ExpeRiment: ! A) [10] experiment, a collaboration of elementary-particle and nuclear physicists,
will install a fully active fine-grained solid scintillator detector in this beam. The overall goals
of the experiment are to measure absolute exclusive cross-sections, study nuclear e!ects in ! -
A interactions (with A varying from He to Pb), perform a systematic study of the resonance-
DIS transition region and the lower Q2 DIS region including the extraction of high-xBj parton
distribution functions.

4.1. The Fermilab NuMI Facility
The Fermilab NuMI facility is made up of the technical beamline components including target,
two magnetic focusing horns, evacuated decay pipe, monitoring devices, shielding and the
underground facilities to contain the beamline components. A large, on-site experimental
detector hall ! 100 meters underground currently contains the MINOS near detector and will
house the MINER!A detector just upstream of the MINOS near detector.

The neutrino energy distribution of the NuMI beam can be chosen by changing the distance
of the target and second horn with respect to the first horn, as in a zoom lens, or, with reduced
intensity but quicker tuning time, by simply varying the distance of target from the first horn and
leaving the second horn in a fixed position. Depending on the chosen configuration, event rates
will vary from 60K to 520K per ton of detector and 1020 protons on target (POT). The Main
Injector is now delivering protons to MINOS at a rate equivalent to around 2.5x1020 POT/year
and will slowly build up to higher proton intensities reaching ! 4.0x1020 POT/year by the time
MINER!A starts taking data.

For the MINOS experiment the beamline will be operating mainly in its lowest possible
neutrino energy configuration to be able to reach desired low values of #m2. For the proposed
NO!A experiment [12], the beam will be operating in the full ME configuration.

4.2. The MINER!A Detector
The MINER!A detector is a hybrid of a fully-active fine-grained detector and a traditional
calorimeter and is made up of a number of sub-detectors with distinct functions in reconstructing
neutrino interactions. The fiducial volume for most analyses is the inner “Active Target” where
all the material of the detector is the scintillator strips themselves. The scintillator detector does
not fully contain events due to its low density and low Z, and therefore, the MINER!A design
surrounds the scintillator fiducial volume with sampling detectors. To construct these sampling
detectors, the scintillator strips are intermixed with absorbers. For example, the side and
downstream (DS) electromagnetic calorimeters (ECALs) have lead foil absorbers. Surrounding
the ECALs are the hadronic calorimeter (HCAL) where the absorbers are steel plates. On the
sides of the detector the outer detector (OD) plays the role of the HCAL. In the upstream end
of the detector are the nuclear targets of pure C, Fe and Pb as well as a LHe target. The He
target vessel is directly upstream of the main MINER!A detector. Upstream of the detector
and LHe target vessel is a veto of steel and scintillator strips to shield MINER!A from incoming
soft particles produced upstream in the hall. A complete description of MINER!A is found in
the proposal [11] and TDR [14].

The core active element will be extruded triangular-shaped scintillator strips read out via
wavelength-shifting fibers. Readout of the fibers will be done with multi-anode photomultiplier
tubes (MAPMTs), connected to the wavelength shifting fibers via an optical cable system.

There are three distinct orientations of strips in the inner detector and veto, separated by 60",
and labeled X, U, V. A single module of MINER!A has two X layers to seed two-dimensional
track reconstruction, and one each of the U and V layers to reconstruct three-dimensional tracks.
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Monte Carlo studies of this detector and subsequent prototype studies have confirmed that
light-sharing with the triangular-shaped scintillator extrusions (3.1 cm base and 1.7 cm height)
yield reconstructed point resolution of just under 3 mm. The electromagnetic ("0) energy
resolution is 6%/sqrt(Eem) while the hadron energy resolution is 4% + 18%/sqrt(Ehad).

4.3. Overview of the MINER!A Physics Program
For a four-yeart run with 1-year of LE running parasitically with MINOS and 3-years of ME
running parasitically with NO!A we expect a total of 9.0M in the 3-ton fiducial volume of the
active scintillator target and a total of another 5.5M total events on the four nuclear targets of
the MINER!A experiment.

The high-statistics studies listed below are important for both the particle and nuclear physics
communities, providing information complementary to Je!ersonLab charged lepton studies in
the same kinematic range

• Precision measurement of the quasi-elastic neutrino–nucleus cross-section, including its E!

and q2 dependence, and study of the nucleon axial form factors. Over 800 K events are
expected in the fiducial volume during the four-year MINER!A run.

• Determination of cross-sections in the resonance-dominated region for both neutral-
current (NC) and charged-current (CC) interactions, including study of isospin amplitudes,
measurement of pion angular distributions, isolation of dominant form factors, and
measurement of the e!ective axial mass. A total of 1.7M one-pion events make up the
low-W resonance sample.

• Clarification of the W (% mass of the hadronic system) transition region where
resonance production merges with neutrino deep-inelastic scattering, including tests of
phenomenological characterizations of this transition such as quark/hadron duality. A
sample of 2.1 M multi-pion events is expected with W # 2.0 GeV.

• Precision measurement of coherent single-pion production cross-sections, with particular
attention to target A dependence. Coherent "0 production, via the neutral current, is
a significant background for next-generation neutrino oscillation experiments seeking to
observe !µ $ !e oscillation. A sample of 89 K CC events is expected o! carbon. The
expected NC sample is roughly half the CC sample.

• Examination of nuclear e!ects in neutrino interactions, including final-state modifications
in heavy nuclei, by employing helium, carbon, iron and lead targets. These e!ects play a
significant role in neutrino oscillation experiments measuring !µ disappearance as a function
of E! . It has recently been suggested [13] that, for a given Q2, shadowing can occur at much
lower energy transfer (!) for neutrinos than for charged leptons. This e!ect is unaccounted
for in neutrino event generators. With su"cient ! running, a study of flavor-dependent
nuclear e!ects can also be performed. Due to the di!erent mix of quark flavors, this is
another way in which neutrino and charged-lepton nuclear e!ects di!er. MINER!A will
collect over 0.6, 0.4, 2.0 and 2.5 M CC events o! He, C, Fe and Pb targets respectively
in addition to the carbon of the scintillator.

• Study of nuclear e!ects on sin2 $W measurements, and the NC/CC ratio for di!erent nuclear
targets.

• With a sample of over 4.3 M CC DIS events, a much-improved measurement of the parton
distribution functions, particularly at large xBj , will be possible using a measurement of all
three ! structure functions. Although we expect over 150 K CC ! events in the four year
MINER!A ! run, an additional dedicated ! run would be required to measure the three !
structure functions with similar precision.

• Examination of the leading exponential contributions of perturbative QCD.
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• With nearly 240 K fully reconstructed exclusive events, precision measurement of
exclusive strange-production channels near threshold. This will significantly improve our
knowledge of backgrounds in nucleon-decay searches. Also, determination of Vus, and
searches for strangeness-changing neutral-currents and candidate pentaquark resonances
will be undertaken Measurement of hyperon-production cross-sections, including hyperon
polarization, is feasible with exposure of MINER!A to ! beams

These are worthy research topics in their own right, and improved knowledge in most is essential
to minimizing systematic uncertainties in neutrino-oscillation experiments.

5. Conclusions
There is an obvious and crucial need for the measurement of exclusive cross sections and the
study of nuclear e!ects in the 10 MeV to 10 GeV energy range

• !-SNS will measure ! capture cross sections in the energy range relevant for the study of
uipernovae core collapse.

• SciBooNE in the Fermilab Booster Neutrino Beam will measure both ! and ! cross sections
for energies relevant for T2K oscillation studies.

• MINER!A in the Fermilab NuMI beam will measure cross sections and study nuclear e!ects
to both ! and ! at energies relevant for both NuMI and T2K studies and study nucleon
structure from quasi-elastic, resonance, through the transition region to DIS.
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T2K and beyond
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Abstract. The project status of T2K is presented. T2K will search for the νµ → νe oscillation
using the high intensity νµ beam produced by J-PARC. The experimental setup and the
prospects are discussed. The possible long-term future plans are also presented.

1. Introduction
The Tokai-to-Kamioka experiment (T2K) [1, 2] is the successor experiment of K2K, the KEK
to Kamioka long-baseline neutrino oscillation experiment(1999–2005) [3]. T2K will utilize the
neutrino beam which is ∼ 50 times intense compared with K2K, and the neutrino beam energy is
optimized for the neutrino oscillation measurement based on the known oscillation parameters.

The high-intensity νµ beam will be generated at Japan Proton Accelerator Research Complex
(J-PARC) [4] in Tokai village towards the Super-Kamiokande (SK) [5]. We will investigate the
neutrino oscillation during the flight length of 295 km. The T2K collaboration consists of ∼ 200
members from 58 institutes in 11 countries.

2. Physics motivation
The main goal of T2K is to determine the oscillation parameters, θ13, and δ, in neutrino mixing
matrix [6] which is parametrized as




νe

νµ

ντ


 =




1 0 0
0 cos θ23 sin θ23

0 − sin θ23 cos θ23






cos θ13 0 sin θ13e
−iδ

0 1 0
− sin θ13e

−iδ 0 cos θ13




×



cos θ12 sin θ12 0
− sin θ12 cos θ12 0

0 0 1






ν1

ν2

ν3


 ,

where νx(x = e, µ, τ) and νi(i = 1, 2, 3) are the flavor eigenstate and the mass eigenstate,
respectively. θ12, θ23 and θ13 are the mixing angles and δ is the complex phase of the neutrino
mixing matrix. Here, θ13 is the only remaining mixing angle, which has not been measured.
The results from the reactor experiments [7, 8] and K2K [9] indicate that sin2 2θ13 is expected
to be smaller than 0.15. Also, there is no information about the CP phase δ.

T2K search for the νµ to νe oscillation to obtain the information about θ13 and δ. Because
the matter effect [10] is negligibly small in the T2K condition, the oscillation probability is
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approximated around the first oscillation maximum assuming ∆m2
32 ∼ ∆m2

31 as

P (νµ → νe) ≈ sin2 2θ13 sin2 2θ23 sin2

(
∆m2

31

4E

)
∓ 4Jr sin δ

(
∆m2

21

2E

)
sin2

(
∆m2

31

4E

)
,

where E and L are the neutrino energy and flight length, respectively. ∆m2
ij(i, j = 1, 2, 3) is

the mass squared difference between two mass eigenstates. The second term is CP asymmetric,
and its sign is − (+) for ν (ν). Jr ≡ cos θ12 sin θ12 cos θ23 sin θ23 cos2 θ13 sin θ13 is the Jarlskog
parameter of neutrino mixing matrix. The magnitude of CP asymmetry is also depends on θ13

because the Jr is proportional to sin θ13.

3. Principle of T2K
The experimental principle of T2K is quite similar to K2K. We estimate the neutrino flux at
the SK by extrapolating the flux measured at the near detector, which is 280 meters away from
the target. Then, we measure the neutrino oscillation parameters from the comparison between
the observation by SK and the expectation from the ν beam flux.

Based on the current knowledge of the ∆m2
23, the first oscillation maximum for L = 295 km is

corresponds to the neutrino energy of ∼ 0.6 GeV. We tune the peak energy of the ν beam at this
energy to improve the sensitivity for the neutrino oscillation. The dominant process in ν-nucleon
interactions for this energy region is charged-current quasi-elastic (CC-QE) interaction. The
CC-QE interactions in SK are easily identified by selecting the events with a single Cherenkov
ring. Because the CC-QE interaction is a two-body process, we can reconstruct the neutrino
energy with ∼ 10 % precision by assuming the CC-QE kinematics. The methods of the CC-QE
event selection and the energy reconstruction by SK are established very well in the study of
atmospheric neutrinos.

The non CC-QE ν-nucleon interactions, such as a charged-current pion production (νN →
`N ′π), are the background for the neutrino energy reconstruction. Furthermore, the neutral-
current events with π0 production (νN → νN ′π0) are the dominant background source of νe

detection, since π0 can be miss-identified as a νe when one of the γs from π0 decay is missed
or two γ Cherenkov rings are overlapped. Thus, the fraction of the neutrino with the energy
greater than a few GeV is required to be small to reduce the non CC-QE interactions.

4. Experimental apparatuses
J-PARC is the multipurpose proton accelerator which consists of the 400 MeV LINAC, 1 MW
3 GeV Rapid Cycle Synchrotron (RCS) and 0.75MW 50 GeV Synchrotron(MR). At the
beginning, the energy of the LINAC and MR are 200 MeV and 30 GeV, respectively.

The ν-beam line in J-PARC generate almost pure νµ (νµ) beam by the conventional method.
The protons hit the graphite target and the generated π+ (π−) are focused by 3 electromagnetic
horns. Then, νµs (νµs) are produced by the decay of the pions while traveling in the decay tunnel.
The neutrino energy at SK is pseudo-monochromatic because “off-axis” (OA) scheme [11] is
adopted. The peak of ν energy spectrum at SK is adjusted to the oscillation maximum by
changing off-axis angle from 2◦ to 2.5◦.

The J-PARC accelerator construction started in 2001. Now, the installation of the beam
instruments such as magnets is in progress, and the accelerator commissioning starts in 2006.
During the preparation of the MR beam line components, one of the problems which we
encountered is that some of RF cores discharges with 15 kV/gap in long term tests. The
cause of this failure have already been identified, but the MR commissioning will start with the
current RF system on schedule, because we found it works in low beam power operation. The
R&D work to solve this problem is in progress, and we aim to replacing the current RF system
with new one around 2010.
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The ν beam-line construction was started in 2004. The civil construction and the development
of the beam instruments are going well. The first module of the superconducting combined-
function magnet for the proton beam transport is produced, and excited to the full operation
current successfully. The mechanical prototype of the graphite target, which has enough thermal
shock resistance against 0.75 MW beam, is fabricated. The prototype of the first electromagnetic
horn succeeds in the test operation with 320 kA.

The characteristics of the neutrino beam is measured by two detectors located at the 280
meters from the target [12]. One is the on-axis detector which consists of 14 modules of iron-
scintillator stacks. The on-axis detector will measure the ν beam profile to determine the ν
beam direction within 1 mrad. The other is the off-axis detector to measure the ν flux in the
far-detector direction. The tracking system, which consists of TPCs and the layers of finely
segmented scintillating bars, and the electromagnetic calorimeter are installed in the magnetic
field of 0.2 T to measure νµ, νµ and νe + νe fluxes separately. The muons are detected by
the Muon Range Detector. The cross sections of ν-nucleon interactions are also studied by the
off-axis detector. The detector which is optimized for measuring the rate of neutral current π0

production is also installed in the magnet.
The far detector for T2K is SK, which is a 50 kt water Cherenkov detector. The reconstruction

to recover the damage by the accident in 2001 is completed in Apr. 2006. The full operation
with the original 40% photo-coverage starts in Jul. 2006, and it becomes ready for T2K.

The intermediate detector located at 2 km from the target is proposed [13, 14]. The energy
spectrum at the 2 km detector position is more similar to that at SK than the 280 m detector
position. The 2 km detector is expected to reduce the uncertainties from the extrapolation of
the neutrino flux. The current design of the detector configuration consists of a liquid argon
TPC, a water Cherenkov detector and a muon range detector. The facilities for the intermediate
detector is planning to be requested in Japan after the commissioning of J-PARC facilities.

5. Prospects in T2K Phase-I
The feasibility of T2K for 5×1021 Protons-On-Target (POT), which is corresponds to ∼ 5 years
operation with the full intensity beam, is studied. In the study, we assumed sin2 2θ13 = 0.1,
sin2 2θ23 = 1.0 and ∆m2

13 = 2.5 × 10−3 eV2. Figure 1 shows the energy distribution of the
νe candidate events observed by SK in the Monte Carlo simulation. The expected νµ → νe

signals which has the reconstructed energy from 0.35 GeV to 0.85 GeV is 103 events, while the
background from the intrinsic νe in the beam and the backgrounds from νµ interactions are 13
and 10 events, respectively. The 90% CL sensitivity to sin2 2θ13 is 0.008 where δ = 0 and 10%
systematic uncertainty for the background subtraction are assumed.

T2K also provides the precise measurement of νµ disappearance. The statistics become
50 times lager than K2K final result. The expected errors for the oscillation parameters are
δ(sin2 2θ23) ∼ 0.01 and δ(∆m2

23) < 1 × 10−4 eV2.

6. Beyond T2K Phase-I
If the obtained sin2 2θ13 is greater than 0.01, it paves the way for the CP violation search in
ν sector. The CP asymmetry arise in the difference of the νµ → νe oscillation probabilities
between neutrinos and anti-neutrinos.

ACP ≡ P (νµ → νe) − P (νµ → νe)

P (νµ → νe) + P (νµ → νe)
≈ ∆m2

12L

E
· sin2θ12

sin θ13
· sin δ

In the 2nd phase of T2K, it is planned to increase the proton beam intensity up to 4MW
by upgrading the J-PARC accelerator. The 1 Mt water Cherenkov detector is also proposed.
The statistics after both accelerator and far detector upgrade is expected to be increased by
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more than a factor of 100 with respect to T2K-I. Figure.3 shows the 3σ sensitivity for the sin δ
assuming the data which is taken for 2 years with νµ-beam and 6 years with νµ-beam in T2K
phase-II. If the sin δ is greater than 0.3 and the systematic uncertainties controlled less than 2%,
the CP asymmetry in ν oscillation will be observed.

The ideas to build another far detector at the second oscillation maximum point, which
is located at ∼ 1000 km away from J-PARC, are proposed [15, 16]. The contribution of the
CP asymmetric term to the νµ → νe oscillation probability become 3 times larger than that
at the first oscillation maximum point because the magnitude of the CP asymmetric term is
proportional to the beseline length. Because the matter effect become significant in the second
oscillation maximum point, It may be possible to resolve the mass hierarchy if δ is suitable.
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Figure 1. The data points shows the
energy distribution of the νe candidate
events observed by SK in the Monte Carlo
simulation, where sin2 2θ13 = 0.1 and ∆m2 =
2.5 × 10−3 [eV2] are assumed. The dotted
histogram shows the background originated
from νµ. The dashed histogram shows all
the background events including the beam
intrinsic νe. The MC statistics corresponds
to a 5-years operation.
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Figure 2. The 90% CL sensitivity to
(sin2 2θ13,∆m13) for the 5 × 1021 POT
data acquisition, where the 10% systematic
uncertainty for the background estimation
and sin2 2θ23 = 1 are assumed. The solid
(dotted, dash-dotted, dashed) line shows the
sensitivity on condition that CP phase δ
is 0 (π/2,−π/2, π). The hatched region is
excluded by the CHOOZ experiment.

7. Summary
T2K is the long-baseline neutrino experiment to study the neutrino oscillation using the high
intensity νµ beam by J-PARC. The accelerator operation will start in 2008, while the parallel
R&D is going on to realize the design intensity. The neutrino beam-line is constructed on
schedule and will be completed in 2009.

The first phase of T2K will also start in 2009. The main topic of T2K-I is the νµ →
νe oscillation search to determine θ13. θ23 and ∆m2

23 will be measured precisely via νµ

disappearance. An intermediate detector at 2 km position is planned to reduce the systematic
uncertainties due to the neutrino flux extrapolation.
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Figure 3. The sensitivity for the CP violation parameter, sin δ, assuming the data which is
taken for 2 years νµ-beam and 6 years νµ-beam after the accelerator and detector upgrade. The
solid line shows the 3σ sensitivity assuming the 2% systematic uncertainty for the background
event estimation. The dashed line shows the 3σ sensitivity assuming only the statistical error.

If sin2 θ13 obtained by T2K-I is greater than 0.01, T2K Phase-II can study the CP asymmetry
between νµ → νe and νµ → νe oscillations by upgrading the accelerator and the far detector.
The far detector at the second oscillation-maximum point may resolve the mass hierarchy
unambiguity.
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Ñ5Ì�Ã5ÚoÓ�ÄmÂJÅ\û�ÏcÉoÇlÄCÌ�ÆÈÇ{Â`Ñ ÆÈÇ�ÄCÓ{Â ÎmÉoÃ5ÅXÏcÂ�à �{É�ÅîÌýÑ{Â`ÎCÆ~ÚoÇ Û Ì�Ï�elÚ�ÅXÉoÃ5Ç5Ñ�É�× C�à g��1ÄmÉoÇçÝËÄCÓ{Â ÏcÉoÐ|ÐÈÌ Û É�ÅXÌ�ÄCÆ~ÉoÇ
Â`ÎmÄCÆ|Ö7Ì�ÄmÂ`Î´Ì)ÞPÃ{ÅXÆÈÄ�ÝèÅCÂ`ï3Ã5Æ~ÅCÂ`Ö�Â`ÇlÄ�É�×S+C��·ê�ï��Me3Ú{í®É�ÅFn�à
�)Þ5Þ5Ä a Ì�ÎCÎCÃ5Ö7Æ|Ç{Ú ÏXÓ5Ì�Æ|ÇýÂ`ï3Ã5ÆÈÐÈÆ Û ÅXÆÈÃ5Ö à¢á#Ó{Â
é � � Á�ÏcÉoÐÈÐÈÌ Û É�ÅXÌ�ÄCÆÈÉoÇ¬ÞPÐÈÌ�Ç5Î#ÄmÉ¢Þ5ÅCÂJÞ<Ì�ÅCÂ�Ì�Ç Âcâ�Þ¯ÂJÅXÆÈÖ�Â`ÇlÄHÞ5ÅCÉ�Þ¯ÉoÎCÌ�ÐWÌ�×fÄmÂJÅ&ÄCÓ{Â�Ø£É�ÅQe�ÉoÇ¤é � � Á n�Ó5Ì�Î
Û ÂJÂ`Ç¬ÏcÉoÇ5ÏJÐÈÃPÑ{Â`ÑLà

��� ��������� ����� %� � "
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ë£é �ñÑ5ÂJÄmÂ`ÏcÄmÉ�Å�Ö7É3Ñ�Ô
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Û ÝýÎCÏJÆÈÇlÄCÆÈÐÈÐ|Ì�ÄmÉ�Å�Ö�É�Ñ5Ã5ÐÈÂ`Î´ÏcÉ1Í�ÂJÅmÔ
ÆÈÇ5Ú�ÄCÓ5Â�Ö�É�Ñ5Ã5Ð~Â Ø�Ì�ÐÈÐÈÎJà

.�Ð|Ì�ÅCÚ�Â ÆÈÇlÄmÂJÅXÇ5Ì�ÄCÆ~ÉoÇPÌ�Ð¬ÏcÉoÐÈÐÈÌ Û É�ÅXÌ�ÄCÆ~ÉoÇ Âcâ�ÞPÐ~É�ÅXÂ`ÎÙÌ�Ç Âcâ�ÄmÂ`Ç5Ñ{Â`Ñ Ì�ÇPÑ ÆÈÖ�Þ5ÅXÉnÍ�Â`Ñ Í�ÂJÅXÎXÆ~ÉoÇ É�×èÄCÓ{Â
ÎCÃPÏJÏcÂ`ÎCÎm×[Ã5Ð]Á&ë]é � g¤Âcâ3Þ¯ÂJÅXÆ|Ö�Â`Ç�Ä^l �'pGàýá#Ó5Â`Æ~Å´Ú�ÉoÌ�ÐHÆ|Î�ÄmÉ¶Ã5ÎCÂ$Ì Û ÉoÃ{Ä^n�C�C elÚèÉ�×
Â`Ç{ÅXÆÈÏNÓ{Â`Ñ�ÆÈÎmÉ�ÄmÉ�Þ¯Â�ô[ÎNû
ÆÈÇ�Ì ÞPÌ�ÎCÎCÆ~Í�Â7ÎCÉoÃ{ÅXÏcÂ�ÄmÅXÌ�Ï�e3ÆÈÇ5Ú)ÏJÌ�Ð~É�ÅXÆÈÖ7ÂJÄmÂJÅ`à¢á#Ó{Â7ÃPÎmÂ�É�× �mø å3Â7Ì�Ç5Ñ ÷�� T Á&Ñ¶ÆÈÎ Û Â`ÆÈÇ5Ú$Â`ÇlÍ�ÆÈÎCÆ~ÉoÇ{Â`Ñ·íLØÜÆ~ÄCÓ
ÄCÓ{Â�Ú�ÉoÌ�Ð É�×£Ì�ÏNÓ5Æ~ÂJÍ�ÆÈÇ{Ú Ì¬Ç{Â`Ã{ÄmÅNÆÈÇ{É¬Ö7Ì�ÎCÎ�ÎCÂ`Ç5ÎCÆ~ÄCÆ~Í�Æ~Ä°Ý É�× *EC)Ö�Â��´àWãdÎmÉ�ÄmÉ�Þ<ÆÈÏJÌ�Ð®Â`Ç{ÅXÆ|ÏXÓ5Ö�Â`ÇlÄ É�×Hå�Â7ÆÈÎ Û Ý
Ã5ÐÈÄmÅXÌ�ÏcÂ`ÇlÄmÅXÆ~×[Ã{ÚoÌ�ÄCÆ~ÉoÇLà áÜÓ{Â
ÏcÉoÐÈÐ|Ì Û É�ÅNÌ�ÄCÆ~ÉoÇ�ÆÈÎòÂcâ�ÞPÐ~É�ÅNÆÈÇ{Ú�ÄCÓ5Â&Ã5ÎCÂ
É�×/Ì �{ÅXÂ`Ç5ÏXÓ¬ÐÈÌ�ÎCÂJÅ£Â`Ç5ÅXÆÈÏXÓPÖ�Â`Ç�Ä£×[Ì�ÏJÆÈÐÈÆ~Ä°Ý
×9É�Å�ÄCÓ{Â�Þ5ÅXÉ3Ñ5ÃPÏcÄCÆ~ÉoÇèÉ�×£Ì)ÐÈÌ�ÅCÚ�Â¢Ì�Ö�ÉoÃPÇ�Ä(É�× ÷�� T Á&ÑLà�.
ÇýÌ�ÏcÄCÆ~Í�Â (�#(æ Þ5ÅCÉ�Ú�ÅXÌ�Ö ÆÈÎ ×9ÃPÇ5Ñ{Â`Ñ�ÆÈÇ �{ÅNÌ�Ç5ÏcÂ�í
å3Þ<Ì�ÆÈÇ�Ì�Ç5Ñ¬ÄCÓ{ÂBa�$�à.&Î ÆÈÇ�ÄCÓ{ÂHÞ5ÅXÂJÍ3Æ~ÉoÃPÎxÞ5ÅCÉ'&mÂ`ÏcÄJí�å�Ã{Þ¯ÂJÅmÔ�Á&ë]é �çØ]ÉoÃPÐÈÑ�Ó5Ì`Í�Â
Ñ{ÉoÃ Û Ð~Â�Â`Ð~Â`ÏcÄmÅXÉoÇ7Ñ{ÂJÄmÂ`ÏcÄCÆ~ÉoÇîÏJÌ�ÞPÌ Û ÆÈÐÈÆÈÄ�Ý�àxá#Ó5ÆÈÇLí
� elÚ{í®ÎmÉoÃ{ÅNÏcÂ¢×9ÉoÆÈÐÈÎ�Ì�ÅXÂ¢ÄmÉ Û ÂîÆÈÇ5ÎmÄCÌ�ÐÈÐÈÂ`Ñ¶ÆÈÇlÄmÉ)ÐÈÌ�ÅCÚ�Â$Ö�É3ÑPÃ5ÐÈÌ�Å�Ö�Ã5Ð~ÄCÆòØÜÆ~ÅCÂ7ÚoÌ�Î´ÄmÅXÌ�Ï�e3ÆÈÇ5Ú¡Ñ{ÂJÄmÂ`ÏcÄmÉ�ÅNÎJí Æ~ÄCÎ
Ø�Ì�ÐÈÐÈÎ]ÏcÉnÍ�ÂJÅCÂ`Ñ¬Ø
Æ~ÄCÓ¢ÎCÏJÆ|Ç�ÄCÆÈÐ|ÐÈÌ�ÄmÉ�Å£ÏJÌ�ÐÈÉ�ÅXÆÈÖ�ÂJÄmÂJÅXÎ]×9É�Å£Â`Ç5ÂJÅCÚ�Ý¢Ö�Â`Ì�ÎCÃ5ÅCÂ`Ö�Â`ÇlÄJà (#Â`Ì�Ñ$ÉoÃ{Ä£Ø]ÉoÃ5Ð|Ñ Û ÂÜÍ�ÆÈÌ#gC�C
ÄmÉ n�C�C�C $£é)áÜÎ(Þ¯ÂJÅ Ö7É3Ñ5ÃPÐ~Â�à �xÆ~ÚoÃ{ÅXÂig�ÎXÓ{ÉnØÜÎ�Ì¬Î!e�ÂJÄCÏXÓýÉ�×òÄCÓ5ÆÈÎ(ÏcÉoÇPÏcÂJÞ5ÄJà�.ìÖ7Ì�ÚoÇ5ÂJÄCÆÈÏrß5Â`ÐÈÑèØÜÆ|ÐÈÐ Û Â
Ã5ÎCÂ`Ñr×fÉ�Å®ÞPÌ�ÅXÄCÆÈÏJÐ~ÂHÆÈÑ{Â`ÇlÄCÆ~ßPÏJÌ�ÄCÆ~ÉoÇ·à>. ÄmÉ�ÄCÌ�Ð5É�× +C(Ö�É�Ñ5Ã5Ð~Â`Î®ÆÈÎ/Â`ÇlÍ3Æ|ÎCÌ�Ú�Â`Ñ¢Ì�Ä®ÄCÓ5Æ|ÎxÄCÆÈÖ�Â�àq$xÌ�ÎCÎCÆ~Í�Â#ÎCÓPÆ~Â`ÐÈÑ5ÆÈÇ5Ú
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Ø£ÉoÃ5ÐÈÑ Û Â]Þ5ÅXÉnÍ�ÆÈÑ{Â`Ñ Û Ý#+�elÄmÉoÇ5ÎxÉ�×<Ø£Ì�ÄmÂJÅ®×9É�Å®ÄCÓ{Â8+C(Ö�É�Ñ5Ã5Ð~Â`Î`àWá#Ó{ÂHÏcÉoÐÈÐÈÌ Û É�ÅXÌ�ÄCÆÈÉoÇ´Ó{É�Þ¯Â`Î/ÄmÉ�Ì�ÏXÓPÆ~ÂJÍ�Â#Ì�Ç
Â`Ç{ÂJÅXÚ�Ý�ÅCÂ`ÎmÉoÐÈÃ5ÄCÆ~ÉoÇ�É�×,n�à���j ô[ÆÈÇ�Ã5Ç5Æ~ÄCÎ-É�× �Wû-Ì�Äcg&é)Â���à (ÜÂ`ÎmÂ`Ì�ÅXÏNÓrÉoÇ�ÑPÆ�ó�ÂJÅXÂ`Ç�ÄxÏJÌ�Ð~É�ÅXÆÈÖ7ÂJÄmÂJÅ/ÄmÂ`ÏNÓ5Ç{ÉoÐ~É�ÚoÆÈÂ`Î
ÆÈÎ ÉoÇ{Ú�ÉoÆÈÇ{Ú{à (ÜÂ`ÎmÉoÐÈÃ{ÄCÆ~ÉoÇ¢ÎCÏJÌ�ÄmÄmÂJÅXÆÈÇ{Ú�É�× )*),+�-3ÔGÂJÍ�Â`ÇlÄCÎHÆÈÇlÄmÉ�ÄCÓ{Â�)*)DCE-3Ô�Ì�ÇPÌ�Ð~Ý3ÎXÆÈÎòÆÈÇlÄmÂJÅCÍ�Ì�ÐPÆÈÎòÌ�ÇîÆÈÖ7Þ�É�ÅXÄCÌ�Ç�Ä
Û Ì�Ï�elÚ�ÅXÉoÃ5Ç5ÑLàrá#Ó{Âi)*)>+�-3Ô Û Ì�ÏQe3Ú�ÅCÉoÃ5ÇPÑ¶ÆÈÇlÄmÉ¬ÄCÓ{Âb+C�C e�Â�� )*)DCE-3Ô�Ì�ÇPÌ�Ð~Ý3ÎXÆÈÎ(ÆÈÇlÄmÂJÅCÍaÌ�Ð®Æ|Î Âcâ3Þ¯Â`ÏcÄmÂ`Ñ�ÄmÉ Û Â
Ì Û ÉoÃ{Ä n�ÂJÍ�Â`ÇlÄ��1Ý�Â`Ì�Å�×fÉ�Å#n�C�CFelÚîÉ�× �mø å3Â�à (
Ì�Ñ5Æ~É�ÞPÃ5ÅXÆ~Ä�Ý$ÅCÂ`ï3Ã5Æ~ÅCÂ`Ö7Â`Ç�ÄCÎÜ×fÉ�Å&ÄCÓ{ÂrÎmÉoÃ{ÅXÏcÂ´×fÉoÆÈÐ|ÎÜÌ�ÅCÂ´É�× ÄCÓ{Â
É�ÅXÑ5ÂJÅSC�à��7ÄmÉFC�à��7ÞPÞ5ÄH×fÉ�Å&á#Ó)Ì�ÇPÑ a´íPÅCÂ`ÎmÞ¯Â`ÏcÄCÆ~Í�Â`ÐÈÝ�àL"�Ì�ÅXÂJ×9Ã5Ð (ÜÇ ÅXÂ`Ñ5Ã5ÏcÄCÆ~ÉoÇ Æ|ÎÜÆÈÖ�Þ¯É�ÅCÄCÌ�ÇlÄJí&CÃ5ÎmÄÜÐ|Æfe�Â�ÆÈÇ
Ì�ÇlÝèÉ�ÄCÓ{ÂJÅ´Ñ{ÉoÃ Û Ð~Â Û ÂJÄCÌ¬Âcâ3Þ¯ÂJÅXÆ|Ö�Â`Ç�ÄJàF$/ÉoÎCÎCÆ Û ÐÈÂrÎXÆ~ÄmÂ`Î�×9É�Å�ÄCÓ{Â¢Âcâ3Þ¯ÂJÅXÆÈÖ7Â`Ç�Ä�Ì�ÅCÂ�( �{ÅCÂ &CÃ5ÎJí �&ÅXÌ�Ç å{Ì�ÎCÎmÉ{í"�Ì�Ç5×fÅXÌ�ÇPÏ�í�Ì�ÇPÑ ê�Ã5Ð Û Ý�à
á#Ó5ÂÜÏcÉoÐÈÐÈÌ Û É�ÅXÌ�ÄCÆ~ÉoÇ$Ì�ÆÈÖ7Î]Ì�Ä£ÓPÌ`Í�ÆÈÇ{Ú´Ì´Þ5ÅCÉ�Þ¯ÉoÎCÌ�ÐPÅCÂ`Ì�Ñ{Ý Û Ýb+C�C��3í5ÎmÄCÌ�ÅCÄ£É�×WÑ5Ì�ÄCÌ´ÄCÌe3Æ|Ç{Ú´ÆÈÎ]Â`ÇlÍ3ÆÈÎXÌ�Ú�Â`Ñ¢×9É�Å+C�n�CaÔW+C�n�n�à
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ÄmÉ�Å7Ì�Ç5Ñ�ÆÈÄCÎ�ÏcÉoÖ�Þ¯ÉoÇ{Â`Ç�ÄCÎ`àËá#Ó{Â
ÏcÝ�ÐÈÆÈÇ5Ñ5ÅXÆÈÏJÌ�Ð�áS$?" Ì�Ç5Ñ�ÄCÓ{Â n +1Ô
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Ó5ÆÈÚoÓÒÞPÃ{ÅXÆ~Ä°Ý "�Ã·à�áÜÓ{Â�ÄCÆ~ÚoÓlÄCÐ~Ý
ß5ÄmÄmÂ`Ñ¡ÞPÌ�ÎXÎCÆ~Í�ÂrÐ~Â`Ì�ÑèÎCÓ5Æ~Â`ÐÈÑ¡Ö7ÆÈÇ{Ô
ÆÈÖ¢Æ~ÕJÂ`Î �<ÔGÅXÌ`Ý�Ð~Â`Ìe�Ì�Ú�Â�Ì�Ç5Ñ$ÄmÅXÌ�Þ{Ô
Þ¯ÂJÅ¤Æ|Ç�ÄmÂJÅXÇPÌ�Ð�(ÜÌ�Ñ5ÉoÇLà . ÎmÄmÂJÂ`Ð
ÎCÃ5Þ5Þ¯É�ÅCÄ¢ÎmÄmÅXÃPÏcÄCÃ{ÅCÂ¤Æ|Î¢Ì�ÄmÄCÌ�ÏXÓ5Â`Ñ
ÄmÉ7ÄCÓ5Â�ÉoÃ{ÄCÎCÆÈÑ5Â&É�×xÄCÓ{Â�ÐÈÂ`Ì�ÑLà

�&ÉoÌ�Ð�É�×·ÄCÓ{Â a å3Ô "�Ì�Ç5Ì�Ñ5ÆÈÌ�Ç{Ô)(ÜÃ5ÎCÎXÆÈÌ�Ç�Ôdå3ØÜÆ|ÎCÎ®ë � � ÏcÉoÐÈÐÈÌ Û É�ÅXÌ�ÄCÆÈÉoÇ¢ÆÈÎ]ÄmÉ�Ã5ÎmÂ n&ÄmÉ^n�C�ÄmÉoÇ5Î£É�×·Â`Ç{ÅXÆÈÏNÓ{Â`Ñ÷�ú � �&Â#ÆÈÇ�Ì�Ç´Ì�ÏcÄCÆ~Í�Â£ÎCÉoÃ{ÅXÏcÂòá8$�"&í`Â`ï3Ã5Æ~Þ5Þ¯Â`Ñ&ØÜÆ~ÄCÓ�ßPÇ5Ì�ÐoÎmÄCÌ�ÄmÂ�ê�ÌaÔGÄCÌ�Ú�ÚoÆÈÇ{Úil �'pGà-ä-ÆÈï3Ã5ÆÈÑ(Ì�Ç5Ñ�ÓPÆ~ÚoÓ(Þ5ÅCÂ`ÎXÎCÃ{ÅCÂ
�&ÂÜÉ�Þ5ÄCÆÈÉoÇ5Î]Ì�ÅXÂ&Ã5ÇPÑ{ÂJÅ]ÆÈÇlÍ�Â`ÎmÄCÆ~ÚoÌ�ÄCÆÈÉoÇLà®æ&Ã5Â
ÄmÉrÐÈÌ�ÏQe¢É�×WÎmÞPÌ�ÏcÂ&ÉoÇ5Ð~ÝrÄCÓ{Â ÐÈÆÈï3Ã5ÆÈÑrÉ�Þ5ÄCÆÈÉoÇ7ØÜÆÈÐ|Ð Û Â
Ñ5ÆÈÎXÏJÃ5ÎCÎmÂ`Ñ
Ó{ÂJÅXÂ�àòê�Ì�ÎmÂ`Ñ ÉoÇ¤Ì�ÅCÂ`ÏcÂ`ÇlÄ
Ö7Ì�ÎCÎÜÑ{ÂJÄmÂJÅXÖ7ÆÈÇPÌ�ÄCÆ~ÉoÇ2l�� pGí ÷�ú � �&ÂÜÓ5Ì�ÎÜÌ7×[Ì�Æ~ÅXÐ~Ý¢ÓPÆ~ÚoÓ�
ÔGÍ�Ì�ÐÈÃ{Â(É�×c+ * �	����� h C � *e�Â���à�.&Î#Ì¢Ç5É Û Ð~Â(ÚoÌ�Î#Â`Ç5ÅXÆÈÏXÓPÖ�Â`Ç�Ä
ÏJÌ�Ç Û Â�Ñ{ÉoÇ{Â�Â`ÏcÉoÇ5ÉoÖ7ÆÈÏJÌ�ÐÈÐ~Ý Û Ý�ÃPÐ~ÄmÅXÌ�ÏcÂ`ÇlÄmÅXÆ~×[Ã{ÚoÌ�ÄCÆ~ÉoÇLí5ÅXÂ`ïlÃ5ÆÈÅXÆÈÇ{ÚrÇ{É
ÏNÓ{Â`Ö7ÆÈÏJÌ�Ð-ÏcÉoÇ�Í�ÂJÅXÎXÆ~ÉoÇLà
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Abstract. Twenty years after SN 1987A, the vast international programme of experimental
neutrino physics and neutrino astronomy suggests that large detectors will operate for a long
time. It is realistic that a high-statistics neutrino signal from a galactic SN will be observed.
I review some of the generic lessons from such an observation where neutrinos largely play the
role of astrophysical messengers. In principle, the signal also holds valuable information about
neutrino mixing parameters. I explain some recent developments about the crucial importance
of collective neutrino oscillations in the SN environment.

1. Introduction
Twenty years ago, the neutrino burst from supernova (SN) 1987A in the Large Magellanic
Cloud was observed. On 23 February 1987 at 7:35 h universal time, the Kamiokande II [1, 2]
and IMB [3, 4] water-Cherenkov detectors each registered a burst clearly attributed to SN 1987A.
A contemporaneous signal in the Baksan scintillator detector [5, 6] may have been caused by
the neutrino burst as well. A significant event cluster in the LSD experiment [7, 8] was observed
several hours earlier and had no counterpart in the other detectors and vice versa. It can be
associated with SN 1987A only if one invokes very non-standard double-bang scenarios of stellar
collapse [9]. A lively account of the exciting and somewhat confusing history of the SN 1987A
neutrino detection was given by M. Koshiba [10] and A. Mann [11].

This unique observation of stellar-collapse neutrinos helped to pave the way for a new era of
neutrino physics. Today, the discovery of neutrino masses, lepton mixing, and flavor oscillations
are quickly fading to become yesterday’s sensation while the experimental efforts are turning
to yet more challenging issues, notably the question of leptonic CP violation, the absolute
neutrino masses, and their Majorana nature. A broad programme of experimental neutrino
physics, dedicated SN neutrino observatories, and the construction of IceCube as a high-energy
neutrino observatory almost guarantee the operation of large detectors for a long time so that
the eventual observation of a high-statistics SN neutrino burst is a realistic possibility. A review
of the ongoing, planned or proposed neutrino experiments with SN detection capabilities was
given by K. Scholberg at this conference [12].

In our galaxy, the SN rate is perhaps 1–3 per century, so that the observation of a SN neutrino
burst is a once-in-a-lifetime opportunity. What can we learn? There is no simple answer to this
question because what we will learn depends on the detectors operating at that time, what they
will observe, what else we then know about neutrinos, and which non-neutrino observations will
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be available. Galactic SNe are typically obscured, but even then probably would be seen, for
example, in x- or γ-rays. Moreover, a gravitational wave signal could be observed.

Forecasting all possible scenarios would be both impossible and moot. Rather, I will focus
on a number of generic issues. First, in Sec. 2 I review current estimates of the galactic SN rate
and about their distance distribution. In Sec. 3 I will review some of the obvious lessons from a
SN neutrino observation. Here, neutrinos largely play the role of astrophysical messengers. In
Sec. 4 I turn to flavor oscillations where the observations could reveal crucial information about
neutrino mixing parameters. Until recently, the impact of collective neutrino oscillations in the
SN context had been underestimated. Therefore, the overall picture of SN neutrino oscillations
is in a state of flux. Sec. 5 is given over to a summary and conclusions.

2. Next supernova: Where and When?
Existing and near-future neutrino detectors [12] do not reach beyond the galaxy and its satellites.
Super-Kamiokande would observe about 104 events from a SN at a typical galactic distance of
10 kpc. The next significant target would be the Andromeda region at a distance of 760 kpc,
reducing the rate by (10/760)2 = 1.7 × 10−4, i.e., Super-K would register 1–2 events. If a
megatonne detector is built with perhaps 30 times the Super-K fiducial volume, it would provide
several tens of events. Even such a low-statistics observation would be very useful as we shall
see below. From the nearest galaxies beyond Andromeda, even a megatonne detector would
register only 1–2 events. It was noted, however, that correlating them with astronomical SN
observations may allow one to reduce background enough to build up SN neutrinos at a rate of
perhaps 1 neutrino per year from galaxies out to several Mpc [13].

One classic method to estimate our galaxy’s SN rate is to scale from external galaxies.
Another classic approach is to extrapolate the five historical SNe of the past millenium to
the entire galaxy, leading to a larger but more uncertain estimate. The most recent estimate
derives from the γ-rays emitted by 26Al (half-life 7.2 × 105 years) that is produced in massive
stars. Finally, the non-observation of a galactic neutrino burst since 30 June 1980 when the
Baksan Scintillator Telescope (BST) took up operation, and the almost complete coverage of
the neutrino sky by different detectors since then, provides the upper limit shown in Table 1.

Therefore, one expects 1–3 core-collapse SNe per century in our galaxy and its satellites. With
a megatonne-class detector one would reach Andromeda (M31) and its immediate neighbors such
as Triangulum (M33), roughly doubling the expected rate. On the other hand, the last SN from
that region was observed in 1885! However, we also note that SNe can be quite frequent in some
galaxies. The record holders are NGC 6946 with SNe 1917A, 1939C, 1948B, 1968D, 1969P,

Table 1. Estimated rate of galactic core-collapse SNe per century.

Method Rate Authors Refs.

Scaling from external galaxies 2.5 ± 0.9 van den Bergh & McClure [14, 17]
(1994)

1.8 ± 1.2 Cappellaro & Turatto [15, 16]
(2000)

Gamma-rays from galactic 26Al 1.9 ± 1.1 Diehl et al. (2006) [17]
Historical galactic SNe (all types) 5.7 ± 1.7 Strom (1994) [18]

3.9 ± 1.7 Tammann et al. (1994) [19]
No neutrino burst in 25 yearsa

< 9.2 (90% CL) Alekseev & Alekseeva [20]
(2002)

aWe have scaled the limit of Ref. [20] to 25 years of neutrino sky coverage.
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1980K, 2002hh and 2004et and the galaxy NGC 5236 (M83 or Southern Pinwheel) with SNe
1923A, 1945B, 1950B, 1957D, 1968L and 1983N [21]. These time sequences provide a healthy
lesson in Poisson statistics: even if the average rate is quite large, one may still wait for a long
time for the next SN, or conversely, we could be lucky and observe one soon, even if the average
rate is as small as suggested by Table 1.

What would be a typical distance for a SN in our own galaxy? Core-collapse marks the final
evolution of massive stars and thus must occur in regions of active star formation, i.e., in the
spiral arms. As proxies for the distribution one can use either observations in other galaxies or
in our galaxy the distribution of pulsars, SN remnants, molecular and ionized hydrogen, and
OB-star forming regions [22]. All of these observables are consistent with a deficit of SNe in the
inner galaxy and a maximum at 3.0–5.5 kpc galactocentric distance. Small regions of high star-
forming activity have been found within 50 pc from the galactic center that may contribute up
to 1% of the galactic star-formation rate [23], although this finding does not seem to contradict
the overall picture of a reduced SN rate in the inner galaxy.

As a representative example we follow Ref. [24] and consider a common parametrization for
the galactic surface density of core-collapse (cc) events,

σcc(r) ∝ r
ξ exp(−r/u) , (1)

where r is the galactocentric radius. For the birth location of neutron stars, a fiducial distribution
of this form was suggested with the parameters ξ = 4 and u = 1.25 kpc [25]. They are consistent
with several SN-related observables, even though large uncertainties remain. Thermonuclear
SNe, that are believed to originate from old stars in binary systems, more closely follow the
matter distribution. It can be parameterized as [22]

σIa(r) ∝ exp

(
−

r

4.5 kpc

)
. (2)

We show the SN distance distributions corresponding to these models in Fig. 1. The tails at
large distances are unphysical due to a complete lack of data.

The average distance for the assumed distribution is 〈dcc〉 = 10.7 kpc with a rms dispersion
of 4.9 kpc. This agrees with the fiducial distance of 10 kpc that is frequently assumed in the
literature. On the other hand, the dispersion is very large so that the number of neutrinos
detected even from a “typical” galactic SN can vary by more than an order of magnitude.

Figure 1. Distance distribution of core-collapse (solid) and thermonuclear SNe (dotted)
according to the assumed galactic surface distributions of Eqs. (1) and (2), respectively [24].
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3. Basic lessons from a SN neutrino observation
3.1. Early warning, distance and direction

Turning to the many uses of a SN neutrino observation, we first note that a it occurs several
hours before the optical explosion, allowing one to issue an alert. The Supernova Early Warning
System (SNEWS) provides this service to the neutrino and astronomy communities [28].

Most galactic SNe are optically obscured. While it is implausible that the SN will remain
invisible in the entire electromagnetic spectrum, it is interesting if it can be located by its
neutrinos alone [29, 30]. The best existing pointing capability is provided by ν + e → ν + e

scattering in Super-K where an accuracy of about 8◦ (95% CL half-cone opening angle) can be
achieved. If neutron tagging becomes possible by adding gadolinium [31], the accuracy increases
to about 3◦. For a megatonne-class detector with 30 times the Super-K fiducial volume, these
numbers improve to 1.4◦ (no neutron tagging) and 0.6◦ (90% tagging efficiency).

The distance of SN 1987A, besides is obvious association with the Large Magellanic Cloud,
could be directly determined with light echoes from its inner ring [32, 33]. If the next galactic
SN is obscured, nothing of the sort may be possible and one may actually have to rely on the
neutrinos to estimate its distance. However, SNe are no good neutrino standard candles. The
total emitted energy depends on the poorly known nuclear equation of state as well as the total
mass of the progenitor star. The signal registered by the standard ν̄e + p → n + e

+ reaction
is also subject to details of the flavor-dependent neutrino emission and on flavor oscillations.
Altogether, one could probably estimate the distance within a factor of two or so.

The prompt νe burst, on the other hand, comes close to being a standard candle [34, 35, 36].
Here the problem is that the world lacks a big νe detector because in water-Cherenkov and
scintillator detectors the main channel is inverse beta decay. In a large liquid Argon TPC the
charged-current absorption νe + 40Ar → 40K + e

− would provide an exquisite νe signal [37]. In
a megatonne water-Cherenkov detector with neutron tagging, the signal from ν + e scattering
could be isolated and a distance determination within 5–10% may become possible, in particular
if the neutrino mass hierarchy and the 13-mixing angle were known [36].

3.2. Neutrino spectrum

The SN 1987A neutrino observations provided a unique confirmation of the overall picture of
core-collapse and neutron-star formation. The signal lasted for about ten seconds, a time scale
predicted by the diffusive neutrino energy transport in a nuclear-density hot compact star. The
energies in the ten MeV range, representative of the temperature at the “neutrino sphere,”
roughly agrees with expectations. (The physics of core-collapse phenomena was presented by
H.-T. Janka at this conference; for a recent review see [27].)

In detail, however, the ν̄e energies implied by Kamiokande-II [1, 2] and IMB [3, 4] do not
agree well with each other or with expectations. In particular, the Kamiokande-II energies are
significantly lower than expected [38, 39, 40, 41]. To interpret the SN 1987A data in any useful
way one must make a prior assumption about the spectral shape [40]. The tension in the data and
with theoretical models may well be a fluke of small-number statistics, but a serious comparison
of the neutrino spectrum with theory for sure requires better data. Even a low-statistics signal
of a few tens of events from a SN in Andromeda in a megatonne detector would provide valuable
information. Without better data one has to rely on theoretical models, for example, to interpret
future measurements of the cosmic Diffuse Supernova Neutrino Background (DSNB) from all
past SNe (see C. Lunardini’s presentation at this conference [42]).

A large detector might reveal new subdominant spectral components. A few 100–200 MeV
events contemporaneous with the ordinary burst could reveal that energy leaks out directly from
the inner core in some novel form of radiation. For example, right-handed neutrinos produced in
the SN core could decay into active ones [43] or neutrinos with Dirac magnetic moments could
escape from the SN interior and spin-precess into active ones on the way to us [44, 45].
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3.3. Signal duration

The signal duration of the SN 1987A burst agrees well with expectations. This observation is
the basis for perhaps the most useful particle-physics lesson from SN 1987A: apparently there
was no other energy-loss channel but the ordinary neutrinos [46, 47, 48, 49]. This “energy-
loss argument” has been applied to a large number of cases, notably axions, Majorons, right-
handed neutrinos, and Kaluza-Klein gravitons, often providing the most restrictive limits on
the underlying particle-physics model. Extensive reviews are Refs. [50, 51, 52] and some more
recent applications are discussed in Refs. [53, 54, 55, 56].

Far-reaching conclusions about fundamental physics are here based on a sparse sample of data.
Even a relatively low-statistics observation would be enough to remove any lingering doubt if
these energy-loss limits are actually correct. Beyond a general confirmation, a high-statistics
observation would not improve such limits very much because their uncertainties are typically
dominated by physics in the SN core. This includes uncertainties about the temperature, density
and composition of the medium as well as uncertainties of how to calculate interaction and
emission rates in a nuclear medium.

3.4. High-statistics light curve

If one were to observe a high-statistics neutrino light curve, crucial details of the core-collapse
paradigm cold be tested. In particular, one could probably separate the early accretion phase
from the later Kelvin-Helmholtz cooling phase after the explosion has been launched. If the
standard delayed-explosion scenario is indeed correct, one could probably see the different phases
in the neutrino light curve and confirm or refute this scenario [57]. Besides Super-K, the IceCube
detector would be well suited to this task even though it does not provide spectral information,
but a high-statistics “bolometric” neutrino light-curve that reflects the time-structure of the
burst with high significance.

A detailed cooling profile would allow one to test the theory behind neutrino transport in a hot
nuclear medium. Moreover, one may be able to detect short-term time variations that are caused
by the large-scale convection pattern during the accretion phase. A sudden termination would
reveal late black-hole formation. Of course, there could be completely unexpected features.

Even a high-statistics signal has only limited time-of-flight sensitivity to neutrino masses.
Even the most ambitious forecasts do not seriously go below 1 eV [58, 59, 60], not good enough
in the light of cosmological limits [61, 62] and the expected sensitivity of the KATRIN tritium
decay experiment [63]. A few tens of events from a SN in Andromeda would also provide a
sensitivity of about 1 eV. One man’s trash is another man’s treasure: we now expect the time-
of-flight dispersion caused by neutrino masses to be so small that fast time variations at the
source will faithfully show up at the detector.

4. Neutrino flavor oscillations
4.1. Ordinary MSW oscillations

Since SN 1987A, many of the “simple” questions about neutrinos have been answered, but more
challenges lie ahead. The observation of a galactic SN burst may help us to address some of
them. The neutrinos pass through the mantle and envelope of the progenitor star and encounter
a vast range of matter densities, implying two MSW resonances. One of them corresponds
to the “atmospheric mass difference” (H-resonance), the other, at lower density, to the “solar
mass difference” (L-resonance). Of particular interest is the MSW effect at the H-resonance
driven by the unknown 13-mixing angle. This resonance occurs in the neutrino sector for the
normal mass hierarchy, and among anti-neutrinos for the inverted hierarchy. It is adiabatic for
sin2 Θ13

>
∼

10−3 and non-adiabatic for sin2 Θ13
<
∼

10−5. Therefore, the neutrino burst is, in
principle, sensitive to the mass hierarchy and the 13-mixing angle [64, 65].
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One important simplification is that the neutrino energies are far below the µ and τ mass
thresholds. Therefore, the species νµ, ν̄µ, ντ , and ν̄τ have only neutral-current interactions. Their
fluxes and spectra emerging from the SN and their detection cross sections are the same. They
are collectively denoted as νx or equivalently ν̄x. On the other hand, νe and ν̄e have charged-
current interactions, notably with protons, neutrons and nuclei with different abundances so
that we finally need to distinguish between the three species νe, ν̄e and νx. Oscillation effects
can be summarized in terms of the energy-dependent νe survival probability p(E) as

Fνe
(E) = p(E)F 0

νe
(E) + [1 − p(E)]F 0

νx
(E) , (3)

where the superscript zero denotes the primary fluxes. An analogous expression pertains to ν̄e

with the survival probability p̄(E). Table 2 summarizes the survival probabilities for different
mixing scenarios where Θ⊙ refers to the “solar” mixing angle [64, 65].

The most pronounced and most robust flavor-dependent structure of a SN neutrino signal is
the prompt νe burst. Unfortunately, the main detection channel in all existing and near-future
detectors is ν̄e +p → n+e

+. In Super-K, the prompt νe burst would generate of order 10 events
from νe scattering so that the burst perhaps could be just barely detected. Of course, in a
megatonne water-Cherenkov detector with neutron tagging, the νe burst would be an extremely
useful tool both for studying flavor oscillations and determining the SN distance [30]. Likewise,
a large liquid Argon TPC would be a powerful and useful νe detector [37].

For the time being, inverse beta decay will provide the dominant signal. Oscillation effects are
more subtle in this channel because the primary spectra and fluxes of ν̄e and ν̄x are probably more
similar than had been thought until recently [66, 67]. Moreover, the relative spectral energies
and fluxes change during the accretion and cooling phases. At present, reliable predictions for
the time-dependent quantities 〈Eν̄e

〉/〈Eν̄x
〉 and Fν̄e

/Fν̄x
are not available and in fact may differ

for different SNe because the progenitor mass may play some role.
Therefore, one must focus on model-independent signatures. One is the matter regeneration

effect if the neutrinos are observed through the Earth. Flavor oscillations would manifest
themselves by characteristic energy-dependent signal modulations [68, 69, 70, 71, 72, 73], an
effect that would be especially apparent in a large scintillator detector because of its superior
energy resolution. One could also compare the signals of different detectors if one of them sees
the SN shadowed and the other not [70]. We have provided an online tool that allows one, for
chosen detector locations, to calculate the probability for the next galactic SN to be shadowed in
none, one, or both detectors [24]. Both for SN and geo-neutrino detection, several big scintillator
detectors in different locations would be more useful than one large detector such as the proposed
LENA [74] in a single location.

Another characteristic signature of flavor oscillations could be a pronounced dip or double-
dip feature in the late neutrino signal caused by shock-wave propagation. When the shock wave
passes the H-resonance region, the MSW adiabaticity is temporarily broken. Moreover, for some
time several H-resonances obtain because the density profile is not monotonic. If one were to

Table 2. Survival probabilities for neutrinos, p, and antineutrinos, p̄, in various mixing
scenarios. The channels where one expects Earth effects, shock-wave propagation effects, and
where the full νe burst is present or absent are indicated.

Scenario Hierarchy sin2 Θ13 p p̄ Earth effects Shock wave νe burst

A Normal >
∼

10−3 0 cos2 Θ⊙ ν̄e νe absent
B Inverted >

∼
10−3 sin2 Θ⊙ 0 νe ν̄e present

C Any <
∼

10−5 sin2 Θ⊙ cos2 Θ⊙ νe and ν̄e — present
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observe such features, they could serve as a diagnostic both for neutrino oscillation parameters
and the astrophysics of shock-wave propagation [75, 76, 77, 78].

The SN matter profile need not be smooth. Behind the shock-wave, convection and turbulence
can cause significant stochastic density variations that tend to wash out the neutrino oscillation
signatures [79, 80]. The quantitative relevance of this effect remains to be understood.

4.2. Collective neutrino oscillations

The trapped neutrinos in a SN core as well as the neutrinos streaming off its surface are so dense
that they provide a large matter effect for each other. The nonlinear nature of this neutrino-
neutrino effect renders its consequences very different from the ordinary matter effect in that it
results in collective oscillation phenomena [81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93]
that can be of practical interest in the early universe [94, 95, 96, 97] or in core-collapse
SNe [98, 99, 100, 101, 102, 103, 104, 105, 106, 107]. The crucial importance of “bipolar
oscillations” for SN neutrinos was first recognized in Refs. [104, 105, 106] and some of their
salient features explained in Ref. [107].

What are the conditions for neutrino-neutrino matter effects to be relevant? Considering for
simplicity a two-flavor situation, vacuum oscillations are driven by the frequency ω = ∆m

2
/2E.

The ordinary matter effect is important when λ
>
∼

ω where λ =
√

2GFne. Neutrino-neutrino
effects are important when µ

>
∼

ω where µ =
√

2GFnν . It is crucial to note that ordinary matter
effects do not override neutrino-neutrino effects. As stressed in Ref. [104], it is a misconception
that neutrino-neutrino effects would be negligible when λ ≫ µ.

The low-energy weak-interaction Hamiltonian is of current-current form so that the
interaction energy between two particles of momenta p and q is proportional to (1 − vp · vq)
where vp = p/Ep is the velocity. In isotropic media the vp · vq term averages to zero. On the
other hand, collinear-moving relativistic particles produce no weak potential for each other. For
neutrinos streaming off a SN core, the (1− vp · vq) term implies that the neutrino flux declines
not only with the geometric r

−2 factor, but the average interaction energy µ has another r
−2

factor that accounts for the increasing collinearity of the neutrino trajectories with distance
from the source [99]. Considering the atmospheric mass difference of 1.9–3.0 × 10−3 eV2 and
using a typical energy of 15 MeV, we may use ω = 0.3 km−1 as a typical value, where we here
express frequencies and energies in km−1 that is a useful unit in the SN context. Moreover, if
we use 1051 erg s−1 as a typical neutrino luminosity, and if we use 10 km as the neutrino-sphere
radius, we may use µ = 0.3× 105 km−1 at the neutrino sphere so that indeed µ ≫ ω. With the
r
−4 scaling of the effective µ, collective neutrino oscillations will be important out to a radius

of about 200 km.
There are two extreme cases of collective oscillation effects that have been discussed in the

literature. Synchronized oscillations occur when the neutrino-neutrino interaction “glues” the
neutrino flavor polarization vectors together enough so that they evolve the same. In other
words, even though the vacuum oscillation frequency ∆m

2
/2E is different for different modes,

they all oscillate with the same “synchronized frequency” that is an average of the vacuum or
in-medium frequencies (“self-maintained coherence”). Of course, if the vacuum or in-medium
mixing angle is small, this synchronization effect has no macroscopic significance.

The generic case of bipolar oscillations occurs in a neutrino gas with equal densities of, say,
νe and ν̄e. In an inverted-mass situation with a small mixing angle, the ensemble will undergo
oscillations of the sort νeν̄e → νµν̄µ → νeν̄e → . . ., approximately with the “bipolar frequency”
κ =

√

2ωµ that is much faster than the vacuum oscillation frequency. The period of this
phenomenon depends logarithmically on the mixing angle, explaining why this phenomenon
is not much affected by the presence of ordinary matter [104, 105, 107]. For the normal
hierarchy, the ensemble performs small-amplitude harmonic oscillations with the frequency κ

so that macroscopically “nothing” happens.
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The next complication are “multi-angle effects,” probably first stressed in Ref. [92] and
numerically explored in Ref. [105]. In a non-isotropic neutrino gas, the self-term is not the
same for all modes because of the (1− vp · vq) factor. The result is an instability that causes a
neutrino gas with equal densities of ν and ν̄ to de-cohere kinematically in flavor space between
different directions of motion. Independently of the mass hierarchy and with the smallest initial
anisotropy, complete flavor equipartition obtains. The time scale, again, is set by the bipolar
frequency κ. The overall time to achieve equilibrium depends logarithmically on the mixing
angle and the initial anisotropy [93].

Bipolar oscillations are a collective pair-conversion effect; there is no enhanced flavor
conversion. For equal densities of νe and ν̄e, the net electron lepton number vanishes. “Pair
oscillations” do not change of overall flavor lepton number. One requirement is that there is a
sufficient “pair excess” in some flavor. This is not the case in the interior of a SN core where
all neutrinos are in thermal equilibrium, and only the νe have a large chemical potential that
increases the number density of νe (relative to νµ or ντ ) while at the same time suppressing the
ν̄e density. Therefore, bipolar oscillations do not seem to be relevant in the interior of a SN core.
Synchronized oscillations will occur, but with an extremely small in-medium mixing angle.

On the other hand, there is an excess of both νe and ν̄e in the neutrinos streaming off a SN
core, where generically Fνe

> Fν̄e
. If this asymmetry is too large, the oscillations are still of the

synchronized type, even though there is a pair excess. Bipolar conversions will begin playing
a role beyond a radius where the effective µ is small enough that the asymmetry no longer
prevents them. The critical region is between a few tens of km above the neutrino sphere and
about 200 km. Without the “multi-angle effect,” the outcome would be generic in that complete
pair-conversion νeν̄e → νxν̄x would occur for the inverted mass hierarchy, and essentially nothing
new would happen for the normal hierarchy. Including multi-angle effects, the outcome does not
seem generic but rather depends on details [105].

As for observable flavor oscillation effects from the next galactic SN, the deleponization burst
likely remains unaffected because it is characterized by an excess of νe and a suppression of ν̄e.
During the accretion phase, some degree of flavor-swapping may occur and since the relevant
region is within the stalled shock wave, one may speculate if some effect on the SN dynamics
itself obtain in the spirit of Ref. [108]. After a successful explosion, nucleosynthesis in the
neutrino-driven wind above the neutron star may well be affected, a possibility that was the
main motivation for the exploratory study of Ref. [105, 109]. Possible modifications of what
will be observed in the neutrino signal of the next galactic SN have not yet been studied. Some
interesting work remains to be done!

5. Summary
Twenty years after SN 1987A we are well prepared for the observation of another neutrino burst
from a collapsing star. The scientific harvest would be immense. Without any doubt, neutrinos
would be excellent astrophysical messengers and allow us to follow stellar collapse and many
of its details “in situ.” From the particle-physics perspective, many of the unique lessons from
SN 1987A could be corroborated. In principle, the neutrino burst also holds information about
the neutrino mass hierarchy that is extremely difficult to determine in the laboratory. On the
other hand, collective neutrino oscillation effects that had not been fully appreciated may change
some of the previous paradigm. In preparation for the next galactic SN burst, both theorists
and experimentalists have more work to do than just wait!
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      The structure and composition of the interior of the Earth and the larger context of the 
evolution of the Earth and planets in the solar system is a subject of vital interest to mankind.  
Neutrino physics and the technology of particle physics have recently made fundamental 
contributions by directly looking into the interior of the sun. A similar possibility arises regarding 
the Earth since all the component layers of the Earth’s interior contain naturally radioactive 
elements U, Th and K that have played a vital part in the heat output and the evolution of the 
Earth. These nuclides emit copious fluxes of antineutrinos (ν e) as realized long ago by Eder1 and 
by Marx2

 

. By detecting these “geo-neutrinos” one could make a global observation of the deep 
interior details of the Earth and make substantial advances in geophysical research. For this 
program the upcoming DUSEL laboratory in the US is exciting and timely because 1) the U. S. 
sites are more favorable for geoneutrino research than those elsewhere in the world (for 
background as well as geological relevance); 2) the required neutrino technology is mature; and 
3) preliminary evidence for geoneutrinos has been obtained in the Kamland detector. 

      Structure and Evolution of the Ear th: Models based on seismic data divide the earth into 
three basic regions: the core, mantle and crust ( Fig. 1). All regions are solid except for the liquid 
core. Two different types of crust cover the Earth’s surface3: continental (40%)4 and oceanic 
(60%5

 

). Continuous renewal of the oceanic crust at mid ocean ridges makes the oceanic crust 
homogeneous and relatively young, ~only 80 MYr old. In contrast, the continental crust is 
variable and much older, ~2000 Myr. Our knowledge of the Earth’s interior, derived from 
material extracted in man-made probe holes, from lava flows that bring material from the upper 
mantle to the surface and from seismic studies, suggests that the crust and mantle are composed 
mainly of silica enriched in U, Th and K while the core is composed mainly of Fe. Table 1 shows 
the estimated concentration of U, Th and K in different Earth regions. 

 The chemical abundances of the sun’s outer layer can be measured from optical absorption 
spectra and by analysis of undifferentiated meteorites such as type I carbonaceous chondrites 6. 
These abundances should be similar to those on the Earth since both were formed out of the same 
process. Models referred to as “Bulk Silicate Earth”(BSE) 7  are based on such chondrite 
abundances. Table 1 includes the estimated concentration of U, Th and K in the BSE model. The 
ratio of Th/U between 3.7 and 4.1 is better established than the total abundances8

 
.  

Thermodynamics of the Ear th: The rate of radiogenic heat released from U, Th and K 
decays are 98.1μW/kg, 26.4μW/kg and 0.0035μW/kg respectively3,5. Table 2 summarizes the 
total radiogenic heat in the Earth regions based on the mass of these elements in Table 1. The 
radiogenic heat production within the Earth can be compared to the heat dissipation rate 
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Fig. 1 Radial Distributions of major regions of the geophysical structure as determined by 
seismic data. 

 

Table 1 Estimated concentrations of radioactive elements in different regions of the Earth 

                         
 

Table 2  Radiogenic heat production rates in different regions of the Earth 

                                      
 

measured at the surface. Table 3 shows the estimated 9  heat dissipation rate based on rock 
conductivity and temperature gradients in bore holes measured at 20,201 sites. The majority of 
the heat is lost through the oceanic crust despite the fact that the continental crust contains the 
majority of the radiogenic elements. A recent evaluation of the same data10

 

 however, suggests 
that the heat loss in the oceanic crust is less, resulting in a total heat dissipation rate of 31 TW.  

      The Urey ratio, the ratio between the mantle heat dissipation and production, indicates what 
fraction of the current cooling is due to primordial heat. Subtracting the continental crust rate of 
6.5TW the mantle is dissipating heat at a rate of 37.7 TW and generating heat at the rate of 
13.3TW (Urey ratio = 0.35). It is believed that the mantle convects, although the exact nature of 
the convection is unclear. Models give ratios >~0.69 11  which are consistent with the value 
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obtained from heat considerations. A direct measurement of the terrestrial radiogenic heat 
production rate would therefore be very interesting. 

Table 3 Crustal conductive heat dissipation rates 

                   
 
    Geo-Reactor  in the Ear th’s Core?  In addition to neutrino signals from the Earth’s U and Th 
content, a recent proposal suggests the possibility of another source of neutrino signal from the 
Earth by positing the existence of an active fission reactor at the Earth’s core.12

 

 The proposal is 
controversial, however, it is possible to make a definitive experimental test of the proposal in the 
same detector built for observing geoneutrinos. The geo-reactor signal (identical to that from a 
power reactor on the surface) can be separated in principle from geoneutrinos since it extends 
well beyond the spectrum from U and Th (see below). However, the principal impediment is the 
strong backgrounds from nearby power reactors (see below). 

     The Geo-neutr ino Signal: Each of the 238U, 232Th and 40K decay chains contain at least one β-  
decay thus, at least one ν e . Fig 2 shows the ν e spectrum for the three chains. The neutrinos are 
practically unimpeded by the Earth’s mass and reach the surface (except for neutrino oscillations 
which introduces a ~5% correction.) 

 
The most convenient and well 

established method 13

 

 of detecting ν e  is 
the inverse beta decay on protons: νe + 
p e+ + n. The positron appears as a 
prompt signal which is followed after 
several μs by a neutron induced signal, 
thus affording a delayed coincidence 
signature that reduces background 
enormously. This is of great advantage 
in detecting low energy (few MeV) 
neutrinos since the normal background 
due to natural radioactivity in the 
ambience and cosmic ray secondaries is 
normally a formidable obstacle. The 
disadvantage of the above reaction is 
that the threshold is the neutron-proton 

(atomic) mass difference (0.782 MeV) plus the energy needed to create an e+e- pair (1.022 MeV) 
for a total of 1.8 MeV. Thus ν e from 40K with energy 1.3 MeV cannot be detected by this reaction.  
At present there is no satisfactory method to detect ν e of energy <1.8 MeV. The ν e energy can be 
directly measured by the energy of e+, the visible energy of which is Ee+ 0.782 = E νe  MeV since 
in a large scale detector one observes calorimetrically the e+ + e- annihilation energy.  

Using the detailed decay chains and the frequencies of ν e emission in each chain, the specific 
νe emissions above threshold are n(U) = 0.4 per decay of 238U and n(Th) = 0.156/decay of 232Th. 
The signal observed in a detector on the surface is due typically to geo-sources up to ~500 km 

Fig. 2  The νe  energy spectra from 238U (solid), 
232Th (dash) and 40K (dot-dash) decay chains. The 
vertical line marks the threshold for the detection 

reaction νe+pe++ n. 
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from the detector, weighted by factors 
depending on the geometry of the source14

Geo-neutrino spectra expected in two 
operating detectors for typical models of the 
U, Th distribution in the earth 

 
(spherical shells in the crusts and an 
approximately solid sphere from the mantle). 

15 are shown in 
Fig. 3. Note that the U part can be separated 
from U+Th part so that for the  first time, a 
whole-earth measurement of the U/Th ratio 
can made via geo-neutrinos. The most 
encouraging experimental development is the 
recent result from Kamland 16

 

(see Fig. 4), 
announcing preliminary evidence for 
observation of geoneutrinos that can be 
compared to Fig 3. The experimental 
spectrum indicates strong hints of the U and 
U+Th features as well as the effect of high background from nearby reactors as shown in the 
lower panel of Fig. 4. 

             
        
 
 
 
      Detectors:  The goals of an experimental geo-
neutrino program of multiple detectors at suitable 
geographical locations can be set as:  A) Measure the 
total geoneutrino rate and at a minimum, test the models 
of ν e emission rates from the continental crust   B) 
Measure the U/Th ratio  C) Measure the ν e emission 
rates from the oceanic crusts (thus, essentially from the 
mantle) with a detector placed in a location where the 
continental crustal ν e flux is very small. D) Test the 
hypothesis of a fission reactor in the Earth’s core; E) 
Develop new reactions and techniques to observe the 
expected large νe flux from 40K. 
 

     Focusing for the present on the A) to D) above, the boundaries for detector design are set by 
the low ν e fluxes (see Fig. 4) that dictate detectors containing protons on the 1032 scale—i.e. 
kilotons of proton rich target materials. The most economical way –the only way at present  to 
achieve this design is to use organic liquid scintillators (LS) typically containing H atoms in the 
ratio or H/C~0.5 at best. The required LS technology is mature some 60 years and large scale 
detectors (of several 100 tons) with ultra -low background are in operation, pioneered by the 
Borexino project. Kamland which currently operates with nominal 1 kton scintillator is a direct 
result and has successfully recorded a preliminary result on geoneutrinos as mentioned above.  
 
     The LS technique is ideal for the detecting the ν e + pe+ + n reaction via a delayed 
coincidence signature. The delay time is due to the diffusion of the neutron, (with initial energies 
of several keV) that slows down in the organic liquid to thermal energies. It can then be absorbed 
by the protons in the liquid via the capture reaction n+p  2.2 MeVγ which can be detected some 

        Fig. 3 Geoneutrino spectra expected 
in detectors operating at present and in 
the near future. (Ref.15) 

Fig. 4 Experimental ν e spectra in 
observed in the Kamland detector: 
Thin blue line is the expected 
geoneutrino spectrum super-
imposed on reactor background 
spectrum (thick black line).  
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~100 μs later and used to specifically tag 
the νe signal..  Doping with metal (Gd, Cd) 
atoms ( neutron capture cross sections some 
~103  times larger than for n+p) is employed 
so that the delay time can be significantly 
reduced and thus also the time open to 
random coincidence background. 
    Several kiloton scale LS detectors are 
being considered for geo-neutrino research, 
e.g. the LBL proposal17 in the framework of 
the Homestake DUSEL 18 , HANOHANO 
(10 kT) 19  developed for operation in the 
seas off Hawaii focusing primarily on the νe 
flux from the oceanic crust, and EARTH20, 
to be located in Curacao that expects to add 
directionality to its detection scheme. In 
addition to these specific geo-neutrino 
detectors, ideas for a very large detector on 
the scale of 50-100 kT are being studied in 
Europe (LENA = Low energy neutrino 
astronomy) and in the U. S. (HSD—Hyper-
Scintillation Detector). With such sizes, 
most of the items in the goals for 
geoneutrino research above can be fulfilled 
in a definitive fashion. The additional 
attraction is their high multidisciplinary 
function at low and high energies for which 
the LS technique offers very specific 
advantages, for example, for νe detection 
from active and relic supernovae as well as 
pair annihilation neutrinos e+ +e-  νe + 
νe 21

 

from pre-explosion high temperature 
stars at the end of the C, O and Si burning . 
The scintillation approach can observe 

heavy particles under the Cerenkov threshold. Thus proton decay modes such as pK+πo can be 
observed with low background with nearly ten times the efficiency possible in a Megaton 
Cerenkov detector. 

     Background:  The basic advantage of the ν e+p reaction above is the delayed coincidence 
which suppresses most correlated and uncorrelated radiation from the ambient radioactivity and 
cosmic ray muons.  The use of Gd or Cd can reduce the random coincidence background 
considerably by shortening the neutron diffusion. Neutron producing cosmogenic spallation that 
generates exotic activities such as 9Li  that decay by beta-neutron emission reproduce the tag 
exactly. Heavy nuclei that can induce such spallation activities must be avoided. Thus the 
detector should be located sufficiently deep underground, e.g., at depths of the order of 3000-
4000 mwe. Internal radioactivity could be a problem since alpha particles in naturally radioactive 
contaminants can produce (α,n) reactions with high cross section on 13C (~1% abundance) which 
is unavoidable in a LS detector using organic solvents. Thus scintillator radiopurity approaching 
levels required for solar neutrino detection as demonstrated by the Borexino Project22

 

 may have 
to be achieved. 

Fig. 5 Event rates and spectra of ν e from the 
Earth and Homestake and Henderson as well 
as in from nuclear power reactors at various 
locations (Ref.21) 
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      DUSEL and International Geographical Location The geographical location of the 
detector is a critical aspect from the point of view of the geo-science obtainable from it as well as 
the background incurred due to the proximity of nearby high-power nuclear reactors. A detector 
located at sites proposed for DUSEL and at Borexino at LNGS Italy, will focus primarily on 
geoneutrinos from the continental crust. The Kamland detector would be sensitive to the 
proximity of the oceanic crust besides that of the Asian continental crust. The former can be 
probed by Hanohano in Hawaii and the latter exclusively in the Himalayan neighborhood. A 
search for νe from a possible geo-reactor would be independent of geographical location. 
 
    Beyond the background sources discussed above, most of which depend on the depth and 
detector materials, a crucial ν e background arises from nearby high power nuclear reactors that 
produce large ν e fluxes indistinguishable from the weak geoneutrino and even worse, a possible 
spectrally identical georeactor ν e signal. Thus the location of the experiment vis a vis power 
reactor locations is crucial. A recent study23

 

 compares several U.S. and international locations 
and the inherent ν e background relative to geo signals expected at these locations as seen in Fig. 
5.  The spectra for Homestake apply as well to the Henderson site. The US sites are generally 
more favorable from this point of view than either the Italian or Japanese sites. 

In summary, from both the science and background points of view the proposed DUSEL sites 
adequately fulfill background related constraints on the underground depth and distance from 
power reactors. The continental sites are ideal for making definitive measurements of the ν e from 
the continental crust especially with the a large detector such as HSD that can be applied to many 
other questions in particle physics, astrophysics and cosmology. 
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Status of Double Chooz

D. Reyna for the Double Chooz Collaboration
Argonne National Laboratory, HEP Division, 9700 S. Cass Ave., Argonne, IL 60439

E-mail: reyna@anl.gov

Abstract. The Double Chooz experiment will be the next reactor based neutrino oscillation
measurement. The collaboration has made significant progress toward the initiation of the
experimental construction. Here, we present details of the design, testing and development that
have been ongoing, as well as the expected schedule for construction and installation of the
experiment. We are currently on our target path to begin data taking in 2008.

1. Introduction
The Double Chooz experiment will be the next reactor based neutrino oscillation measurement.
The multi-national collaboration includes 26 institutions from France, Germany, Italy, Spain,
Russia, the U.K. and the United States. This collaboration will attempt to make almost an order
of magnitude improvement on our knowledge of the last unmeasured neutrino mixing parameter
θ13[1] by looking for the disappearance of electron antineutrinos emitted by the cores of nuclear
power reactors. To minimize the time and expense required to construct this experiment, the
collaboration proposes to perform this measurement at the site of the successfully concluded
CHOOZ experiment[2] in the Ardennes region of France. In addition, by using the baseline
designs of the CHOOZ experiment, which provides the current best limit on the value for θ13,
and making improvements to those aspects which dominated the systematic errors, we are
confident that the desired goals can be achieved. A much more complete description of the
experiment can be found in [3].

2. Experimental Design
The experiment will be located on the site of the Chooz nuclear power plant, which is operated
by the French company Electricité de France (EDF). The source of antineutrinos will be the
two N4 class PWR reactors of 4.27 GWth each. The detection technique will be similar to the
previous CHOOZ experiment by identifying the inverse beta-decay event signature in monolithic
liquid scintillator detectors viewed by 8” photomultiplier tubes.

Since the previous limit on θ13 by the CHOOZ experiment was equally limited by statistical
and systematic errors, the design of the Double Chooz experiment has evolved in ways that will
improve or eliminate the largest sources of the systematic errors, allowing the useful application
of increased statistics. The dominant error in CHOOZ was the knowledge of the antineutrino
flux and spectrum from the reactor cores. To eliminate this effect, a second detector—identical in
construction to the first—will be constructed and installed at a laboratory 280m from the reactor
cores. This second (Near) detector will provide an unoscillated reference measurement which can
be compared with a similarly constructed (Far) detector to be installed at the original CHOOZ
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laboratory, located an average of 1051m from the reactor cores—very near to the oscillation
maximum. The near laboratory location has been chosen by working closely with the engineers
of EDF to minimize the average distance from the cores, maintain the same ratio of fluxes
between the two cores as seen by the far detector, and satisfy the needs of the reactor complex
for safety and security. The laboratory will be constructed at the bottom of a 40m shaft and is
intended to maintain a minimum overburden of 30m of rock (approximately 80 meters of water
equivalent) in all directions.

The detector design has also evolved in order to minimize the effects of random singles
backgrounds which adversely impacted the CHOOZ experiment. The largest source of these
backgrounds in CHOOZ was the radioactivity of the PMT glass itself, emitting gammas directly
into the active scintillator. To reduce this, the PMTs for Double Chooz will be installed in
a 1.05m thick non-scintillating mineral oil buffer which will completely surround the active
scintillating region. In addition, the natural radioactivity of the surrounding rock will be shielded
in Double Chooz by the use of 17cm of steel surrounding the entire active detector system. The
use of steel, instead of the 1 meter thick low-radioactivity sand shielding used in CHOOZ will
reduce the external gamma background by almost two orders of magnitude while simultaneously
allowing the central fiducial volume to be increased by a factor of two. The combination of the
steel shielding and the mineral oil buffer will dramatically reduce the random singles rate. It is
expected that this will allow the elimination of several analysis criteria used for event selection in
the CHOOZ analysis which relied on reconstructed vertex positions and had systematic errors
on the order of 1–1.5%. Including all modifications, the final detector design to be used for
both detectors in Double Chooz (shown in Fig. 1) can be described, from the center outward,
as follows:

Figure 1. Design graphic for the complete Double Chooz Detector. This design has a total
diameter of ∼7m and a total height of just over 7m.

Central Detector The fiducial “target” volume is contained within an 8mm thick transparent
acrylic vessel. The target contains 10.3 m3 of Gd-loaded dodecane+PXE scintillator. The
target is surrounded by a layer of unloaded dodecane+PXE scintillator, used to detect
gammas from the n-Gd capture events which exit the target region—reducing the loss in
detection efficiency near the edge of the target volume. This so-called “gamma catcher” is
contained within a second transparent acrylic vessel of thickness 12mm and volume 22.6 m3.
The acrylic vessel is surrounded by the non-scintillating dodecane buffer, mentioned above,
which is contained within a stainless steel tank. Installed on the inner wall of the stainless
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steel tank, 534 8” PMTs—providing an active coverage of ∼13%—collect the light from the
central scintillating volumes.

Inner Veto A 50cm thick cylindrical “veto” region, filled with liquid scintillator, will surround
the central detector at the far site. A slightly thicker inner veto—as much as 100cm—will
be used at the near site to reduce the effect of the increased muon rate at the shallower
depth. This system provides the dual purpose of identifying muons which pass near the
central detector and can create spallation neutrons—a correlated background—as well as
attenuate and identify any background coming from outside the detector area. Information
from the inner veto will be used, offline, to further reduce the effects of correlated and un-
correlated backgrounds that may lie within the event sample. The inner veto is completely
surrounded by the steel shielding mentioned above.

Outer Veto Placed above the previously described systems, an active external tracking system
will be used to further identify “near-miss” muons. By covering an extended region from
2–4m beyond the edge of the inner veto, the rate of unidentified spallation neutrons entering
the central detector can be reduced by an additional factor of 5–10. In addition, providing
an entry point and/or track direction for muons which cross the central detector is expected
to provide useful information for the rejection of correlated events arising from cosmogenic
radioactive isotopes such as 9Li.

The projected systematic errors for Double Chooz, compared with those from the original
CHOOZ experiment, are shown in Table 1.

Table 1. Total systematic error on the normalization between the detectors.
CHOOZ Double Chooz

Reactor Induced
ν flux and σ 1.9% 0–0.1%

Two identical detectorsReactor Power 0.7% 0–0.1%
Energy per fission 0.6% 0–0.1%

Detector Induced

Solid Angle 0.3% 0–0.1% Relative Measurement
Volume 0.3% 0.2% Identical measurement device
Density 0.3% 0–0.1% Accurate temperature control
H/C/Gd Ratios 1.2% 0–0.1% Single scintillator batch
Spatial Effects 1.0% 0–0.1% Identical target geometry
Live Time few% 0.25% Redundant measurements

Analysis Event Selections 1.5% 0.2–0.3% No vertex requirements
Total 2.7% 0.6%

3. Prototype and Testing
In preparation for the construction of the experiment, almost every system has gone through
extensive design and development work. Prototype electronics boards have been constructed,
PMTs from multiple manufacturers have been compared, and procedures for everything from
measuring the mass of the scintillator to demagnetizing the steel shielding have been tested—
just to name a few. Two systems, however, deserve special comment: the liquid scintillator
development and the design of the double-walled acrylic vessel.

Liquid Scintillator Development The performance of the liquid scintillator, particularly the
Gd-doped target scintillator, is of critical importance to the success of the experiment.
Stable, high quality liquid scintillator has become rather commonplace, however doping
these scintillators with certain metals have often been more troublesome. It was the
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optical degradation of the Gd-doped scintillator in the original CHOOZ experiment which
ultimately terminated data taking after 1 year. To achieve the Double Chooz goals, a stable
scintillator will be required which can provide high performance for at least 3–5 years.
With that understanding, groups from MPIK–Heidelberg and LNGS/INR have been
working for more than 4 years to understand the previous degradations and to develop
new chemical compositions which will satisfy the Double Chooz requirements. A base
scintillator composed of PXE and dodecane has been chosen due to it’s high flashpoint
and relative compatibility with the acrylic vessels. Two Gd formulations have been
developed which show good performance—one based on carboxylic acids and the other
on Gd-β-diketonates. Both of these candidates have been extensively tested under multiple
environmental conditions and have already demonstrated stability for periods of greater
than 400 days. The preferred candidate is currently in transition to industrial production.
Samples of 50g and 400g have been produced by an industrial firm and synthesized into
∼80 liters of scintillator. A final complete test batch of 700g (∼150 liters of scintillator) is
currently being synthesized completely by the industrial firm as a last test of the procedures.
Once successful production at these scales has been established, the final production run of
100 kg (needed for both detectors) will begin.

Acrylic Vessel Design The nested acrylic cylinders, which will contain the target and gamma-
catcher liquids, present challenges from the perspective of both fabrication and longevity.
The material must be transparent to wavelengths above 400nm and must resist leakage for
more than 10 years. By far the most significant constraint, however, is that the acrylic
must demonstrate a level of chemical compatibility with all of the central detector liquids
such that over the 5 year lifespan of the experiment, no degradation of either the liquids
(scintillation and absorbency) or the acrylics (cracking and crazing) will occur.
These requirements put severe limits on the quality of the acrylic welding processes and the
levels of residual stresses which can exist within the acrylic structure itself. A significant
amount of effort has gone into studying the response of the acrylic under various chemical
and environmental conditions. In addition, a detailed finite element analysis has been
performed to study not only the static forces on the acrylic structure, but also the stresses
that will be born during transport from the factory to the experimental laboratories.

As a final test of our understanding of the acrylic, the scintillator and ancillary systems, a
1:5 scaled prototype of the liquid vessels has been constructed. This model contained a nested
acrylic structure which was filled with the Gd-doped carboxylate type scintillator in the central
volume and the expected unloaded PXE/dodecane scintillator in the outer volume. The acrylic
was placed inside a stainless steel vessel which contained non-scintillating mineral oil which
was itself contained within another steel vessel filled with scintillator. This prototype assembly
enabled testing of all expected cleaning and installation procedures for the components. In
addition, a complete liquid handling system was required.

Such a test setup—almost an experiment on its own—has been very educational for the
collaboration. In addition to the opportunity to practice installation and filling procedures,
some weaknesses in the liquid connections and pressure relief systems were seen.

4. Expected Schedule and Results
As of this writing, funding from most of the European groups has either already been established
or is in the final stages of approval. In addition, the French scientific agencies have committed to
doubling their contribution, as needed, in order to insure that the intended experimental schedule
is maintained. As such, work by EDF to renovate the infrastructure at the far laboratory has
already commenced. It is expected that the collaboration will gain beneficial occupancy in
November of 2006. Detailed engineering layouts of the completed laboratory have already been
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performed and procedures for transport and installation of all liquids and major components
have been established. Complete installation of the detector will take about one year such that
data taking with the far detector alone is expected to begin in 2008.

The near laboratory is undergoing a final refinement of the civil design by the engineers
of EDF. Construction of the laboratory will begin after completion of the final design and
the competitive bidding process—expected by the end of 2007. The completed laboratory is
expected to be available to the collaboration by the fall of 2008. After a similar 1 year detector
construction program, the collaboration should begin full 2 detector data taking near the end
of 2009. The expected sensitivity from Double Chooz is shown in Fig. 2. Notice that running
the far detector alone will be sufficient to confirm and even surpass the previous CHOOZ results
in only a few months. This is primarily due to the significantly increased statistics from both
reactor power and fiducial volume, as well as the improvements to the detector designs.

Figure 2. Expected sensitivity of Double Chooz under the current schedule. The 90%
confidence level limit on sin2(2θ13) is shown for an assumed null measurement and ∆m2 =
2.5× 10−3 eV2 known to 20%.

5. Conclusion
The Double Chooz collaboration has made significant progress in the design and prototyping of
the experiment and it’s necessary components. Construction is already underway at the EDF
facility in France. We expect to provide a substantial improvement to the previous limit on θ13,
surpassing the previous bounds within 6 months with the far detector alone. With the expected
schedule, Double Chooz should provide a 90% confidence limit on sin2(2θ13) of ∼0.05 in 2009
and between 0.02–0.03 in 2011.
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John Bahcall and Ray Davis: a Brief Tribute

R.G. Hamish Robertson

Center for Experimental Nuclear Physics and Astrophysics, and Department of Physics,
University of Washington, Seattle, WA 98195

E-mail: rghr@u.washington.edu

Abstract. Ray Davis and John Bahcall inspired a generation of physicists and astronomers,
and changed science in important ways. Their deaths in the past year are a great loss.

Although 20 years separated them in age, by a sad coincidence two giants of our field passed
away within the last year.1 John Bahcall (Fig. 1) died August 17, 2005, aged 70, succumbing
to a rare blood disorder, and Ray Davis (Fig. 2) died May 31, 2006, aged 91, of complications
from Alzheimer’s disease.

Figure 1. John N. Bahcall 1934 - 2005. Figure 2. Raymond A. Davis, Jr. 1914 -
2006.

Davis and Bahcall began their lifelong friendship in 1962, when Davis wrote to Bahcall asking
about the rate of electron capture by 7Be in the sun [1]. Davis began with a 1000-gallon tank

1 Hans Bethe passed away March 6, 2005, at 98.
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of perchloroethylene in the Barberton limestone mine in Ohio. He made measurements (a limit
of 300 SNU) that convinced him the method was sound and immediately began to argue for a
100,000-gallon tank, which would still have been too small, given what had just been learned by
Kavanagh at Caltech about the 7Be(p,γ)8B cross section. But in 1963 Bahcall made the crucial
calculation (inspired, he said, by a question from Ben Mottelson) that the analog state was
very important. By 1964 funds and a site, the Homestake mine, were in place for the full-scale
experiment. The first results from the new tank were available in 1968, an upper limit of 3
SNU. That was already somewhat in conflict with Bahcall’s calculation of 7.5 ± 3 SNU and the
Solar Neutrino Problem was born. In 1970 risetime discrimination methods reduced the counter
backgrounds tenfold and the solar signal (not a limit) was observed for the first time. The lower
counter backgrounds focused attention on 37Ar backgrounds and, among other things, it was
decided to fill the cavity with water to reduce fast neutrons. Ray was full of fun and it was,
after all, 90 degrees down there all the time, so he cooled off by swimming in the water shield.

The exquisite miniature proportional counters, made of synthetic fused silica with zone-
refined iron cathodes, were also moved underground. Counting continued steadily for 24 years,
the experiment operating on something like $50k a year from DOE. Failure of both eductor
pumps shut the experiment down for 2 years in the mid 80s for lack of funds to replace them.

Meanwhile John and many other theorists labored at the theory. Many small effects that had
been neglected were discovered, and many new experimental data of ever-increasing precision
were obtained, but the predicted SNU rate never changed much. The Gallium experiments
SAGE and GALLEX in the early 90s also gave results below the prediction. The hope was that
they would come in either much above the pp-only expectation, which was 70 SNU, or much
below, pointing in that case to neutrino oscillations as the culprit, but of course, they came in
at exactly 70 SNU. Kamiokande gave a result that really could be reconciled with Cl-Ar only
by oscillations or experimental error. At the end, the beautiful tension between experiment and
theory was finally to be resolved with the Sudbury Neutrino Observatory, which showed clearly
the presence of non-electron neutrinos in the solar flux. John and Ray were both very influential
in getting SNO supported and funded. Two-thirds of the solar flux turned out to be mu and tau
neutrinos. The agreement with the calculations of Bahcall for the neutral-current rate, about
±15% now, translates to an incredible sub-1% precision on the central temperature of the sun,
predicted in the face of decades of not-too-subtle dismissal by many scientists of the capabilities
of astrophysical theory.

Davis won the 2002 Nobel Prize in Physics for detecting solar neutrinos. He shared the prize
with Masatoshi Koshiba, and Riccardo Giacconi.

It is easy to forget while we savor the triumph of their work on solar neutrinos that they both
did much more. John was the author of more than 500 papers and books; the architect of the
Standard Solar Model, vindicated in spectacular fashion along with the discovery of neutrino
oscillations and mass; a leading figure, with Lyman Spitzer, in the Hubble Space Telescope;
the authoritative figure in Astronomy, president of the AAS and Chair of the NAS Decadal
study that shaped modern astronomy; the winner of innumerable prizes. Except one. Many of
us felt that when the Nobel Committee recognized Davis and Koshiba for opening the field of
experimental neutrino astronomy, they carefully left the door open for a subsequent Prize that
might have gone to John. We shall not know.

Ray showed experimentally, using his novel radiochemical approach and a nuclear reactor,
that neutrinos were not the same as antineutrinos. He developed both of the extraction
technologies that were subsequently used in the SAGE and GALLEX experiments, although
he was skeptical there would ever be a gallium experiment after the experiences in the US in
the mid-80s. Ray used to say, “Gallium is the metal of the future. And it always will be!”

Each was a leader, in his own charismatic way. Bahcall was always the activist, positive,
promoting the science, mentoring a generation of physicists (and not just theorists, I can attest).
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On the very day John slipped away, Raju Raghavan and I were by an odd chance sitting across a
table in Sudbury sharing stories of how we first met John and how our lives were thus changed.
He had a way of doing that with young people, and our stories are far from unique. John loved
to encourage the experimentalists, and he never saw a solar neutrino experiment he didn’t like.
And he could come out swinging if anything threatened an experiment. Vladimir Gavrin wrote
[2],

“One of the bright examples was his help to save the gallium in SAGE. For five years he
fought together with Russian scientists against numerous encroachments on SAGE gallium.
These were difficult times in Russia and he wrote in The New York Times ‘It just astonishes
me, that such magnificent science can continue at all in such a lawless country.’ Currently
Russia has almost returned to the frames of civil community. John always provided support
when his help was needed. He involved the world scientific community to support SAGE at that
time with the result that a letter was written from 12 Nobel Prize Winners to Russian Prime
Minister Chernomyrdin in 1997 to preserve the gallium in SAGE. Thanks to his efforts, the
issue about preserving gallium in SAGE was raised in 1998 in the Intergovernmental Russian-
American Commission Gore-Chernomyrdin, and that was extremely helpful. Also his letter
to the President of Kabardino-Balkarian Republic played a significant role when local people
stopped our 51Cr source on its way to the Baksan Neutrino Observatory.”

Davis led by example, showing how experimental science should be done: care, pragmatism,
and a lifelong demonstration that it was never necessary, in achieving your own goals, to diminish
anyone else. He would take the most pointed criticism in good stride, and gave thoughtful and
gracious responses to all. It struck me that I have never seen a picture in which he was not
smiling. When I asked Tom Bowles for his recollections, he said, “Ray was always straightforward
about everything and in good spirits. I don’t ever recall seeing him upset.”

In the excitement of our field, in the many people who acknowledge John and Ray as their
inspirations and guides, they are both still very much with us.
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Tribute to Hans Bethe 
(Remarks to Neutrino Conference) 

L. Rosen 
 

 
 During the War years at Los Alamos, Hans Bethe was a super giant among a host of giants.  

Many of us had learned nuclear physics from three papers, in Reviews of Modern Physics, which were 

authored or co-authored by Bethe.  They were known as the Bethe Bible and contained all that was 

then known about the subject. 

 I believe that most, if not all, would agree that Bethe, as T-Division Leader, was, next to 

Oppenheimer the most important factor in the early success of the Manhattan Project.  My work had 

one notable interaction with Bethe during the war years. 

 I was assigned to one of the “implosion” groups.  There were times when we waited for the 

next design of explosives.  During those intervals we did whatever experiment we chose.  I chose to 

measure the attenuation of electromagnetic signals by high explosives.  I never heard a word about my 

measurements, until after the Trinity event. 

 At the Trinity site, containment of the plutonium, in case of failure to detonate, had been 

abandoned.  The bomb was on top of the tower.  Everything was in readiness awaiting the results of a 

final, full scale experiment.  The results were a “show-stopper”.  The rise-time of the signal, which 

reflected the compression time, was longer than could be tolerated due to spontaneous fission.  

Oppenheimer turned to Bethe for an explanation of why the new results differed from extrapolation of 

smaller scale experiments.  Bethe secluded himself for several hours and returned with a complete 

theory of the transmission of electromagnetic energy through an environment created by chemical 

explosives.  He used his recollection of results from my experiments to anchor his theory with the 

conclusion that all was well.  No-one could compete with Bethe’s calculational abilities.  It is not much 

of an exaggeration to say that he missed nothing and remembered everything. 

278

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



 Bethe was a strong advocate for peaceful co-existence and an implacable foe of tyranny.  He 

was not enthusiastic about H-bomb development until the Soviet threat emerged and there was a 

credible approach to igniting deuterium and tritium.  Thereafter he made his signature contributions to 

the computational program, as a consultant to the Laboratory Director and T-Division.  He returned 

annually to the Laboratory fro the next 40 years. 

 Following our proposal for a meson factory, the AEC asked Bethe to chair a panel for advising 

them on the feasibility, scientific utility and priority that should be accorded the facility we had 

proposed.  Bob Wilson and Bob Christy were among the distinguished scientists on this panel, but 

Bethe was the driving force.  Their assessment was, I believe critical to AEC sponsorship of LAMPF.  

Bethe’s favorite for LAMPF were the nucleon-nucleon problem and neutrino physics. 

 Soon after we achieved full energy beam, I was driving Bethe to the site.  As we passed huge 

letters on the canyon wall announcing 800 MeV, Bethe mused “I am looking forward to seeing what I 

have wrought”.  He was pleased with what he saw. 

 On another visit I told Bethe about an experiment, to measure the cross section for scattering 

electron neutrinos by electrons, and that his predicted cross section, his solar energy production theory, 

was correct.  Well, he said, “that’s a relief.  Now I don’t have to give back my Nobel Prize”. 

 Immediately following the end of the Cold War there appeared an editorial in the Bulletin of 

the Atomic Scientist which argued that now it is no longer necessary or desirable for Los Alamos to be 

engaged in fundamental science.  George Cowan, Metropolis, and I wrote a rebuttal and sent it to 

Bethe for his criticism and hoped for concurrence.  Bethe rewrote most of it and we submitted it to the 

Bulletin. 

 Recently, in an interview with Los Alamos Science, the Editor, asked me what advice I might 

give to the new management of LANL.  I suggested they read the rebuttal to the editorial in the 

Bulletin, of which Bethe was first author.  May I quote several brief excerpts?  
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 “The demise of the Cold War provides unique opportunities for improving the 

quality of life throughout the world.  It also provides opportunity for destroying some 

national treasures which may be critical to accomplishing the above goal. 

 “Admiral Watkins and others have correctly, in our opinion, identified the national 

laboratories as national treasures.  However, voices are now heard suggesting, even 

demanding, that Los Alamos be henceforth devoted to weapons work, and nothing else.  

There was no such restriction on Los Alamos, even at the height of the Cold War.  It 

was understood then, and also during World War II, that major advances in technology 

require understanding and pursuit of the science that underlies the technology.  It was 

also understood that even science which is not directly related to a specific technology 

can contribute greatly to that technology and vice-versa.   

 “This country faces many problems on the way to becoming again pre-eminent in 

civilian technology.  Creative technology is the key to economic competitiveness.  

Many of the technological problems are of long range.  These cannot be solved by 

industry alone, because industry must look at the bottom line every year.  

Multidisciplinary laboratories are required which do not need to make an annual profit. 

 “We have learned from our Los Alamos experience that the major key to progress in 

science and technology is highly gifted and dedicated people, together with an 

environment which fosters cross-fertilization, involving a broad spectrum of sciences 

and technologies, of ideas and concepts and skills; and also dreams and aspirations.  

Such an environment cannot, for long, exist in a single purpose, narrowly focused, 

institution.   

 

Such was the wisdom of Hans Bethe. 
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New techniques in 0νββ germanium experiments

Stefan Schönert
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Germany
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Abstract. This paper summarizes recent progress novel experimental concepts developed in
the framework of the Gerda and Majorana projects using high-purity germanium detectors
for the search of 0νββ decays.

1. Introduction
High-purity germanium (HP-Ge) detectors enriched in the isotope 76Ge have been used for the
search of neutrinoless double beta decay 0νββ in the Heidelberg-Moscow (HdM) [1] and Igex
[2] experiments. Both projects have been completed several years ago. Until today, the achieved
sensitivities are the most stringent in the field. A part of the HdM collaboration claims evidence
for a 0νββ signal after a reanalysis of the full data set [3].

Two new experimental projects are under preparation. The European Germanium Detector
Array (Gerda) [4] and the US lead Majorana [5] experiment. Both projects pursue a phased
approach with the ultimate goal of commonly operating a one ton experiment to explore the
mass range predicted by neutrino oscillation experiments assuming an inverted mass hierarchy.
Novel background techniques will be used to reduce or actively suppress backgrounds which
could mimic 0νββ events.

2. Characteristics of 76Ge
The isotope 76Ge has several features which makes it a highly attractive element to be used for
0νββ search. Some of the features are listed below.

• Favorable nuclear matrix element |M0ν | = 2.5 [6]
• Reasonable slow 2νββ rate (T1/2 = 1.4 · 1021 y) and high Qββ value (2039 keV).
• Germanium is both source and detector
• Elemental germanium maximizes the source-to-total mass ratio
• Intrinsic high-purity germanium diodes
• HP-Ge detector technologies are well established
• Industrial techniques and facilities available to enrich from 7% up to 90%
• Excellent energy resolution: FWHM 3.3 keV at 2039 keV (0.16%)
• Powerful background rejection possible: granularity (segmentation and close packing),

timing, pulse shape discrimination, argon scintillation
• Best limits on 0νββ - decay used Ge T1/2 > 1.9 · 1025 y (90%CL)
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3. Sensitivity and background considerations
Figure 1 displays the achievable half-life limit as a function of exposure given in kg·years
under the assumption of background free operation. As long as no events occur in the
energy analysis window, the sensitivity increases linearly with exposure. A background
level of ∼ 10−3 counts/(kg·y·keV) must be reached for an exposure of 100 kg·years and
∼ 10−4 counts/(kg·y·keV) for 1000 kg·years. An energy resolution of approximately 3.3 keV
FWHM at Qββ has been assumed. Novel background reduction and active suppression methods
are required to improve the current state-of-the-art levels ∼ 10−1 counts/(kg·y·keV) by two to
three orders of magnitudes. An exposure of 100 kg·years is required to explore the degenerate
mass hierarchy, while the inverted mass hierarchy requires about 5 ·103 years to be fully covered.

Figure 1. Achievable T1/2 limit versus exposure in kg·years assuming background free
operations. ’KK’ indicates the half-life of the HdM claim. The corresponding limits on the
effective neutrino mass are indicated and are based on the matrix elements of Ref.[6]. Isotope
enrichment of 89% has been assumed.

4. Experimental implementations and background reduction strategies
The Majorana project plans to use arrays of enriched germanium detectors housed in electro-
formed copper cryostat’s. The shield against external radiation consists of electro-formed copper
and lead and housed deep underground to be shielded against cosmic muon interactions. The
proposal which is currently under review foresees a staged approach based on 60 kg arrays
(60/120/180 kg). The Gerda experiment is located at the LNGS underground laboratory.
Bare enriched detectors submerged in high-purity liquid argon serving simultaneously as cooling
medium and as shield against external radiation. All 18 kg of enriched germanium crystals
which have formerly been used in the HdM and Igex experiment will be used in phase I of
Gerda. New detectors will be added in phase II and doubling the target mass to about 40 kg.

The physics goal of both experiments is to first explore the degenerate mass scale, study
backgrounds and novel experimental techniques. A letter of intend has been worked out amongst
the two collaborations to haven an open exchange of knowledge and technologies and at a later
stage to consider to select the best technique and to explore the inverse hierarchy mass range
in a joint experiment using about one ton of enriched crystals. Figure 2 displays schematically
the two experimental setups.
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Figure 2. Schematic view of the Gerda and Majoranaexperiment .

The main difference of the experimental concepts is the shielding against external radiation.
While Gerda uses high-purity liquid argon (backup: nitrogen) enclosed in a large water tank,
Majorana relies on high-purity electro-formed copper with an external lead shield. Given
the Z-dependence of muon induced neutron production, Majorana requires a greater depth
in comparison to Gerda in order to avoid backgrounds induced by neutron capture on 76Ge.
Figure 3 summarizes the main backgrounds and reduction strategies.

Figure 3. Backgrounds and reduction strategies of Gerda and Majorana.

5. Novel background suppression methods
Despite careful selection of the material in close vicinity of the detectors, residual background
events are expected. In particular isotopes induced by cosmic ray interactions during detector
operations above ground are are of major concern. Novel background suppression techniques
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will be employed using the characteristic signature of 0νββ signal and background events.
Interactions which lead to background events typically have an initial energy which is higher
than Qββ. Different to 0νββ events, which are point-like on the scale of the crystal dimension,
background events have energy depositions at several sites inside as well as outside of the crystals.
This signature can be used for background suppression by analyzing the pulse shape of the charge
signal, by segmenting of the electrodes of the diode, by anti-coincidence amongst crystals in an
array, or by detecting the energy deposition in the surrounding material in case of liquid argon
[7]. Figure 4 shows results from prototype measurement of a bare crystal operated in liquid
argon detecting the scintillation light with a photomultiplier tube.

Energy [keV]
1600 1800 2000 2200 2400 26000
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rate [hz] Ge signal

Ge signal - bkgd

Ge signal with LAr veto

Ge signal - bkgd with LAr veto

Figure 4. Background suppression of the 2.614 MeV Compton continuum from an 228Th source
external to the crystal using the liquid argon scintillation light as veto signal. The Compton
spectrum at Qββ has been suppressed by a factor of 20 limited by the size of the setup [8].

6. Outlook
The Gerda experiment is under construction in Hall A of the LNGS. 18 kg of enriched crystals
are prepared for operations in phase I of GerdaḊetector commissioning is planned for 2008.
The DOE Office of Nuclear Physics has identified 0νββ as a mission need, and approved
Majorana to pursue R&D and to prepare for a Conceptual Design Review (CDR). The site
under consideration is SNOlab or DUSEL with a required depth larger than 4500 mwe.
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Supernova neutrino detection
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Abstract. The gravitational core collapse of a star produces a huge burst of neutrinos of all
flavors. A number of detectors worldwide are sensitive to such a burst; its detection would yield
information about both particle physics and astrophysics. Sensitivity to all flavors, and ability
to tag different interactions will be key for extraction of information. Here I will survey the
capabilities of current and future detectors for detection of supernova neutrinos from the Milky
Way and beyond.

1. The supernova neutrino signal
The gravitational collapse of the core of a massive stars entails a vast release of energy. Because
particles with only weak interactions can readily escape the star on a timescale of tens of seconds,
an overwhelming fraction of the binding energy is carried away by neutrinos. The neutrino
burst from a Galactic supernova can be detected in terrestrial detectors. As of this writing,
the only supernova for which neutrinos have been detected is SN1987A, for which a total of 19
neutrinos were observed in two water Cherenkov detectors[1, 2]; scintillation detectors[3, 4]
also reported observations. These observations confirmed the expected general features of
gravitational collapse, but the data were insufficient to distinguish fine details of different models.

The baseline model predicts a burst of neutrinos of total energy a few times 1053 ergs. The
expected proto-neutron star core temperature corresponds to neutrino energies in the few to
tens of MeV range. In the most straightforward picture, one expects 〈Eνμ,τ 〉 > 〈Eν̄e〉 > 〈Eνe〉,
because neutrino species with fewer interactions with the core’s matter will emerge from deeper,
and hence hotter regions of the star. However, some recent studies (e.g.[5]) bring into question
the robustness of this prediction, since scattering may degrade this hierarchy of energies. The
timescale of the burst is tens of seconds (consistent with the 1987A measurements), with a higher
rate during the first few seconds. The neutrinos will emerge from the collapsed core well before
any supernova photons. Possibly, the flux could be modulated by formation of a black hole or
other events early in the neutron star’s life. The neutrino burst includes all flavors of ν and ν̄,
and the generic expectation is for the neutrino energy to be roughly equipartitioned among the
different flavors.

2. What we can learn
A nearby core collapse supernova would be a neutrino experimentalist’s dream, as well as an
astrophysicist’s. The huge burst will certainly help us learn about the core collapse process
itself. The neutrino burst’s time, flavor and energy structure will bring information about the
explosion mechanism, accretion, possible quark matter or black hole formation, and so on. In
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addition, we can learn about neutrinos themselves. For instance, absolute neutrino mass leads
to an energy-dependent time of flight delay as neutrinos travel from their source to Earth;
however, it will be difficult to improve on current laboratory limits. The parameters governing
neutrino oscillations will imprint themselves on the neutrino signal. As the neutrinos propagate
through the stellar matter, they may undergo MSW-type resonance transitions in regions of
specific matter density; in particular, there may be signatures of the unknown mixing angle θ13

and neutrino mass hierarchy (e.g. [6]). Other properties of neutrinos may also yield interesting
effects, as will various proposed exotic physics scenarios: in particular, the observed cooling
timescale allows one to set limits on coupling to axions, large extra dimensions, and other exotic
physics (e.g.[7, 8]), since any large coupling would allow extra energy to escape from the star,
and lead to neutrino signal abbreviated with respect to the observed burst. Again, the measured
time, flavor and energy structure of the burst will contain the signatures of unknown physics.

However, a difficulty here is that both core collapse physics and neutrino physics affect the
nature of the burst, and it may not be trivial to disentangle the two. To learn about neutrinos,
one must make assumptions about the nature of the collapse, and vice versa. Nevertheless, some
features of the collapse are more robust than others, allowing model-independent studies. Also,
one may cancel supernova model-dependent uncertainties in the study of neutrino oscillations
by comparing fluxes measured at different locations on the Earth, and one may even look for
matter-induced oscillation features in the spectrum of neutrinos measured in a single detector
[9, 10]. Clearly, the more information we can gather about the flavor, energy and time structure
of the burst, in as many detectors around the world as possible, the better chance we will have
of disentangling the various effects.

One other potential scientific gift from a neutrino burst is an early warning of a supernova’s
occurrence: the neutrinos emerge promptly from the dense core, while astronomers must wait
hours for the first photons to appear as the shock wave emerges from the stellar envelope. The
SNEWS[11] network exists to provide such an early warning to astronomers (and others), which
may allow observations from the very early (and previously rarely-observed) turn-on of the
supernova light. Clearly, the more information that can be gathered, in all wavelengths (and
also perhaps in gravitational waves), the better. Because core collapses are rare events (a few
per century), it is essential to be prepared.

3. Detector technologies
From a neutrino experimentalist’s point of view, the basic strategy is to prepare to collect
as many neutrino events as possible, of as many flavors as possible. A back of the envelope
calculation shows that one typically gets a few hundred neutrino interactions per kton of detector
material for a core collapse event at the center of the Milky Way, 8.5 kpc away. For a successful
observation, the detector background rate must not exceed the supernova signal rate in a 10
second burst: this criterion is easy to satisfy for underground detectors, and is even thinkable for
many near-surface detectors[12]. One would like to have event-by-event timing resolution, ability
to measure neutrino energies, and if possible, ability to use the neutrino information to point
back to the supernova. Sensitivity to all flavors of the burst is extremely desirable: νμ and ντ

flavors comprise two-thirds of the burst’s energy, but because supernova neutrino energies rarely
exceed a few tens of MeV, these components of the flux are overwhelmingly below charged current
(CC) interaction threshold, and neutral current (NC) sensitivity is required to detect them. As
a final point, it will be especially valuable for detectors to have ability to tag interactions as νe,
ν̄e, and νμ,τ as well as just to collect them.

3.1. Inverse beta decay:
Currently the world’s primary sensitivity to supernova neutrinos is via that old workhorse of
neutrino physics, inverse beta decay: ν̄e + p → e+ + n. In this reaction, the produced positron
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has the energy of the neutrino, less 1.8 MeV; the positron’s energy loss is the primary means
of detection. There are furthermore two possible tags of inverse beta decay: a prompt positron
annihilation produces two 0.511 MeV γ rays, and the neutron may also be observable via its
time-delayed capture on a nucleus. Capture of a neutron by a free proton produces a 180
μs-delayed 2.2 MeV γ ray.

In any detector with lots of free protons, inverse beta decay typically dominates by orders
of magnitude. The reaction has a mild energy-dependent anisotropy[13]. Examples of detectors
leaning heavily on this reaction are hydrocarbon-based, and usually scintillating (e.g. LVD,
KamLAND, Borexino, and mini-BooNE.) Scintillation detectors can often achieve quite low
(sub-MeV) energy thresholds, and therefore have potential for a neutron capture and/or γ
tagging. However because scintillation light is emitted isotropically, pointing capability is
generally poor.

Water Cherenkov detectors (e.g. Super-Kamiokande) also have a high rate of inverse beta
decays, but have difficulty with tagging neutrons due to high energy thresholds. A recent
suggestion to spike water with gadolinium trichloride[14] which may allow tagging. Gd has a
huge neutron capture cross-section; the resulting γ-rays can then be observed via the Cherenkov
radiation from Compton scatters. The Gd-capture technique has been successfully used in small
scintillation detectors (e.g. CHOOZ) and is currently under study for Super-Kamiokande.

The use of water Cherenkov detectors for supernova neutrino detection can be extended
to detectors like AMANDA/IceCube that are made of long strings of sparsely distributed
photomultiplier tubes embedded in ice or water. Such sparse PMT array detectors are nominally
high energy (> GeV) neutrino detectors. They cannot record MeV neutrinos on an event-by-
event basis; nevertheless they may be able to observe a coincident increase in single count rate
from many phototubes due to a large number of inverse-beta-decay-induced Cherenkov photons
in the surrounding ice or water[15].

3.2. Other charged current reactions:
Charged current interactions can occur for bound as well as free nucleons. Reactions of
both νe and ν̄e can occur, with the production of an electron or positron: νe + (N,Z) →
(N − 1, Z + 1) + e−; ν̄e + (N,Z) → (N + 1, Z − 1) + e+.

Cross-sections are typically smaller for bound than for free nucleons, but can nevertheless
be non-negligible. The charged lepton is usually observable, and CC interactions sometimes
can be tagged in other ways, e.g. via detection of ejected nucleons or nuclear de-excitation
γ rays. CC cross-sections and the nature of the observables are dependent on the nuclear
physics of the specific nucleus involved, and in many cases there are large uncertainties.
Examples of CC interactions useful for supernova neutrino detection are NC breakup in heavy
water, (νe + d → p + p + e−, ν̄e + d → n + n + e+), interactions with oxygen in water,
(νe +16,18 O →16,18 F + e−, ν̄e +16 O →16 N + e+), and interactions with carbon in scintillator
(νe +12 C →12 N + e−, ν̄e +12 C →12 B + e+). Interactions with heavier nuclei may also yield
high rates: for example, various lead-based detectors have been proposed (OMNIS, LAND,
HALO)[16]. A particularly nice tagged νe channel is available in argon, νe +40 Ar → e− +40 K∗;
the 40K∗ de-excitation γ’s would be observable in various proposed large liquid argon detectors
(Icarus, LANNDD)[17]. Finally, radiochemical detectors based on Ga, Cl, and other isotopes
could potentially yield excess events (although without time resolution); and it is in principle
possible to run some of these in a quasi-real-time mode.

3.3. Elastic scattering:
Elastic neutrino-electron scattering (ES), νe,x + e− → νe,x + e−, which occurs via both CC and
NC channels, has a relatively small cross-section: the rate is a few percent of the inverse beta
decay rate in scintillator and water Cherenkov detectors. Nevertheless the ES component of the
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supernova neutrino signal will be especially interesting, because it is directional : the electrons
get kicked forward by the neutrinos with an average angle of about 25◦. If the direction of the
kicked electron can be determined (e.g. from a Cherenkov cone), elastic scattering can be used
to learn the location of the supernova, and is in fact the best way of using a neutrino detector
to point back to the supernova’s location[18].

3.4. Neutral current reactions:
Only the νe and ν̄e components of the supernova neutrino signal are accessible via CC
interactions. Because NC interactions are flavor-blind, they measure the total flux, including
the νμ and ντ components. Various NC interactions on nuclei have cross-sections that yield
reasonable rates, and as for the CC case, sometimes a nice tag is possible via ejected nucleons or
de-excitation γ’s. For example, a 15.5 MeV de-excitation γ-ray tags the NC excitation of 12C∗,
νx+12C → νx+12C∗; a cascade of 5-10 MeV de-excitation γs may also tag νx+16O → νx+12O∗
in a water Cherenkov detector [19].

A particularly promising future possibility for NC supernova neutrino detection is a lead-
based neutrino detector, for which the cross-section is high for NC as well as CC channels. For
νx +210 Pb → νx +210 Pb∗, the lead nucleus subsequently emits a neutron. The one neutron
emission channel is expected to be predominant for NC[20, 21], in contrast to a high rate of
double-neutron emission for the CC reaction. The relative rates for the different channels in
lead depend on neutrino energy, which promises some spectral information and hence sensitivity
to oscillation effects. There have been proposals to employ metallic lead and lead in form of
perchlorate. A promising recent proposal is HALO[22], which is planned to make use the 3He
NCD counters from SNO when SNO shuts down at the end of 2006. As for the CC ν-nucleus
reactions, here again rates and signatures depend on specific nuclear physics.

Another NC channel which has been not been explored until fairly recently is neutrino-proton
NC elastic scattering, ν + p → ν + p[23]. The rate is relatively high, but because the free proton
target is heavy, recoil kinetic energies are low. The recoils may nevertheless be observable in large
low threshold scintillation detectors, e.g. KamLAND, even after accounting for “quenching” in
scintillator. Neutral current coherent neutrino-nucleus elastic scattering, ν + A → ν + A, occurs
at even higher rates than νp scattering, but because the targets are yet heavier, recoil energies are
yet tinier– in the tens of keV range. This might seem a hopeless situation, but such tiny recoils
are within the reach of novel detectors developed for pp solar neutrinos or WIMP detection[24].
For example, a detector like CLEAN[25], which can potentially expand to a 10 ton scale, would
observe a few events per ton from an 8.5 kpc supernova.

3.5. Detector summary:
Current and proposed detectors are summarized in Table 1. The numbers of events given
for a Galactic center supernova should be taken as uncertain by at least 50%; not only are
there uncertainties in the collapse models, in many cases the numbers of observable events
depend on assumed thresholds, efficiencies, enrichment, and other detector-configuration-specific
properties.

As emphasized above, in order to understand the rates and signatures, we must understand
the nuclear physics involved. In many cases, the cross-sections have never been measured
experimentally, and theoretically there are large uncertainties. One way of decreasing
uncertainties is to use a stopped-pion neutrino source to measure relevant cross-sections: such
a source provides νμ, νe, and ν̄e in nearly the same energy range as expected for a supernova.
A future program of measurements on various targets, such as that planned for the Spallation
Neutron Source[26], will be vital for extracting physics from the next supernova.
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Table 1. Summary of current and proposed detectors.

Detector Type Mass (kton) Location Events at 8.5 kpc Status

Super-K H2O 32 Japan 7000 Running
SNO D2O 1 (D2O) Canada 400 Running until

1.4 (H2O) 450 end 2006
LVD CnH2n 1 Italy 200 Running
KamLAND CnH2n 1 Japan 300 Running
Borexino CnH2n 0.3 Italy 100 200x
Baksan CnH2n 0.33 Russia 50 Running
Mini-BooNE CnH2n 0.7 USA 200 Running
AMANDA/ Long string 0.4/PMT South Pole N/A Running
IceCube Running
SAGE Ga Russia 0.06 1 Running
Icarus LAr 2.4 Italy 200 200x
SNO+ CnH2n 1 Canada 300 Proposed
CLEAN Ne,Ar 0.01 Canada/USA? 30 Proposed
HALO Pb 0.1 Canada 40 Proposed
MOON 100Mo 0.03 ? 20 Proposed
NOνA CnH2n 20 USA 4000 Proposed
OMNIS Pb 2-3 USA? >1000 Proposed
LANNDD LAr 70 USA? 6000 Proposed
MEMPHYS H2O 440 Europe >100,000 Proposed
UNO H2O 500 USA >100,000 Proposed
Hyper-K H2O 500 Japan >100,000 Proposed
LENA CnH2n 60 Europe 18,000 Proposed
HSD CnH2n 100 USA 30,000 Proposed

4. Beyond the Milky Way
Even the largest detectors running today are sensitive only to supernovae within a few hundred
kpc, which pretty much covers only our own Galaxy. The next nearest large concentration of
stars is the Andromeda galaxy, about 770 kpc away; at this distance, Super-K would expect
only ∼1 event. Unfortunately, the expected rate of Milky Way supernovae is only a few per
century, so if luck is against us, the wait may well be longer than a typical physicist’s career.
Several next-generation very large detectors have been proposed which would have supernova
neutrino sensitivity: these include Mton-scale water detectors (Hyper-K, UNO, MEMPHYS)
and 100 kton-scale large LAr and scintillator detectors (LANDDD, LENA).1 However even the
largest of these mega-detectors would see only tens of events from a core collapse in Andromeda.

But while 1/D2 hurts, the increase of potential sources as D3 helps: a recent study[27] has
pointed out a regime for which the probability of detecting a few events per supernova in a Mton
detector is reasonably close to 1 at the same time as the overall rate of expected core collapses is
reasonably close to 1 per year. So if one can operate a large, low background detector (possibly
using optical or gravitational wave (GW) detections nearby in time to reduce the background),
one can expect to collect a thin but steady dribble of supernova neutrinos.

1 One might consider siting these detectors to optimize the probability of Earth shadowing[28].
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We can look even farther out: stellar cores have been giving up their binding energy to
neutrinos ever since the first stars formed, and we are awash in a sea of these ancient neutrinos.
This diffuse supernova neutrino background (DSNB) (formerly known as the “relic” supernova
neutrino background) provides a steady source of neutrinos. But because there is no hope
of tagging DSNB neutrinos with optical or GW events, detection feasibility rests on reducing
background to essentially zero. This may indeed be possible for ν̄e using a large scintillator or
Gd-spiked water detector to tag ν̄e, in the few tens of MeV regime, which is nearly free of solar
or atmospheric neutrino background. Detection of DSNB neutrinos is very interesting from the
point of view of learning about cosmology via knowledge of the past supernova rate. However,
when considering use of the DSNB to learn about neutrinos, stellar collapse physics and so on,
one must consider the overall rate. One expects a low, but sure return on one’s investment at
∼0.1 event/kton/yr of DSNB. In contrast, in the very long term, on average one expects about
10 events/kton/yr of Galactic supernova neutrinos. Counting on a signal from the latter is risky
in the short term, because there may be large Poissonian gaps. But surely, over centuries, the
Galactic supernova detection approach wins. Clearly the best strategy is diversification of one’s
experimental portfolio: a large, clean detector that runs for decades will yield rich and reliable
returns.

5. Conclusion
Several supernova-neutrino detectors are running and ready to observe a galactic burst. A va-
riety of new detectors are proposed: those with broad flavor sensitivity and tagging ability will
be especially valuable for extracting physics from the signal. The neutrinos will come. We need
to build detectors to gather them all: the Galactic bursts, the fainter flashes from just beyond,
and the dim but steady background glow.
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Abstract. NOνA is a proposed experiment to search for νμ→νe oscillations using the NuMI 
neutrino beam, and two detectors separated by a baseline of 810 km.  A better signal-to-
background ratio than that of current experiments will be achieved by using detectors with a 
low Z/A ratio, and by situating the far detector off the beam axis.  NOνA will have sensitivity 
to the related physics of the neutrino mass hierarchy and leptonic CP violation depending on 
the values of the mixing angle θ13 and the CP violation angle δ. 

1.  Introduction 
The proposed NOνA2

Depending on the size of any observed electron neutrino appearance signal, NOνA will have the 
potential to investigate the associated physics, such as the CP violating phase δ and whether the 
Neutrino Mass Hierarchy is normal or inverted.  NOνA will also be able to make a high precision 
measurement of the atmospheric mixing parameters Δm2

23 and sin2(2θ23). 

 (NuMI Off-axis νe Appearance) experiment will search primarily for the 
oscillation of muon neutrinos into electron neutrinos and the corresponding mixing angle θ13.  NOνA 
will use the Fermilab NuMI (Neutrinos at the Main Injector) neutrino beam over a baseline of 810 km, 
and detectors at Fermilab and the Ash River site in northern Minnesota.  The detector design is 
optimized for the identification of electrons in the final state of νe charged current (CC) interactions.  
The Far detector will be located 12 km from the central axis of the beam to suppress backgrounds 
from intrinsic beam νe and high-energy neutral current interactions.  Operation of a partially completed 
Far Detector is currently scheduled to begin in mid-FY2011, with completion of the full detector the 
following year. 

2.  The NuMI Beam 
The NuMI beam starts with the production of hadrons from the interaction of the 120 GeV protons 
from the Fermilab Main Injector (MI) in a graphite target, during a pulse approximately 10 μs in 
duration.  The charged hadrons are focused with two parabolic magnetic horns into a 670 m long 
decay pipe that ends with an aluminum and steel absorber.  The relative placement of the target and 
horns along the beam axis determines the resulting neutrino energy spectrum.  An array of ionization 
chambers just upstream of the absorber, and several more at different locations downstream of varying 
longitudinal depths of bedrock, allow the hadron and muon fluxes in the beam to be monitored [1].   
The NuMI beam was commissioned in 2005, and has been used by the MINOS experiment for its first 
result on νμ disappearance [2].    

1 For the NOνA Collaboration 
2 pronounced “NOVA” 
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To date the NuMI beam has operated with spills as frequently as every 2 seconds, with up to 3x1013 
protons-on-target (POT) each, achieving a maximum primary beam power of 290 kW.   Upgrades to 
the Main Injector and other components of the Fermilab accelerator complex will increase the NuMI 
beam power before and during the planned operation of NOνA.  The current phase, Proton Plan I, 
includes upgrades to the MI RF system and other components to allow the MI to accept and accelerate 
up to 11 cycles of the 8 GeV Booster per MI cycle, leading to a maximum power of 430 kW.  Further 
upgrades proposed for after the end of TeVatron collider operations use the existing anti-proton 
Recycler and Accumulator rings as proton accumulators in the MI injection phase, to achieve 700 kW 
and 1 MW of beam power, respectively [3]. 

3.  Detectors 

3.1.  Location 
The proposed location of the NOνA Far Detector is determined by the simultaneous optimization of 
two physics criteria: the maximization of matter effects, and the maximization of the νμ→νe 
appearance signal relative to the backgrounds.     

The size of the matter effect grows with the baseline.  Within other constraints including site access 
and location within the United States, this corresponds to a distance of about 800 km from the NuMI 
target.  The maximization of signal over background is achieved with a location of the detector off the 
beam axis, which yields a more monochromatic unoscillated νμ spectrum due to the kinematics of the 
2-body pion decay, compared to the intrinsic beam νe spectrum which is dominated by 3-body decays.  
As is shown in figure 1, the further off axis from the beam, the lower in energy and more narrow the 
peak of the neutrino interaction energy spectrum, and the lower the high-energy tail that is the 
dominant source of backgrounds from neutral current interactions.  A distance corresponding to an 
off-axis angle of 14 mrad maximizes the overlap of the neutrino interaction rate with the oscillation 
probability, while greatly suppressing the high-energy tail.  The combined optimization of baseline 
and off-axis distance leads to the choice of a Far Detector site near the Ash River in northern 
Minnesota, 810 km from the NuMi target. 

3.2.  Design 
The design of the NOνA detector enhances identification of νe CC events by the separation of 
electromagnetic and hadronic showers.  This is achieved with nearly totally active detector of 
relatively low Z/A ratio, allowing a high number of samples per radiation length that is not cost-
prohibitive for a detector of large mass.  

The detectors will be composed of liquid scintillator contained in planes of an extruded PVC cell 
structure, read out on one end of each cell via a wavelength-shifting fiber.  To reduce the effective 
attenuation in light level from activity furthest from the readout end of a cell, the fiber will be looped 
along the length of the cell and both ends read out. The basic active cell unit will be approximately 6 
cm deep along the beam direction, and 3.8 cm wide along the measurement coordinate, with PVC 
walls of between 2 and 4.5 mm thickness.  The PVC accounts for approximately 27% of the total 
detector mass.  A single extrusion will consist of 16 cells, up to 24 of which will make up a single 
plane of the detector.  The orientation of the cells will alternate between horizontal and vertical.  

The wavelength shifting fibers will be read out by 32-pixel Avalanche Photo-Diodes (APDs), 
operated at a gain of 100, and cooled to -15 deg C to reduce the noise to approximately 10 percent of 
the lowest signal expected for a minimum ionizing particle.   The APD output will be amplified and 
shaped by an ASIC being designed for NOνA, and digitized by a commercial ADC.  
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Figure 1. The unoscillated νμ CC interaction 
spectrum for various distances from the beam 
axis, 810 km from the NuMI target (top), and the 
relative νμ→νe oscillation probability (bottom). 

Figure 2.  The NOvA Far Detector (20 kT). 

 
 

The Far Detector will be situated below grade, with an overburden of between 10 and 20 radiation 
lengths to reduce backgrounds due to cosmic rays.  A Far Detector of 20 kT total mass will comprise 
roughly 1300 planes approximately 15.7 m on a side (figure 2).  The effective attenuation will yield 20 
photoelectrons for a minimum ionizing particle traversing normal to the cell at the end far from the 
readout.  The Near Detector will have the same structure, although with smaller and few planes, and a 
muon ranger to compensate.  The fully active part of the detector will consist of 186 planes of 
scintillator and PVC, and will be followed by a muon ranger of 10 planes of iron alternating with 
planes of Scintillator and PVC.  The Near Detector will be located underground in the NuMI complex, 
at an off-angle location similar to that of the Far Detector. 

3.3.  Performance 
The more than 6 planes per radiation length of the NOνA detector design yields a detailed sampling of 
the development of electromagnetic showers from the electron in νe CC interactions.   Figure 3 shows 
an event display of a CC interaction of a 2.9 GeV νe.  The electron and a π+ are visible in the final 
state, with the electron displaying the typical “fuzzy track” that distinguishes it clearly from most 
other particles.  The remaining challenge is the rejection of neutral current events where the bulk of 
visible energy is in the form of a neutral pion.  This background is suppressed by the use of several 
variables that are sensitive to the presence of 2 electromagnetic showers from the decay photons of the 
π0, and the overall visible energy in the event. 

The design of the NOνA detector, and the reconstruction and event selection algorithms, have been 
chosen to maximize the ratio of the number of selected νμ→νe signal events to the square-root of the 
number of background events, for Δm2=0.0025 eV2 and sin2(2θ13)=0.1. 
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Figure 3.  A display of a simulated νe CC interaction in the two detector views, with 
resonant production of pion.  Top: Simulated energy depositions in scintillator 
color-coded according to source: red for e, γ, green for primary proton and π, and 
black for secondary hadronic activity.  Bottom: the reconstructed event, with the 
pulseheight of the digitizations indicated by the color scale.  The black line 
represents the reconstructed electron track. 

 

4.  Physics Reach 
The following physics sensitivities assume a 1MW NuMI upgrade, permitting an exposure of 60x1020 
POT in 6 years, divided equally between neutrino and anti-neutrino running and a 25 kT far detector.  
The relevant mixing parameters are assumed to be Δm2=0.0025 eV2 and sin2(2θ23)=1. The plots and 
numbers shown are derived from a full simulation of the NuMI beam and the NOνA detectors, and an 
event selection based on reconstruction of simulated interactions. 

Figure 4 shows the NOνA reach in sin2(2θ13), in the form of a 3σ sensitivity to θ13≠0, for neutrino-
only and equal neutrino and anti-neutrino running.  For a normal mass hierarchy (Δm2

23>0), matter 
effects increase (decrease) the oscillation probability for neutrinos (anti-neutrinos), and vice-versa for 
the inverted mass hierarchy.  Furthermore, the variation in the vacuum oscillation probability as a 
function of the CP violating angle δ is roughly opposite for neutrinos and anti-neutrinos near the 
oscillation maximum [4].  Thus the advantage to the shared running is a more consistent sensitivity to 
the mixing, about sin2(2θ13)~0.01 for the parameters given, with respect to both δ and the mass 
hierarchy.    

The mass hierarchy enters the oscillation probability via matter effects, and is proportional to the 
baseline L at a fixed L/E [4].  NOνA will therefore have a unique reach in sensitivity to the Mass 
Hierarchy, due to its long baseline compared to other experiments.  Figure 5 shows the 95% 
confidence level for the resolution  of the mass hierarchy.   

NOνA also will be able to address the dominant mixing mode in νμ disappearance, offering a great 
improvement in the precision of the oscillation parameters over that expected when the current 
generation of experiments is complete.  Figure 6 shows the contours for Δm2 and sin2(2θ23) that NOνA 
is expected to achieve using only quasi-elastic νμ CC events, which allow a more precise 
determination of neutrino energy and therefore L/E. 

294

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



 

  

Figure 4.   NOνA sensitivity to sin2(2θ13) for neutrino-only running (left) and equal neutrino and anti-
neutrino running (right), as a function of the CP-violating phase δ. 

 
 
 

 

 

Figure 5.  The NOνA 95% confidence level 
resolution contour as a function of δ and 
sin2(2θ13). 

Figure 6.  NOνA confidence level contours for the 
oscillation parameters for νμ disappearance. 

 
 

5.  Beyond NOνA 
Among several additional possible projects for the use of the NuMI beam is a proposal for a liquid 
Argonne TPC detector of between 15 and 50 kT total mass [5].   The sampling of the LAr TPC 
detector is approximately 3.5% of a radiation length, allowing a more aggressive separation of 
showers from electrons and π0→γγ.   In a manual scan of simulated events, a selection efficiency of νe 
CC events of 81% was achieved, with a level of non-νe background less than one half of that of the 
intrinsic beam νe.  Figure 7 shows the expected sensitivity to the CP violating phase δ, for several 
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different possible values of δ and sin2(2θ13), for the NOνA run exposure used in Section 4.  Figure 8 
shows the same assuming additional NuMI running with both NOνA and a 25 kT LAr TPC detector.   
The two detectors and extra running would permit a greatly improved sensitivity to leptonic CP 
violation. 

 

  

Figure 7.  NOνA 1 sigma contours to the CP 
violation angle δ. 

Figure 8.  1 and 2 sigma contours for NOνA 
combined with a LAr TPC detector taking data 
during an additional 60x1020 proton-on-target 
NuMI Run. 

 

6.  Conclusions 
NOνA will have a greatly improved sensitivity to νμ→νe over current experiments, in part due to its 
low Z/A ratio and off-axis location.   NOνA will have a unique level of sensitivity to matter effects 
among present and approved experiments, and therefore the neutrino mass hierarchy, due to its 
uniquely long baseline.  Depending on the size of the remaining unmeasured mixing angle, θ13, the 
detection of CP violation in the lepton sector could be within the reach of NOνA.   

The author is grateful to the NOνA collaboration for the opportunity to represent it at Neutrino 
2006. Work supported by the U.S. Department of Energy under contract No. DE-AC02-07CH11359. 
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Abstract. The status of the calculation of the neutrinoless double beta decay (0νββ-decay)
nuclear matrix elements (NME’s) is reviewed. The spread of published values of NME’s is
discussed. The main attention is paid to the recent progress achieved in the evaluation of the
0νββ-decay NME’s in the framework of the quasiparticle random phase approximation (QRPA).
The obtained results are compared with those of the nuclear shell model. The problem of reliable
determination of the 0νββ-decay NME’s is addressed. The uncertainty in NME’s are analyzed
and further progress in calculation of the 0νββ-decay NME’s is outlined.

1. Introduction
The discovery of neutrino oscillations has opened a new excited era in neutrino physics and
represents a big step forward in our knowledge of neutrino properties. The data of solar (SNO),
atmospheric (Super-Kamiokande) accelerator (K2K) and reactor (KamLAND) (anti)-neutrino
experiments are perfectly described by the three-neutrino mixing. The existence of neutrino
masses qualifies as the first evidence of new physics beyond the standard model (SM).

Neutrino oscillation experiments, while being extremely valuable, can not answer some
fundamental questions in neutrino physics. First, they are only sensitive to mass squared
differences and thus can not fix the overall mass scale of neutrinos. Second, they can not
distinguish between Dirac and Majorana neutrinos. The neutrinoless double beta decay (0νββ-
decay),

(A,Z) → (A,Z + 2) + 2e−, (1)

is expected to be of crucial importance in answering these questions.
By assuming the dominance of the light neutrino mass mechanism the inverse value of the

0νββ-decay half-life for a given isotope (A,Z) is given by

1

T 0ν
1/2(A,Z)

=

∣∣∣∣
mββ

me

∣∣∣∣
2

|M0 ν(A,Z)|2G0 ν
01 (E0, Z). (2)

Here, me is the mass of electron. G0 ν(E0, Z) and |M 0 ν(A,Z)| are, respectively, the known
kinematic phase-space factor (E0 is the energy release) and the nuclear matrix element (NME).
The main aim of the experiments on the search for 0νββ-decay is the measurement of the
effective Majorana neutrino mass mββ:

mββ = U2
e1 m1 + U2

e2 m2 + U2
e3 m3, (3)
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Here, mi and Uli (i = 1, 2, 3) are, respectively, mass of the neutrino and the element of the
Pontecorvo–Maki–Nakagawa–Sakata (PMNS) unitary neutrino matrix.

The 0νββ-decay is a process known for almost 70 years, which has been searched for, but
not seen yet. The most stringent lower bounds on the half-life of 0νββ-decay were obtained
in the Heidelberg-Moscow 76Ge, CUORICINO 130Te, NEMO3 100Mo, 82Se, DAMA 136Xe and
CAMEO 116Cd experiments [1]:

T 0ν
1/2(

76Ge) ≥ 1.9 1025 years, T 0ν
1/2(

130Te) ≥ 1.8 1024 years

T 0ν
1/2(

136Xe) ≥ 1.2 1024 years, T 0ν
1/2(

100Mo) ≥ 4.6 1023 years,

T 0ν
1/2(

116Cd) ≥ 1.7 1023 years, T 0ν
1/2(

82Se) ≥ 1.0 1023 years. (4)

A few authors of the Heidelberg-Moscow collaboration have claimed [2] evidence for the 0νββ-
decay of 76Ge with T 0ν

1/2 = (0.69 − 4.18) 1025 years at the 4.2σ confidence level. A such a claim

with its profound implications requires to be confirmed or rule out by other experiment. The
disproof or the confirmation of the claim is expected to come from the GERDA I experiment [3]
(now at preparation at Gran Sasso) in the near future.

The primary concern are the nuclear matrix elements. Clearly, the accuracy of the
determination of the effective Majorana mass from the measured 0νββ-decay half-life is mainly
determined by our knowledge of the nuclear matrix elements. Reliable nuclear matrix elements
are required as they guide future choices of isotopes for the 0νββ-decay experiments.

2. Nuclear matrix elements
The ββ-decay can be observed because the pairing force renders the even-even nuclei with even
number of protons and neutrons more stable than the odd-odd nuclei with broken pairs. Thus,
the single beta decay transition from the even-even parent nucleus (A,Z) to the neighbouring
odd-odd nucleus (A,Z+1) is forbidden energetically and the ββ decay to the daughter nucleus
(A,Z+2) is the only possible decay channel. There are few tenths of nuclear systems, which offer
an opportunity to study it.

The two-neutrino double beta decay (2νββ-decay), which involves the emission of two
electrons and two antineutrinos,

(A,Z) → (A,Z + 2) + 2e− + 2νe, (5)

is the most rare nuclear decay allowed in the standard model. This second-order weak decay
process has been observed so far in ten nuclides (48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 128Te,
130Te, 150Nd and 238U) and in two excited states(100Mo, 150Nd), often by different groups and
using different methods.

The inverse half-life of 2νββ-decay is free of unknown parameters on the particle physics. It
can be expressed as a product of an accurately known phase-space factor G2 ν

01 (E0, Z) and the
double Gamow-Teller transition matrix element M 2 ν

GT (A,Z),

1

T 2ν
1/2(A,Z)

= |M2 ν
GT (A,Z)|2 G2 ν

01 (E0, Z). (6)

The measured 2νββ-decay half-lives give us directly the value of M 2 ν
GT (A,Z), i.e, the 2νββ-

decay offers a severe test of nuclear structure calculations. In Fig. 1 we present the 2νββ-decay
NME’s extracted from the average and recommended half-live values of Ref. [4]. We note that
the matrix element for 100Mo is about 10 times larger than the one for 130Te. The large spread
of the 2νββ-decay NME’s has origin in the shell dependence of the involved nuclei. The energy
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Figure 1. The 2νββ-decay nuclear matrix elements extracted from the average and
recommended half-life values [see Ref. [4]]. gA = 1.25 is assumed.

position and structure of the intermediate 1+ states play a crucial role in the evaluation of
M2 ν

GT (A,Z).
From the measurement of half-life of the 0νββ-decay [see Eq. (2)] only the product

|mββ| |M0ν(A,Z)| can be determined. Thus, without accurate calculation of the 0νββ-decay
NME’s, it is not possible to reach qualitative conclusions about neutrino masses and the type
of neutrino mass spectrum. The calculation of the 0νββ-decay matrix elements is a difficult
problem because ground and many excited states of open-shell nuclei with complicated nuclear
structure have to be considered.

The two basic approaches used so far for the evaluation of the double beta decay NME’s
are the Quasiparticle Random Phase Approximation (QRPA) and the nuclear shell model
(NSM). Both methods have the same starting point, namely a Slater determinant of independent
particles. However, there are substantial differences between both approaches, namely the kind
of correlations they include are complementary. The QRPA treats a large single particle model
space, but truncates heavily the included configurations. NSM, by a contrast, treats a small
fraction of this model space, but allows the nucleons to correlate in arbitrary ways [5].

Due to its simplicity the QRPA is a popular technique to calculate the 0νββ-decay NME’s.
The overwhelming majority of the published results were obtained within this many-body
approach. However, various implementations of the QRPA introduced by different authors
have produced a spread of results with a factor of three or as much as five. Some authors
simplified this problem by assuming that the published range of calculated NME’s defines a
plausible approximation to the uncertainty in our knowledge of the matrix elements [6]. This
position is unsound. In Ref. [7] a list of main reasons leading to a spread of the previous QRPA
and renormalized QRPA (RQRPA) NME’s was presented. It was shown that in most, albeit
not all, cases the differences among them can be understood.

Actually, it is not appropriate to consider that all 0νββ-decay calculations are of even quality.
Some of them requires that the measured 2νββ-decay half-life is reproduced, other do not pay
attention to this issue. In many works a simplified form of transition operator was considered.
In particular, the two-nucleon short-range correlations and induced current terms of the nucleon
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Figure 2. The effects of higher-order terms of nucleon currents (h.o.c.) and of the nucleon-
nucleon short range repulsion (s.r.c.) on the multipole distribution of the 0νββ-decay matrix
element in the QRPA.

current were not taken into account. However, their consideration, which is of course a question
of physics, reduces the value of M 0ν(A,Z) by about factor of two and change the multipole
distribution of the 0νββ-decay NME (see Fig. 3).

One of the most important factors of the QRPA calculation of the 0νββ-decay NME’s is
the way how the particle-particle strength of the nuclear Hamiltonian gpp is fixed. It has been
shown that by adjusting gpp to the 2νββ-decay rates the uncertainty associated with variations
in QRPA calculations of the 0νββ-decay NME’s can be significantly eliminated [7]. In particular,
the results obtained in this way are essentially independent of the size of the basis, the form of
different realistic nucleon-nucleon potentials, or on whether QRPA or RQRPA is used (see Fig.
2). Recently, this has been confirmed also for the self-consistent RQRPA (SRQRPA) [9].

Some author’s believe that fitting of gpp to β+ (or electron capture (EC)) and single β−-
decay of the ground state of the intermediate nucleus is a more meaningful procedure [8] than
the procedure of adjusting the interaction constant gpp to known 2νββ-decay half-lives. However,
there is no reason to give preference to the lowest state of the intermediate nucleus [7]. The β−

and β+/EC matrix elements move with gpp in opposite directions, what makes it difficult to
adjust gpp by choosing one of them. It was also noticed that practically for all multipolarities
significant amount of strength is concentrated up to 10-15 MeV and that the contributions of
the 1+ multipole to the 2νββ- and 0νββ-decay matrix elements are correlated. Thus, there is
no reason to choose any one particular state or transition for adjustment.

Fig. 3 presents the 0νββ-decay NME’s of most nuclei of experimental interest evaluated using
the QRPA and the RQRPA within the procedure of fixing gpp to known M 2 ν

GT (A,Z) [7]. Their
variance includes the error coming from the experimental (statistical and systematic) uncertainty
in M2ν(A,Z) and uncertainty from theory itself. For 136Xe the error bars encompass the whole
interval related to the unknown rate of the 2νββ decay. These results provide hope that with a
consistent treatment 20-30 % uncertainties are possible.

After some break of about 10 years the Strasbourg-Madrid group presented new results for
the 0νββ-decay NME’s [5], which are based on good spectroscopy for parent, intermediate
and daughter nuclei. The NSM code can deal with problems involving basis of 1010 Slater
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Figure 3. The 0νββ-decay nuclear matrix elements M 0ν(A,Z) (and their variance) obtained
within the QRPA and the RQRPA [7] and the NSM [5]. The NSM results are scaled by factor
0.7 in order to account approximately for the effect of induced nucleon currents. For the axial
coupling constant gA the value gA = 1.25 was assumed.

determinants, using relatively modest computational resources. In Fig. 3 the comparison of
recent NME’s of Rodin et al. [7] based on the QRPA and the RQRPA with those of the
available most recent NSM results [5] is presented. The NSM values are reduced by 30% in
order to account approximately for the effect of the induced nucleon currents, not considered
in the calculation. It is surprising that these very different methods yield similar results. It
might indicate that both approaches capture most of the important physics. However, this fact
deserves further investigation, which should include analysis of the truncation of the model space
by the NSM, analysis of the multipole decomposition of the 0νββ-decay NME’s and the study
of the role of spin-orbit partners missing in the NSM calculations. By glancing the Fig. 3 one
also finds that once the NSM calculations for 96Zr and 100Mo become available the comparison
of these two approaches will be more meaningfull.

In Fig. 3 we notice that there is only a small variation of the 0νββ-decay NME’s going from
one nucleus to another one in comparison with the variation of the 2νββ-decay NME’s (see Fig
1). The explanation of it can be that the 0νββ-decay NME’s are not sensitive to the spectroscopy
of the intermediate nucleus due to a large average exchange momentum of mediated neutrinos
(about 100 MeV).

3. Reducing the uncertainty in NME’s
It is clear that further progress in the calculation of the 0νββ-decay NME’s is needed. In
particular, the problem of the two-nucleon short-range correlations should be better understood.
An open issue is what is the effect of deformation on the 0νββ-decay NME’s.

Till now, the effect of deformation has been ignored in the treatment of ββ nuclei of
experimental interest. However, many of the nuclei undergoing double beta decay are deformed.
The values of experimental quadrupole deformation parameter β for different ββ nuclei are given
in Table 1. They were derived from laboratory moments [10] and from experimental values of
B(E2) strengths [11]. We note that especially nuclei involved in the double beta decay transition
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Table 1. The experimental values of quadrupole deformation parameter β of the ββ nuclei of
interest and the BCS overlap factors, which represent approximately the suppression of the ββ
NME’s. Qββ denotes the Q-value of the double beta decay process (E0 = Qββ + 2me).

Transition Qββ βinitial βfinal i <BCS|BCS >f

[MeV] Ref. [10] Ref. [11] Ref. [10] Ref. [11]

48Ca → 48Ti 4.272 0.000 0.101 +0.17 0.269 0.51, 0.44
76Ge → 76Se 2.039 +0.095 0.262 +0.163 0.309 0.74, 0.67
82Se → 82Kr 2.995 +0.104 0.194 0.202 0.80
96Zr → 96Mo 3.350 0.081 +0.068 0.172 0.46
100Mo → 100Ru 3.034 +0.139 0.231 +0.136 0.217 0.85, 0.84
116Cd → 116Sn 2.805 +0.113 0.191 +0.043 0.112 0.61, 0.52
128Te → 128Xe 0.867 +0.011 0.136 0.184 0.66
130Te → 130Xe 2.529 +0.035 0.118 0.169 0.65
136Xe → 136Ba 2.468 0.086 0.124 0.72
150Nd → 150Sm 3.367 +0.367 0.285 +0.230 0.193 0.16, 0.37

150Nd → 150Sm exhibit large deformations.
Recently, it was found that differences in deformation between the initial and final nuclei have

large effects on the 2νββ-decay NME’s [12]. The calculations were performed in the framework
of the deformed QRPA with separable proton-neutron residual interaction, which is relevant
only for allowed Gamow-Teller transitions. The origin of this suppression mechanism is a strong
sensitivity of the overlap of initial and final BCS vacua (which enters directly into the overlap of
intermediate nuclear states generated from the initial and final nuclei via QRPA diagonalization)
to the deformations of the initial and final nuclei. The effect of deformation can be large also in
the case of the 0νββ-decay NME’s as they need to be scaled by this factor as well. The values of
the BCS overlap factor, which give us some estimate of the effect of deformation on the 0νββ-
decay transitions, are presented in Table 1. The smallest values of this factor are for A=48,
96 and 150 nuclear systems. Of course, the correct treatment of nuclear deformation requires
to exploit, e.g., the deformed QRPA aproach based on realistic nucleon-nucleon interaction.
For further progress in the field, it would be usefull to improve and complete the experimental
information on nuclear deformations.

The improvement of the calculation of the nuclear matrix elements is a very important
and challenging problem. The uncertainty associated with the calculation of the 0νββ-decay
NME’s can be diminished by suitable chosen nuclear probes [13]. A complementary experimental
information from related processes like charge-exchange reactions, muon capture and charged
current (anti)neutrino-nucleus reactions is highly required. It is desired to understand the extent
to which a given method can reproduce other observables. However, we note that there are
no observables directly related to the 0νββ-decay NME except of the measured half-life and
differential characteristics of this process.

The problem of the uncertainty in the 0νββ-decay NME might be better understood by
observation of the 0νββ-decay of at least three different nuclei. The ratios of corresponding
0νββ-decay half-lives can be a model independent test of the theoretically calculated NME’s.

4. Distinguishing the 0νββ-decay mechanisms
The helicity flip Majorana mass mechanism with three light neutrinos is the most popular 0νββ-
decay mechanism. It is because existing experimental results fit rather nicely into a picture with
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three light massive neutrinos, which corresponds to the simplest scenario for three generations.
However, the neutrino sector may contain more than three neutrinos by including mixing
to sterile neutrinos. The sterile right-handed neutrinos, not participating in the electroweak
interactions, are natural candidates for the extension of the standard model (SM) field contents.

A simplest scenario would be that in addition to the three conventional light neutrinos
there exists only one Majorana neutrino mass eigenstate νh, dominated by the sterile neutrino
species, with an arbitrary mass mh, which may mix with all the active neutrinos, νe,µ,τ . If the
contribution of νh neutrino state to the 0νββ-decay dominates we can write [14]

[T 0ν
1/2]

−1 = G0ν
01(E0, Z)

∣∣∣∣U2
eh

mh

me
M0ν(A,Z,mh)

∣∣∣∣
2

. (7)

In the limit mh = 0 we find M 0ν(A,Z,mh) to be equal to M 0ν(A,Z) of Eq. (2).
The left-right symmetric models allow us to explain the smallness of the neutrino mass within

the so called see-saw mechanism in the most natural way. It is supposed that the neutrino mixing
does take place according to

νeL =

light∑

k

UL
ekχkL +

heavy∑

k

UL
ekNkL, νeR =

light∑

k

UR
ekχkR +

heavy∑

k

UR
ekNkR, (8)

where, χk (Nk) are fields of light (heavy) Majorana neutrinos with masses mk (mk << 1 MeV)
and Mk (Mk >> 100 GeV), respectively, and UL

ek, UR
ek are unitary mixing matrices. In the case

of the most general lepton mixing the flavor neutrino fields are superposition of three light and
three heavy Majorana neutrinos with definite mass.

In this model the 0νββ-decay amplitude consists of contributions associated with different
effective lepton number violating parameters (LNV). In addition to mββ the most relevant LNV
parameters are

εLR =

light∑

k

UL
ekU

R
ek, ηLL

N =

heavy∑

k

UL
ekU

L
ek

mp

Mk
, ηRR

N =

heavy∑

k

UR
ekU

R
ek

mp

Mk
. (9)

Here, mp is the mass of proton.
If one assumes that one mechanism at a time dominates, the half-life of the 0νββ-decay can

be written as
(T 0ν

1/2)
−1 = |LNV |2

∑

i

P 0ν
i G0ν

i . (10)

The sum over i runs over different phase space integrals G0ν
i weighted by a corresponding product

P 0ν
i of different NME’s.
Although the occurrence of 0νββ-decay implies the existence of massive Majorana neutrinos,

their exchange need not be the only to the decay rate. Almost any physics that violates the total
lepton number can cause the 0νββ-decay. The GUT’s and R-parity violating SUSY models offer
a plethora of 0νββ-decay mechanisms triggered by exchange of neutrinos, neutralinos, gluinos,
leptoquarks etc. Thus, one can not unambiguously infer mββ from the 0νββ-decay half-life.

Once the 0νββ-decay will be observed the main question will be what is the dominant
mechanism of this process. In order to solve this difficult task it will be necessary to use
the phenomenological constraints imposed by other experiments (neutrino oscillations, µ → e
conversion, µ → γ decay, processes at accelerators etc.), to consider appropriate particle
physics models with their constraints, to measure differential characteristics and the 0νββ-decay
transitions to excited 0+ and 2+ states and finally, to perform reliable calculation of different
0νββ-decay NME’s originating from different exchange potentials.
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5. Conclusion and outlook
Many new projects for measurements of 0νββ-decay have been proposed, which hope to probe
effective neutrino mass mββ down to 10-50 meV. Nuclear matrix elements need to be evaluated
with uncertainty of less than 30% to establish the neutrino mass spectrum and CP violating
phases. The improvement of the calculation of the nuclear matrix elements is a very important
and challenging problem.

Recently, there has been significant progress in understanding the source of the spread of
calculated NME’s. Nevertheless, there is no consensus among nuclear theorists about their
correct values, and corresponding uncertainty. However, a comparison of the QRPA and the
RQRPA results of Ref. [7] with recent NSM calculations is encouraging. There is a reason to
be hopefull that the uncertainty will be reduced.

Unfortunately, there are not many theorists working on the nuclear physics aspects of double
beta decay. More collaborations, more postdoctoral and Ph.D projects would make progress
faster. A cumulative effort of specialist in the field might result in reliable NME’s, which will
be needed when 0νββ-decay data will appear.

An important cross-check for nuclear models would be to explore the structure of the
intermediate odd-odd nuclei by the charge exchange reactions. There are possibilities for
improving the QRPA calculation of NME’s, e.g., by taking into account the deformation of
parent and daughter nuclei. Further progress in the NSM calculation will be possible due
to increasing computer speed and memory. This will allow to extend the considered model
spaces. The exactly solvable models can also help to find the ultimate solution of this important
problem. It is also clear that in order to have confidence in calculated NME’s multiple 0νββ-
decay experimental results are required.
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Abstract. The OPERA (CNGS1) experiment will study neutrino oscillations; in particular it 
was designed to observe oscillation signal via the direct observation of 

 

interactions in a target of nuclear emulsions films and lead. The experiment will make use of a 
high energy 

 

beam (CNGS) produced at CERN and of a detector placed in the Gran Sasso 

Underground laboratory (LNGS); the sub-micron spatial  resolution provided by nuclear 
emulsions will allow to identify oscillation signal with a very low background level. In these 
months the OPERA collaboration is carrying out the detector assembly and the physical data 
acquisition is expected to start in August 2006. In order to cope with the expected neutrino 
interaction rate and allow a quasi-online analysis of the events, the emulsion read out have to 
be very fast; the limited number of signal events expected requires to the system high 
efficiency, purity and precision. 

1.  Introduction 
OPERA is a long-baseline experiment devoted to the direct observation of 

 

appearance from 

 

oscillations in the CNGS beam from the CERN SPS to the LNGS; the whole project was 

designed to search for oscillation in the parameter region indicated by the Super 

Kamiokande, Macro and Soudan2 atmospheric neutrino analysis [1], [2], [3]; it will be also possible to 
search for the sub leading e oscillations, which could be observed if 13 is close to the present 

limit from CHOOZ [4] and Palo Verde [5] experiments. 
  The detection of the  interactions will be realized by looking for the charged  lepton produced in 

CC interaction and its decay products. In order to observe and fully reconstruct the decay topologies it 
is necessary a spatial resolution at the micrometer scale and such resolution is possible by detecting 
the charged particle tracks in emulsion sheets interspersed with thin lead plates acting as target 
material. In order to reach these goals a pure beam will be sent from CERN to LNGS where the 

OPERA experiment is under preparation. The distance between CERN and LNGS is L = 732 km and 
the 

 

beam flux is optimized to yield a maximum number of CC interactions at Gran Sasso. 

Table 1 shows some basic parameters of the beam; the mean energy is <E> = 17 GeV , the resulting 
L/<E> ratio is 43 km/GeV and  CNGS operates in the off peak mode due to the high energy needed 
for 

 

production. The CNGS civil engineering has been completed; all beam parts were produced 
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and installed on schedule. The commissioning started in May 2006 and the first beam is expected on 
18th August 2006.  

  CC + NC int/year                                                  ~ 6200  

Proton on target /year

 

                                               4.5  1019 

prompt

 

                                               Negligible 

/ee

 

                                                 0.87% 

 

                                                  2.1% 

 CC  int/year                          ~25  
                ( m2 = 2.4x10-3 eV2,maximal mixing) 

 

Table 1  CNGS beam mean features.   

The experiment design is based on the ECC detector, a modular structure made of sandwich of 
passive material interspersed with emulsion layers. By assembling a large quantity of such modules, it 
has been possible to conceive and realise a 

 

2000 ton fine-grained vertex detector optimised for the 
study of  appearance. This technique, known as Emulsion Cloud Chamber (ECC), was validated for 

 

search in the DONUT experiment [6].The ECC used in Opera is a stack of 56 lead plates (1mm 

thickness) and 57 nuclear emulsion films. A brick has a size of 10.2 cm×12.7 cm with a length of 7.5 
cm and a weight of 8.3 kg. In a separate package, two additional emulsion sheets, called changeable 
sheets, are glued on its downstream face.  The total thickness of one brick is 10 X0, which is enough to 
identify electrons, measure their energies and measure the momentum of charged particles by multiple 
scattering [7]. The total number of bricks (206336) will be produced by an automatic machine called 
BAM (Brick Assembly Machine), designed by external firms following specifications listed in a 
technical document.   

Within a brick, the achieved spatial resolution is x = 1 µm and the angular resolution is 

 

= 2 
mrad. With these values, the reconstruction of the

  

interaction vertex and of the 

 

decay topology 

will be possible. The brick was designed also as a stand alone detector that allows momentum 
measurement of charged particles by multiple scattering, separation of low energy 

 

and µ by dE/dx 
measurements and identification of electrons and photons by measurement of the electromagnetic 
shower. To provide 

 

interaction triggers and to identify the brick in which the interaction took 

place, the detector is equipped by a target tracker and a muon spectrometer. Once the presence of 
tracks coming out of an interaction is confirmed, the brick is unpacked and all emulsion sheets are 
developed through a sophisticated chemic-physical process and sent to the scanning laboratories for 
analysis.  

2.  OPERA detector 
The OPERA detector, shown in Fig. 1, consists of 2 Super Modules (SM) each of them composed by a 
target section followed by a muon spectrometer. In front of the SM1 there is a Veto plane made of 
Resistive Plate Chamber, detecting charged particles entering the detector. The target section is made 
of 31 brick walls interleaved with 31 Target Tracker planes. Each Wall consists of 3328 bricks 
removable by the side using an automatic system called Brick Manipulator System (BMS). The whole 
target section on each SM contains 103168 Bricks equivalent to about 900 tons. A Target Tracker 
plane consists of 4 horizontal + 4 vertical modules to measure x-y coordinate and will indicate in real 
time the neutrino interaction, pointing to the corresponding brick to be removed and analyzed. The 

306

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



      
Muon Spectrometer consists of a 10x10 m2 section dipole magnet formed by 22 iron planes 
interleaved by 22 RPC planes. In front, in the gap and behind the magnet there are 3 couples of 
Precision Tracker (PT) planes made of streamer tubes. The role of the PT is to measure the angle of   

  

    Fig. 1  OPERA detector full design  

the passing trough muons. In order to improve the angular resolution on the measurement of the 
incoming particle, in front of the magnet it is positioned an additional couple of RPC planes with 
inclined read out strips with respect to the horizontal and vertical ones: these planes are called XPC. 
The muon spectrometer is able to measure the charge and momentum of the muon produced by the 
neutrino interactions in the target section.Once the neutrino interacts in the target section, the TT 
planes will indicate the brick where the interaction has happened. The triggered brick will be 
removed by the BMS and sent to the brick analysis procedure. It will not be replaced by a fresh one.  

The construction status in June 2006 is well advanced. The brick supporting structure and all the 
tracker planes are installed. The XPC s and three of the high PT planes of the first super-module are 
installed. The magnets, including the RPC s for the whole detector and the mechanical structure are 
completed. The brick production will be completed by BAM. This machine consists of robots 
designed for the mechanical packing; the final system was successfully tested and is under installation 
at the Gran Sasso laboratory. Inside the detector the produced bricks will be handled by the brick 
manipulator system (BMS). Two large robots, each one operating at one side of the detector, consist of 
a drum for the brick transfer and a brick storage carousel. A pushing arm will be used to insert the 
bricks in any given row. The extraction of a brick in the region of interest indicated by the electronic 
detectors will be done by a vacuum sucker. BMS robots were successfully installed during 2006 and 
the commissioning phase is currently going on.  

Starting from May 2006 the commissioning of the whole OPERA detector is going on smoothly 
using cosmic rays signal and electronic detector performances have been evaluated.  

3.  Event reconstruction and oscillation search 
In order to perform Opera event analysis it was necessary to develop an automatic emulsion scanning 
system having remarkable speed and precision in the reconstruction of neutrino interactions. A long 
and complex R&D phase has been accomplished among European and Japanese Scanning laboratories 
to reach OPERA requirements. The European Scanning System [8], [9] consists of a microscope 
equipped with a computer-controlled motorised stage, a dedicated optical system and a CMOS camera 
mounted on top of the optical tube. Several images of the emulsion are grabbed at equally spaced 
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depth levels and processed. The scanning procedure accomplishes several tasks in on-line and off-line 
mode; since the system has a DAQ speed of 20 cm2/h/side tasks are decoupled and performed in an 
asynchronous way. Event location is performed by selecting stopping tracks, possibly intersecting 
each other; vertex  reconstruction proceed among a selected emulsion volume and can be achieved by 
the computation of impact parameters between couple of stopping tracks.  

The precision obtained in the vertex point determination is affected by particle scattering through 
lead plates and can be evaluated by Monte Carlo simulations. All those analysis steps, apart from the 
last one, will be accomplished by fast and quasi on-line scanning, whose direction and low level 
selections are completely accomplished by the central Opera DB. Several tests were needed to tune 
this complicate procedure. This motivated several exposures to pion beams at CERN and to NuMI 
neutrino beam line at Fermi Lab. The whole scanning procedure has been tuned and several hundred 
pion interactions and a few tens of neutrino interactions have been reconstructed.   

 

Fig. 2  OPERA discovery potential and exclusion plot.   

The tau decay detection and reconstruction efficiency has been studied by detailed Monte Carlo 
simulations. We can consider two different topologies: the so-called short decays, when the tau 
particle decays in the same lead plate where the primary interaction takes place while the remaining 
ones are long decays. In short decays, the only topological signature is a non-zero impact parameter of 
the decay products with respect to the primary neutrino vertex. In long decays, the tau track direction 
can be measured together with the kink angle of the charged decay products. The resulting tau 
detection efficiencies for the detected channels, weighted with their branching ratios, are listed in 
Table 2. The first OPERA run is scheduled for the second half of August 2006. After the 
commissioning of the CNGS beam, a low intensity run with integrated 0.3×1019 pot will be performed.  
This physics run is important for the validation and monitoring of the CNGS beam, which will be done 
by checking the interaction rates, the energy distribution and by analyzing the muon charge to 

determine the content of . The collected sample of interactions in the bricks will be sufficient to 

check the full analysis procedure and control the vertex finding efficiencies estimated by simulation. 
The resulting sensitivity and the 4

 

discovery probability, the probability that one can claim to have 
seen a signal larger than a 4

  

fluctuation of the background, are shown in Fig 2. This probability is 
described by the solid lines dependent on the value of m2. If no appearance will be seen, an 

exclusion region (90 % CL) can be given. As mentioned before OPERA will also search for e

 

oscillations. If 13 is close to the CHOOZ limit (sin2 2 13 < 0.14 for m2 = 2.5 × 10-3 eV2) [4], OPERA 
has the potential to observe the appearance of e . In case no e are observed and assuming m2 = 2.5 

× 10 -3 eV2, OPERA will be able to set a limit sin2 2 13 < 0.06 (90% CL) [10].   
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4.  Conclusions 
The OPERA 

 
CNGS project is well advanced in the beam commissioning and in the detector 

installation at LNGS. The first run is expected starting form August 2006. The emulsion scanning 
infrastructure is operational and ready to accomplish the task of fast, precise and reliable neutrino 
interaction reconstruction. In case of success the experiment, it will give an unambiguous proof of 

 

oscillation hypothesis in the parameter region indicated by the Super Kamiokande, Macro 

and Soudan2 atmospheric neutrino analysis.     

 decay channel 
                                  

Signal  

( m2 = 2.4 × 10-3 eV2)       ( m2 = 3.0 × 10-3 eV2)  

Background 

  

3.6  5.6  0.23 

e

  

4.3  6.7  0.23 

h

  

3.8  5.9  0.32 

h3

  

1.1  1.7  0.22  

ALL  12.8  19.9  1.0 

 

       Table 2 

 

Opera oscillation expected signal in case of full mixing, 5 years run @ 4.5×1019 pot.   

References 
[1] Y. Ashie et al., Phys. Rev. Lett.93:101801, (2004). 
[2] M. Ambrosio et al., Phys. Lett. B 434,(1998), 451; Eur. Phys. J. C 36, (2004),323. 
[3] W. W. Allison et al., Phys. Rev. D 72,(2005), 052005. 
[4] M. Appollonio et al., Search for neutrino oscillations on a long baseline at the CHOOZ nuclear 

power station , Eur. Phys.J. C 27, (2003), 331-374. 
[5] F. Boehm et. al., Final results from Palo Verde Neutrino Oscillation Experiment ,Phys. Rev. D 

64, (2001), 112001 
[6] K. Kodama et. al., Observation of tau neutrino interactions , Physics Letters B 504, (2001), 

218-224 
[7] G. De Lellis et al., Momentum measurement by the angular method in the Emulsion Cloud 

Chamber , Nucl.Instrum.Meth.A 512 (2003) 539. 
[8] N.Armenise et al., High speed particle tracking in nuclear emulsion by last-generation 

automatic microscopes , Nucl.Instrum.Meth.A 551 (2005) 261-270 
[9] L. Arrabito et al., Hardware performance of a scanning system for high speed analysis of  

nuclear emulsions , Nucl.Instrum.Meth. A 568 (2006) 578.    
[10] M. Komatsu, P. Migliozzi, F. Terranova, Sensitivity to THETA(13) of the CERN to Gran 

Sasso Neutrino Beam , J. Phys. G29, (2003) 

309

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



This document was created with Win2PDF available at http://www.win2pdf.com.
The unregistered version of Win2PDF is for evaluation or non-commercial use only.

310

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006

http://www.win2pdf.com


J. Steinberger, v2006, Santa Fe, June 2006 

The electron and the muon neutrinos are different particles;  
the story of the second neutrino 

This story begins with a paper of G. Feinberg 1). At the time, the neutrino, the Fermi theory of β-decay, 
as well as the universal Fermi interaction, which linked the muon-neutrino current to the electron-
neutrino and the nucleon-neutrino currents, and so created the Puppi triangle of three weak 
interactions, were well established and confirmed. But it had also already been noticed that at high 
energies the Fermi interaction violates unitarity, and the idea of an intermediate meson had been put 
forward. The paper of Feinberg pointed out that this theory would predict also the radiative decay of 
the muon and, on the basis of the Feynman diagrams of Fig. 1, predicted the branching ratio α/24π = 
10–4.  However, Lokanathan and I 2) had already searched for this decay and observed an upper limit of 
2 × 10–5, that is five times smaller. 

 
Fig. 1: Feynman diagrams for eµ γ→ +  through an intermediate boson. I labels the intermediate 
boson field. 

One-half year later, Oneda and Pati 3) noted that the problem pointed out by Feinberg, that is the 
non-observed radiative muon decay, could be overcome by making the neutrino associated with muon 
decay a different particle than that associated with beta decay, μ eν ν≠ . 

This was followed by the article of Bruno Pontecorvo 4) in which he proposed specific 
experiments to check if the two neutrinos are the same or if they are different, in particular to make 
beams of neutrinos produced in the decay of muons, and to look if these neutrinos associated with 
muons will produce electrons and positrons in interacting with nucleons,  

n e pν −+ − − > +  and  p e nν
− ++ − − > + , 

in the same manner as beta-decay neutrinos would be expected to do, in the frame of the Fermi theory.  
This is the experiment which we did in 1962 5). 
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Fig. 2: Bruno Pontecorvo (Courtesy JINR, Dubna) 

In some sense, our experiment began on one of the customary Friday afternoon Columbia 
University physics department coffees, this one early in 1960. Unfortunately for me, I was not present.  
The work of Pontecorvo had not yet travelled to the US. T.D. Lee asked the question: All we know of 
the weak interaction is based on the study of particle decays. How can we learn about the weak 
interaction at higher energies than are involved in the decays of pions, kaons and hyperons? 
Stimulated by this question, Mel Schwartz reflected and came to the idea of doing experiments using 
beams of neutrinos of higher energy 6). This short note by Mel in Physical Review Letters was 
followed by a considerably longer letter by Lee and Yang 7), in which they detail nine specific 
questions on the weak interaction which might be answered by neutrino beam experiments:   

1. The identity of the neutrinos.   

2. Conservation of leptons. 

3. Possible existence of a neutral lepton current. 

4. Point structure of the lepton current. 

5. Universality of weak interactions involving electrons and muons. 

6. S-symmetry. 

7. Conserved vector current and proportionality with electromagnetic current. 

8. Possible existence of weakly coupled Boson W+/-. 

9. Interactions with extremely large momentum transfers. 
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Certainly neutrino experiments contributed to the resolution of several of these questions. But it 
is also true that not even Lee and Yang could anticipate all that could be learned with the help of 
neutrino beams, for instance the nucleon structure functions (before it was known that the nucleons 
were not elementary particles), or the first validation of the theory of the strong interaction, QCD, in 
the neutrino deep-inelastic scaling violations. 

It should also be remembered that here, as is often the case in the history of advances in physics, 
the moment was ripe. On the basis of the invention of the alternating gradient synchrotron by Courant, 
Livingston and Snyder 8) in 1952, two accelerators, the PS at CERN and the AGS at Brookhaven 
Natlional Laboratory, were nearing completion, and these, for the first time, offered sufficiently high 
proton beam energies and intensities to make neutrino beam experiments a practical possibility. 

Following the suggestions by Pontecorvo 4) and Schwartz 6), neutrino beam experiments were 
initiated both at the Columbia University Nevis Laboratory, for the Brookhaven AGS, and at CERN, 
for the PS. The Columbia team 5) consisted of Mel Schwartz, two faculty colleagues, Leon Lederman 
and myself, one post-doc from France, Jean-Marc Gaillard, two doctoral students, Dinos Goulianos 
and Nariman Mistry, and one Brookhaven colleague, Gordon Danby.   

In order to fit the experiment into the available space at the AGS, the proton beam energy had to 
be reduced to 15 GeV, one-half of its maximum. The layout, see Fig. 3, (Fig. 1 of the publication 5)).   

 

Fig. 3: Plan view of AGS neutrino beam experiment 

The proton beam strikes an internal beryllium target, since the technique of beam extraction was 
still waiting to be invented by Piccioni a year or two later. The 31 m decay path for the pions and 
kaons, whose spectrum is shown in Fig. 4, Fig. 2 of the paper, is followed by 13.5 m of iron shielding, 
the scrap of battleships, kindly supplied by the US Navy, which at the time funded the Nevis 
Laboratory. One of the problems in doing the experiment was that the initial shielding was found to be 
inadequate; the shielding was improved during the experiment. 
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Fig. 4: Energy distribution of the neutrinos expected, with 15 GeV protons on a Be targert 

Given the successful Fermi theory of weak interactions, the neutrino interaction cross-sections 
were known, and given their small size, the target mass had to be maximized and the target 
incorporated into the detector. For the detector we consequently chose the newly invented spark 
chamber, with the metal foils replaced by 2.5 cm thick aluminium plates. The detector consisted of ten 
chambers, five sitting on the other five. Each was made of nine square plates, each side 112 cm long, 
for a total (target) mass of 10 tons. Between the spark chambers, and following them, scintillator 
planes for triggering were inserted, as well as anticoincidence counters in front, on top, and behind a 
shield, as can be seen in Fig. 5, Fig. 3 of the paper. 

 
Fig. 5: Spark chamber and counter arrangement. A are the triggering slabs, B, C, and D are 
anticoincidence slabs.  This is the front view, seen by the four-camera stereo system. 

E  BEVν  
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The experiment ran for several months, early in 1962. With a total of 3.5 × 1017 protons on 
target, 113 events were obtained, which originated within a fiducial volume 10 cm from front and back 
walls and 5 cm from top and bottom. If an event consisted of a single track, this was required to be at 
an angle of less than 60º with respect to the neutrino beam. Ignoring single track events with lengths 
corresponding to less than 300 MeV/c momentum, there remained: 

a) 34 single track events, 

b) 22 ‘vertex’ events, characterized by more than one track, and 

c) 8 ‘showers’, that is events, in general single tracks, but too irregular in structure to be 
normal mu mesons, and which perhaps could be electron or photon showers. Of these, six 
were so located that, for comparison with events of type a) and b), their potential ranges 
within the chambers corresponded to muons of more than 300 MeV/c. 

An event of type b) is shown in Fig. 6.  

 

Fig. 6: Type b) event, consisting of a penetrating track as well as an additional shorter track 

Events of type c) constituted the candidates for events in which the neutrinos produced electrons 
or positrons. To analyse these, an auxiliary exposure of the detector in a 400 MeV electron beam was 
performed. Figure 7, Fig. 9 of the paper, compares what would have been expected for the case of 
equal production rates for electrons and muons, with the actual observations, that is, with the six 
events of type c). Comparing these two distributions, it could be concluded that the neutrinos 
accompanying muons in pion and kaon decay are different from those accompanying electrons in beta 
decay. 

Following this experimental result, it was clear that there are two lepton families, each 
composed of a charged and neutral lepton. Following the SLAC discovery in 1969 that hadrons are 
complex particles, made of ‘partons’, a few years later understood to be third integral electric charge 
quarks, it was clear that each ‘family’ consists of four types of particles: a lepton doublet plus a quark 
doublet. With the discovery of the tau lepton, in 1973, and later the bottom and top quarks, it became 
clear that there are at least three families. One of the most important results achieved at the LEP 
collider, in 1989 and the years following, based on the measurement of the decay width of the Z0, is 
that the contribution to this width by Z0 decay to neutrinos corresponds exactly to three neutrino 
families, so that the total number of families is three.   
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Fig. 7: Spark distribution of 400 MeV/c electrons normalized to expected number of showers. 
Also shown are the ‘shower’ events. 

  

Fig. 8: The second neutrino team in 1962, and 26 years later, in Stockholm.  From left to right: 
myself, Goulianos, Gaillard, Mistry, Danby, W. Hayes (technician), Lederman, Schwartz. 

The last of the particles constituting the three families, the tau neutrino, was observed in 2001 at 
Fermilab by the DONUT Collaboration9). In the experiment, as shown in Fig. 9, a tau-neutrino beam is 
produced by 800 GeV protons striking a 1 m long tungsten beam-dump target. The neutrinos are 
invited to interact in a hybrid target of emulsion modules interleaved with scintillating fibre planes. Up 
to four emulsion modules, each 7 cm thick and separated by 20 cm were used. The emulsion modules 
were of two types, either 1 mm stainless steel plates interleaved with 100 micron emulsions layers on 
each side of a 200 micron plastic sheet, or entirely of emulsion plates with 350 microns of emulsion on 
each side of a 100 micron plastic sheet. The emulsion neutrino target was followed by a magnetic 
spectrometer to track the decay products of the tau leptons produced in the interaction, and by a muon 
identifier. 
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Fig. 9: (Fig 1. of Ref. [9].) Experimental beam and spectrometer. At the left, 800 GeV protons 
were incident on the beam dump, which was 36 m from the first emulsion target. Muon 
identification was done by range in the system at the right. 

The observed muon tracks were followed back into the emulsion, in the search for possible tau 
decays. Four events of tau leptons produced in neutrino interactions were identified. These are shown 
in Fig. 10. 

 
Fig. 10: (Fig 2 of Ref. [9]). The four tau-neutrino charged-current interaction events. The 
neutrinos are incident from the left. The scales are given by the perpendicular lines, with the 
vertical line representing 0.1mm and the horizontal line 1.0 mm. The target material is shown by 
the bar at the bottom of the figure, steel is shaded, emulsion is crosshatched, and plastic has no 
shading. 
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To conclude, the past century has witnessed a formidable progress in our understanding of the 
particles which everything is made of, and their interactions. Neutrino-beam experiments have played 
a major role in this advance. It is very sad that, for reasons of health, this historical review of the 
experiment which demonstrated the existence of a second neutrino, could not be given by Melvin 
Schwartz, who not only had the idea for this experiment, but also dominated it technically. 
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Abstract. The MiniBooNE neutrino oscillation experiment has collected a large sample of
charged- and neutral-current neutrino interaction events. These samples are important to
understand the normalization and backgrounds in neutrino oscillation searches. They also
reveal insight into the structure of the nucleus and nucleon. The MiniBooNE experiment is
briefly described and neutrino interaction rates presented. Preliminary results are reported for
neutral-current elastic scattering and neutral-current production of π

0.

1. Introduction
The MiniBooNE experiment [2], located at Fermilab and running since 2002, was designed
to provide a precision search for neutrino oscillations of the type reported by the LSND
experiment [3]. For maximum sensitivity to oscillations, the MiniBooNE experiment has been
designed for high neutrino interaction rates and good particle identification capability [4]. This
also allows for measurements of neutrino interaction cross sections with excellent statistical and
systematic precision.

These measurements are important for systematic cross checks of detector efficiencies and
background estimations for the MiniBooNE oscillation search. In addition, these measurements
will also help future experiments such as MINOS [5], NOvA [6], and T2K [7] that are planned
to run in the same neutrino energy range (Eν ≈ 1− 5 GeV) by providing valuable cross section
data.

In addition, the physics addressed by these measurements is interesting beyond simple utility
for oscillation experiments. The neutrino provides a weak probe of the nucleus and/or nucleon
in these processes. Does the neutrino “see” the same nucleus/nucleon as does the proton or
electron in the scattering of these particles? In many case neutrino scattering allows for the
clearest view of the fundamental physics.

2. Experiment
The MiniBooNE experiment employs horn-focusing of pions produced in 8 GeV proton
interactions on beryllium to yield a 99%-pure muon-flavor neutrino with an average neutrino
energy of ≈ 0.7 GeV. There are very few neutrinos in this beam with Eν > 2 GeV which results
in low event rates from potential high-multiplicity backgrounds “feeding-down” to low energy.

1 for the MiniBooNE collaboration [1]
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The detector consists of a spherical tank containing 800 tons of mineral oil (CH2) viewed by
1280 20-cm-diameter photomultiplier tubes for 10% photocathode coverage of the surface area
of the tank. In addition, a veto region with 240 photomultiplier tubes provides a signal for
particles that enter or exit the main tank region. The time and charge recorded by these tubes
in response to the Cerenkov radiation and the small amount of scintillation light that is emitted
from charged particles enable the reconstruction of neutrino interactions of various types.

3. Neutrino Interactions in MiniBooNE
Both charged- and neutral-current neutrino interactions are observed in the MiniBooNE
detector. The rates of these interactions (before efficiency corrections) are estimated via the
NUANCE [8] neutrino interaction code. Charged-current quasielastic (CCQE) scattering is the
most abundant process, comprising 42% of the total neutrino interaction rate. Charged-current
production of a single pions (CC1π) is second-most abundant at 26% of the interaction rate. The
neutral-current elastic-scattering process (NC elastic) makes up 18% of the events and neutral-
current production of pions is about 10%. The remainder of the events (4%) consist of charged-
and neutral-current production of multiple pions and deep-inelastic-scattering processes.

3.1. CCQE and CC1π
The CCQE and CC1π reactions are extremely important to identify and understand in
MiniBooNE for the neutrino oscillation search. The νµ CCQE reaction (νµC → µ−X) provides
an important cross check of the νµ flux. The νe CCQE reaction (νeC → e−X) is the oscillation
signal channel. It is important for MiniBooNE to understand this reaction on carbon for which
data does not exist.

The CC1π reaction (νµC → µ−π+X) is the largest background for νµ CCQE and provides
important information about ∆ production which is needed to constrain the ∆ → Nγ
background in the oscillation search. In addition, coherent CCπ+ production, is an interesting
subject and the K2K experiment has set an upper limit [9].

MiniBooNE has extracted approximately 60k CCQE events and 40k CC1π from one-half of
the existing neutrino data set and a first measurement of the ratio of these two channels has been
made. Results from this analysis is available in Ref. [10]. That data is showing a suppression
relative to a prediction from a relativistic fermi-gas model in the low 4-momentum-transfer (Q2)
region. This effect is currently under further scrutiny and the analysis of the full MiniBooNE
neutrino data set is currently in progress.

3.2. NC elastic
The NC elastic reaction (νµn, p → νn, p) is a unique weak-neutral-current probe of the nucleon.
Unlike the CC channel, it is sensitive to the isoscalar content of the nucleon and may show
the effects of strange quarks. The NC elastic reaction is identified in MiniBooNE by selecting
for low-energy events with a small fraction of prompt light (the signature for proton/neutron
scintillation only) and no associated muon decay.

The low-energy sample is shown in Fig. 1. A clear separation is visible in phototube hit
times and the fraction of prompt hits between events with proton/neutron scintillation only
(NC elastic events) and the ubiquitous muon-decay (Michel) electrons.

A NC elastic event sample has been extracted from approximately 10% of the total MB data
sample. This sample consists of approximately 4000 events with an expected background of
approximately 20%. The distributions of phototube hit multiplicity and total charge from this
preliminary sample are shown together with the predicted distributions from the Monte Carlo
(MC) simulation program in Fig. 2. Data-MC agreement is reasonable, however, the data shows
more events in the lower extremes of the plots. The physics contained in these distributions is
under investigation.
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Figure 1. The distribution of phototube hit times a) and the fraction of prompt (between -5
and 15 ns) hits b) for the low energy (NC elastic) and muon-decay electron (Michel) samples.

Figure 2. Phototube multiplicity a) and total phototube charge b) in the main tank for the
NC elastic event sample. The data is shown as points with statistical errors only. The simulated
data is shown as solid histograms.

3.3. NC π0

The NC π0 production reaction (νµC → νπ0X) is a crucial channel for MiniBooNE as it
contributes substantially to the νµ → νe oscillation search. Both resonant and coherent channels
contribute to the process. The coherent channel — predicted to compose ≈ 5− 20% of the total
rate — is dominated by the axial current and, therefore, is unconstrained by any electron-
scattering data. The existing data on the coherent process is extremely sparse and requires
better measurements. The resonant and coherent rates may be separately extracted from the
data via the different pion angular distributions in each process.
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Figure 3. Preliminary reconstructed π0 mass distribution of NC π0 events. The data points
are shown with statistical errors only. The simulated data after a fit to resonant, coherent, and
background fractions is shown as a solid histogram.

The NC π0 reaction is extracted from the MiniBooNE event sample by search for events
with no muon decays and and a “2-ring” event topology consistent with the prompt decay of
a π0 (π0 → γγ). The MiniBooNE NC π0 sample consists of 29k events and has a calculated
background fraction of only 10%.

The reconstructed invariant mass of the π0 may be calculated from the energy and angle of
the photons identified in the 2-ring event. This (preliminary) distribution is shown in Fig. 3 and
compared to simulated data. The agreement is good.

The simulated data in Fig. 3 has been adjusted to the data via a fit that allows the
resonant, coherent, and background fractions in the NC π0 sample to float. The results of
that (preliminary) fit are shown in Fig. 4. The fit is performed to the quantity E(1 − cos θ)
where E is the π0 energy and θ is the lab production angle of the π0. The coherent NC π0

process is expected to scale with this variable [11]. In this procedure, it is assumed that the ∆
that decay into π0 do so isotropically and the simulated π0 momenta have not been corrected to
that observed in the data. These issues are currently under investigation. The resulting fit shows
that the data is incompatible to a high confidence level with zero coherent NC π0 production.

4. Summary and Conclusions
The MiniBooNE experiment has collected large samples of both charged-current and neutral-
current neutrino-carbon interactions. Both charged-current quasielastic and charged-current π+

production channels show a low-Q2 suppression that is currently under further investigation.
A sample of neutral-current neutrino-nucleon elastic-scattering events has been cleanly

identified and compared with data. The investigation of systematic errors and extraction of
the cross section is in progress.
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Figure 4. Preliminary distribution of E(1 − cos θ) for NC π0 events. The data are shown a
points with statistical errors only. The resulting simulated data distribution is overlaid and the
individual resonant, coherent, and background components indicated. Plot a) shows simulated
data with all three components allowed to vary. In plot b), the coherent fraction was fixed to
be zero.

A large sample of neutral-current neutrino π0 events has been identified in MiniBooNE. This
allows for a measurement of the background that this reaction contributes to the νµ → νe

oscillation search. The reconstructed π0 mass distribution agrees well with simulation. A fit has
been performed and a non-zero contribution from coherent NC π0 is evident in the data.
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Abstract. This review summarizes the necessary ingredients for determining the neutrino
production rates in stars. Then the case of the Sun is studying. A detailed comparison between
solar neutrino predictions and each neutrino detection shows the interest of the seismic model
versus standard model. After the determination of θ12, Δm2

12 and the inclusion of electronic
neutrino transformation, the global agreement is a noticeable success with nevertheless some
identified questions. The second part of the review is dedicated to the important lacks in solar
and stellar modelling and to the way we are presently attacking the different problems. Such
situation encourages to pursue the effort on stellar neutrino detections and neutrino predictions,
astrophysics modelling with evident consequences for stellar evolution, supernovae explosion and
neutrino properties.

1. Introduction
Stellar neutrinos have been studying for decades through solar and type II supernova neutrinos.
These two cases are totally different due to the energy released by this elusive particle which
does not modify the solar equilibrium but plays a fundamental role in the supernova explosion.

It was a great event to detect few supernova neutrinos in 1987 and they have produced a lot of
works on the knowledge of supernovae and neutrinos. But it is clear that the solar neutrinos have
played a dominant role in the neutrino community during the last 30 years. They were already
a subject of discussion in the thirties when H. Bethe was proposing the nuclear energy as THE
missing element to understand the age of the Sun and then he has always studied stars to look
for their properties. Then our dedicated colleagues R. Davis and J. Bahcall have never released
their efforts up to get firm conclusions, solar neutrinos have been wonderful opportunities for
advance on neutrino properties and subtle guides for progress in stellar evolution. We are all
extremely grateful toward these three great physicists for their role in this field thanks to their
determination, inspiration and permanent works dedicated to this field. Nevertheless, it seems
to me that we are today only at the beginning of the road. The real goal is to establish the
strict number of neutrinos and their mass in order to use these particles as probes for activities
we have maybe not yet imagined. We are facing great challenges and the best way to advance
is to go step by step in looking for coherence without neglecting any established fact.

This review will be separated in three parts: the first section will be devoted to the way we
calculate neutrino productions in stars and the application to the Sun, the second one to what
we do not know yet on stars, how we progress and the consequences for supernovae neutrinos,
finally the last section will be dedicated to the perspective on neutrino properties and neutrino
astronomy.
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2. Neutrino production in stars: application to the solar case
The determination of the neutrino production rates supposes to know the cross section of each
reaction rate (NP) producing neutrinos, the number of species of the reactants (A) and also
the temperature and density profile (A) in the region where the neutrino is emitted (NP).
Moreover if one would like to compare predictions with detected neutrinos one needs to add the
knowledge of the cross section neutrino- detector (NP) and the radial profile of electron and
neutron density in the star (A) for determining the theoretical oscillation parameters (PP). I
have noted in parenthesis the abbreviations NP for nuclear physics PP for particle physics and
A for astrophysics.

Figure 1. Location of emission of solar neutrinos and sensitivity of the different detectors

One notes that a precise prediction of emitted neutrinos requires information coming from the
three disciplines at the same level of accuracy. Figure 1 shows the different regions of emission
for each source of neutrinos in the solar case. They result from the details of the reaction rate
cross section: those neutrinos which strongly depend on temperature are emitted in the real
center of the Sun contrary to the pp neutrinos which are emitted in the whole nuclear core;
they are consequently extremely dependent on stellar conditions and on the properties of the
plasma. Table 1 and references therein illustrates the case of boron 8 neutrinos which is the
only case where we can directly compare prediction with detection! For more than two decades,
the neutrino predictions coming from the astrophysical community were in disagreement with
the measured neutrino fluxes. It is why we have improved along time the prediction estimate
in injecting the progress done on the characteristics of the plasma thanks to the nuclear new
experiments, atomic calculations and helioseismic observations. Before 1993, the calculation was
a pure theoretical calculation extracted from the four structural equations of stellar evolution.
Then we have first used seismology as a guide for questioning some inconsistency as the observed
quasi primordial photospheric helium which has pushed the introduction of the microscopic
diffusion. It has resulted a better agreement between solar model predictions in particular
between Bahcall team and our Saclay models. In 2001, after extraction of a precise sound speed
down to 0.05 R� [6], we have added, for what we call the seismic model, a supplementary
constraint: to impose a temperature profile which respects the observed sound speed obtained
by the knowledge of the acoustic modes. We notice that its prediction agrees extremely well
with the measured value (inside the error bars) obtained with the SNO detector (filled with
heavy water) which is sensitive to all the different neutrino flavours. This is the great success of
the last 5 years: a real consistency between the two solar probes even there is still fluctuations
in the predictions of the standard model.
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Table 1. Time evolution of the neutrino flux prediction associated to the reaction
7Be(p, γ)8B− >8 Be∗ + e+ + νe− >4 He, for Saclay solar models. Tc and Y initial are
the corresponding central temperature, initial helium content. Problem solved: origin of the
improvements introduced in the corresponding solar model and maintained in the following
ones. Comparison with the recent results of the SNO detector [1] and references therein

Flux Boron flux Tc Y initial Model Problem solved References
1988 3.8 ± 1.1 15.6 0.276 Standard model CNO opacity, 7Be(p, γ) [2]
1993 4.4 ± 1.1 15.43 0.271 Standard model Fe opacity, screening [3]
1998 4.82 15.67 0.273 Standard model Microscopic diffusion [4]
1999 4.82 15.71 0.272 Standard model Turbulence in tachocline [5]
2001 4.98 ± 0.73 15.74 0.276 Seismic model Best physics + sound speed [6]
2003 5.07 ± 0.76 15.75 0.277 Seismic model magnetic field, relativ. EOS [7]
2004 4.35 ± 1.2 15.54 0.262 Standard model new CNO value, 7Be&14N(p, γ) [8]
2004 5.31 ± 0.6 15.75 0.277 Seismic model 7Be(p, γ), 14N(p, γ) [8]

SNO results 5.44 ± 0.99 (CC+ES 2001) 5.09 ± 0.44 ± 0.45 (NC 2002)
5.27 ± 0.27 ± 0.38 (2004) 4.94 ± 0.06 ± 0.34 (2005) active neutrinos

Table 2. Neutrino predictions of the present standard model and of the seismic model compared
to detections. For water experiments, the results are given in flux, the values must be multiplied
by 106 and are expressed in cm−2s−1

Predictions without Predictions with
neutrino oscillation neutrino oscillation

Chlorine detector [9]
Standard model 6.315 SNU 2.24 SNU
Seismic model 7.67 ± 1.1 SNU 2.76 ± 0.4 SNU
Detection 2.56 ± 0.23 SNU
Gallium detectors [10]
Standard model 120.9 SNU 64.1 SNU
Seismic model 123.4 ± 8.2 SNU 67.1 ± 4.4 SNU
Experiment 67.7 ± 3.6 SNU
Water detectors SNO [1] SNO and SuperKamiokande [11]
Standard model 4.35 1.35 (for νe detected only)
Seismic model 5.31 ± 0.6 1.65 ± 0.19
SNO 5.27 ± 0.27 ± 0.38 1.76 ± 0.06 ± 0.09
SuperKamiokande 2.35 ± 0.08 including some νμ, ντ

For the other neutrino detectors, we add to the neutrino predictions the energy dependent
reduction factor due to neutrino oscillations, derived from [12] and confirmed by Kamland for the
MSW part. With such hypothesis, the electronic neutrinos are partially transformed in muon or
tau neutrinos through vacuum oscillation for pp and 7Be neutrinos and mainly through MSW
oscillation for 8B neutrinos. We introduce also for gallium and chlorine the neutrino interacting
cross section with the detectors. Doing so, the agreement between the predictions of the seismic
model and all the detectors is satisfactory (inside the error bars) as shown in table 2. The
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present standard model which includes the reduction by 30% of the CNO composition, leads
to a greater discrepancy between predictions and detection of neutrino fluxes. This point has
been also noticed by Bahcall and collaborators in [13]. The error bar of the predictions coming
from the standard model is not so easy to establish, at least for the astrophysics part, it is why
we have not mentioned it in table 2 So let summarize this section in answering to the initial
question.

Figure 2. Squared sound speed and density
profile discrepancies between models and
seismic observation established with GOLF
and MDI aboard SoHO [6] for three new
updated standard models all including a
revision of the CNO composition (full line
with seismic error bars, dot line, dot dashed
line, see details in [8]) and for the seismic
model (full line).

What we know on neutrino predictions
During the last two decades, three fundamental ingredients of the neutrino production have

been clearly improved:

• In NP, the solar nuclear reaction rates through experiments, theoretical extrapolation
and screening estimates together with the neutrino-species cross sections for all the
solar neutrino detectors with unprecedent accuracy (see review of R. Menagazzo these
proceedings). The main efforts must be concentrated now on more advanced stages of
stellar evolution,

• in A, the observed sound speed profile is properly established down to 0.05 R� [6]. This
puts an adding constraint on the temperature profile in the region where neutrinos are
emitted, if the product abundance × opacity is under control.

• in PP, the transformation from electronic neutrinos to muon or tau neutrinos through
MSW is demonstrated by SNO, confirmed by Kamland for the high energy part and the
corresponding reduction could be properly introduced after the establishment of the emitted
neutrinos.

What we do not know

• In A, a detailed knowledge of the solar abundance is important to establish the proper
photon-nucleus interaction, the consequent solar central temperature and also the CNO
neutrinos. After reestimate of solar iron in 1993, a new reestimate of CNO photospheric
abundance leads to a reduction of at least 30% announced by Holweger then by Asplund et
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al. [14]. The recent value seems strongly established as they use a better description
of turbulent atmosphere but is not in agreement with some new tentative to extract
those abundances from helioseismology. Moreover the density profile (figure 2) is not yet
sufficiently established to garantee that the standard hypotheses are sufficient. We will see
on the next paragraph why it is important to go further.

• In PP, the reduction of electronic neutrino at low energy by 57% instead 31% is not
established and the global agreement for all the neutrino detectors could be artificial as
the oscillations parameters are extracted partly from the observations.

3. Dynamical processes in stars
In some sense, the previous paragraph summarizes the success of nuclear stellar evolution:
understanding the large scales which justify that the Sun is a billion years star as a lot of others in
the Universe. But the fascinating development of helioseismology is justified by observations of
internal motions due to the fact that the Sun is rotating and that it is an active star (see reviews
of [15],[16]). This point is important for understanding the small timescales of stars: centuries,
decades and probably even explosion times. This progress is important for two reasons:

• the dynamical processes are needed for a better understanding of the real interaction
between the Sun and our planet. We would like to establish especially what is the
quantitative role of the Sun in the Earth warming [17],

• these dynamical processes are significantly more important in massive stars. Massive stars
are rotating quicker than the Sun and these phenomena have strong effects on the internal
structure. Moreover, all the forgotten processes will impact on the presupernova type II
structure and consequently on their neutrino productions and explosion mechanisms.

The Sun stays a reference for the whole Astrophysics. In fact it is up to now the only star
for which we are able to check in situ the theoretical hypotheses of stellar evolution. Some
crucial quantities are now observed as the sub-surface meridional flows, the zonal flows and
the profile of the rotation down to the limit of the core. We can even follow them with time
along the 11 year cycle and some smaller periodicity of 1.3 year near the tachocline region is
suggested by the helioseismic observations in different instruments. More and more realistic
dynamo models are developed to explain not only the mean 11 year period but series of cycles.
But the prediction stays difficult and controversial because direct measurement of the internal
magnetic field has not been obtained yet. An upper limit of 3 MG for the core is deduced from
the estimated deformation of the Sun [18]. So, the pursuit of helioseismic observations with
improved instruments is crucial to get the complete dynamics down to the core and to catch
the different actors. Gravity modes have been searched for more than 20 years but we know
now that they are detectable. Gravity mode multiplet candidates have been identified with the
GOLF spectrometer in the upper frequency range [19]. Such modes are very sensitive to the core
and to the whole static and dynamics radiative zone [20, 21, 22]. In the lower asymptotic regime
of the spectrum one has detected a strong signal compatible with the asymptotic behaviour of
the dipole modes [23]. These two analyses both suggest that the rotation is higher in the solar
core than in the rest of the radiative zone as a relic of the young Sun [17]. Such information is
extremely important to put constraints on magnetic fields in the solar nuclear core.

In parallel 3D MHD calculations of portions of Sun are developing. They have the objective
to reproduce and explain the solar internal dynamics. A new challenge is to reproduce the flat
radiative rotation profile [24] and the thin tachocline potentially sustained by the development
of a magnetic field in the radiative zone to block the extension of the differential rotation
downward [25]. Moreover transport of angular momentum begins to be introduced in stellar
evolution equations and the role of gravity waves becomes important for the Sun and massive
stars including in the supernovae explosions.
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4. Perspective for the coming years
4.1. the low neutrino energy spectrum
In fact we have today direct access to only one source of neutrinos: the boron 8 one. Next year we
will detect with Borexino and may be Kamland the second source due to the (p,7Be) interaction,
this progress is extremely important to see the coherence or not with the previous conclusions,
to check the astrophysical prediction and the presence or not of sterile neutrinos. To obtain an
independent measurement of the pp neutrinos is a very fundamental objective, it is also useful
to validate the ”known” neutrino properties. Today the agreement between prediction and
detection is at the level of 10% on the mean value of three types of detection. Going further, in
analyzing the different sources independently may reveal other subleading effects like magnetic
interaction or other astronomical properties as mentined in the previous section. The oscillation
parameters must be checked on the whole energy spectrum to see properly the shape of the
oscillation probability spectrum.

4.2. neutrino fluxes variability
After more than thirty years of neutrino detection, we do not know if some fluxes are varying
or not. If boron 8 neutrinos seem stable, several reports have mentioned possible variability
in chlorine detection or in gallium detection (see Caldwell talk these proceedings and Gavrin
talk these proceedings). Today it is extremely difficult to demonstrate such variability or to
be sure that it is only statistical effects and we use generally a mean value on a long period of
time or between two detectors for the chemical neutrino detection. We need to progress on this
point because consequences of potential variabilities are important: effect of 11 year solar cycle,
effect of internal radiative zone reconfiguration, effect of neutrino properties at low energy. To
progress on this point one needs a better signal/noise and an effort on the low energy spectrum
with not too poor statistics.

4.3. temperature profile
We notice today that the quality of the boron 8 neutrino detection leads to a very proper
determination of the central temperature. 10% of accuracy leads a determination of the central
temperature better than 0.5% if there is no other source of uncertainty. If the absolute value
is difficult to garantee as mentioned in table 1, the relative accuracy is sufficient to trasform
this source of neutrinos as a remarkable temporal thermometer of the very central region. In
extrapolating this remark to CNO neutrinos and at lower level to pp neutrinos, if there is any
variability of the temperature in the region of emission of any neutrinos on timescale of decades
or more, neutrinos would be the best probe to follow it in time, so I consider that we enter in
the area where solar neutrinos are among others an important astronomical observatory for the
developing field called space climate whose the objective is to better follow the influence of the
Sun on the Earth warming.

4.4. CNO neutrinos
The mass of the Sun is sufficiently low for burning hydrogen mainly through pp reaction chains,
it is not the case for massive stars where the first stage is dominated by the faster CNO cycle.
Today there is some doubt on the solar CNO composition. Measuring CNO neutrinos is a very
interesting challenge for particle physics with nuclear and astrophysics interesting clues.

These different remarks show that continuing the solar neutrinos program is extremely
exciting for the three disciplines: astronomy, nuclear physics and particle physics. Numerous
waited results and challenges continue to keep this field extremely attractive.
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In parallel real progress for better understanding massive stars and final stage of evolution
will appear thanks to the space asteroseismic COROT and KEPLER missions which encourage
large neutrino detectors for detecting far supernovae neutrino explosions.
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[5] Brun A. S., Turck-Chièze S. & Zahn, J. P. 1999 ApJ. 525 1032
[6] Turck-Chièze S. et al. 2001 ApJ. 555 L69
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[19] Turck-Chièze, S., Garcia, R.A., Couvidat, S., et al. 2004, ApJ 604, 455
[20] Cox, A. N. & Guzik, J. A. 2004, ApJ 613 L169
[21] Rashba, T. I., Semikoz, V. B., Valle, J. W. F. 2006, MNRAS 370 845
[22] Mathur, S. et al. 2006 ESA-SP 624, in SoHO18/GONG2006/HELAS1 in press.
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Abstract. The ντ was postulated to exist after the discovery of the tau-lepton in 1975.  First ντ 
CC interactions was observed in 2000 by the DONuT experiment at Fermilab, which also set a 
limit on the magnetic moment. Electron positron collider experiments have studied the tau-
lepton decays and measured the Michel parameters, the tau lifetime, and the number of the 
light neutrino species. In addition a direct upper limit of the tau-neutrino mass was measured. 
This paper gives a short review of the known properties of the tau-neutrino, along with 
preliminary results from DONuT on the measurement of  the  ντ CC DIS cross section. 

1.  Introduction 
The discovery of the τ-lepton [1]  in 1975 lead to the postulation of the existence of a weak isospin ½ 
partner, the tau-neutrino, ντ . Twenty five years later, in 2000, the ντ was observed in the laboratory via 
its charged current interaction with nuclei [2] signaled by the production of the τ-lepton, in a  way 
similar to the observation of the electron neutrino [3] and the muon neutrino [4] in 1956 and 1962 
respectively. The difficulty in the detection of the ντ was two-fold: (i) Production of a ντ beam from an 
active proton beam dump facility with ντ’s produced in Ds decays.  (ii) Detection of the τ-lepton in a 
ντ-Nucleus CC interaction. This would require a detector with high spatial resolution. The DONuT 
(Direct Observation of the NuT

2.  Ear ly Indirect Evidence 

au) was proposed in 1994 in an attempt to observe the ντ –Nucleus CC 
interactions. In the following we will first present the initial indirect evidence for the ντ, then discuss 
the DONuT experiment, the data analysis and preliminary latest results including a first measurement 
of  the ντ CC DIS  cross section and the limit on the ντ magnetic moment. Then we will discuss  
properties of the ντ coming from τ-lepton decay studies at collider experiments.  

The indirect evidence for the existence of the ντ comes mainly from the studies of the τ-lepton decays. 
It was shown that the anomalous eμ pairs produced  in e+e- annihilation [1] were due to the production 
of a pair of sequential leptons τ+, τ−, with a mass about 1.9 GeV/c2 and spin ½ . Thus, it should have a 
partner, “ντ”, with V-A coupling. Initial studies of τ  decays with the DELCO experiment [5] in 1979 
gave a Michel parameter ρ = 0.72 ±0.15, evidence of V-A coupling. First measurements of the 
strength of the coupling came from MARK II experiment [6] which measured a statistically significant 
nonzero value of the tau lifetime ττ = (4.6±1.9) ×10-13s, consistent with the expectation of 2.91×10-13s 
for τ-μ universality. The “ντ” helicity was measured by ARGUS in 1990 [7] by studying  the decay  
τ−→  a1

− ντ → (ρ0π−)ντ  → π+π−π−ντ .  In this decay the ρ0 can pair with either π−, namely there should 
be two diagrams to be added, leading to a parity violating asymmetry which would manifest itself as 
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an asymmetry in the orientation of the 3-pion plane with respect to the τ direction in the  3–pion rest 
frame. This asymmetry is predicted to be proportional to the quantity 2 22 /( )AV A V A Vg g g gγ = + . 

Measurement of this quantity gave 0.34
0.171.14 0.34AVγ +
−= ± , consistent with the Standard Model 

prediction of γAV = 1 for a negative helicity ντ. The ντ spin was shown to be ½, with the assumption of 
zero ντ mass, from the analysis of the decay τ- → ρ−ντ  by the ARGUS collaboration [8]. The question 
whether  the J=1/2, negative helicity, V-A partner of the τ-lepton could be identified with νμ or νe was 
settled by  Fermilab experiment E531 [9], which measured the possible direct couplings GF′ of the τ to 
νμ and νe and found  that GF′/GF < 0.002 and 0.073 correspondingly, showing clearly that the τ-lepton 
does not couple directly to νμ or νe. Finally, in 1989, the ALEPH experiment was the first to measure 
the number of light neutrino species  to be Nν =3.27 ± 0.30 [10], ruling out the possibility of a fourth 
type of light neutrino at 98% CL.  

3.  The DONuT Exper iment 
The DONuT (Direct Observation of the NuTau) Experiment was designed to observe directly the CC 
interactions of the tau-neutrino. An 800 GeV proton beam dump was used to produce ντ’s from Ds 
decays and a hybrid emulsion magnetic spectrometer to detect ντ – Nucleus CC interactions.  

3.1.  Beam and Detector  
The beam layout is shown in Figure 1. A 0.5 m long tungsten beam dump is followed by two 
sweeping magnets and passive shielding. An emulsion target is located at a distance 36 m from the 
dump, followed by a magnetic spectrometer. Production of ντ’s  comes from Ds → τ + ντ, with the τ 
decaying again into nutau and leptons or hadrons. There are prompt muon and electron neutrinos 
produced by D mesons, as well as non-prompt muon neutrinos coming from the decays of pions and 
kaons that decay before absorption. The beam dump was optimized to reduce as much as possible the 
non-prompt contamination of the neutrino beam. The sweeping magnets and passive shield were 
designed to minimize the muon flux at the emulsion target. Details can be found in ref. [11]. 

 

Fig  1. The DONUT Beam configuration 

 
Figure 2 shows the hybrid emulsion spectrometer layout. It consisted of a veto wall, the emulsion 

target section and a magnetic spectrometer. Integrated with the target is a plastic scintillator hodoscope 
for triggering purposes, and scintillating fiber tracker (SFT). The magnetic spectrometer consisted of a 
large aperture magnet, followed by drift chamber planes (DC), lead glass and scintillating glass 
electromagnetic calorimeter (EMCAL), and a muon identifier (MID) system. Electrons were identified 
by their showers in the calorimeter as well as in SFT region. The purpose of the spectrometer is to 
trigger for interesting events, do electron and muon identification, track reconstruction, momentum 
and energy measurements, neutrino interaction vertex reconstruction, and vertex location in the 
emulsion. Detailed description of the hybrid emulsion spectrometer can be found in [11].  

The neutrino target consisted of 250 Kg of nuclear emulsion organized in a modular fashion and 
interleaved with planes of scintillating fibers. Details of the emulsion target and its performance can be 
found in [12]. The basic building block was a sheet of acrylic with a layer of emulsion on either side. 
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The bulk of the mass was provided by using a sheet of steel, 1 mm thick. In this way three types of 
targets were built: Bulk emulsion, ECC800, and ECC200 [12]. The spatial and vertex position 
resolutions were found to be 0.3 μm and 0.8 μm, respectively. Planes of scintillating fibers in U, V, 
and X orientations, were used to improve the vertex reconstruction accuracy and therefore the vertex 
prediction in the emulsion, necessary in the semi-automatic emulsion scanning. 
 

 

Fig. 2 The DONUT hybrid emulsion spectrometer 

3.2.  Data Analysis 
The event reconstruction used the SFT and DC systems and the magnet information to reconstruct 
tracks and determine momentum. The SFT  tracks were employed to reconstruct the event vertex in 
the emulsion (vertex prediction), which, in turn, was used in the emulsion scanning to locate the actual 
vertex. The final reconstruction was done by matching the emulsion tracks to the  electronic (SFT) 
track information. Having identified the neutrino interaction, a subsequent emulsion scanning was 
used to (i) measure all emulsion tracks and estimate momentum from multiple Coulomb scattering and 
(ii) follow each track and look for kinks (1-prong decays) or tridents (3-prong decays). 

After filtering, stripping, and scanning, we ended up with ~103 predicted vertices in the 
spectrometer, from the total run with 3.54 × 1017 protons on target (POT). From these  868 reside 
within the fiducial volume. Emulsion vertex location was attempted and vertex found in 579 events. 
As will be shown later 9 ντ candidates were isolated. 

Lepton identification has played a key role in the CC/NC separation and the further identification 
of CC νµ, νe, and ντ. Electrons were identified by their showering in the SFT and EMCAL systems. 
The muon identification required a minimum number of hits in the MID system. The neutrino event 
identification was based of the different topological characteristics of the interaction and was done by 
various methods, including scanning by physicists and the use of Artificial Neural Networks (ANN).  
The separation of νµ  CC events was based mainly on the identification of muon tracks. For the νe 
CC/NC separation we used information from the SFT, DC, EMCAL, and MID systems. Out of 579 
located events 210 were classified as νµ  CC, 143  as νe CC, 9 as ντ CC, and 191 as NC. These 
numbers agree with the expected composition to better than 10%. The ratio of negative to positive 
muons is estimated to be 1.40 ± 0.17, consistent  with expectations from the Monte Carlo. We have 
estimated the fraction of prompt to total νµ  CC interactions to be 0.57 ± 0.07 

3.3.  The ντ signal 

The CC interaction of ντ produces a τ-lepton  that decays within a short distance, typically 2 mm. 
Thus, the identification of ντ CC interactions is based on the detection of kinks or tridents. Tau 
production can be mimicked by charm produced by νe  or νµ  with missing or misidentified primary 
lepton, and also  by  hadronic interactions that appear in the emulsion as a 1- or 3-prong decays. The 
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extraction of the tau signal was based in applying  1-dimensional topological and kinematical cuts as 
well as on multivariate statistical analysis [13], which determines the likelihood of events belonging to 
one of the following three categories: tau, charm, hadronic interactions. It uses  a set of parameters 
measured for each event, namely, the decay length of the parent track, the kink angle, the daughter 
momentum, the parent track angle with respect to the neutrino direction, and the azimuthal angle 
difference between the lepton and the recoil tracks, whereas for tridents the daughter momentum and 
kink angle were replaced with the sum of the impact parameters of the three daughters with respect to 
the primary vertex.  
 

       

Fig. 3. Two events: a kink (1-prong) and a trident (3-prong). The target structure is shown at the 
bottom of each figure. The top left of each figure shows the azimuthal and polar (circles) configuration 
of the interaction. In the azimuthal view the tau direction is opposite to the rest of the particles.  

 
Table I lists the kink  events, their parameters, and the probabilities, Pτ, Pc, PI, of being tau, charm, 

or hadronic  interaction correspondingly.  Table II shows the selected trident events, their parameters, 
and their probabilities of being taus, charm, or interactions correspondingly. In total, there are 9 events 
identified as tau neutrino CC interactions with probalilities listed as explained just above. Two such 
events, a kink and a trident are displayed in Figure 3. 
 

Run Event LDec 
(mm) 

θkink 
(rad) 

IP 
(μm) 

Daughter P 
(GeV/c) 

PT 
(GeV/c) 

Pτ Pc PI 

3024 30175 4.47 0.093 416.0 e 5.2 0.48 0.53 0.47 0.0 

3039 01910 0.28 0.089 23.5 h 4.6 0.41 0.96 0.04 0.0 

3140 22143 4.83 0.012 60.2 μ+ 22.2 0.27 0.97 0.03 0.0 

3333 17665 0.66 0.011 7.70 e 59.0 0.65 0.98 0.02 0.0 

3024 18706 1.70 0.014 22.6 e 50.0 0.70 1.00 0.0 0.0 

3139 22722 0.44 0.027 11.8 h 15.8 0.43 0.50 0.29 0.21 

Table I: The list of kink (1-prong) events. The charge of the daughter is known in only one case. 
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Run Event FL 
(mm) 

θd (rad) IP 
(μm) 

P (GeV/c) PT (GeV/c) Pτ PC PI 

3296 18816 0.80 
 
 

0.054 38.2 5.0 0.27 0.71 0.29 0.0 
0.190 148.1 1.3 0.25 
0.130 112.0 1.9 0.25 

3334 19920 8.88 0.017 147.4 11.6 0.20 1.0 0.0 0.0 
0.011 98.0 15.7 0.17 
0.011 94.1 3.2 0.04 

3250 01713 0.83 0.133 109.9 1.3 0.17 0.87 0.12 0.01 
0.192 160.7 2.4 0.46 
0.442 354.7 0.5 0.21 

Table II: List of the trident (3-prong) events 

3.4.  The ντ CC interaction cross section 
The CC ντ interaction cross section was measured relative to the electron and muon neutrino-nucleon 
CC interaction cross sections. Electron and muon neutrinos in DONuT come from charm decays in the 
beam dump, characterized thus as prompt neutrinos. In addition, muon neutrinos come also from pion 
and kaons decays in the dump. The fraction of these non-prompt muon neutrinos has been measured  
in the experiment.  In DONuT, the electron and muon neutrino cross sections per nucleon are linear in 
energy, namely, i i

cEσ σ≅  , where σi
c is the energy-independent known proportionality factor of the 

DIS cross section. The tau neutrino cross section  has the form ( )c EK Eτ τ
τσ σ≅ , where Kτ(E) is an 

energy dependent threshold factor.  The number of observed neutrino interactions of flavor ν per 
proton in the beam dump is:   
                    ( )obs potN R E Nν ν νε=  , where    ( ) ( ) ( )tgt

nuclR E dE E E Nν ν νσ= Φ∫   ,  
E is the neutrino energy, εν is the total efficiency of identifying the interaction, Φν is the neutrino flux 
on the target per proton, σν is the CC cross section per nucleon, and Nnucl the number of nucleons in the 
target. In the experiment Nν

obs is measured, whereas the efficiencies are estimated from the data and 
computed with the Monte Carlo. The fluxes are calculated from known charm production reactions  
pN cc X→ + . The number of interactions in the located sample of 579 events was 143 νe,  210 νμ  and 

9 ντ CC events. Backgrounds for these categories have been estimated. The corresponding efficiencies 
were estimated to be 0.57 for νe, 0.56 for νμ, and 0.49 for ντ. The prompt νμ fraction was estimated to 
be 0.57 ± 0.07. The total number of ντ interactions was calculated by taking into account the 
corresponding probabilities event-by-event.  With this information the DIS cross section 
proportionality factor ratios are preliminarily estimated to be: στ

c/ σe
c = 0.99 ± 0.37 (stat) and στ

c/ σμ
c = 

0.98 ± 0.36(stat) , where the systematic uncertainties for these results cancel out 

3.5.  The ντ magnetic moment 
The DONuT experiment searched for an anomalous increase of the number of electron-neutrino 
interactions above the value predicted by the Standard Model in an attempt to measure the magnetic 
moment of the ντ. Results from this search have been published in ref [14]. According to the Standard 
Model, neutrinos interact with electrons via Z0 exchange. The magnetic moment, μν, adds an extra 
interaction term due to photon exchange via a loop diagram. In the high energy limit this contribution 
to the cross section is given by: 

                                             
22

1 1

e e e

d
dT m T E

µ ν

ν

σ µ απ
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= −    
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where Te is the scattered electron energy in the laboratory frame.  The total cross section is obtained 
by integrating over Te.  There is no interference term with the Standard Model process because the 
neutrino undergoes a spin-flip when a photon is exchanged. From kinematical constraints the electron 
scattering angle with respect to the incoming neutrino direction in the laboratory frame is limited to 
be: 2 2 /e e em Eθ < .  Therefore, for Ee ≥ 1 GeV  we have θe < 30 mrad, namely the interaction has to 
show a single forward electron shower. This angular constraint helps separate the signal from the 
background of νe – nucleon CC interactions. The DONuT data analysis found one candidate in view of 
2.3 expected events [14]. This sets an upper 90% CL limit on μν of 3.9 × 10-7 μB, which is flavor blind. 
Given that much stringent limits hold for νe and νμ, we can interpret this as a limit, currently the most 
sensitive, on the magnetic moment of the tau-neutrino.  

4.  The tau-neutr ino mass 
The tau-neutrino average mass squared is related to the masses, mi,  of the mass eigenstates by the 
relationship 22 2

i i
i

m U mτ τ= ∑  where Uτi the matrix elements of the mixing matrix. Measurement of 

the mass of the tau neutrino have resulted from the study of the τ-lepton decays, in particular τ−→  
2π−π+ντ and τ−→ 3π−2π+(π0) ντ[15], with the ALEPH detector at LEP, at √s  ≅ mZ. The method is based 
on the description of either of theses decays as a two body decay:  τ− →    h−(Eh, ph)  + ντ. By fitting 
the distribution of events in the (mh, Eh) plane the  experiment obtained an upper limit of 18.2 MeV/c2 
at 95% confidence level for the 2m mτ τ= . This is presently the most sensitive direct limit, about 

two orders of magnitude less sensitive that the corresponding limit for the muon neutrino that comes 
from pion decay. This measurement constraints the  quantity 2 2

i i
i

U mτ∑ , where the summation is 

over all masses, mi,  that cannot be resolved experimentally. Similar constraints come from 
measurements of the masses of the weak interaction eigenstates νe and νμ [16]. Notice that  the true 
<mτ

2>  cannot exceed  the max{mi
2}.  

5.  Present SM proper ties of the tau-neutr ino 

5.1.1.  V-A coupling. The coupling was studied by making precise measurements of the Michel 
parameters. The state of the art has resulted by studying the τ – lepton decay in several experiments: 
ALEPH, DELPHI, L3, OPAL, Argus, SLD, MAC and CLEO. The most precise measurements comes 
from ALEPH [17]. Using 155 pb-1 of data the ALEPH collaboration studied the τ - decays from e+e− 
→ τ+τ− in the decay channels ee τν ν− , µ τµ ν ν−  , π−ντ, Κ−ντ, π−π0ντ, π−π0π0ντ, π−π+π−ντ, and their charge 
conjugates. It has reported measurements of the Michel parameters under the assumption of  e- μ 
universality and  ξπ = ξρ = ξa1, shown in Table III, and, in addition, the ντ helicity -<hντ> = ξh = 0.992 ± 
0.007 (stat) ± 0.006 (sys) ± 0.005 (3-pion model). The Particle Data Group (PDG)[18] has 
summarized the data from all the experiments in the form of a “fit” as well as in the form of an 
average. Table III shows the results from ALEPH,  the PDG Fit and PDG average along with the 
predictions from the Standard Model. From these measurements we can conclude that there are no 
significant deviations from the SM, assuming the V-A structure of the CC interactions. 
 

Parameter  SM ALEPH PDG Fit PDG Average 
ρ (e or μ) 3/4 0.742±0.014 ± 0.006 0.745±0.008 0.749±0.008 
ξ (e or μ) 1 0.986±0.068 ± 0.031 0.985±0.030 0.981±0.031 
η (e or μ) 0 0.012±0.026± 0.004 0.013±0.020 0.015±0.021 

(δξ) (e or μ) 3/4 0.776±0.045± 0.024 0.746±0.021 0.744±0.022 
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Table III: The Michel parameters from the tau decays 

5.1.2.  Test of Universality. The strength of the coupling is extracted from the τ-lepton lifetime:                              
ττ ≈ (mμ/mτ)5τμBR(τ →e) = 2.91 × 10-13 s. Data come from DELPHI, ALEPH, L3, OPAL, and CLEO, 
the most precise being the DELPHI data: ττ = (2.909 ±0.014 ±0.010) × 10-13 s, whereas the PDG 
average is ττ = (2.906 ±0.010) × 10-13 s, where the error is combines both statistical and systematic 
errors in quadruture. Again we can see here an excellent agreement with the SM. 

5.1.3.  Number of light neutrinos. The most precise measurement comes from e+e- collider 
experiments on the Z0 pole. These experiments measure the Z0 width as well as the the visible partial 
widths of the Z0 decays into quarks and leptons. From these measurements the invisible partial width 
Γinv is extracted. The number of neutrinos Nν then is computed from ( )( )/ /inv l l SM

Nν ν= Γ Γ Γ Γ , where 
the SM model ratio is used to reduce model dependence. The resulting number of light neutrinos from 
the LEP experiments is Nν = 2.984 ± 0.008 [19], consistent with Nν = 3.  

6.  Conclusions 
In conclusion, the DONuT experiment has directly observed the tau-neutrino as a particle via its CC 
interaction with nuclei. Nine ντ CC interactions have been identified in DONuT, with the produced τ – 
lepton decaying into 1-prong (kink) in 6 of the cases and into 3-prongs (tridents) in the remaining 
three cases. A preliminary first measurement of the DIS ντ-N cross section is consistent, within a large 
statistical error, with the SM. On the other hand, several tau-lepton decay studies in collider 
experiments have produced very precise measurements of the Michel parameters, the tau-neutrino 
helicity, the tau-decay lifetime, and the number of light neutrinos, all in excellent agreement with the 
Standrd Model. Putting together all the above mentioned properties one can justify assigning this 
neutral particle of spin ½ and negative helicity as the weak isospin ½ partner of the τ-lepton.  The 
author wishes to thank his DONuT collaborators and to acknowledge the hospitality of the Neutrino 
2006 organizers.  
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Abstract. One of the options for creating a Deep Underground Science and Engineering
Laboratory (DUSEL) is a site in the Mt. Stuart batholith, a granodiorite and tonalite rock
mass in the Cascade mountain range in Washington State. The batholith’s 100-year history in
hard-rock tunneling includes the construction of the longest and deepest tunnels in the U.S.,
the parallel Cascade and Pioneer tunnels. The laboratory plan would utilize these two tunnels
to produce a laboratory that has many desirable features, including dedicated, clean, horizontal
access, container-module transport, and low operations costs. Various aspects of the site help
to reduce geotechnical, environmental, and safety risks.

1. Introduction
In 2003 a search was done over most of the western U.S. to identify sites suitable for a
horizontal-access DUSEL, a laboratory that will host future neutrino, dark matter, geoscience,
geomicrobiology, and engineering projects [1]. The Mt. Stuart batholith, a granodiorite
formation in the Cascade Range, was one of the identified sites. Because of a combination of
railroad and water projects, this batholith has been frequently tunneled over the past 100 years.
In the most famous of these projects, the 1926-29 excavation of the parallel Cascade and Pioneer
tunnels, a world record for the rate of advance through hard rock was established. These remain
the longest (12.5 km) and deepest (1040 m) transportation tunnels in the U.S. DUSEL-inspired
interest in the Mt. Stuart batholith increased in August 2005 when the owner of the Cascade
and Pioneer tunnels, Burlington Northern & Santa Fe, decided that development of the Pioneer
Tunnel for science would be compatible with railroad operations in the Cascade Tunnel, and
that such development might simplify tunnel maintenance and improve safety. Subsequent work
on DUSEL-Cascades [2] has focused on using the Pioneer Tunnel as the portal to a three-level
laboratory, a horizontal Level I at 1040m that would be ideal for large-detector construction, an
intermediate Level II (1760 m) that would be coupled to Level I by two hoists, and a very deep
Level III (2330 m) that would be developed a decade or more in the future.

The site has a number of attributes important to a project like DUSEL:

• The site has a low-elevation portal (685 m) and mild climate, and is located in the western
foothills of the Cascades. Thus the site is accessible year around, with the drive from the
Seattle-Tacoma airport (1.5 hours) generally snow-free.

• All surface development would occur on land owned by BNSF, and all underground
development would occur in areas where BNSF owns the mineral rights. Current site use
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includes a range of railroad industrial activities very similar to those required for DUSEL.
• The site is within a federal energy corridor. Redundant power feeds to DUSEL with

automatic pickup are possible because substations are located at both portals. Power rates
are very favorable, about $0.016/kW-hr. There is the potential to tie into ESnet, Pacific
Wave, and other international high-speed data corridors, to facilitate remote visualization
and detector operations.

• The site’s location relative to potential neutrino beams will position the U.S. to play an
important role in long-baseline physics. The baseline to FermiLab, 2630 km, is very close to
ideal for an on-axis superbeam experiment, as noted in the S1 study [1]. Its neutrino-factory
baselines are unique, with“magic” (7500 km) baselines to both KEK and CERN, and with
a FermiLab baseline that will optimize the followup CP-violation experiment. It is the only
practical site on the globe matching APS Multi-Divisional Neutrino Study [3] neutrino-
factory baseline specifications for each of the three high-energy accelerator laboratories.

• The site is adjacent to a major international cargo-container route: a significant fraction of
the cargo entering the U.S. from Asia comes by ship to the Seattle and Tacoma ports, then by
rail through the Cascade Tunnel to Chicago and points east. One of the driving principles
of the DUSEL-Cascades design is to tie the laboratory seamlessly to this transportation
corridor, so that groups from distant laboratories can construct large modules at home,
then efficiently transport the modules to DUSEL-Cascades.

• The site is near a major urban center with a concentration of high tech industries, such
as aerospace, biotechnology, micro-electronics, and communications. There are six major
research institutions within 200 miles.

• Risk factors are low. The site has a favorable construction history and the rock on Level
I is accessible. The site is clean and can be developed without creating rock piles or
other environmental legacies. The ownership is stable. The site’s parallel tunnels can be
exploited to minimize underground ES&H hazards. The site is private with a relatively
uncomplicated set of permitting issues. The design minimizes long-term operations and
experimental costs. The proximity to Puget Sound will be helpful to DUSEL recruiting,
opening opportunities for academic, industrial, and outreach partnerships and providing
employment opportunities for spouses.

2. Geologic, environmental, and geotechnical characterization
2.1. Regional geologic context
The Mt. Stuart batholith is a 600 km2 granitic formation, dominantly granodiorite and tonalite
with schist wallrock, located in a convergent tectonic margin. The host rock, Chiwaukum schist
and banded gneiss, was intruded by the Mt. Stuart batholith and other plutons during regional
metamorphism in the Late Cretaceous period, about 93 My ago. Geologic work in the area
began 120 years ago and includes surface mapping, borehole studies, and construction of nine
significant tunnels.

The portal is located in a region of moderate seismic activity, separated by approximately
70 km from the nearest identified active crustal fault. No earthquake over magnitude 4.0
has occurred within 35 km over recorded history. The U.S. Geologic Survey Seismic Hazard
Mapping Index for the site is 15% of g peak acceleration (10% probability over 50 years). The
corresponding 1997 Uniform Building Code risk zone is 2B. (The range is 1 to 5, with 1 the
lowest.) The portal location was selected by BNSF in 1927 to be free of rock falls and avalanches.

2.2. Environmental characterization
An analysis of the rock shows that the principal minerals are plagioclase, quartz, biotite,
hornblende, and K-feldspar. No asbestiform minerals were identified. The principal health
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hazard from the rock will be quartz dust produced in construction, which is readily controllable
by standard industry practices.

The Pioneer Tunnel serves as the drainage gallery for the tunnel complex. Tests of the
drainage from the Pioneer Tunnel were done by RETEX Group Inc., assisted by collaboration
scientists from Pacific Northwest National Laboratory and by BNSF. Analysis included pH
(7.29), temperature (15.6 C), hardness (28.4 mg/L), and a variety of metals. Sulfide content is
very low, below analytical sensitivity. All results met the applicable EPA or Washington State
chronic standards.

Subsurface radioactivity was determined by gamma counting and XRF as a function of depth,
by counting rock samples taken from a recent deep glacial cut into the batholith. The activities
for U (∼ 0.5 ppm), Th (∼ 0.7 ppm), and K2O (∼ 1.4%) are very low for granitic rock.

Subsurface temperatures have been mapped from the surface to 1040 m, and thermal
gradients for projections to greater depth determined from these data, with suitable corrections
for the effects of surface topography. The Level I (1040 m) rock temperature is 21 C, and the
estimated Level II (1760 m) and Level III (2330 m) temperatures are 34 ± 3 C and 45 ± 4 C,
respectively.

The site is free of spotted owl or other protected nesting areas. The area’s drainage basin is
the Tye River, but the portal is well above waterfalls and other natural barriers. Thus there are
no Chinook or bull trout impacts associated with water release.

 Home  |  Search  |   Special Collections  |   Exhibits  |   Faculty & Research Projects  |   Collaborative Projects 

Item and Description

Any highlighted words below are searchable. Click on a word to start a search on that term.

Title: Water and ventilation pipes in the Mill Creek Tunnel, March 18, 1928

Photographer: Pickett, Lee

Studio Name: Pickett Photo Company

Studio Location: United States--Washington (State)--Index

Date: 1928

Notes: Construction of the Cascade Tunnel for the Great Northern Railway.

Caption on image: Five water pipes in the Mill Creek Pioneer. 3-18-28 and ventilator pipe. Pickett, Index,
Wn. 3833

Subjects: Mill Creek Tunnel (Wash.)
Railroad tunnels--Washington (State)
Railroad tunnels--Ventilation--Washington (State)
Railroad construction workers--Washington (State)--Mill Creek

 Home  |  Search  |   Special Collections  |   Exhibits  |   Faculty & Research Projects  |   Collaborative Projects 

Item and Description

Any highlighted words below are searchable. Click on a word to start a search on that term.

Title: Cross cut number 6, Mill Creek Tunnel, March 23, 1928

Photographer: Pickett, lee

Studio Name: Pickett Photo Company

Studio Location: United States--Washington (State)--Index

Date: 1928

Notes: Construction of the Cascade Tunnel for the Great Northern Railway.

Caption on image: Cross cut number 6. Center heading, MIll Creek Tunnel. 3-23-28. Pickett, Index, Wn.
3823

Subjects: Mill Creek Tunnel (Wash.)
Railroad tunnels--Washington (State)
Railroad construction workers--Washington (State)--Mill Creek

Location Depicted: United States--Washington (State)--Mill Creek

Constructed in 1926-29 to transport men/equipment to Cascade Tunnel faces

  Nominally 9 by 8 ft;  numerous broader openings up to 30+ ft (e.g., left above) 

  Envisioned as a “central heading” for a future major tunnel:  our proposal!  

  Reasonably detailed records on advance rates (record setting), hydrology,
      thermal gradients;  have recently located repair records (1930s to present)

Figure 1. Archival Pioneer Tunnel photo
showing an enlarged-span equipment bay [4].

Figure 2. Station 308 in the Pioneer Tunnel
during recent reconnaissance [5].

2.3. Geotechnical characterization
Part of the site’s attractiveness is that it is effectively a greenfield – the site does not impose any
significant constraints on DUSEL design – without the usual geotechnical uncertainties inherent
in a greenfield. The geotechnical database includes historical records from construction and
tunnel repairs, borehole studies conducted to determine thermal gradients, extensive surface
mappings (including a survey of surface outcroppings commissioned by our collaboration in
2004), and surveys of the Pioneer Tunnel. Because the Pioneer Tunnel is largely unlined, it
serves as a “test adit,” providing continuous access to the rock along the DUSEL entrance
tunnel and demonstrating the stability of openings after 80 years.

The original construction records describe localized draining of newly opened rock. Baxter
[6] notes “Practically all of the water encountered was ground-water filling fissures in the rock.
These fissures were of all sizes... [and] acted in the same manner: A maximum flow when first
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encountered; a radical decrease in the flow in the next few days (sometimes hours), with a gradual
decrease over weeks and months, at times drying up entirely.” Level I rock is now dewatered.
While fissures in granite tend to tighten with depth, new rock opened in the construction of
Levels II and III would likely exhibit similar transient drainage of the local rock mass: the
contractor would need to provide adequate pumping capacity during excavation.

The surface mappings of joints and fissures, compiled into stereonets [7], showed four major
joints sets, three of which are steeply dipping and one (the most common) shallow dipping.
Joint observations in the tunnel proved consistent with surface patterns: joint conditions were
found to improve with depth, with many joints/fractures either healed or discontinuous.

The most important database comes from recent geotechnical surveys along a 4500-ft section
of the Pioneer Tunnel near maximum depth. Tunnel walls were mapped, rock samples collected,
and laboratory tests performed for 45 tunnel stations located at 100-ft intervals. Photographs
from this reconnaissance (see Fig. 2) and from original construction (see Fig. 1) are available
[4, 5]. The resulting rock characterizations are summarized in Table 1. The results may be
conservative because laboratory tests were done with samples taken from exposed tunnel walls
(rather then from corings). Regardless, the rock quality is very high, comparable to that found
at the Tochibora Mine, a proposed HyperKamiokande site: the average RQD (Rock Quality
Designation) for the 45 stations is 94% (excellent rock) and the average RMR (Rock Mass
Rating) is 83 (Class I rock).

Table 1. Large Detector Sites

Site Mozumi Mine Tochibora Mine Pioneer Tunnel

Principal rock type Hornblende gneiss Hornblende biotite gneiss Granodiorite
Peak overburden (m) 870 600-700 ∼ 1000
Density (g/cm3) 2.65 2.65 2.69-3.04
Compressive strength (kpsi) 15.2-17.4 21.7-36.3 16.4 → 35
Discontinuity spacing (m) 0.2-0.6 0.6-2.0 0.2-2.0

condition Slightly rough Very rough Rough, healed/discontinuous
orientation Favorable V. Favorable Favorable/v. favorable

RQD 78% 85% 94%
RMR 79 89 83
Rock Mass Classification II I I

The tunnel, unsupported over 87% of its length, is in generally good condition after 80 years.
In a number of locations the Pioneer Tunnel was widened to spans of 5-10 m to accommodate
equipment or to form junctions with cross cuts (e.g., see Fig. 1). Standard tables of stand-up
times indicate an RMR of at least 85 for any stable 80-year span above 5m, and 90+ for any span
above 7.5m. This empirical demonstration of rock competence is consistent with the laboratory
results described above.

3. The Development Plan
The development plan for DUSEL-Cascades is based on several principles:

• Careful engineering for efficient science, enhanced safety, and economical lifetime operations:
The design provides for dedicated horizontal access with tracked transport and standardized
turning radii to allow efficient, safe equipment transport; a ducted ventilation system
capable of isolating emergencies occurring in laboratory rooms or in Level II hallways; a
dedicated exhaust path that will help keep exit-ways open in an emergency; the capacity to
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sequester new construction from active laboratory areas; and vertical alignment of the three
laboratory levels for efficient connections and efficient exploitation of Level I’s receiving and
industrial support facilities.

• Maximize cleanliness: Environmental radioactivity is often the primary background in
underground experiments. As a dedicated facility with all-electric operations, finished
hallways, and ducted ventilation, DUSEL-Cascades will be clean from the portal onward.
The design allows individual rooms (or portions of rooms) to be held at Class 1-10, provides
for a common Class 1000 clean area, a “white area” at Class 100,000, and “dirty-side”
operations that will in fact be quite clean, if compared to laboratories operating in shared
mine facilities.

• Complementing SNOLab: North America will soon have a very deep vertical-access facility
at SNOLab. DUSEL-Cascades will complement SNOLab by providing a horizontal-
access level at Kamioka depths, ideal for long-baseline megadetector construction, and
an intermediate level at Frejus depths (4.05 km-water-equivalent) that can accommodate
container-scale experimental modules. A third level at SNOlab depths is planned, when
North America finds itself in need of additional very deep space.

• Use of the site’s unique transportation system: The design envisions efficient transport of
20-ft container modules from distant laboratories to any DUSEL level. Level I is effectively
a siding on the BNSF railroad: loads can be moved by rail to the portal, mounted onto
laboratory flatcars, then tracked to Level I laboratory rooms. Tracked container transport
is extended to deeper levels by a large-diameter, roll-in/roll-out hoist that effectively serves
as a track switching device between levels.

• International cooperation: The combination of large detector capabilities, efficient cargo
container transport, complementarity to SNOLab, and magic baselines will position
DUSEL-Cascades to play an important role in international science. Seattle is the mainland
U.S. port closest to Asia, which currently lacks a deep laboratory. We envision DUSEL-
Cascades being operated cooperatively, part of a network of international laboratories
(SNOLab, Kamioka, Gran Sasso, etc.) that would collectively endeavor to accommodate
new experiments in the most efficient way.

Figure 3 shows the orientation of the three levels under Cowboy Mountain. As noted
previously, significant work has been done to characterize rock properties on Level I. The Pioneer
Tunnel also provides a convenient platform for borehole studies of the deeper rock that will
house Levels II and III; both downhole and crosshole exploration programs can be conducted at
relatively low cost. The deeper levels are connected to Level I – the industrial level providing
access to the surface, power, drainage, ventilation, and receiving services – by a large-diameter
container- and man-hoist, and by an emergency/mining hoist. Levels II and III are designed so
that new, specialized cavities can be constructed “downstream” of other laboratory operations.
Thus these deeper levels can expand to accommodate newly approved experiments.

Figure 4 shows the plan for Level I, including a possible megadetector site. The baseline
design includes enlargement of the Pioneer Tunnel (most likely by tunnel boring machine) to
form the entrance hallway, with fully finished walls and a concrete tracked invert under which
drainage would run; raise-bore construction of an exhaust shaft to the surface; and construction
of a series of cross cuts/refuges between the Pioneer and Cascade Tunnels, so that the latter can
serve as a secondary escape route for the former.

Detailed discussions of this project can be found elsewhere [7]. This work was supported in
part by the Office of Nuclear Physics, U.S. Department of Energy.
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FIG. 19: The geologic map [44] of the region of the Mt. Stuart batholith penetrated by the Great Cascade and
Pioneer tunnels. The tunnel alignment and the encircled area around Cowboy Mt., the proposed laboratory
location, are both highlighted in red. Note that the two lines through schist, on the right of the figure, are
not faults, but rather isograds marking the first appearances of the minerals kyanite and staurolite.
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FIG. 19: The geologic map [44] of the region of the Mt. Stuart batholith penetrated by the Great Cascade and
Pioneer tunnels. The tunnel alignment and the encircled area around Cowboy Mt., the proposed laboratory
location, are both highlighted in red. Note that the two lines through schist, on the right of the figure, are
not faults, but rather isograds marking the first appearances of the minerals kyanite and staurolite.
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Abstract.
The COBRA experiment aims to use a large array of CdZnTe semiconductor detectors to

search for neutrinoless double beta decay. Extensive simulation studies and data collected with
a small proto-type experiment have been used to address the major design specifications for
a large scale experiment sensitive to 116Cd half-lives in excess of 1026 years. The current and
future prospects of the COBRA experiment are presented.

1. Introduction
The idea of COBRA is to use a large array of CdZnTe semiconductor crystals[1]. There are
actually 9 double beta isotopes, 5 in the form of β−β− emitters, intrinsic to the detector material,
but measurements will focus on 116Cd. This has the highest Q-value at 2.8 MeV, beyond all the
single gamma-lines from the natural decay chains which would be problematic in contaminating
signal regions at lower energies.

CdZnTe, in common with other semiconductors can be produced cleanly with low levels of
intrinsic radioactive background and offers good energy resolution. Unlike many semiconductors
though, CdZnTe can be operated at room temperature without the need for expensive cryogenics
close to the detectors. The COBRA detector will be formed from many 1 cm3 crystals as current
fabrication methods are not suited to producing larger crystals with good detector properties.
However, the modular design is advantageous as it can be easily extended and provides a means
of background reduction through rejection of events with coincident energy deposits in separate
crystals.

2. Status
A small proto-type for the COBRA experiment is operating in the LNGS laboratory in Italy,
which provides a shielding equivalent to ≈3500 m of water. Initially, the proto-type consisted
of four 1 cm3 crystals with which 4.34 kg.days of data were collected. This was the first
operation of CdZnTe crystals in a low background, underground environment and the data were
used to study the detector properties and the major sources of background in the crystals.
Despite the small detector mass, less than 25 g, the data revealed a number of interesting
results including a measurement of the 4-fold forbidden beta decay of 113Cd[2] which yields
T1/2 = (8.2 ± 0.2(stat.)+0.2

−1.0(sys.)) · 1015 years and new half-life limits on some β+–electron-

capture decay modes of 64Zn and 120Te[3].
Earlier this year, installation of a larger proto-type consisting of a 4 × 4 × 4 array of 1 cm3

crystals commenced. Figure 1 shows the first layer of this array and a diagram of the detector
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set-up. With this set-up the major detector operation issues can be addressed and the power of
the coincidence method of background reduction (as discussed in section 3.2) will be investigated.

Figure 1. A photograph of the first layer of the 64-crystal proto-type (left) and an artistic
impression of the whole array in the copper mounting structure (right).

3. Experimental Requirements
The half-life predictions for neutrinoless double beta decay cover a wide range due to the
uncertainties associated with the nuclear matrix element. However, for a neutrino mass of about
50 meV as suggested by neutrino oscillation data, the half-life of 116Cd is of order 1026 years.

As with all neutrinoless double beta decay searches, the COBRA experiment will require low
backgrounds, good energy resolution and a large detector mass to achieve this. Figure 2 shows
the predicted sensitivity for a 418 kg detector consisting of 64,000 1 cm3 crystals enriched to
90% in 116Cd for three different scenarios. To obtain sensitivity to T1/2 = 1026 y in 5 years of
operation, a resolution of ∆E < 2% (FWHM), and a background rate in the signal region of
< 0.001 counts/keV/kg/year are required.

3.1. Energy Resolution
One motivation for good energy resolution is to reduce the width of the signal region and
hence the background contributions, in particular those from the irremovable 2νββ decays. The
fraction of these decays in the signal region can be shown to be[4]

F =
AQ

me

(
∆E

Q

)6

(1)

where me is electron mass, ∆E is the FWHM energy resolution and Q is the endpoint energy
of the 2νββ spectrum. A has some dependence on the resolution and takes a value in the range
7–8.5 for FWHM values in the range 5–1%.

The energy resolution and stability of the detectors is calibrated regularly with the help of
137Cs, 60Co and 228Th sources. Currently the best detectors in operation have a FWHM of
1.9% at 2.8 MeV resulting in a contribution of approximately 1.3 × 10−5 events/kg/year to the

signal region (using T 2νββ
1/2 = 2.6 × 1019 years for 116Cd[5]). Even this modest background could

be reduced as resolution depends on the grade of detector material and better detectors are
available. Studies have also shown that a modest cooling of the detectors, of order 10–20◦C
could further improve the resolution.
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Figure 2. The expected half-life sensitivity for 0νββ–decay of 116Cd in an array of 64,000 1 cm3

detectors, enriched to 90% in 116Cd for three scenarios:
A = 10−3 background counts/keV/kg/year, ∆E = 2% at 2.8 MeV.
B = 10−3 background counts/keV/kg/year, ∆E = 1% at 2.8 MeV.
C = 5 × 10−4 background counts/keV/kg/year, ∆E = 1% at 2.8 MeV.

3.2. Background Reduction
Due to the large cross-section of 113Cd for thermal neutron capture, special attention is required
to exclude neutrons created in the rock forming the laboratory walls. Therefore, a comprehensive
study was performed to optimise the design of a shield for external backgrounds[6]. The final
design is 80 cm thick and consists of a number of layers of passive shielding materials such as
iron, lead and Bi and Li doped polyethelene and an active liquid scintillator component closest
to the detectors. The scintillator does not only serve as a veto for any residual gammas that
pass through from the outer layers of shielding; it will also detect gammas emerging from the
detector region and will therefore help to veto internal backgrounds and can also be used in the
identification of possible ββ decays to excited states which are accompanied by de-excitation
gammas.

Simulations of the optimised shielding design were performed for a number of years of the
measured LNGS neutron background and no events were observed in the detectors which were
not picked up in the active veto layer. Thus this shield should keep the background below
one event per year for the 64,000 crystal set-up. The same simulation package, based on the
GEANT4 framework, was used to study the contributions of various α, β and γ background
sources, in the detector materials and also on the surfaces. These simulations have been used
to determine the required purity of the CdZnTe, plastic mounting material, air and Cu and Pb
shielding components.

COBRA will also be able to reject background events from residual radioactive contamination
based on coincident energy deposits between different crystals in the array. Simulation studies
for the 64,000 crystal array show that by vetoing events that deposit energy in multiple crystals,
the number of events contributing to the 2–3 MeV signal region can be reduced by more than
50% for 232Th events arising in the CdZnTe and by about 15% for 238U. In this energy range the
main contribution (about 70%) to the 238U events is from the beta decay of 214Bi. The daughter
of this decay, 214Po has a half life of just 164 µs and produces a 7.7 MeV α which can be used to
tag the preceding decay. Simulations show this timing coincidence can be used to veto over 40%

353

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



of 214Bi decays originating in the crystal material. Samples of event pairs identified through this
tag from current data show a time distribution between the first (β) and second (α) event in
good agreement with the known half-life of 214Po, confirming that these events can be identified
in the data.

3.3. Pixellisation
Crystals with coplanar-grid anodes are currently used in the COBRA proto-type. However,
investigations are also underway into the feasibility of using pixellated detectors. Pixellisation
would allow background reduction through particle identification and would provide a unique
signal for double beta decay events. For example, the range in CZT for the electrons produced
in a 2.8 MeV ββ decay is 1–1.5 mm, whereas an alpha particle of the same energy would only
travel about 15 µm. Thus a pixellisation of order 200 µm’s would yield 5–10 points along the
β particle tracks but the alpha event would be largely confined to a single pixel. This will
be particularly beneficial for eliminating backgrounds such as the 214Bi-decays discussed in the
previous section.

4. Summary
The COBRA experiment aims to search for neutrinoless double beta decay of 116Cd with a
sensitivity to half-lives greater than 1026 years with a large array of CdZnTe crystals. Resolutions
of FWHM=2% at the peak energy (2.8 MeV) have already been obtained and improvements are
expected. The background in the signal region will be minimised through careful selection
of materials, a comprehensive shielding with active veto, and the use of timing and spatial
coincidences to reject radioactive decay events. A new proto-type experiment is being deployed
to investigate these issues.
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Abstract 

 
A short history of the neutrino is presented honoring the pioneers from Wolfgang 
Pauli to Raymond Davis. 

 
 
 
In November of 1930 Wolfgang Pauli sent  a letter to a meeting of nuclear physicists (he 
addressed them as “radioactive ladies and gentlemen”) in which he proposed the existence of a 
new neutral particle that no one had detected.  He wrote “I admit that my remedy may appear to 
have a small  a priori probability, however, only those who wager can win” (1).  This last phrase 
could be taken as the motto of neutrino physics. 

The problem that motivated Pauli was the continuous electron spectrum in beta-decay.  
When a nucleus made a transition from one state to another there should be a fixed amount of 
energy.  Pauli proposed that when the electron had less then maximum energy the rest of the 
energy was taken by this new particle.  That this was a serious problem is illustrated by the fact 
that Bohr’s solution was that energy conservation no longer held at the nuclear level.  That was 
too radical for Pauli (2). 

Pauli called the new particle a “neutron”.  In 1932 Chadwick discovered the particle we 
all know as the neutron.  When someone asked Enrico Fermi as to the difference between 
Chadwick’s neutron and Pauli’s, he is reported to have said Chadwick’s was “grande” but Pauli’s 
neutron was “piccolo”, a “neutrino”.  And so it has been ever since. 

In 1933 Fermi formulated his theory of beta-decay (3). He used to say that once he 
understood quantum electrodynamics (in 1931 he gave a set of beautiful lectures on QED at the 
University of Michigan summer school)  he knew what to do.  The electron and neutrino were 
created in the nuclear transition just as the photon is created in an atomic transition.  Of course, a 
new fundamental interaction was needed and a new fundamental constant Gf. I like to say that the 
work of Pauli and Fermi constitutes the beginning of particle physics. 
 An important consequence of Fermi’s theory was that it could be used to calculate the 
cross-section for neutrinos hitting neutrons and protons in terms of Gf which had been determined 
from the rate of beta decay.  This was done by Bethe and Peierls (4) in 1934 with the result that 
the cross-section was less than 10-43 cm2; this particle would never be detected. 
 In his original paper Fermi also discusses the mass of the neutrino.  By comparing the 
theoretical electron spectrum with observations he concluded that the mass was “equal to zero or, 
in any case, small compared to the mass of the electron”. 
 Evidence in favor of the neutrino hypothesis came over time from studies of the recoil 
nucleus from beta-decay (5).  However only 25 years after Pauli came the definite detection by 
Cowan and Reines, to be reviewed in the next talk.  Another 40 years elapsed before Fred Reines 
finally got his Nobel Prize in 1995. 
 The next episode in the neutrino story started with the pi-mu puzzle. The mesons 
observed in cosmic rays were presumed to be Yukawa’s, now called pions, but the negative 
mesons were found not to be captured by light nuclei in the famous experiment of Conversi, 
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Pancini and Piccioni.  The definitive answer was given in 1948 by the emulsion experiments of 
the Powell group. There the pion was seen to stop in emulsion and a long muon track emerged 
(6). There was nothing seen in the direction opposite to the muon; it didn’t take a Pauli to call this 
nothing a neutrino. 
 The question gradually arose whether this was the same neutrino as the one in beta-decay 
(7). A possible experiment to determine this was outlined by Mel Schwartz (8) and led to the 
discovery of the mu-neutrino to be discussed in the talk by Jack Steinberger.  The New York 
Times reported that the physicists had discovered a “new kind of nothing”.  For this Mel, Jack 
and Leon Lederman received the Nobel Prize in 1988.  Why the second neutrino got the prize 
before the first I will not explain. 
 The study of the interactions of the mu-neutrino with matter led to the discovery of 
neutral currents in 1973, but only after they had been predicted in Weinberg’s electroweak gauge 
theory.  For many years after 1973, the major results in neutrino physics came from 
extraterrestrial sources: cosmic rays interacting with the atmosphere, the sun and supernova 
1987a. 
 The solar neutrino discoveries provide one of the greatest scientific events of the last 50 
years.  The story starts in the 19th century with the question of how the sun’s energy is produced.  
This is the energy the earth depends on; what is its origin? The best answer that could be found 
by scientists like Lord Kelvin was gravitational contraction; the sun could shine for less than 50 
million years. 
 The answer came in the 1930’s with the discovery of nuclear fusion reactions.  In 
particular, Bethe and Critchfield (9) proposed the pp cycle of reactions to fuse hydrogen into 
helium, but how could you tell if this was the right answer; how could you see into the center of 
the sun? The answer was that neutrinos emerged from the center of the sun with negligible 
absorption and reached the earth 8 minutes after the reactions took place.  Detailed calculations of 
the neutrino flux from the pp cycle were made in the 1960’s by John Bahcall, whose absence 
today we regret most deeply. 
 Given this wonderful opportunity to see inside the sun you would imagine that many 
scientists would carry out solar neutrino experiments.  In fact for 20 years one man almost alone 
searched for these neutrinos.  His name was Raymond Davis, who died within the last month.  To 
be fair Fred Reines and his collaborators set up more then one experiment. However, once Davis 
first results arrived in 1968, it was clear that the Reines experiments were too small to see solar 
neutrinos.   
 The Davis experiment used the capture of electron neutrinos in chlorine transforming it to 
argon, a reaction suggested independently by Pontecorvo and Luis Alvarez (10).  Bachcall’s final 
calculation predicted that a little more then one argon atom a day would be produced in 100,000 
gallons of carbon tetrachloride.  Davis found a little less then half an atom a day.  And so the 
solar neutrino problem was born. 
 I like to say that the solar neutrino problem is the prototypical problem of astrophysics.  
We apply the laws of physics that hold on earth to explain the stars, but do we know all the laws?  
Are we using our physics to understand the stars or are we using the cosmos as a laboratory to 
study the laws of physics?  Was the problem the sun or the neutrino? 
 The definitive answer came with the Sudbury neutrino observatory (SNO) experiment 
first suggested by the late Herb Chen.  The total flux of neutrinos of all flavors as measured by 
the neutral current reaction agreed with the theoretical expectation, but only a third arrived 
electron neutrinos.  Two-thirds of the neutrinos had oscillated to tau and mu neutrinos on their 
way out from the center of the sun.  Thus the wonderful success story: we have learned that our 
theory of the sun appears to be all right and at the same time that neutrinos have masses and large 
flavor mixing. 
 However it is really necessary to complete the story.  Although we think we now 
understand that results, the fact is that most of the experiments concern the very rare (2 out of 
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10,000)  Boron-8 neutrinos. The only direct evidence for the main neutrinos from Beryllium and 
the pp reactions comes from the gallium experiment which integrates over the whole spectrum 
above 200 kev.  It is essential that in the future that we have direct observations of these neutrinos 
to make sure that we have not missed something and to convince the general scientific 
community that we have confirmed the theory of solar energy.  Once an experiment detects 
clearly the pp neutrinos, that result should be shown in every astronomy textbook from that day 
forward. 
 In conclusion here today we honor the pioneers of neutrino physics: Wolfgang Pauli, 
Enrico Fermi, Bruno Pontecorvo, Fred Reines, John Bahcall, Raymond Davis and others, those 
who wagered and won! 
  
This work was supported in part by The Department of Energy under contract number DE-FG02-
91ER40682 
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High Energy Neutrino Emissions from GRBs:

Predictions and Issues

Bing Zhang
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Abstract. Gamma-ray bursts (GRBs) are believed to be cosmic ray accelerators and high
energy neutrino emitters. Within the framework of the standard GRB fireball model, neutrinos
of a wide range of energy are produced from different emission sites. The published predictions
of GRB neutrino emission are reviewed, especially in view of the latest GRB observations with
Swift. Issues regarding the uncertainties in those predictions are discussed.

1. Introduction
Gamma-ray bursts (GRBs) are short, energetic bursts of gamma-rays that mark the most violent,
cataclysmic explosions in the universe. Followed by the broad-band afterglows, these event are
observationally accessible in essentially all electromagnetic wavelengths. Within the standard
fireball model of GRBs [1], GRBs are originated from a relativistic ejecta that moves towards
the Earth. gamma-rays are emitted by the shock-accelerated electrons in the so-called internal
shocks, while afterglow photons are emitted by the electrons accelerated from an external forward
shock as the fireball is decelerated by the circumburst medium.

The external shock afterglow model has been successful to interpret much of the broad-band
afterglow data. The latest observations with NASA’s dedicated mission Swift reveal a rich
phenomenology of GRB afterglows, which requires additional emission components other than
the external shock to interpret the X-ray (and probably also the optical) afterglows [2,3]. In
any case, one could safely accept that the external shock indeed exists. There is no direct
proof for the existence of internal shocks, on the other hand. They are introduced to mainly
interpret the erratic, irregular gamma-ray lightcurves during the burst. Alternative suggestions
to interpret the prompt emission include other energy dissipation mechanisms such as magnetic
reconnection.

The suggestion that GRBs are high energy neutrino emitters has been rooted in the belief
that GRB outflows are baryonic in nature (not dominated by a Poynting flux) and that shocks
are the sites of energy dissipation. While electrons must have been accelerated to high energies
to radiate and give rise to the observed GRBs, associated ions (mainly protons) must have
been also accelerated to high energies. The interactions between these high energy protons and
soft photons or other nucleons would give rise to intense emission of high energy neutrinos.
Originally, the suggestion that GRBs are neutrino emitters was derived from the argument that
GRBs are likely sources of ultra-high energy cosmic rays (UHECRs) [4]. More generally, GRBs
can be important neutrino emitters even if the shocks cannot accelerate particles to the desired
high energies of UHECRs, as long as shocks are in operation.
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2. GRBs as emitters of neutrinos of different energies
Widely discussed processes for high energy neutrino emission include

• pγ process: pγ → ∆+
→ nπ

+
→ ne

+
νeν̄µνµ;

• pp process: pp → π
±
/K

±
. . . → µνµ . . . → eνeν̄µνµ . . .;

• pn process: pn → π
±
/K

±
. . . → µνµ . . . → eνeν̄µνµ . . .

The dominant pγ process occurs at the ∆-resonance, which has the threshold condition
ǫpǫγ ∼ 0.2 GeV2 in the center of mass frame. In the case of GRBs, this is usually translated
in the observer’s frame to ǫpǫγ ∼ 0.2 GeV2Γ2 if both protons and photons are generated in
relativistic shocks, where Γ is the bulk Lorentz factor. The threshold condition for both pp and
pn interactions is that the relative drift energy between these baryons exceed the pion rest mass,
i.e., ǫ

′
≥ 140 MeV. Since both p and n have a rest mass close to 1 GeV, the threshold of pp and

pn interaction only demands semi-relativistic relative motions.
In a GRB event, there are multiple sites where neutrinos with different energies are generated.

Below is an non-exhaustive list which encompasses most of the processes discussed in the
literature, in a sequence of ascending neutrino energy, which is essentially also in a sequence of
ascending distance from the central engine:

• MeV neutrinos: Long GRBs are believed to be originated from stellar collapses, while
short GRBs are likely related to mergers of compact objects. In both cases, they should
be associated with thermal MeV neutrinos. In most models, the central engine involves
a black hole - torus system, and the thermal neutrino annihilation is one of the leading
processes for launching the fireball. For long GRBs, MeV neutrino signals are expected
such as those in supernovae. However, these thermal neutrinos are extremely difficult to
detect from cosmological distances, due to the very low cross section for νN interactions at
these energies.

• multi-GeV neutrinos: GRB fireballs may be neutron-rich. During the fireball acceleration
phase, neutrons can decouple from protons when the elastic scattering condition breaks
down. The relative drift between both species results in inelastic pn interactions giving rise
to 5-10 GeV neutrinos [5]. A similar process also occurs within sub-photospheric internal
shocks, which extends significantly the parameter space for the inelastic neutrino collision
condition [6]. pp interactions within the internal shocks can also give rise to a 30 GeV
neutrino burst, although magnetic fields can inhibit the inter-penetration of charged species
streams with different velocities [7];

• multi-TeV neutrinos: Within the collapsar scenario, the relativistic jet launched from the
base of the flow (presumably the black hole and the torus) has to penetrate through the
stellar envelope before breaking out and generating the GRB. The internal shocks below the
envelope accelerate protons that interact with thermal photons within the envelope (i.e. pγ

interaction). Regardless of whether the jet finally penetrates through the envelope or gets
choked, it will generate strong multi-TeV neutrino signals [8]. The signature is enhanced
or even dominated by pn, pp interactions and could be used as a diagnostic about the type
of progenitor stars [9];

• ∼ PeV neutrinos: pγ interactions within the conventional internal shocks which produce
prompt gamma-rays typically generate 1014

− 1016 eV neutrinos [10]. For a long-duration
GRB with a dense medium (e.g. in the stellar wind environment), the internal shock gamma-
rays may overlap the external shock region (both the forward and the reverse shock) and
interact with the protons accelerated in those shocks. These interactions also give rise to
∼ PeV range neutrinos [11].

• ∼ EeV neutrinos: pγ interactions within the external reverse shock give rise to even higher
energy neutrinos. For a constant density medium the typical energy is 1017

−1019 eV, while
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for a wind medium, the typical energy is ∼ 3× (1015
−1017) eV and extending above it [12].

In the forward shock region, assuming the blast wave can accelerate protons to ultrahigh
energies, a neutrino afterglow is expected with the peak energy ∼ 1018 eV [13].

The latest observations by Swift provide two new interesting possibilities of GRB neutrino
emissions.

• Erratic X-ray flares are observed in about half GRBs [14]. The properties of these flares
strongly suggest that they are of “internal” origin, marking the reactivation of the GRB
central engine [2,15,16]. If these late internal emissions are also from internal shocks, pγ

interactions would generate high energy neutrinos as well, which peaks at a higher energy
than the traditional internal shock component for the GRB prompt emission [17].

• The discovery of the nearby low-luminosity (LL) GRB 060218 suggests a much higher local
event rate of LL-GRBs [18]. Although these X-ray flashes are less energetic individually,
the high event rate compensates the energy deficit, making LL-GRBs form an interesting
second high-energy component in the diffuse neutrino spectrum [19,20].

The flux levels of the above mentioned various neutrino emission components have been
calculated. Neutrinos from individual GRBs can be only detected from nearby, bright events
(e.g. GRB 030329 [9]). For the majority of GRBs, what is observationally interesting is the
diffuse neutrino background from all GRBs. For sources that are optically thin for pγ and pp

interactions (which are also likely the best candidates of high energy neutrino sources such as
GRBs and AGNs), an upper limit of diffuse neutrino background could be placed using the
observed UHECR data [21].

E
2

νΦ < E
2

νΦWB

ν = 2 × 10−8
ζz

[
E

2
pdṄp/dEp)z=0

1044 ergs Mpc−3 yr−1

]
GeV cm−2 s−1 sr−1

. (1)

A good list of neutrino telescopes are being constructed [22]. In order to reach the WB limit
and therefore to place an interesing limit on the diffuse neutrino flux, kilometer-size (giga-
ton) detectors are needed. The Antarctic Muon and Neutrino Detector Array (AMANDA) has
been in operation since 2000, and has achieved an effective detector mass of ∼ 0.1 Gton. The
extension of AMANDA, Icecube, is planned to reach the ∼ 1 Gton effective detector mass by
2008-2009. Other neutrino detectors include ANTARES (Astronomy with a Neutrino Telescope
and Abyss Environment Research), NESTOR (Neutrino Extended Submarine Telescope with
Occeanographic Research), RICE, ANITA, KM3Net, etc. Although no neutrino signals from
GRBs have been reported so far, it looks promising that breakthrough will be made in the next
several years.

Among the neutrino emission components discussed above, the most promising components
from observational point of view are the ∼ PeV neutrino emission from internal shocks [10]
(or “overlapping” external shocks [11]) and the multi-TeV emission from slow jets inside the
stellar envelopes [8,9]. This is because at lower energies (below TeV) the atmospheric neutrino
background sharply increases with decreasing energies, and at higher energies (above several
PeV) a much larger effective detector mass is needed.

3. Uncertainties in the neutrino flux predictions
In view that directly detecting the GRB neutrino background (or posing a stringent upper limit)
becomes plausible in the near future, it would be informative to collect various issues regarding
the predicted neutrino fluxes. This would serve to answer the questions such as “what if the
neutrino background is not detected at the predicted level?”, etc. This section is dedicated to
this topic.
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The most important issue is the composition of the GRB ejecta. As discussed above, the
observationally most interesting component (∼ PeV component) solely relies on the assumption
that GRB prompt emission is produced in internal shocks. While this is the most popular model
of prompt emission, there is no robust proof. A list of concerns regarding the internal shock
model have been raised in the literature.

• Gamma-ray polarization and reverse shock modeling both suggest that the GRB central
engine is likely strongly magnetized [23]. Weak or negligible reverse shock emission from
many GRBs is at least consistent with a Poynting flux dominated flow [24,25].

• Independent arguments have been raised to suggest a prompt emission radius orders of
magnitude larger than the standard internal shock radius [26.

• At least for X-ray flares, mechanisms involving magnetic fields are needed, and there is a
clean argument based on energetics only to suggest that the GRB outflow is launched via
magnetic processes [16].

• The internal shock model predicts much wider distributions of spectral peak energy (Ep)
within a same burst and among different bursts, which are inconsistent with the data [27].

• It has been argued recently by several different groups that some empirical relations invoking
prompt emission parameters are more naturally interpreted by invoking energy dissipation
near the photosphere of the fireball where internal shocks are no longer necessarily needed
[28].

Although none of the above objections can rule out the internal shock model, they do raise
the caution that the ∼ PeV neutrino signals [10] are not guaranteed. Positive detections of these
signals, on the other hand, would greatly support the internal shock model and would rule out
the Poynting-flux-dominated model of GRBs. The ∼ PeV neutrino signals due to overlapping
the prompt gamma-ray front and the external shock region [11] are more robust if overlapping
indeed happen, since it is almost certain that an external forward shock exists. The condition
for overlapping, on the other hand, is not easy to satisfy in the constant density ISM medium
but is likely satisfied in a stellar wind medium. Recent Swift observations however suggest that
a wind-type medium, if any, is very rare [2,25].

Even if GRBs are baryonic in nature, the predictions of the ∼ PeV neutrino flux is still subject
to uncertainties. Two effects, in particular, affect the predicted neutrino flux level significantly
[19]. First, in order to maximize the predicted neutrino flux, usually a p = 2 proton spectrum
is assumed. Studies of prompt and afterglow emissions suggest that p is typically steeper than
2 for electrons. If protons also have p > 2, the predicted neutrino spectrum no longer has a flat
plateau, and the flux would drop at high energies above the peak. Second, usually the neutrino
spectrum for a burst with typical parameters is taken to estimate the diffuse neutrino flux [10].
In principle, one needs to average over bursts with a wide range of distributions of luminosity
and other parameters. Such an analysis [19] suggests that the predicted diffuse background
emission sensitively depends on some unknown parameters, especially the bulk Lorentz factor
of GRBs. The predicted diffuse neutrino flux level is therefore rather uncertain. On the other
hand, the detection (or tight upper limit) would present severe constraints on the bulk Lorentz
factor distribution of GRBs.

4. Conclusions
There are good reasons to believe that GRBs are one of the best candidates for high energy
neutrino emission. Within the standard GRB fireball framework, neutrinos from MeV to EeV are
produced. The detectability of these signals depend on detectors’ capability, and it is optimistic
that neutrinos in the TeV-PeV range may be detectable in the near future. The predicted flux
levels in this energy range, on the other hand, suffer important uncertainties of some unknown
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Radio Ice Cherenkov Experiment Flux Limits

J. Adams for the RICE Collaboration

University of Canterbury, Private Bag 4800, Christchurch, New Zealand

RICE is an array of radio receivers deployed in the ice at the South Pole. It is designed to
detect neutrinos with energies in the PeV range and higher with the long attenuation length
of radio frequencies in ice meaning that the effective volume of RICE extends well beyond the
instrumented volume of ice. Development, calibration and status of RICE is detailed in [1, 2, 3].
The concept behind RICE is that an UHE νe that undergoes a charged current interaction in
the ice will transfer most of its energy to the resulting electron. The electron initiates a shower
of Cherenkov emitting particles. The Cherenkov pulse that is observed will be a superposition
of the signal from each track and will be coherent at radio wavelengths.

Our limits are obtained by considering the neutrino detection efficiency, expressed as an
energy dependent effective volume, for the array which is determined by a detailed Monte-Carlo
simulation. We compare the number of expected detections for a given input spectrum with
the observed number of detections and obtain an upper limit on the normalization of the input
spectrum. The total livetime for the 1999–2005 dataset is 13200 hours. Our upper limits, based
on the observation of zero candidates, are shown in Figure 1 for various diffuse neutrino flux
models and for a stacked sum of five GRBs in Figure 2.

Figure 1. Upper bounds on total (all flavour)
neutrino fluxes for AGN models (PR, M(B)),
GZK neutrino models (ESS,PJ,KKSS) and
topological defect models (PS). Dashed curves
are for model fluxes and thick curves are the
corresponding bounds. The black curve is a
model independent summary of current RICE
results. Further details and references in [3].
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Figure 2. RICE upperbounds on the
neutrino flux from a stacked sum offive
GRBs for which full spectral information was
available. Neutrinos produced with the burst
photons (solid) and in after-glow associated
processes (dashed) are considered. Further
details can be found in [4].

[1] I. Kravchenko et al (The RICE collaboration), Astropart. Phys., 19, 15 -36, (2003)
[2] I. Kravchenko et al (The RICE collaboration), Astropart. Phys., 20, 195–213, (2003)
[3] I. Kravchenko et al (The RICE collaboration), Phys.Rev. D73 (2006) 082002
[4] D. Besson, S. Razzaque, J. Adams and P. Harris, Accepted by Astropart. Phys. astro-ph/0605480
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First data from the ANTARES neutrino telescope 

V. Bertin1 on behalf of the ANTARES Collaboration 
1C.P.P.M., CNRS/IN2P3 et Université de la Méditerrannée, 
Case 902, 163, avenue de Luminy, 13288 Marseille cedex 9, France 

E-mail: bertin@cppm.in2p3.fr 

Abstract. This contribution reviews the recent progress achieved towards building the 
ANTARES neutrino telescope. The first results obtained by the operation of a Mini 
Instrumentation Line with Optical Modules, “MILOM”, and the first complete detector line are 
highlighted. 

1.  The ANTARES detector 
The European Collaboration ANTARES aims at building and operating a large undersea neutrino 
telescope located at a depth of 2500 m in the Mediterranean Sea, offshore from Toulon in France [1]. 
Neutrinos will be detected through their interaction in the matter surrounding the detector, producing 
muons radiating Cherenkov light while propagating in the sea water. Photons are recorded by a lattice 
of Optical Modules (OMs) [2], consisting of 10” hemispherical photomultiplier tubes (PMTs) [3] 
housed in pressure resistant glass spheres, installed on a set of mooring lines. The reconstruction of the 
muon track direction, pointing to a fraction of a degree towards the direction of the parent neutrino 
source for high energy neutrinos, is achieved from the measurement of the arrival times of the 
Cherenkov photons on the OMs, as well as their position in space. 

The complete ANTARES detector will consist of 12 lines of 25 storeys, each storey being equipped 
with a triplet of Optical Modules looking at 45° downward and an electronics container mounted on a 
titanium frame, giving a grand-total of 900 OMs. On each storey, the local electronics container 
includes the front-end electronics of the PMTs, an Ethernet board for the data acquisition and the 
detector Slow Control, electronics boards for clock distribution and for Dense Wavelength Division 
Multiplexing of the Ethernet transmission, and a tiltmeter-compass board measuring the local tilt and 
orientation of the storey. Some storeys also support a hydrophone for acoustic positioning or an LED 
Optical Beacon used for inter-string time calibration. 

The vertical distance between storeys is 14.5 m, the first one being placed at 100 m above the sea 
bed, leading to a total height of the detector strings of 480 m. Each string is anchored on the sea floor 
at a distance of 70 m from its neighbours. Every line is individually connected to a Junction Box by an 
interconnection cable a few hundred metres long. The Junction Box is itself linked to the shore by a 40 
km long electro-optical cable equipped with 48 optical fibres. 

The construction of the ANTARES detector started in October 2001 with the deployment of the 
main electro-optical cable from the ANTARES site, located in the Mediterranean Sea (42°48’N-
6°10’E) offshore Toulon (France) at a depth of 2475 m, to the beach of La Seyne-sur-Mer where the 
shore station of the experiment is situated. In December 2002, the Junction Box was connected at the 
end of this cable and immersed on the site. In Spring 2003, two small test lines, the Prototype Sector 
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Line (PSL) and the Mini Instrumentation Line (MIL), were installed, connected and operated for a few 
months. The genuine operation of the ANTARES neutrino telescope really started in April 2005 after 
the connection of the Mini Instrumentation Line with Optical Modules (MILOM) and more recently 
the installation of the first full complete detector line, Line 1, in March 2006. The second line, Line 2, 
was in integration phase in June 2006, at the time of the Neutrino’06 Conference, it has been 
successfully deployed on the ANTARES site at the end of July 2006 as scheduled. Thanks to two 
assembly sites running in parallel, the ANTARES detector is foreseen to be fully deployed and 
operational by the end of 2007 for several years of physics data taking.  

The main performance parameters expected for the complete ANTARES neutrino telescope are 
summarized in figure 1. The left plot shows the effective area for neutrinos as a function of the 
neutrino energy for various incident angles. The effective area reaches 1 m² for Eν >100 TeV, the 
energy above which the Earth shadowing starts to be of some importance. The right plot shows the 
angular resolution for the reconstructed muon compared to the true muon direction and to the parent 
neutrino direction, as a function of the neutrino energy. While the angular resolution is dominated by 
the physical angle between the muon and the parent neutrino at low energy, it is dominated by the 
reconstruction for Eν ≥ 10 TeV and is expected to be as good as 0.3°. In this regime, the angular 
resolution is mainly dominated by two effects: the scattering and the chromatic dispersion of the 
Cherenkov light during its travel into the sea water, contributing for a time arrival spread of σ ~ 1 ns; 
the transit time spread (TTS) of the PMT signals being σ ~ 1.3 ns. 
To achieve this good angular resolution, the ANTARES detector is designed such as additional 
electronics contributions to the time calibration contribute for less than ~0.5 ns to the time-stamping of 
the detected photons. In addition, the relative position reconstruction of the OM has to be controlled 
with a precision of ~10 cm. 

 

 

 

 
Figure 1. Expected performance for the complete 12 lines ANTARES neutrino telescope. The left 
figure shows the effective area for neutrinos as a function of the neutrino energy for several incident 
angles. The right figure shows the angular resolution of the reconstructed muon compared to the true 
muon direction and to the parent neutrino as a function of the neutrino energy. 

2.  Results from the first ANTARES lines 

2.1.  The MILOM line 
The current data taking of the ANTARES detector started in March 2005 with the operation of the 
MILOM [4]. This instrumentation line, partly devoted to multi-disciplinary and environmental studies, 
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consists of an instrumented releasable anchor, the Bottom String Socket (BSS), and three storeys 
respectively located at 100 m, 117 m and 169 m above the sea bed. The middle storey is a standard 
ANTARES storey housing a triplet of Optical Modules. The main other devices are a water current 
profiler located on the top storey, an LED Optical Beacon held on the bottom storey, an acoustic 
positioning transducer attached to the BSS and a seismometer buried into the sea floor 50 m away 
from the MILOM. 

2.1.1.  Optical background measurements. The operation of the MILOM allowed a continuous 
monitoring of the background rates of the Optical Modules. A typical OM counting rate display 
exhibits a baseline of ~60-80 kHz largely dominated by optical background due to 40K decays and 
bioluminescence activities coming from bacteria, as well as bursts of a few seconds duration produced 
by bioluminescent emission of macro-organisms [5]. Figure 2 (left) shows the baseline rates recorded 
by the three OMs of the MILOM during a period of three months in Autumn 2005. A seasonal 
variation of the bioluminescence component of the baseline is clearly observed. The 15% higher 
counting rate of OM1 during the full period is due to a lower threshold set on the readout of this 
Optical Module. Figure 2 (right) shows the burstfraction, defined as the fraction of the time when the 
counting rate is higher than the baseline by 20% during a 15 min interval, as a function of the water 
current intensity. A strong correlation of these two quantities is clearly observed. 

 

 

 

 
Figure 2. Baseline rates recorded by the three OMs of the MILOM during Autumn 2005 (left) and 
burstfraction as function of the water current intensity (right).   

 
The time coincidences between pairs of neighbouring Optical Modules have also been studied. 

These distributions exhibit a flat background of random coincidences and a Gaussian peak of few ns 
width due to genuine coincidences of 40K radioactive decays producing two detected photons. The 40K 
coincidence rate is measured to be 13.0±0.5 Hz and is in good agreement with a simulation the signals 
induced by 40K decays which leads to a coincidence rate of 12 Hz with a 4 Hz systematic error due to 
uncertainties in the effective area and angular response of the OMs. 

2.1.2.  Time calibration with the LED Optical Beacon. The time calibration of the MILOM Optical 
Modules has been checked by flashing the LED Optical Beacon located on the bottom storey. This 
device consists of a glass cylinder container containing 36 blue LEDs synchronised in time in order to 
produced intense light flashes with a time dispersion < 0.5 ns. The time calibration of the OMs can be 
checked either by looking at the arrival time of the signal on the PMT relative to the time of the flash, 
or by the time difference of the flash arrival time measured by two adjacent OMs. Due to the large 
intensity of the light flashes and the short 15 m distance of propagation of the light into the water, the 
time stamping of the OM signal is dominated by its electronics contribution and not by the TTS of the 
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PMT in this case. The measured distributions confirm that the electronics contribution to the time 
calibration is ≤ 0.5 ns as expected. 

2.2.  The Line 1 
The first complete line of the ANTARES neutrino telescope, Line 1, has been deployed on the site on 
February 14th 2006 and connected two weeks later on March 2nd by using the Remote Operated 
Vehicle Victor of IFREMER. This line is made of a BSS and of 25 storeys, holding a total of 75 OMs. 
It also includes 4 LED Optical Beacons and 5 acoustic positioning hydrophones spread along the line, 
as well as an acoustic transducer on its BSS. 

2.2.1.  Time calibration with the MILOM LED Optical Beacon. The time calibration of the Line 1 
OMs can also be checked by flashing the LED Optical Beacon located on the MILOM bottom storey. 
Figure 3 (left) shows the detection time spread of the LED Optical Beacon flashes by an OM of Line 1 
located on a storey at the same altitude than the MILOM LED Optical Beacon. In this case, the 
measured distribution width is σ = 0.7 ns for a “horizontal” travel path of ~80 m of the light in the sea 
water. Figure 3 (right) shows in comparison the detection time spread for an OM of Line 1 located at a 
higher altitude corresponding to a “diagonal” travel path of the flash light of ~150 m. A wider 
distribution is clearly observed due to the smaller intensity of the detected signal, as well as a tail of 
delayed photons coming from scattering light. All measured distributions have been found in good 
agreement with expectations. 
 

 

 

 
Figure 3. Detection time spread of the MILOM LED Optical Beacon flashes by an OM of Line 1 
located at the same altitude as the LED Optical Beacon at an “horizontal” distance of ~80 m (left) and 
by an OM at a higher altitude at a “diagonal” distance of ~150 m (right). 

 

2.2.2.  Acoustic positioning measurements. The reconstruction of the detector geometry in real time is 
primarily based on acoustic triangulation of a small number of hydrophones scattered along every line. 
The triangulation is performed from distance measurements of each hydrophone to several fixed 
acoustic emitters located either on every line anchor base (transducers) or on autonomous pyramidal 
structures anchored around the detector field (transponders). A relative positioning of the hydrophones 
in space with a precision of few cm is necessary in order to obtain a precision of ~10 cm on the OM 
positions as a result of the line shape reconstruction performed by the addition of the tilts and heading 
measurements of every storey. The concomitant operation of MILOM and Line 1 has allowed a check 
of the acoustic system performance by performing the Line 1 hydrophone triangulation based on the 
acoustic emission of the MILOM transducer and two autonomous transponders. The good resolution 
of the acoustic system, found to be well within the specification, can be appreciated on figure 4 which 
shows the radial displacement of the lowest hydrophone of Line 1, located on its bottom storey at 100 
m above the sea bed, with respect to the line axis during a period of two weeks. 
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Figure 4. Radial displacement of the Line 1 lowest 
hydrophone with respect to the line axis measured by 
the acoustic relative positioning system during a period 
of two weeks. 

 Figure 5. Example of a downward-going 
atmospheric muon track reconstruction with 
the ANTARES Line 1.  

2.2.3.  Reconstruction of atmospheric muons. Although the OMs point at 45° downwards, the 
ANTARES detector has a none negligible efficiency for the detection and the reconstruction of 
downward-going atmospheric muons. The event selection is first performed by an online filter 
algorithm, running at the shore station, which looks for a set of ≥ 4 local coincidence hits, the 
triggered hits, causally compatible with a muon track passing through the detector during a 4 µs time 
window. The muon reconstruction is then performed with a χ² fit of the hit times as function of their 
altitudes, to a hyperbola corresponding to the intersection of the muon Cherenkov light front with the 
line plane, in order to determine the zenith angle of the muon track. An example of such a muon track 
fit is shown on figure 5. Several thousand of atmospheric muons have already been reconstructed after 
a few weeks of operation of the Line 1, the first being detected only two days after its connection. The 
study of the muon angular distribution is in progress. The preliminary results already show that the 
muon reconstruction is working well and that the hunt for the first undersea neutrino can be started. 

3.  Conclusion 
The ANTARES Collaboration has made a major step forward during the last year by the operation of a 
Mini Instrumentation Line with Optical Modules, the MILOM, for more than a year, and the 
installation of the first complete line of the detector in Spring 2006. All studies performed with these 
two lines show that the detector behaves well within the design specification and that all technical 
problems are solved. The detector should be fully installed by the end of 2007 and in operation for 
science during at least five years. It is also considered as a milestone towards the building of a km3 
underwater detector for which a design study is under preparation.  
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Expressions for Neutrino Wave Functions and Transi-
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1. Introduction

The suggestion that there could be neutrino-antineutrino oscillations was considered by Pontecorvo
in 1957. It was subsequently considered by Maki et al. and Pontecorvo that there could be mixings (and
oscillations) of neutrinos of different flavors (i.e., νe → νµ transitions). In the general case there can be
two schemes (types) of neutrino mixings (oscillations): mass mixing schemes and charge mixings scheme
[1]. In the both cases the form of the mixing matrix is the same. In this work three neutrino vacuum
transitions and oscillations in the general case are considered in three cases: with CP violation, without
CP violation and when direct νe ↔ ντ transitions are absent (i.e., β(θ13) = 0). Then using the existing
experimental data some analysis is fulfilled. It is also found out that the probability of νe ↔ νe neutrino
transitions is a positively defined value only if the angle of νe, ντ mixing β ≤ 15o ÷ 17o.

2. General Expressions for Neutrino Wave Functions and Transition Probabilities at Three

Neutrino Transitions (Oscillations) in Vacuum in Dependence on Time

Expressions for Neutrino Wave Functions of νe, νµ, ντ → νe, νµ, ντ Transitions (Oscillations)

in Vacuum with CP Violation, without CP Violation and when β(θ13) = 0.
In these cases expression for wave functions at three neutrino transitions (oscillations) in matrix form

is




Ψνe→νe,νµ,ντ
(t)

Ψνµ→νe,νµ,ντ
(t)

Ψντ→νe,νµ,ντ
(t)



 =





bνeνe
(t) bνeνµ

(t) bνeντ
(t)

bνµνe
(t) bνµνµ

(t) bνµντ
(t)

bντ νe
(t) bντ νµ

(t) bντ ντ
(t)









Ψνe
(0)

Ψνµ
(0)

Ψντ
(0)



 ,

where bij(t) is function of rotation angles α, β, γ and CP violation parameter δ, rotation angles α, β, γ

and rotation angles α, γ. Evident forms of bij(t) are given in [2].
Expressions for probability of νe, νµ, ντ → νe, νµ, ντ transitions (oscillations) in vacuum

without CP violation and in the case when β(θ13) = 0 is also computed (see an evident form for
these transition probabilities in [2]).

3. Some Analysis of Neutrino Oscillation Possibilities for the Sun neutrinos.
Using the existing experimental data and expression for probability of νe → νe transitions the analysis

has been fulfilled (the detailed form see in [2]). This analysis definitely shows that direct transitions
νe ↔ ντ cannot be closed for the Solar neutrinos, i.e., β(θ13) 6= 0. It is also shown that the possibility
that β(θ13) = 0 can not be realized by using the resonance mechanism of neutrino oscillations in the solar
matter.

4. Limitation on value of angle β(θ13)
By using the expression for probability Pνe→νe

(t) of νe ↔ νe transitions the limitation on value of
angle β is obtained. If β > 15o ÷ 17o, then Pνe→νe

(t) becomes negative at some values of t. Since the
value for the probability of νe ↔ νe transitions Pνe→νe

(t) must be the positively defined one then, if in
reality neutrino oscillations take place, the value for β must be β ≤ 15o ÷ 17o [2].
1. Kh. M. Beshtoev, JINR Communication E2-2004-58, Dubna, 2004; hep-ph/0506248, 2005.
2. Kh. M. Beshtoev, JINR Communication E2-2006-16, Dubna, 2006; hep-ph/0508122, 2005.
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The MINOS Near  Detector  

J . Boehma and P. Vahleb for  the MINOS Collaboration 
a Department of Physics, Harvard University Cambridge MA 02138 USA 

b Department of Physics and Astronomy, University College London                         
Gower Street, London UK WC1E 6BT 

boehm@physics.harvard.edu, vahle@hep.ucl.ac.uk 

The Main Injector Neutrino Oscillation Search (MINOS) is a two detector long baseline neutrino 
oscillation experiment that samples the intense beam of neutrinos produced by the Neutrinos in the 
Main Injector (NuMI) facility at Fermi National Accelerator Laboratory.  The upstream MINOS 
Detector, or Near Detector, determines the composition and energy of the beam before oscillations 
have developed.  The MINOS Far detector, located in Soudan Minnesota, is then used to search for 
distortions of the beam spectrum or composition. 

The MINOS Near Detector is a 980 ton tracking, sampling calorimeter composed of alternating 
layers of steel and plastic scintillator.  Light produced in the scintillator is collected and transported by 
wavelength shifting fibers then read out using multi-anode photomultiplier tubes.   A magnetic field 
allows for both identification of neutrino from anti-neutrino and provides a measure of muon energy 
from curvature.  When operating in stable conditions, the Near Detector records 7-8 neutrino 
interactions per 10μs spill, approximately once every two seconds.  In one year of running nearly 
1.4x1020 protons were delivered to the NuMI target, and over 35 million neutrino induced events were 
recorded in the Near Detector.  This high statistics data set is also used to study the beam spectrum 
and composition, the performance of the detector, and the properties of neutrino interactions. 

Previous oscillation experiments have been dominated by the systematic uncertainty in the neutrino 
flux when measuring the neutrino oscillation parameters.  In MINOS, the Near Detector measures the 
neutrino energy spectrum, reducing the systematic error induced by incorrectly modeled neutrino flux.  
These data have also allowed MINOS to demonstrate the stability and integrity of the signal with 
respect to variations in both time and intensities.  Six different beam configurations obtained by 
changing the position of the target relative to the first focusing horn and/or the horn current were used 
to explore hadron production in different regions of pT and pz space.  The data collected in these 
studies have allowed MINOS to tune the hadronic production model and improve the agreement 
between data and Monte Carlo for all beam configurations in the energy region of 0 and 30 GeV.   The 
flexibility of the NuMI beam has also allowed MINOS to probe the response of the detectors and the 
reconstruction software under a wide range of intensities.  Beyond operations in the NuMI beam line, 
the MINOS Near Detector also has observed neutrinos produced in the MiniBoone beam line.  Study 
of such events provides measurement of K+ production at the MiniBoone target and will be used as a 
tool to help understand signal and background of νe selection techniques in the MINOS detector.  As 
understanding of the detector and the beam develops, the MINOS Near Detector will measure cross 
sections and structure functions of neutrino interactions on iron in a kinematic range previously 
unexplored.   
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Neutr ino Mass Exper iment at The University of Texas at 
Austin (NEXTEX) 
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Mawhor ter 5 
1University of Texas at Austin, Austin, TX, 2Michigan Tech. University, Houghton, MI, 3University 
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jborysow@mtu.edu 

 
Abstract. NEXTEX is the next generation experiment designed to determine the electron antineutrino mass to at 
least 0.5 eV. The experiment is based on the shape of the beta endpoint energy spectrum from gaseous tritium 
molecules. Two high throughput electrostatic differential electron analyzers coupled with spherical deflection 
accelerator are key components of the apparatus. The voltages at the electrodes of the spectrometers ultimately 
determine the energy of the electrons reaching the detector. The correlations between voltages and the energy of 
the transmitted electrons will be calibrated with diffraction on the T2 gas of electrons emitted from the auxiliary 
gun  . The coherent electron diffraction pattern from T2 will provide a series of calibration markers for the  
spectrum with uncertainties better than 100 mV. Extremely low background count-rates from cosmic rates of 
less than one count a day at the detector has been already demonstrated. A numerical model predicts residual 
background from tritium sources of few counts per day. The tritium source and its recycling system is designed 
to prevent the formation of HT to better than 1% during the fiduciary runs. 
         

 

 

 
.   
 

Fig. 2. Electron diffraction from Tritium 

 

 

 

 

 

 

 
         Fig. 3. Dark count per day of SiLi detector. The 
             electron energy to be detected is at channel 480 

Fig. 1. Electron trajectories through the triple  
Spectrometer of NEXTEX.            Supported by The National Science Foundation grant PHY-0457194 
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“Choozing Double Chooz...”

Anatael Cabrera & Guillaume Mention
AstroParticule et Cosmologie (APC), Paris, France & DAPNIA, CEA-Saclay, France

E-mail: anatael@in2p3.fr & mention@in2p3.fr

The potential of reactor anti-neutrino disappearance experiments has not been yet fully
exploited. High precision neutrino oscillation measurements could be achieved by a multi-
detector experiment, whereby the sensitivity of the experiment becomes independent from the
-up to now- dominant uncertainties related to the absolute neutrino flux from the reactor. This
strategy has been adopted by the Double Chooz (DC) collaboration in order to measure (or
limit) the PMNS matrix θ13 mixing angle. A non-zero θ13 is necessary to measure leptonic CP
violation through neutrino oscillations by future neutrino beam long-baseline experiments.

Figure 1. Double Chooz sensitivity contour plot: ∆m2 vs sin2(θ13).

The DC collaboration (institutions from France, Germany, Russia, Spain, USA and Italy)
will start the installation of the far detector by late 2006. The far detector is located at the
former CHOOZ experiment site (1.050 km) while the near detector is ∼250-300 m away from
the Chooz nuclear reactors (France). DC is particularly attractive because of its capability to
explore sin2(2θ13) down to ∼ 0.02 to 90% C.L., for ∆m2 = 2.5 × 10−3 eV2, as shown in Figure
1 [hep-ex/ 060625], within an unrivaled time scale: five years of data taking from early 2008 -
when the far detector becomes available. DC has carried out intensive R&D (liquid scintillator,
background studies, inter-detector calibration, etc.) to reach the targeted level of precision.
Some of such developments were also presented -as posters- in this conference.
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CUORICINO latest results and background analysis

Capelli Silvia on behalf of CUORICINO Coll.
Univ. degli Studi e Sez. INFN di Milano Bicocca, P.za della Scienza 3 20126 Milano, Italy

E-mail: capelli@mib.infn.it

Abstract. The latest CUORICINO results for 130Te Neutrinoless Double Beta Decay
(ββ(0ν) ) and the background analysis performed on the measured data will be presented.

CUORICINO is a running experiment, aimed to look for the ββ(0ν) of the isotope 130Te .
This search is performed by means of ∼41 kg of TeO2 bolometers, working at about 10mK. The
detector, arranged in a tower like structure, is provided with Pb, Cu, anti-Rn and anti-n shields.

The statistics collected from April 2003 up to March 2006 is of 8.38 kg 130Te * y, with a long
stop between runI and runII, made in order to recover lost channels. The live time in standard
conditions is of about 60%.

The lifetime for the searched decay is evaluated by means of a Maximum Likelyhood
procedure. The Q value used in the evaluation is of 2530.3 keV. A flat background was
considered. In order to account for the different detector energy resolutions we used, as response
function, the sum of N Gaussians, having each a FWHM equal to the average FWHM measured
on the 2615 keV line of a 232Th calibration source for that detector during the run considered.
The 2505 keV sum peak of the 2 60Co gamma lines is included in the fit. The intensity of
this peak and its position are left as free parameters in the fit, together with the ββ(0ν) peak
intensity and the background coefficients. The analysis gave a lower limit for the halflife of
130Te for ββ(0ν) decay of 2.4×1024y at 90% C.L. and a background in this region of 0.18 ± 0.01
c/keV/kg/y. The systematics that can affect the result, such as the error on the ββ(0ν) transition
energy value (2530.3 ± 2 keV), the peak shape, the error on the energy calibration and the not
flat background, have been studied. The corresponding error on the halflife should be less than
5%.

The collected data have also been analysed in order to disentangle the different sources of the
measured background. By analysing coincidences, rates in different energy regions, gamma and
alpha peaks position, intensity, rates and shapes and by comparison of the measured spectrum
with MonteCarlo spectra obtained for different sources and localizations, the most probable
sources contributing to the measured bkg have been evaluated. All the gamma lines observed
in the measured spectrum are identified. The observed alfa peaks seems to be due to 232Th
and 238U contaminations in the crystals bulk (∼10−13 g/g) and surface. The main fraction of
the counts in the region between 3 and 4 MeV seems to arise from a source located outside the
crystals, the most probable one being Cu surface. The main sources for the background in the
ββ(0ν) region have been therefore evaluated to be β and α from crystal surface (∼10% ± 5%),
α from materials facing the crystals (∼50% ± 20%) and 208Tl multi-Compton events due to
232Th sources far away from the crystals (∼30% ± 10%).

[1] Arnaboldi C. et al. 2005 Phys.Rev.Lett.95 142501
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Searching for signatures of dark matter in the cosmic

ray spectrum measured by AMS-01

G. Carosi1∗, S. Xiao1, P. Fisher1, G. Rybka1 and F. Zhou1

1Massachusetts Institute of Technology: 77 Massachusetts Ave, Cambridge, MA, USA 02139
∗Now at: LLNL, L-270, 7000 East Ave, Livermore, CA, USA 94550

E-mail: carosi2@llnl.gov

Abstract. A search for signatures of WIMP dark matter annihilating to charged cosmic rays
via W+W− production was performed using data from the AMS-01 magnetic spectrometer,
which flew for 10 days on the space shuttle Discovery in 1998. A brief description of the
detector along with the analysis method and results is given.

If dark matter consists of majorana Weakly Interacting Massive Particles (WIMPs) one can
look for them annihilating with each other to charged cosmic rays in the galactic halo. Direct
annihilation to an e± or p± pair is highly helicity suppressed so we focused our search on
annihilation through W+W− bosons (requiring MWIMP > 80 GeV). The W+W− then decay
to stable charged particles (e± and p±) with characteristic spectra correlated to MWIMP . Even
after propagation through the galaxy these decay products could show up as anomalous features
in the flat power-law spectrum from astrophysical sources [1].

The AMS-01 experiment consisted of a permanent magnet with a uniform 0.14 Tesla field in
a 1 m3 volume, a scintillator time of flight system, a 6 layer silicon tracker, an aerogel cerenkov
detector and an anti-coincidence counter. Its maximum detectable rigidity was ≈ 360 GV. For
detector and mission details see [2].

Though annihilation signals would be clearer in the lower background e+ spectra AMS-01
couldn’t distinguish e+ from the large p+ background at energies > 3 GeV. Instead we utilized
the Z = -1 spectrum. PYTHIA was used to generate Z = -1 decay spectra for W+W− bosons
decaying at various center of mass energies. These spectra were then convolved with Green’s
functions of particles transported to earth using the GALPROP galactic propagation software
The final e+ and p̄ spectra for each WIMP mass was then convolved with an AMS acceptance
matrix (from Monte-Carlo) and added. These expected signals from WIMPs of various masses
were then compared with data with and without an additional astrophysical power-law back-
ground. The results showed that the dark-matter alone could not describe the data, that the
power-law alone was a good fit and that the addition of WIMP annihilation did not improve
the fit. As a result we could place limits on the rate of W+W− production in the galaxy and,
subsequently on the cross-section of WIMP annihilation through this channel. For further de-
tails see [3].

[1] G. Jungman, M. Kamionkowski and K. Griest, Physics Reports, 267:195–373, 1996
[2] M. Aguilar et al. (AMS Collaboration). Physics Reports, 366(6):331-405, 2002
[3] G. Carosi. Ph.D dissertation. MIT, Dept. of Physics, 2006: http://web.mit.edu/gcarosi/www/gp thesis.pdf
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Present status of the MEG experiment at PSI

F Cei1, for the MEG Collaboration
1 Department of Physics, University of Pisa, Largo B. Pontecorvo, 3, 56127 Pisa, ITALY

E-mail: fabrizio.cei@pi.infn.it

Abstract. We describe the present status of the MEG experiment, whose aim is to search
for the lepton flavour violating (LFV) process µ

+
→ e+

γ with a sensitivity down to 10−13.
Recent theoretical calculations indicate a strong connection between LFV processes and neutrino
oscillations [1]. We discuss the detection techniques and the performances of the experiment.

The MEG experiment at PSI [2] (Fig. 1) aims to be sensitive to the µ+
→ e+γ branching

ratio down to 10−13, a level within the predictions of many SUSY theories [3] and two orders
of magnitude better than the present limit [4]. A positive muon beam (≈ 108 µ+ s−1) will be
brought to stop in a thin target, slanted by 22◦, where muons will decay.

1m
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Detector
Liq. Xe Scintillation

+e +e

Drift Chamber
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γ

Timing Counter

Stopping Target
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Figure 1. Layout of MEG experiment.

The e+ and the γ (emitted back-to-back, both
with 52.8 MeV kinetic energy) will be detected
by 1) a magnetic spectrometer (composed by an
almost solenoidal magnet (COBRA) with an axial
gradient field and a system of 16 drift chambers,
DCH) for measuring the momentum and a pair of
double-layer arrays of plastic scintillators (Timing
Counter, TC) for measuring the absolute timing
and by 2) a ≈ 800 l volume liquid xenon (LXe)
calorimeter, equipped with 846 PMTs, for the
measurement of γ energy, direction and timing.

The LXe was chosen because of its large light yield, homogeneity and fast scintillation light
decay time (∼ 20 ns). Challenging energy, angular and timing resolutions are required for all
detectors in order to single out the possible µ+

→ e+γ candidates and reject the background. A
5 % energy and 140 ps timing resolution at 55 MeV [5] for γ’s in LXe calorimeter and a < 100 ps
timing resolution (all FWHM) in TC for e+’s were obtained in various experimental tests. The
expected resolutions for DCH system are ∆p ≈ 0.7÷ 0.9 % and ∆θ ≈ 9÷ 12 mrad (all FWHM).

The MEG experiment is in advanced state of building and is planned to start at the end of
2006; it is expected to be completed in 2008, before the first results of LHC experiments.
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The synthesis of 125 tons of high quality indium-loaded liquid scintillator (InLS) is a key technology 

for the success of the LENS experiment. A new improved synthesis procedure (VT recipe) has been 

recently developed to meet the stringent requirements of LENS. This procedure contains two 

improvements: 1) liquid-liquid extraction with a high concentration of NH4Ac, and 2) vacuum 

evaporation to produce solid indium carboxylate. Consequently, the final InLS can be readily prepared 

by dissolving the solid Indium carboxylate in a desired scintillation solvent (e.g. pseudocumene). We 

have produced InLS samples with light yield (S) over 55%, optical attenuation length (L1/e) > 8 m at 

430 nm, and the contents of water and acid < 0.5 and 0.4 equivalents per In respectively. The samples 

showed good physical and chemical stability for more than 8 months. 

A large number of samples were prepared with the improved procedure to search the optimum 

synthesis conditions. Chemical analyses were conducted to understand the dependence of the 

scintillation properties (S and L1/e) on the compositions of the InLS. The effects of the impurities in 

the organic reactants and the speciation of the In carboxylates in the InLS were also studied with GC-

MS and electrospray MS. We found the best InLS samples were obtained with the pH in the liquid-

liquid extraction at 6.88. With an In loading over 8 wt.%, these samples had a light yield S > 55% and 

L1/e at 430 nm > 10m. The S and L1/e values have been monitored over 8 months. It was found that S 

remained unchanged and L1/e decreased slightly and remained > 8m thereafter. Composition analysis 

showed that for the InLS prepared at the optimum conditions, the apparent molecular formula of the 

indium complexes is In(MVA)2(OH) (where MVA refers to 2-methylvaleric acid root). Mass 

spectrometry analysis suggested that most of the indium species in the freshly prepared InLS are 

monomers. Dimers, trimer and other oligomers were observed in small quantities several months after 

the preparation. This can explain the slight degradation in L1/e. However, further oligomerization was 

prevented as there is only one hydroxyl group contained in the In complexes. This may explain why 

the attenuation degradation has stopped after several months. 

The experimental results proved that the VT recipe is the best InLS recipe ever developed to this 

date. We are continuing to monitor the scintillation properties of the InLS and refine the synthesis 

procedure. Future investigations include the design of a synthesis procedure at the 200l scale and the 

setup of quality control parameters for industry scale preparation. 

 

381

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



Non-proliferation studies with Double Chooz
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Abstract. The near detector of Double Chooz will provide the most accurate measurement
of the spectrum and the flux of the electronic anti-neutrinos (ν̄e) emitted by a nuclear power
plant. This enables the collaboration to address certain safeguards issues for the International
Atomic Energy Agency’s(IAEA) benefit.

The flux and the energy spectrum of the ν̄e emitted by a nuclear power plant depend on the
thermal power delivered by the plant and on the isotopic composition of its fuel which evolves
in time. Reactor ν̄e come from the decay of the fission products (FP) produced mainly by
235U, 239Pu, 241Pu and 238U fissions. The arising FP distribution and delivered energy is an
intrinsic property of the fissioning isotope : their associated ν̄e flux and energy spectra differ
from each-other, especially at high ν̄e energy. The evolution over time of the ν̄e spectrum from a
reactor is governed by the evolution of the FP concentrations in the core, given by the Bateman
equations. We started a simulation work using the widely used particle transport code MCNPX
[1] coupled with an evolution code solving the Bateman equations for the FP within a package
called MURE (MCNP Utility for Reactor Evolution) [2]. As a starting point, simple Fermi
decays to the ground state of daughter nuclei are implemented. To improve accuracy by taking
into account decays towards excited states, as well as the type of β transition, the code will be
interfaced with databases (ENDF/B-VI.8, JENDL3.3, JEFF3.1, JEF2.2). For unknown decay
properties of exotic nuclei, more elaborate theoretical calculation for allowed and first forbidden
transitions will be performed in collaboration with CEA/DAPNIA/SPhN, and an experimental
program has started to complete databases. The extended MURE simulation will allow to
perform sensitivity studies for relevant scenarios for IAEA. Preliminary results show that nuclei
with half-lives lower than 1s emit about 60% (50%) of the 235U (239Pu) ν̄e spectrum above 6MeV.
Simulations will also be performed to evaluate the possibility to use ν̄e for power monitoring.
Indeed, Huber and Schwetz [3] predict that, considering our actual knowledge of the ν̄e flux,
a measurement with a 3% precision of the thermal power delivered by a nuclear plant could
already be performed with a detector of a few cubic meters placed at a few 10’s of meters from
the core.
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[3] P. Huber and T. Schwetz, Phys. Rev. D 70(2004).

382

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



Short Term Quality Control and Assurance in Borexino 
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Abstract. This poster describes the short term quality control (QC) and assurance implemented 
in order to maintain the radiopurity goals in the Borexino liquid detector components. 

Now in the process of being filled at Laboratori Nazionale del Gran Sasso, Italy, Borexino is 
a real-time solar neutrino liquid scintillator detector designed to measure the sub-Mev region of the 
solar neutrino spectrum. Through an extensive campaign of purification and measurements with the 4 
tonne prototype (CTF) Borexino has demonstrated a liquid scintillator radiopurity of  10-16 g/g Th/U 
equivalent and 10-18 14C/12C and 10-14 g/g Th/U ultra-pure water [1]. However, this achievement is only 
one component of the goal since there must be a detailed QC initiative to maintain this level of 
radiopurity over the lifetime of the experiment and during installation and commissioning. For 
example, we must limit the air intake at the level of 9 mL (85Kr) in the inner core of the detector and 
rock dust containing ppm level Th/U at the level of nBq/kg. From this perspective, it is clear that there 
must be a two-streamed approach to quality implementation, a QA scheme where the process is 
reviewed, and a QC program where the process is independently tested to gain confidence that radio-
purity is not breached in the particular process. Gain confidence because at this level of activity it is 
clearly not possible to measure the radiopurity of any substance on a short time-scale.  

However, we can indirectly ascertain whether quality has been compromised using various 
techniques. For example, a task involving the installation of a new component of the purification plant 
requires a detailed plan for installation, cleanliness protocol, He leak checking to <10-9 mBar l/s to 
verify that the part has been properly installed and will not introduce contamination present in air. The 
components are cleaned until the water resistivity exceeds 14 MΩ.cm, and the level of dust is lower 
than class 30 (implying <0.4 ppb dust by volume) evaluated according to Mil-STD-1246C. Particle 
analysis is done by filtration followed by optical microscopic analysis of the filter. In addition, 
Scanning Electron Microscopy (SEM) analysis coupled with Energy Dispersive X-Ray Fluorescence 
has helped us determine the nature of the particles that we see in various liquid samples. The types of 
particles seen with the SEM fall broadly in two classes: particles which are rock or concrete -like and 
particles which are stainless-steel –like (Fe, Ni , Cr present).  It is natural for us to expect stainless-
steel–like particles because all of the piping in the Borexino plant is stainless steel.  We have also 
developed techniques to analyze the Th/U content of the liquid scintillator (metallic ions are back 
extracted with acidified UPW) using ICPMS at the level of ppt.  
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Looking at a supernova shock in neutrinos

Amol Dighe

Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400005, India

E-mail: amol@tifr.res.in

Abstract. We analyze how the neutrino flavor conversion inside a core collapse supernova is
affected by the shock wave, and show how the time dependent neutrino spectra can be used to
reconstruct features of the shock wave while it is still inside the mantle.

The neutrino signal from a core collapse supernova contains encoded information about the
primary neutrino spectra, neutrino mixing parameters as well as the density profile encountered
by the neutrinos. Decoding this information from the large neutrino flux expected from a galactic
supernova has been a topic of much interest in the past few years [1].

A few seconds after bounce in a core-collapse supernova, the shock wave passes the density
region corresponding to resonant neutrino oscillations with the “atmospheric” neutrino mass
difference: ρ ∼ 103–104 g/cc. The transient violation of the adiabaticity condition manifests
itself in an observable modulation of the neutrino signal, as long as sin2 θ13 � 10−5. If there
is a reverse shock in addition to the forward one, for some time interval the neutrinos pass two
subsequent density discontinuities, giving rise to a “double dip” feature in the average neutrino
energy as a function of time. It may even allow one to trace the positions of the forward and
reverse shocks while they are in this density region [2].

The neutrino mass eigenstates in matter stay coherent between the multiple resonances
they encounter, giving rise to oscillations in the survival probabilities of neutrino species.
These “phase effects” are present if the multiple resonances encountered by neutrinos are semi-
adiabatic, which typically happens for 10−5 ∼< sin2 θ13 ∼< 10−3. The observation of these effects
would, however, need extremely high energy resolution and a large number of events [3].

Not only do neutrinos provide us the only way of looking at the shock wave while still deep
inside the mantle, the mere identification of the shock wave features in the νe (ν̄e) spectrum also
confirms the normal (inverted) mass ordering of neutrinos.
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Cross sections for neutron interactions in the CUORE 
neutrinoless double beta decay experiment 
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Norman1, W. Younes1 
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Abstract. We describe experiments to determine the cross sections for neutron reactions on 
tellurium isotopes.  These cross sections will be used to improve Monte Carlo simulations for 
CUORE, a next generation double beta decay experiment.  

Underground neutron fluxes and related backgrounds for neutrinoless double beta decay experiments will 
be an important consideration for next generation experiments.  These backgrounds are being explored 
through Monte Carlo simulations, but often the parameters used in these calculations rely on nuclear 
models.  We are using the GEANIE germanium detector array at the Los Alamos Neutron Science Center 
to measure cross sections for neutron-induced reactions on Te isotopes.  A spectrum of γ-rays produced 
through interactions of 1-200 MeV neutrons with a target of 130Te is shown in figure 1.   

 

Figure 1. This spectrum represents 
about half of the total data from 
the 130Te run.  Visible lines include 
neutron interactions on 130Te as 
well as traces of other Te isotopes 
in the target, neutron interactions 
with the Ge in the detectors, and 
room backgrounds.  The first 
excited state transition in 130Te at 
839 keV is labeled.  In addition, 
there is no peak in the region of 
interest for 0νββ.   Other isotopes 
of Te will follow. 

 
This work was supported in part by U.S. DOE under contract numbers W-7405-ENG-36 (LANL) and W-
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The Cryogenic Pumping Section of KATRIN and the

Test Experiment TRAP

F. Eichelhardt for the KATRIN Collaboration
Institute for Experimental Nuclear Physics, University of Karlsruhe, Germany

E-mail: frank.eichelhardt@hvt.fzk.de

Abstract. The Karlsruhe Tritium Neutrino experiment (KATRIN) employs a Cryogenic
Pumping Section (CPS) at ≈ 4.5 K to suppress the tritium penetration into the spectrometers.
A test experiment (TRAP - Tritium Argon frost Pump) has been set up to investigate the
tritium pumping performance of the CPS.

1. Introduction
The KATRIN experiment (Karlsruhe Tritium Neutrino experiment) investigates spectroscopi-
cally the electron spectrum from tritium beta decay near its kinematical endpoint of 18.6 keV.
With a strong windowless gaseous tritium source and a tandem of two electrostatic spectrome-
ters, KATRIN will allow a model independent measurement of neutrino masses with an expected
sensitivity of 0.2 eV/c2 (90% CL).
In the 10 m long source tube a constant tritium column density of 5 ·1017 cm−2 is maintained by
continuous tritium inlet of 1.8 mbar `/s in the middle and by continuous pumping of the tritium
at its ends. Between source and spectrometer the magnetic transport system is located, which
guides the decay electrons adiabatically from the source to the spectrometers while at the same
time suppressing the tritium flow rate below 10−14 mbar `/s. A first flow rate reduction of 107

is achieved by a differential pumping section with turbomolecular pumps. The remaining 107

suppression will be accomplished by the Cryogenic Pumping Section (CPS), which is basically
a tube covered with pre-condensed Ar as adsorbent and kept at ≈ 4.5 K.

2. The TRAP Test Experiment
The pumping properties of the CPS are influenced by the tritium decay heat, which is deposited
in the Ar adsorbent and increases the desorption rate of both argon and tritium. Since no
experimental data is publicly available on the low flow rate level of ≤ 10−14 mbar `/s, the test
experiment TRAP is being performed at the Tritium Laboratory Karlsruhe (TLK). TRAP is
a model pump for the CPS with the same gas conductivity and tritium surface density. The
main goal is to measure the tritium flow rate suppression factor of the CPS and to test the
regeneration procedure, which involves heating of the tube surfaces and purging of the tubes
with He gas at 300 K.
Several tritium measurement runs have been performed with TRAP so far, showing a tritium
flow rate suppression factor of ≥ 1.5 · 107, which is sufficient for KATRIN. In addition, the
regeneration procedure of the cryopump was proved to be applicable for the CPS.
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The T2K 2KM water Cherenkov detector

M. Fechner1,2, N. Tanimoto2, for T2K’s 2KM working group.
1 DAPNIA, CEA Saclay, 91191 Gif-sur-Yvette Cedex, France
2 Department of Physics, Duke University, Box 90305, Durham NC 27708, USA

E-mail: fechner@phy.duke.edu,tanimoto@phy.duke.edu

T2K is a next generation long-baseline oscillation experiment that will start in 2009, using an
intense νµ beam produced at J-PARC (Japan). The far detector is Super-Kamiokande (SK), the
50 kt water Cherenkov detector located 295 km from J-PARC ; the beam will be 2.5◦ off-axis
to the detector, with a peak neutrino energy of 700 MeV. The goals of T2K are the precise
measurement of ∆m2

23 and θ23 from νµ disappearance, and the search for νe appearance, which
would bring new information on θ13, the last remaining unknown mixing angle.

A 1 kt water Cherenkov detector located 2 km away from the ν source has many advantages :
it uses the same target as SK, the same event reconstruction techniques, and sees almost the
same flux spectrum as SK : the spectral differences (so called Far/Near differences) are about
5%. At 2 km there is one interaction per beam spill, leading to 200,000 interactions per year in
the 100 t fiducial volume.

In order to take maximum advantage of the intense ν beam, we should measure the
background in the beam before oscillations ; the total error on the background should be < 10%.
With systematics on fiducial volume of ∼ 4% and on energy scale of 2% at each detector, we
should control the extrapolation error to ∼ 5% or less.

We developed a full GEANT4 simulation of the 2km detector, tuning it to data from the 1kton
water Cherenkov of the K2K experiment. Using this tool, as well as the standard SK tools, we
studied the background for νe appearance at 2km and SK, obtaining very similar distributions
(see poster). To show the effectiveness of the 2KM detector, a simple scaling extrapolation, only
taking into account spherical attenuation and the ratio of fiducial masses but without any other
correction, leads to excellent agreement between both detectors, with a total systematic error
smaller than 8% (see poster). This is conservative and can be reduced to ∼ 5%.

We thank J. Bouchez, T. Kajita, E. Kearns, K. Scholberg, C. Walter for their contributions.
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CNO and pep neutrino spectroscopy in Borexino:

measurement of the cosmogenic 11C background with

the Counting Test Facility

Davide Franco on behalf of the Borexino Collaboration

University of Milano and INFN, via Celoria 16, I-20133 Milano, Italy

E-mail: davide.franco@mi.infn.it

Abstract. Borexino is an organic liquid scintillator detector for low energy neutrino
spectroscopy at the Gran Sasso underground laboratories. Besides the main goal, the
measurement of the mono-energetic 7Be solar neutrino flux in real time, Borexino has the
potential to detect pep and CNO neutrinos. For this purpose, two conditions are required: an
extremely low radioactive contamination level and the efficient identification of the cosmic muon
induced 11C background. We demonstrated with the Borexino Counting Test Facility that 11C
decay events can be efficiently identified and removed event by event.

1. Analysis and results

Borexino [1] has the potential to extend the energy region of observation beyond the 7Be-ν
electron recoil energy spectrum, in order to detect neutrinos from the pep fusion reaction and
the CNO cycle in the Sun. The expected rate for pep and CNO neutrinos in Borexino between
[0.8,1.3] MeV is 0.015 day−1 ton−1. Concentrations of 10−17g/g for 238U and 232Th and 10−15g/g
for natK contribute to the pep+CNO window with 0.006 day−1 ton−1. In the same window,
the expected contamination from 11C, produced deep underground by residual cosmic muons
interacting with 12C atoms in the scintillator, is 0.074 ± 0.008 day−1 ton−1 [2].
Since in 95% of the 11C is produced in association with neutron, 11C event can be identified
by detecting the three-fold coincidence (TFC) given by the parent cosmic muon, the neutron
capture on hydrogen and the 11C decay. The TFC technique has been tested in the Borexino
prototype (CTF), where 4 tons of scintillator are housed in a 1 m radius nylon vessel, surrounded
by 100 photomultiplier tubes and shielded by 4.5 m of water. CTF measured a 11C production
rate of 0.130 ± 0.026 (stat) ± 0.014 (syst) day−1 ton−1 [3] in the entire energy spectrum, in
agreement with the prediction performed with a muon beam on a scintillator target [2]. For the
first time, in situ muon induced 11C has been identified event by event in a large underground
scintillator detector. We expect that Borexino will reach a signal-to-background ratio equals to
1 in the pep+CNO window by discarding events in proximity of the TFC, loosing only 14% of
the mass time detector fraction.

[1] Alimonti G et al. 2002 Astrop. Phys. B 16 205
[2] T. Hagner et al., Astropart. Phys. 14, 33 (2000).
[3] Back H. et al. Preprint: hep-ex/0601035
[4] Galbiati G et al. 2005 Phys. Rev. C 71 055805
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Horizontal muon flux measured with the LVD

detector at LNGS

Marco Garbini, on behalf of LVD Collaboration

Museo Storico della Fisica e Centro Studi e Ricerche “E. Fermi” Roma & INFN Bologna, Italy

E-mail: garbini@bo.infn.it

Abstract. We report the measure of underground horizontal (cos(θ) < 0.3)) muon flux with
the Large Volume Detector (LVD) at the I.N.F.N. Gran Sasso National Laboratory. The analysis
is based on the whole muon data collected by LVD since start of data taking in 1992.

The underground muon flux at depth x and zenith angle θ is due to the sum of two main

components expressed as Iµ(x, θ) = I
(µ)
µ (x, θ) + I

(ν)
µ (x, θ), where I

(µ)
µ (x, θ) is the contribution

of high energy downward going muons coming from the decay of charged π and K mesons in

the atmosphere and I
(ν)
µ (x, θ) represents the contribution of muons produced by charged current

interactions of νµ in the material surrounding the detector. For traversed rock depth greater
than 13 km w. e. the Earth provides a shield against cosmic muons; thus the flux of neutrino
induced muons becomes dominant.
The Large Volume Detector (LVD) [1] is located in the underground I.N.F.N. Gran Sasso Na-
tional Laboratory at a minimum depth of about 3000 m w. e.. LVD is a massive (∼ 1 kt)
liquid scintillator detector mainly devoted to study Supernova neutrinos. It is also equipped
with a tracking system made of limited streamer tubes; it allows the reconstruction of the di-
rection of the muon tracks. With the knowledge of the Gran Sasso mountain profile LVD can
measure the muon flux as a function of the muons traversed rock depth in a wide range of
depths (3−20 km we). In particular muons coming from the horizontal direction are associated
to depths larger than 13 km w. e. so they are mainly due to neutrino interaction in the rock
surrounding the detector.
We analyzed the data collected by LVD since June 1992 until September 2002, for a total live
time of 8×104 h. We selected the angular region in the plane (θ, φ) corresponding to slant depth
greater than 13 km w.e. (cos(θ) < 0.3)). At the end of the analysis a sample of 24 neutrino
induced muons is obtained. The corrsponding horizontal muon flux is:

Φνµ
= (4.94 ± 1.14(stat) ± 0.39(sys) × 10−13cm−2sr−1s−1 (1)

The result is in agreement with other experimental results. Moreover the neutrino induced
muons flux does not depend on the traversed rock depth, as expected.

[1] Aglietta M et al. 1994 Astropart. Phys. 2 103
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Pulse shape and segmentation analysis in germanium

detectors for ββ decay

V. M. Gehman, for the Majorana Collaboration

Los Alamos National Laboratory, Los Alamos, NM 87545, USA

E-mail: vmg@lanl.gov, vmg@u.washington.edu

The next generation of 0νββ experiments will endeavor to reach down through the quasi-
degenerate mass scale in sensitivity, greatly improving the current limits on the 0νββ lifetime
and the effective Majorana neutrino mass. This will require a variety of background reduction
techniques that will depend on the isotope under consideration and the experimental technique
employed. The Majorana Project will exploit several of these techniques. In particular, the
combination of pulse shape analysis (PSA) with the segmentation of germanium diode detectors
will be paramount to reducing backgrounds. This is possible because ββ events are single-site
energy depositions, whereas likely backgrounds of similar energy will be predominantly multi-site
in nature. We use double-escape peaks (DEPs) as surrogate single-site events and full-energy
γ peaks as surrogate multi-site events.1 We describe three measurements using two different
detectors in combination with three different γ sources: a Clover detector from Canberra (an
array of four two-fold segmented detectors in a single cryostat) and a 232Th source, the Clover
detector and a 56Co source, and the Segmented, Enriched Germanium Assembly (SEGA, a 2 x 6
segmented detector made from 86% enriched 76Ge made specially for the Majorana collaboration
by Ortec) in combination with the Triangle Universities Nuclear Laboratory’s (TUNL) High-
Intensity Gamma Source (HIγS), at the Duke Free Electron Laser Laboratory.

The Clover/232Th data were taken to demonstrate the combined efficacy of PSA and
segmentation analysis.2 The Clover/56Co data were taken to examine the energy dependence of
PSA because 56Co has γ lines with DEPs from 1.6 - 2.4 MeV, comfortably spanning the region
of interest (Qββ for 76Ge is 2.039 MeV). The survival probability for DEP events (65 - 70%) had
no dependence on energy. The 56Co source has γ lines from approximately 0.1 - 3.6 MeV. The
survival probability for γ events at low-energy is roughly the same as that of the DEPs and falls
as a function of γ energy, settling to an asymptotic value (25 - 30%) at approximately 0.7 MeV.
This is because the average spatial extent of a γ event is very small at low-energy, and grows
with energy until it reaches the resolution of the PSA cuts. The SEGA/FEL data were taken to
examine PSA/segmentation in a modestly segmented, enriched detector at Qββ for 76Ge, using
HIγS as a γ source of tunable energy. The γ energies were chosen such that the γ line and DEP
were observed at Qββ in the two modes of the experiment. In the SEGA/FEL experiment, we
found γ and DEP survival probabilities of 87% and 55% respectively.

This work is ongoing, first, we continue exploring novel PSA techniques for both detectors.
Second, the HIγS experiment included an array of NaI detectors to capture the DEP annihilation
γ rays, providing a cleaner sample of DEP events on which to train the PSA. This data stream
has not yet been added to the analysis, and work on that effort continues.

1 C. E. Aalseth et al, IEEE Nucl. Sci. Symp. 03CH375152 (2004) 1250
2 S. R. Elliott et al, Nucl. Inst. Meth. A 558 (2006) 504
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Abstract.
The aim of the KArlsruhe TRItium Neutrino experiment KATRIN is the determination

of the absolute neutrino mass scale down to 0.2 eV, with smaller model dependence than
from cosmology and neutrinoless double beta decay. For this purpose, the integral electron
energy spectrum is measured close to the endpoint of molecular tritium beta decay. The
endpoint, together with the neutrino mass, should be fitted from the KATRIN data as a
free parameter. The right-handed couplings change the electron energy spectrum close to the
endpoint, therefore they have some effect also to the precise neutrino mass determination. The
statistical calculations show that, using the endpoint as a free parameter, the unaccounted
right-handed couplings constrained by many beta decay experiments can change the fitted
neutrino mass value, relative to the true neutrino mass, by not larger than about 5-10 %.
Using, incorrectly, the endpoint as a fixed input parameter, the above change of the neutrino
mass can be much larger, order of 100 %, and for some cases it can happen that for large
true neutrino mass value the fitted neutrino mass squared is negative. Publications using fixed
endpoint and presenting large right-handed coupling effects to the neutrino mass determination
are not relevant for the KATRIN experiment.

1. Neutrino mass determination and the endpoint

In the KATRIN experiment the absolute neutrino mass is determined by the measurement of
the integral energy spectrum of the electrons coming from beta decay of tritium molecules.
The electrons are guided from the tritium source to the detector by magnetic field. Between the
source and the detector a large negative potential (-18.6 kV) is applied at the main spectrometer,
with the aim that only those electrons can reach the detector that have a decay kinetic energy
above the value corresponding to this potential. The transversal energy component (relative
to magnetic field) of the electrons is converted into longitudinal energy by using the inverse
magnetic mirror effect, due to small magnetic field inside the main spectrometer (the electric
field can change only the longitudinal energy component of the electrons). Thus it is possible to
measure the integral electron energy spectrum simultanously with high statistics and with high
precision. For further information about the KATRIN experiment see Refs. [1] and [2].
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The differential electron energy spectrum can be written (in a first approximation, close to
the endpoint) as

wdiff (E) = Eν

√
E2
ν −m

2
ν , (1)

where E is the relativistic total electron energy, Eν = E0−E and mν denote the neutrino energy
and mass, and E0 is the nominal endpoint (maximum of E, if the neutrino mass is zero). There
are several theoretical modifications to this simplified spectrum, the most important of them
is due to the recoil molecular ion final state distribution (see Ref. [3] for a recent calculation).
Degenerate neutrino masses are assumed (the KATRIN experiment is able to find a non-zero
neutrino mass only above 0.2 eV).

The KATRIN experiment measures the integral energy spectrum, therefore one has to
multiply the differential spectrum by the response function of the spectrometer (see Ref. [2]
for details), and to integrate from the minimal electron energy EU = e|UA − US |, where UA
and US denote the electric potential in the middle of the main spectrometer and in the tritium
source, respectively. The expected absolute detection rate of the KATRIN experiment can be
seen in Fig. 1 for different neutrino mass and endpoint values. The most sensitive region for
the neutrino mass determination is around EU −E

∗
0 ≈ −5 eV, where the signal is twice as large

as the background (Ref. [4]). It is clear from the figure that there is a positive correlation
between the neutrino mass and the endpoint: a larger fixed endpoint value results in a larger
fitted neutrino mass value.

Figure 1. Expected detection rate of
the KATRIN experiment as function of the
minimal detected electron energy EU , for
different neutrino mass and endpoint values.
Full (black) curve: mν = 0, E0 = E∗0 ; dashed
(red) curve: mν = 1 eV, E0 = E∗0 ; dotted
(blue) curve: mν = 0, E0 = E∗0+0.15 eV.
The new KATRIN design parameters of Ref.
[2] together with 0.01 s−1 background rate
have been employed.

In the KATRIN experiment (like in several earlier neutrino mass experiments) the endpoint
is a free parameter, to be determined from the KATRIN spectrum data. Nevertheless, let us
assume for a moment that the endpoint is a fixed input parameter. Then a ∆E0 error of the
endpoint results in a ∆m2

ν (eV2) ≈ 7∆E0 (eV) error for the neutrino mass squared (using
the last 20 eV of the spectrum for the data analysis). From the triton-Helium3 nuclear mass
differences one has at present a ∆E0 = 1.2 eV error for the endpoint [5]. In addition, it is
difficult to determine the absolute potential values with a precision better than 100 mV. On
the other hand, the KATRIN experiment aims to measure the neutrino mass squared with an
accuracy of σ(m2

ν) = 0.025 eV2. To obtain this precision, the accuracy of the endpoint value (as
fixed parameter) should be at least 4 meV. Therefore, it is obvious: for the data analysis of
the KATRIN experiment the endpoint cannot be used as an external fixed input
parameter; it should be used necessarily as a free parameter, determined from
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the KATRIN data. Analyses assuming the endpoint as a fixed parameter are not
relevant for the KATRIN experiment.

2. Right-handed couplings and the electron energy spectrum

In the presence of right-handed weak couplings the differential electron spectrum is changed to
the following form:

wdiff (E) = Eν

√
E2
ν −m

2
ν

(
1 + b′

mν

Eν

)
. (2)

This formula is valid close to the endpoint. A similar change of the electron spectrum is due
to the Fierz parameter b. The parameter b′ is a linear combination of the right-handed vector
(RV ), axial-vector (RA), scalar (RS) and tensor (RT )couplings:

b′ ≈ −2
<e(LVR

∗
V

+ LVR
∗
S

)|MF |
2 + <e(LAR

∗
A

+ LAR
∗
T

)|MGT |
2

|LV |2|MF |2 + |LA|2|MGT |2
(3)

(only the dominant terms are shown in this formula, which is in agreement with Ref. [6]).
The left-handed Lj and right-handed Rj couplings have the following simple relations with the

widely used couplings Cj and C ′
j

introduced by Lee and Yang in Ref. [7]: Cj = (Lj +Rj) /
√

2,

C ′
j

= (Lj −Rj) /
√

2. As it is explained in Ref. [8], there are several advantages using the
couplings Lj and Rj. In the Standard Model only the left-handed vector and axial-vector
couplings LV and LA are non-zero.

There are many experimental observables (like beta asymmetry, neutrino-electron correlation,
beta polarization etc.) that provide constraints for the couplings Rj . Unfortunately, these
observables are quadratic in the Rj couplings (with zero neutrino mass the right-handed
couplings have no interference with the dominant left-handed couplings), therefore the 95 %
confidence limits are not too small: |RV | < 0.08, |RA| < 0.10, |RS | < 0.07, |RT | < 0.10 (see the
recent overview in Ref. [9]; the LV = 1 normalization is used here). The signs of the couplings
Rj are not known; in order to obtain conservative limit for b′ we assume that these signs are
equal (in this case there is no sign cancellation in Eq. 3). Then we get the following constraints
for b′:

|b′| < 0.26 (95% CL); |b′| < 0.31 (99.7% CL). (4)

3. Right-handed couplings and neutrino mass determination in KATRIN

Let us assume that the real value of the parameter b′ is nonzero, and the KATRIN data are
analyzed with b′ = 0 theory (Standard Model). In this case, the fitted neutrino mass value

should deviate from the real mass value. Fig. 2 shows the ∆mν/mν = (m
(fit)
ν −m

(real)
ν )/m

(real)
ν

relative deviation due to the unaccounted right-handed parameter b′ = ±0.28. The KATRIN
design parameters and the statistical method described in Ref. [2] have been used for this
calculation. The fitted parameter in these calculations is the neutrino mass squared, not the
mass. One has to emphasize also that the endpoint was taken as a free parameter. According to
Fig. 2 the relative change of the neutrino mass due to the unaccounted right-handed
couplings is of order of 5-10 %. For small neutrino mass values (below 0.5 eV) the shift

m
(fit)
ν −m

(real)
ν is smaller than the expected experimental error of the mass, for larger mass values

(above 0.5 eV) the shift of the mass is larger than the experimental error.
Taking the endpoint as a fixed input parameter, the results are completely different. To

illustrate this difference, let us consider a special numerical example: we assume that the real

neutrino mass is m
(real)
ν =0.35 eV, and the real value of the parameter b′ is b′real = ±0.28. Then

we make a computer experiment: we generate the KATRIN data by using these real values, but
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Figure 2. Rela-

tive shift (m
(fit)
ν −

m
(real)
ν )/m

(real)
ν of

neutrino mass due
to unaccounted
right-handed cou-
plings, as function

of m
(real)
ν .

we analyze the data assuming b′ = 0. Table 1 shows the fitted neutrino mass values of these
calculations with fixed and with free endpoint. With free endpoint the fitted mass values
are close to the real mass. On the other hand, in the case of fixed endpoint the
fitted neutrino mass with b′real = −0.28 is completely different from the real mass
value. In the case of b′real = +0.28 the fitted mass squared becomes negative, in spite
of the positive real mass value. Using the endpoint as a free parameter such a large
deviation between real and fitted mass or mass squared values does not occur.

b′real E0 fixed E0 free

-0.28 m
(fit)
ν =0.6 eV m

(fit)
ν =0.33 eV

+0.28 m
2 (fit)
ν =-0.1 eV2 m

(fit)
ν =0.38 eV

Table 1. Fitted neutrino mass
(or mass squared) values with

m
(real)
ν =0.35 eV.

Several theoretical publications present large right-handed coupling effects to the neutrino
mass determination (Refs. [10, 11, 12]). Refs. [10, 11] tried to explain the negative mass
squared anomaly of several neutrino mass experiments by assuming the presence of non-zero
right-handed couplings. Nevertheless, all these 3 publications used in their analyses
fixed endpoint, therefore they are not relevant for the neutrino mass experiments
(like KATRIN) using free endpoint. We mention that in Ref. [13] right-handed couplings
were searched in the data of the Mainz neutrino mass experiment, using free endpoint in the
analysis; the data did not favor the existence of non-zero right-handed couplings.
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Accurate incident neutrino momentum determination
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Abstract. When neutrinos produced from the decay of pions in a bunched, accelerated pion
beam interact in a downstream target, the arrival time and location define the energy of the
incident neutrino independently of whether the scattering event occurs by a charged or neutral
current interaction and the details of the final state.

Some time ago, Los Alamos proposed[1] a pion post accelerator (PiLAC) to be appended
to the Los Alamos Meson Physics Facility, LAMPF. Pion decay occurs during the acceleration
and is almost exclusively into muons and muon-antineutrinos (or antimuons and muon-neutrinos
depending on the charge of the pion) with a purity at the part in ten thousand level. Thus, a
PiLAC also provides an intense, collimated beam of neutrinos with an energy spectrum ranging
up to ∼ 43% of the output energy value in the highly relativistic limit for the pions. The
neutrino spectrum can adjusted to be flat in energy, or even increasing with energy by varying
the accelerating gradients for the pions. The gradients necessary (∼ 18 MeV/m) are below those
previously achieved[2] using superconducting RF cavities and since widely exceeded (at KEK,
CEBAF, SNS and TESLA; see, e.g.,Ref.[3]).

For a constant accelerating gradient, G = dEπ/dx, Ex = EI + Gx. for pions with injection
energy EI . When a pion of this energy decays, the neutrino energy of the neutrino emitted
(axially symmetrically) at polar angle φ with respect to the beam axis in the pion rest frame is
given by

Eν = E0

√
2γ2 − 1 + 2βγ2cos(φ)− (γ2 − 2)sin2(φ) (1)

where E0 ≡
m2

π−m2
µ

2mπ
∼ 29.8 MeV, and the neutrino appears at lab angle θ with respect to

the beam at the decay point where tan(θ) = sin(φ)
γ[1+βcos(φ)] . (Here, β = px/Ex and γ = Ex/m.)

Since the paths for a neutrino to reach the detection point are unique combinations of β < 1
(as the pion accelerates) and β = 1 (for the neutrino) segments, the interaction time uniquely
identifies the pion decay location and angle for the decay into the incident neutrino, hence its
momentum and energy can be determined from the time and location of the scattering event in
a downstream detector.
Acknowledgments
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Abstract.

We present the results achieved in the development of scintillating bolometers for double beta
decay searches. A bolometric light detector was developed using an extremely pure germanium
crystal. The excellent results represent the first proof of the feasibility of this kind of technique.

In the field of Double Beta Decay (DBD), high resolution detectors in which a large part of the
background can be discriminated result very appealing [1]. This possibility can be fulfilled with
a scintillating bolometer containing a DBD emitter whose transition energy exceeds the natural
2615 keV gamma line of 208Tl. A 140 g CdWO4 crystal (116Cd has a DBD transition energy
of 2802 keV) was operated as bolometer and the scintillation light was read by a bolometric
Light Detector (LD). The LD was a 1 mm thick pure germanium disk (Fig. 2) coated with a
layer of SiO2 in order to increase the light collection. The adopted temperature sensors were
NTD Ge thermistors optimized to work at T∼ 11 mK. The scatter plot in Fig. 1 shows that

0ν−DBD    Cd
116

4000

8000

12000

6000

2000

2000

10000

1000 3000 4000 5000

Heat   [keV]  (CdWO  )4

6000

L
ig

ht
  [

# 
ph

ot
on

s]
  (

L
D

)

α

γ

α/γ=0.18

Figure 1. Scatter plot of Heat vs Light. Figure 2. The Ge bolometric Light Detector.

the α-continuum is ruled out thanks to the scintillation detection. The background above the
2615 keV, due to degraded α particles, is completely suppressed, demonstrating the power of
this technique [1]. The natural β decay of 113Cd (12.2 % i.a.) with Qβ=318 keV and T1/2=7.7

×1015 y is clearly visible.

Acknowledgments

This work has been partially supported by the ILIAS integrating activity (Contract No. RII3-
CT-2004-506222) as part of the EU FP6 programme in Astroparticle Physics.

References
[1] S. Pirro et al., (2005) [arXiv:nucl-ex/0510074]

419

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006
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The science goal of LENS is to measure the Solar Neutrino Spectrum for Eν>114 keV, and the pp- and 
7
Be-ν flux to ~ 3%. This will allow determining the Neutrino Luminosity of the sun to ~ 4%. The 

balance of ν-luminosity and photon luminosity is the final precision test of the correctness of neutrino 

physics and detailed questions of the present, past and future of the sun’s energy production 

mechanisms. This direct spectroscopic measurement of sub-MeV solar neutrinos which contain 

specific fluxes at several energies will provide the ideal tool for probing flavor survival and non-

standard ν phenomena at the earth. No spectral data is yet available below ~ 5 MeV. 

The experimental tool used in the LENS detector for the detection of solar neutrinos is the tagged 

capture of νe’s on 
115

In via charged current (cc): νe +
115

In → 
115

Sn
*
 + e

-
→ 

115
Sn + 2γ. The tagged cc-

capture technique has two outstanding advantages over competing scattering experiments: First, there 

is a one-to-one correspondence between the incoming neutrino energy and the measurable electron 

energy Eν=Ee+Qd (Qd: capture threshold), and second, the γ-cascade allows the application of 

time/space coincidence techniques to suppress ubiquitous radioactive backgrounds as well as the 

inherent background from the beta decay of 
115

In. 

An R&D program for LENS initiated at Virginia Tech in 2004-5 has made major breakthroughs in 

the detector design, Indium liquid scintillator chemistry and background rejection. A new type of 

liquid scintillator detector, the “Scintillation Lattice” will provide extraordinary spatial resolution in a 

large mass of liquid scintillator through segmentation rather then time of flight information, which 

allows adequate background rejection using the time/space coincidence tag. Extensive Monte Carlo 

studies have established the feasibility of LENS with less than 200t of scintillator. 

MINILENS will be the first step in the realization of the full scale experiment: a modest detector in 

a scalable design with 250l of scintillator containing 20-40 kg of Indium viewed by ~100 5” 

phototubes. It will set the stage for constructing LENS by establishing the technology, design, 

background suppression and signal detection in LENS, using cosmic ray induced “proxy pp neutrino” 

events. These occur when muon secondary protons excite the 713keV isomer in 
115

Sn via (p,n) on 
115

In. The excitation of this state can be tagged by the track of the proton and using the neutron via 

(n,γ) on In (σ=3000b). The isomer with a lifetime τ=230µs emits a 100keV conversion electron and 

then follows the same tag cascade as a ν capture event, thus being a proxy for a 214keV pp solar ν. 
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Precision Neutrino Oscillation Physics with MINOS
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Abstract. MINOS is a long-baseline neutrino oscillation experiment utilising Fermilab’s NuMI
beam and two functionally identical steel/scintillator calorimeter detectors. Here we describe
the short and long term physics goals of MINOS and we give a brief overview of the beam and
detector technology used to achieve them.

In the Standard Model neutrinos are regarded as exactly massless particles. However, there is
no fundamental reason to forbid finite masses. If neutrinos have finite mass, and their flavour
eigenstates are the superposition of the mass eigenstates, then flavour oscillations occur. The
survival probability of a neutrino in a νµ → ντ two flavour oscillation scenario is given as
P (νµ → νµ) = 1− sin2(2θ23)sin2(1.267∆m2

32
L(km)

E(GeV )).
MINOS measures the energy spectrum of the neutrino beam twice: at 1 km and at 735 km

from the source. An energy dependent deficit of νµ is observed at the far detector [1]. A fit to the
above formula yields the oscillation parameters θ23 and ∆m2

32. The measurement is currently
statistically limited but a factor of 10 more data is expected to be collected by 2010.

Longer term physics goals include: sizable improvements to the limit on the third mixing
angle θ13 by measuring νe-appearance; and the search for oscillations into sterile neutrinos.

The NuMI facility at Fermilab produces intense pulses of neutrinos by extracting 120 GeV
protons from the Main Injector and directing them onto a graphite target. The secondary pions
and kaons are focused using two magnetic horns and subsequently travel down a 675 m water
cooled vacuum pipe where they decay to give predominantly muon neutrinos. The remaining
protons, pions and kaons are stopped by the hadron absorber; whereas the muons are removed
from the beam by several hundred meters of rock.

The MINOS detectors are magnetised, tracking calorimeters that are made from hundreds
of steel-scintillator planes. Each plane of scintillator is divided up in to 4 cm wide strips; the
strips are orientated perpendicularly in consecutive planes to allow 3D track reconstruction. The
scintillation light is extracted from the point of interaction using wave-length shifting fibres and
then transmitted on to multi-anode photo-multiplier tubes.

The MINOS experiment started taking beam data in January 2005 and has accumulated
approximately 1× 1020 protons-on-target in its first year of operation. The next few years will
see precise measurements of ∆m2

32, new limits on θ13 and searches for new physics.

References
[1] Michael D G et al. 2006 Preprint hep-ex/0607088, submitted to Phys. Rev. Lett.

421

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



The K2K calibration source manipulator
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Abstract. A manipulator used to move optical calibration sources throughout the volume of
a water Cherenkov detector is described.

Part of the optical calibration of the water Cherenkov near detector for the K2K experiment
is accomplished by placing an isotropic light source in the water. Because there is only a single
access port at the top of the detector, previous calibrations have been confined to data taken
along the central axis. To investigate the detector response at other positions, we have built a
manipulator system that permits locating the source throughout the detector volume.

The manipulator consists of a 6 meter long vertical column suspended in the detector from
a platform mounted on the detector cover. A three-jointed articulating arm is mounted from
the bottom of the column. The source is mounted at the outer end of the third arm, and can
be placed anywhere within 4.3 m from the bottom of the column. The arms are sealed so as to
be neutrally buoyant in water. All components are fabricated from stainless steel or plastic in
order not to contaminate the water.

Four motors are used to rotate the column and drive the arm segments so as to position the
source in the desired location. A chain and sprocket arrangement transfers the motion of the
motor drives to the appropriate arms. Each motor contains an encoder to record arm rotation
angles, and a redundant, second encoder is mounted on each motor shaft. More precise position
readback is achieved using solid state accelerometers based on MEMS technology. The angular
position of each arm can be read out to 0.1 degrees with these devices, corresponding to less
than 1 cm positioning uncertainty in the source location.

Besides the necessity of positioning the source accurately, it is of paramount importance
to prevent any impact between the manipulator and other detector components.The control
system takes advantage of the redundancy in the feedback of arm positions to achieve these
goals. The accelerometer signals are read out and processed by two 8051 microprocessors. The
data are converted into angles for each arm, and boundary conditions are calculated internally
to determine if there are violations that require motion limiting. A destination algorithm is used
to move the source from one position to another within the detector.

MatLab was used to build the user interface for the system. The interface displays both
profile and polar views of the manipulator arm to assist the operator in understanding how the
arms move and what boundary conditions (e.g. approaching too closely to the PMTs) may be
restricting movement.

Data were collected at over two hundred positions throughout the detector volume during a
two month long run before the experiment ended. These data are now being analyzed.
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MaGe, a Simulation Framework for 76Ge-based

Neutrinoless Double-beta Decay Experiments

Reyco Henning for the MaGe Collaboration
Lawrence Berkeley National Laboratory, Berkeley, CA

The Majorana and Gerda experiments will search for the 0νββ-decay of 76Ge using arrays of
High Purity Germanium (HPGe) detectors. These experiments are described elsewhere in these
proceedings. An important requirement is the ability to characterize the signal contamination by
radioactive backgrounds in detector components and cosmic-ray induced neutron interactions.
Monte Carlo simulation is critical during the design phase to estimate this contamination,
provide radiopurity requirements for detector components, and to determine the minimum
acceptable depth underground to locate these experiments.

The Majorana and Gerda collaborations are pursuing the development of a joint Monte Carlo
package, MaGe, to achieve these goals. MaGe is Geant4 [1] and ROOT [2]-based and uses the
powerful abstraction and object-oriented capabilities of C++ and STL to provide a common
interface for different event generators, detector geometries and output formats. This allows the
reuse of code and increases efficiency. The common interfaces also simplify cross comparisons.

Majorana has performed studies to compare the background reduction efficiency of different
detector segmentation schemes for an exhaustive list of potential sources in the detector bulk
and surfaces. The studies have shown that 208Tl in the copper shield is a dominant source and
that surface alpha contamination has to be limited to 10−4µBq/cm2, a level similar to that
achieved in the Sudbury Neutrino Observatory Neutral Current Detectors [3].

Majorana is also studying cosmic-ray induced interactions in the detector. Initial studies
have shown that Geant4, with corrections, reproduces the experimental results for both neutron
production from electron and muon beamdumps, as well as neutron inelastic scattering in HPGe
detectors, allowing the estimation of systematic uncertainties in the simulation of the Majorana
detector.

The Gerda collaboration has pursued Monte Carlo studies of the Cherenkov photon
production in their water buffer shield. These studies optimized the positions of the
photomultipliers and showed that in inclusion of VM2000-foil doubles the number of collected
photons.

Gerda Monte Carlo studies have also shown that the detector can be operated at Gran Sasso
depths, if segmentation, active shielding, and dedicated delayed coincidence cuts are applied.
The latter tags events from 77mGe produced by the capture of thermal neutrons on 76Ge.
Additional studies have shown that crystal segmentation is sufficient for rejecting background
in Gerda components.

Majorana and Gerda will continue pursuing their joint simulation effort and anticipate
merging collaborations to pursue a 1 ton scale experiment.
[1] S. Agostinelli et al. Nucl. Instr. and Meth. A, 506 : 250, 2003.
[2] Rene Brun and Fons Rademakers. Nucl. Instr. and Meth. A, 389 : 81, 1997.
[3] Laura Stonehill. PhD thesis, University of Washington, 2005.

423

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



Neutrino Background from Population III Stars

Fabio Iocco
Università di Napoli “Federico II”, Napoli, Italy
KIPAC @ Stanford/SLAC, CA, USA

E-mail: iocco@na.infn.it

Abstract. Population III Stars (PopIII) are the first generation of stars formed from the
collapse of the very first structures in the Universe. Their peculiar chemical composition (metal-
free, resembling the Primordial Nucleosynthesis yields) affects their formation and evolution
and makes them unusually big and hot stars. They are good candidates for the engines of
Reionization of the Universe although their direct observation is extremely difficult. Here we
summarize a study of their expected diffuse low-energy neutrino background flux at Earth.

PopIII are the pregalactic generation of stars which formed from the pristine metal-free gas
left from Primordial Nucleosynthesis. The dust- and metal-free gas from which they originated
made them unusually heavy (O(200 M�)), extremely short lived (O(106) yrs), and with a high
rate of Pair Instability Supernovae (PISNe). Their peculiarities make them extremely difficult to
observe directly and so far no unambiguous observation has been reported. Such massive stars
should have a high Supernova rate, and it is therefore reasonable to expect a huge ν emission
associated with the PopIII phenomenon. We study their MeV-energy neutrino flux to understand
if it can be considered as a direct observable for such a generation of stars, motivated also by the
recent interest in modeling the diffuse fluxes due to different cosmic sources. Our simple model,
which may be regarded as an upper limit to the actual flux, makes strong assumptions on the
Stellar Formation Rate (SFR), the Initial Mass Function (IMF) of the PopIII and uses the results
of 3-D simulations of PISNe explosions to model the ν contributions. In the model we propose
and fully describe in [1] we assume that the whole PopIII generation is formed by only 300 M�
stars, which give the most spectacular contribution in neutrinos, ≈ 1055 ergs, according to [2];
we also assume that a fraction fIII = 10−3 of the total baryonic mass of the Universe contributes
to the stellar phenomenon (actually ends up in a star) which we model as a delta-like function at
the redshift suggested from WMAP3 as the central value for Reionization, z̄ = 12. The neutrino
contributions we take into account are the νe flux due to H-burning (E < 2 MeV ), the ν and
ν̄ of all flavours by purely leptonic processes and ν and ν̄ of all flavours produced during the
PISNe collapse (E ≤ 20 MeV), energies at the source. We find that, as expected, the energy at
the Earth is lower because of cosmological redshift effect: the ν flux drops below 1 cm−2s−1 at
E ≈ 5 MeV, the total background being always dominated by cosmic SNe and galactic stellar
neutrinos. Although the anti-neutrino flux shows the same magnitude it is interesting to notice
that the PopIII flux dominates the cosmic background up to E ≈ 2 MeV.

References

[1] F. Iocco, G. Mangano, G. Miele, G.G. Raffelt and P.D. Serpico, Astropart. Phys. 23 (2005) 303.
[2] C.L. Fryer, S.E. Woosley and A. Heger, Astrophys. J. 550 (2001) 372.

424

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



 
 
 
 
 
 

Neutrinoless double beta decay experiment DCBA using a 
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N Ishihara1, Y Kato1, T Inagaki1, T Ohama1, S Takeda1, Y Yamada1, N 
Ukishima2, Y Teramoto2, Y Morishima3, I Nakano3, S Kitamura4, Y Sakamoto5, 
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1High Energy Accelerator Research Organization (KEK), Tsukuba, 305-0801 Japan 
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E-mail: nobuhiro.ishihara@kek.jp 
Abstract. A magnetic momentum-analyzer is being developed at KEK for neutrinoless double 
beta decay experiment called DCBA (Drift Chamber Beta-ray Analyzer, inverted ABCD). A 
lot of thin plates of 150Nd compound are installed in tracking detectors located in a uniform 
magnetic field. The three-dimensional position information is obtained for the helical track of a 
beta ray. More R&D will be studied using the second test apparatus DCBA-T2, which is now 
under construction.  

In double beta decay experiments, the main method distinguishing 0ν mode from 2ν mode is to find a 
spike spectrum at Q-value in respect of kinetic energy sum of two beta rays. In DCBA, the kinetic 
energy of each beta ray is calculated from the data of measured momentum. The accuracy of the 
momentum directly depends on the position resolution of tracking detector. The resolution of X-
coordinate is due to the spread of drift velocity in the electron drift space, in which a beta ray ionizes 
chamber gas (85%He + 15%CO2).  The electric field in the drift space should be carefully tuned. The 
Y-coordinates of a track are determined by the positions of anode wires. The position accuracy of 
every anode wire is precise as 0.03 mm (rms). The resolution of Y-coordinate is rather determined by 
the fitting error in analysis. The Z-coordinates are obtained from pickup wire signals. A pickup wire 
plane is located at 2 mm distance from an anode wire plane in the opposite side of source plate. There 
is a small capacitance between an anode wire and a crossing pickup wire. Electron avalanche signals 
on a surface of an anode wire propagate several pickup wires through capacitances. The Z-coordinate 
of a track point is therefore obtained as the center of mass of signals from several pickup wires. The 
position resolutions have been preliminary obtained as 0.57 mm, 0.49 mm and 0.70 mm for X, Y and 
Z, respectively, using the straight track of cosmic rays. Electron tracks in a uniform magnetic field 
have been obtained using internal conversion electrons from 207Bi. Test apparatus DCBA-T2 will 
provide the data of energy resolution. In the future, a module of DCBA-F will consist of about 80 m2 
source plates of 150Nd, a lot of drift chambers and a super-conducting solenoid. It is finally expected 
that 20 modules of DCBA-F will provide the sensitivity of 0.02 eV for effective neutrino mass. 
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Supernova detection with KamLAND

Kazumi Tolich for the KamLAND Collaboration

Physics Department, Stanford University, Stanford, California 94305, USA

E-mail: kazumi@stanford.edu

If KamLAND detected neutrinos or antineutrinos from a supernova explosion, we would be
able to obtain valuable knowledge on the supernova explosion mechanism. From a standard
supernova, defined to be 10 kpc away, with 3 × 1053 ergs of energy and equal luminosity in all
flavors of neutrinos and antineutrinos, we expect to see the following events over a few seconds
assuming no neutrino oscillations: ∼ 310 neutron inverse beta decays with the mean energy
of ∼ 16MeV and ∼ 300 proton recoil reactions above a 0.2MeV threshold. The proton recoil
events, which have low energies, are particularly interesting since they yield both the luminosity
and temperature of all neutrino flavors combined. Due to the low energy threshold, KamLAND
is the only currently running experiment that can detect the proton recoil reactions. The current
radioactivity level in KamLAND limits the energy threshold to be ∼ 0.6MeV, however, ongoing
effort to purify the scintillator will significantly reduce the background level in the low energy
region, increasing our ability of observing more proton recoil reactions.

KamLAND uses three different methods to search for a supernova explosion. The first method
is performed in real time at the electronics level. This method looks for a burst of antineutrino
events by searching for eight high energy events in ∼ 0.8 s. Upon detecting such a burst, the
KamLAND trigger electronics lowers the energy threshold for one minute to detect as many
proton recoil reactions as possible.

The second method analyzes the time and approximate energy of each event from the trigger
electronics data within a few seconds of the trigger data being collected. This method searches
for neutron inverse beta decays by looking for pairs of events: a high energy event followed by a
neutron capture energy event in a temporal coincidence of 1ms. When the trigger data analyzer
detects five candidate pairs of events in one second, the person monitoring the detector is alerted
to a possible supernova detection, and the data acquisition system prevents the run from being
stopped for one minute.

The third method uses the time, energy, and position of each event, reconstructed using data
from all the photo multiplier tubes within about 20 minutes from the data being collected. The
method searches for neutron inverse decays by looking for two events in spatial and temporal
coincidence: An event with an energy greater than 5MeV must be followed by another event
with an energy between 1.8MeV and 2.6MeV less than 2m apart, and within 0.5µs to 1ms.
When the analyzer finds two such coincidences in 10 seconds, the person monitoring the detector
is alerted.

In case of a supernova detection, to synchronize our data with other experiments, we record
the absolute time accurate to ∼ 150 ns to the coordinated universal time by using the Global
Positioning System.
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Tau Neutrino Appearance in Atmospheric Neutrinos1

Tokufumi Kato for the Super-Kamiokande Collaboration

Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794

E-mail: fumi@nngroup.physics.sunysb.edu

A search for the appearance of tau neutrinos from νµ ↔ ντ oscillations in the atmospheric
neutrinos has been carried out using the atmospheric neutrino data from the Super-Kamiokande-
I experiment. An estimated total of 78 ντ events is expected in the data sample presented. A ντ

enriched sample is selected by statistical analysis methods, likelihood and neural network, with
a set of five variables characterizing the decays of tau leptons. After applying ντ event selection
criteria with the likelihood cut or neural network cut (Figure ), the zenith angle distribution
of the selected sample is fitted with a combination of the expected ντ signals resulting from
oscillations and the predicted atmospheric neutrino background events including oscillations
(Figure ). The various systematic uncertainties are also considered. The Super-Kamiokande-I
atmospheric neutrino data for 1489.2 days, which find a best fit ντ appearance signal of 138 ±

48 (stat.) +15
−32 (sys.), disfavor the hypothesis of no tau neutrino appearance by 2.4 sigma.
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Figure 1. The likelihood (top) and NN
output (bottom) distributions of downward-
going (left) and upward-going (right) events.
The events for likelihood L > 0 or NN output
> 0.5 are defined to be tau-like.
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for the likelihood analysis. A fitted excess
of tau-like events is observed in upward-going
direction (shaded area).

1 The paper was submitted to PRL for publication (hep-ex/0607059).
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£�µK§¬Æ��T¡�µM�~³M«j�v¨®µM¡É·.£�ªdÅ4Æ��d¡©³KµK§�ªT£�³Kj�~§�·4º9Ê}Ë7ÌTÍ^¡�Ë7ÎVÏ°ÐXÑÓÒdµ.ÔzË7ÕVÖ×£�µK§�¨®µKªq�z�~£�j�À¡©³K�¦d�~µKd¨�«d¨�¢�¨�«6º�«j¡Ød¡©¤®£b�
µM�~³K«j�z¨®µM¡©F·l�~¤�¡VÃ±ÙbÇZÚÜÛ��TÝFÇÓÞ Ì ¼�Ò	ßjà}¼¶�~Ò Ê}Ë7Ì ÍÓ·ÈÒ Ê}Ë7Ì Í^¡MáA£�µ/§ Ê}Ë7ÌTâ ¨�¨® �¯/³M�v¨�«d¨��~FªT³M�d�d�~µ,«d¤�º?¨�µK�K¨�·/¨®«ã£
§K¨®�d�~ªq«Èj¡©¤®£b�^µM�~³M«j�z¨®µK¡{ ��~£�d³M�d�~ ��~µ�«TÇ â £�ªdÅ4Æ��d¡©³KµK§Fj«d³K§K¨®�~È¨®µK§K¨�ªT£b«j�L¼¶£� �½;¾�¿�Áä ã³/j«È�d�~§K³/ªq�ÓªT³M�d�d�~µ,«
ªq¡©µKªq�~µ,«j�z£b«d¨�¡©µ/À¡�¥ Ê}Ë7Ì ÍÓ·�·4º�£¬¥I£�ªq«j¡��å¡�¥{ÙTæ�àã¥»�d¡© èçMé®Ùãê?ÙTæ4ë/à â ²Mì1Å,ÆMálÞ Ì ¼í·,º�£9¥I£�ªq«j¡��°¡�¥{ÙTæ�æ¬¥I�d¡© 
î é®Ù¶êÜÙTæ ë/ß â ²Mì1Å4Æ¬£�µK§ ßjà ¼°�t·,ºÙTæ à ¥I�d¡© èï4épæ�ê¸ÙTæ ëKÞ â ²Mð1Å4ÆKÇ
�{�M�F¨®j¡�«j¡�¯l�~ÀÊ}Ë7ÌTÍÓ·´£�µ/§�Ê}Ë7ÌTÍ^¡�£b�d�F§/¨�ñ9ªT³K¤�«�«j¡ò ��~£�z³M�d�ã¨�µ�«d�M�Ø¤®£b·§K³M�É«j¡	«d�M�~¨���¤�¡©µMÆ�¤®¨�¥I�T«d¨® ��~TÇ
��¡ód¡©¤�¢��ô«d�/¨®¸¯K�z¡�·/¤��~  ÃA�� �£bÅ��Ä«d�M�Ä£�zd³K �¯K«d¨®¡©µõ«d�K£b«�£�¤®¤¬ÍL·�¨®j¡�«j¡�¯l�~��K£~¢��ö�~²4³K£�¤9�z�~ �¡V¢b£�¤
�Tñ9ªT¨®�~µKªT¨��~TÇ �{�M�Äd�M¡��d«�¤®¨�¢��~§�¨®d¡�«j¡�¯P�~?¥I�d¡©  ÊjÊjÌ}÷ ÊjÊjÊ~øtµù§M�~ªT£~º�£b�d��³Kj�~§ú«j¡ûj«d³K§MºúdªT¨®µ,«d¨®¤®¤®£b«j¡��
¯/³K�z¨�ü/ªT£b«d¨�¡©µ¶«j�~ªz�KµK¨�²,³M�~~Ç^½�¨®²,³/¨®§¶dªT¨®µ,«d¨®¤®¤�£b«j¡��^¨®^§M¡�¯l�~§F¨®µ¶«d�M�¦¤®£b·F«j¡°ªq¡©µ�«d£�¨®µØ«d�K�Ad£� ��Aªq¡©µKªq�~µ,«j�z£b«d¨�¡©µ/
¥I¡©³KµK§ò¨®µò¼É£� �½;¾�¿ÀÁFÇ
ý µ?«d�M�	¥»¡©¤�¤�¡VÃt¨�µMÆ ý �z�T¯P¡��z«É�d�~d³/¤�«dÉ¡�·/«d£�¨®µM�~§�§K³M�z¨�µMÆò«j�~j«Ø¯/³M�z¨®ü/ªT£b«d¨�¡©µKÉ¡�¥t§M¡�§M�~ªT£�µM��áL«d�M�� �£1þj¡��
ªq¡© �¯l¡©µM�~µ,«�¡�¥å¼¶£� �½;¾�¿�ÁÿzªT¨®µ�«d¨�¤®¤®£b«j¡��~Ç ½È�~£�§ä¨® �¯/³M�z¨�«d¨®�~É£b�d��¯/�d�~j�~µ,«F·l¡�«d��¨®µ�¨®¡©µK¨®ª¬¥»¡��z  ÐH �£�¨®µ
ªq¡© �¯l¡©µM�~µ,«vÔÉ£�µK§?¨�µ¸«d�M�	¥»¡��v  ¡�¥�¡��dÆ©£�µK¡© ��T«d£�¤®¤®¨®ª	ªq¡© �¯l¡©³KµK§/TÇ � ¹�¯l�T�z¨® ��~µ,«dÉ§M�~z¨�Æ©µM�~§?«j¡´£�§K§K�d�~d
j�T¯.£b�z£b«j�~¤�ºØ«d�M�t¨�¡©µ/¨®ªVì1¯l¡©¤®£b�L¥I¡��z õ£�µK§9«d�M�{¡��dÆ©£�µK¨�ª{¥I¡��z û¡�¥ÈÍL·¬¨®µK§K¨®ªT£b«j��«d�/£b«�£b¯K¯K�z¡~¹M¨® �£b«j�~¤�º�Ú��û¨�L¨®µ
¡��dÆ©£�µ/¨®ªn¥»¡��v òÇ��{�/¨®l�d�~d³K¤®« ÃA£�;¢��T�z¨�üK�~§°·4º°£b¯K¯/¤�º�¨®µMÆ��M�1Ï¦¤ Î «j¡À£�§K§M�z�~d ¡��dÆ©£�µM¡��7 ��T«d£�¤®¤®¨®ª�·l¡©µK§/Tá~Ãt�K¨�ªz� á¡©µKªq�F·K�d¡�Å��~µ´ªq¡©³K¤®§�«d�M�~µ�·l�É�q¹�«j�z£�ªq«j�~§Ãt¨�«d��d¨®¤®¨®ªT£�Æ��~¤�¡��å§K¨®d«d¨®¤®¤®£b«d¨�¡©µÈÇ	��«d³K§K¨��~t¡©µ�«d�M�Ø¨®µK§K�T¯P�~µ/§M�~µ�«
dªT¨�µ�«d¨®¤�¤®£b«j¡��;ªq¡© �¯l¡©µM�~µ,«d�z�M¡VÃ «d�K£b«^«d�M�Ó¯/d�~³K§M¡�ªT³K ��~µM�Ó£�µ/§ãÍ�ÍAÖ�z³M¯K¯K�d�~zÈ«d�M��¥»¡��z 9£b«d¨�¡©µÉ¡�¥M¡��zÆ©£�µM¡��
 ��T«d£�¤�¤®¨®ªnÍL·ÈÇ�
 ��£�¤®d¡{ü/µK§°«d�/£b«È«d�M�L�z£b«d¨®¡{¡�¥M¨�¡©µK¨®ªVì1¡��dÆ©£�µK¡��7 ��T«d£�¤®¤®¨®ª� �¡©¤��~ªT³K¤��~�¨® §K¨�l�T�d�~µ,«È¥»¡���¨®j¡�«j¡�¯l�~
·l¡��zµ	«d�M�d¡©³KÆ©�ò·l�T«d£�¡��t£�¤�¯/�/£�§M�~ªT£~º�á.«d�M�¶¤®£b«j�T�t¯/�d¡4§/³KªT¨®µMÆØ �¡��d�°¡��dÆ©£�µ/¨®ª¶ÍL·� �¡©¤��~ªT³K¤��~TÇ
�{�M�� ��T«d�K¡4§KÉ¥»¡©³/µK§¸ �¡©j«ã���P�~ªq«d¨®¢��¬§K³M�v¨®µMÆ�¡©³M�É¯/�d�T¯/£b�z£b«j¡��dº j«d³/§K¨��~¶£b�d�	§K¨®j«d¨�¤®¤®£b«d¨�¡©µ áÈµ/¨�«j�d¡�Æ��~µ
¯/³K�dÆ©¨®µMÆMá¶£�§Kd¡��d¯K«d¨�¡©µ×£�µK§ �M�~£b«d¨�µMÆMÇ Áå¨®j«d¨�¤®¤®£b«d¨�¡©µ�º�¨��~¤®§/ò«d�M��¤®£b�dÆ��~j«��d�~§K³Kªq«d¨�¡©µ×�Tñ9ªT¨��~µ/ªqº�¥»¡��£�¤®¤
¨®d¡�«j¡�¯P�~�d«d³K§K¨��~§ Ç�¿�¨�«j�d¡�Æ��~µ�¯/³K�dÆ©¨®µMÆØ£�§K§M�d�~zj�~¦¡©µK¤�º¬«d�M�°Æ©£�tªq¡© �¯l¡©µM�~µ,«d¦Ãt�K¨�¤���£�§/j¡��d¯K«d¨�¡©µ�«d£b�zÆ��T«d
«d�M�A¨�¡©µK¨®ªVì1¯l¡©¤®£b��¥»¡��v �;¡�¥.ÍL·ÈÇ��t�~£b«d¨�µMÆÀÃ¦£�^¥»¡©³/µK§É«j¡�·K�d�~£bÅÉ¡��dÆ©£�µM¡��7 ��T«d£�¤®¤�¨®ª�ÍÓ·ã·l¡©µK§/Tá1d³K·/j�~²4³M�~µ�«d¤®º
ªq�d�~£b«d¨�µMÆ�£�µ�¨�¡©µ/¨®ªVì1¯l¡©¤®£b�¦¥»¡��z  ¡�¥�«d�M�ãÍL·ÈÇ
ý µ/§M�T¯l�~µK§M�~µ,«�j«d³K§K¨��~�¡�¥�dªT¨®µ,«d¨®¤®¤®£b«j¡���¯/³M�z¨�ü.ªT£b«d¨�¡©µ#�K£V¢��?·l�T�~µ ªq¡©µ/§K³Kªq«j�~§ó£b«Ï¦£�¤�«j�~ªv� áã��¡©�M¡�Å�³

� µK¨�¢��T�zz¨�«7ºÜ£�µ/§��{�M� � µK¨®¢��T�zd¨�«6ºÜ¡�¥À¾�¤®£b·/£� 9£�Ç ý µ «d�M�ò¯K�d�~j�~µ/ªq�	¡�¥�£Æ©£���K¡1Ã §K³M�z¨®µKÆ�§K¨®d«d¨®¤®¤®£b«d¨�¡©µ
�d�~§/³Kªq«d¨�¡©µ�¥H£�ªq«j¡��zå¡�¥Ó³K¯�«j¡ ÙTæ à ¥»¡��°¼°�å£�µK§ ÙTæ�ÎÉ¥I¡��°ÊjÊjÊTøtµ´�K£~¢��Ø·l�T�~µ´¡�·/j�T�d¢��~§ Ç ý µ�«d�M�Ø£b·/j�~µ/ªq�F¡�¥
£�ªT£b�z�z¨��T�¶Æ©£�ã«d�M���d�~§/³Kªq«d¨�¡©µ¸¨®É£�¥H£�ªq«j¡��ã¡�¥	�4Ç�¾t¥I«j�T�ã F³K¤�«d¨�¯.¤���§K¨®j«d¨®¤�¤®£b«d¨�¡©µK�ÃA�9£�ªz�K¨®�T¢��~§Ü�d�~§/³Kªq«d¨�¡©µ
¥H£�ªq«j¡��t¡�¥n³M¯�«j¡9¨�µ ÙTæbÞ¶¥»¡�� Ê}Ë7Ê ÍL·ÈÇ
¾À§/j¡��d¯K«d¨�¡©µ��q¹4¯l�T�z¨® ��~µ�«d�º�¨��~¤®§�£É¥I£�ªq«j¡����bæ¶�z�~§K³Kªq«d¨�¡©µ¬¨®µ�Ê}Ë7ÊTÍL·;á��°¥I¡���ÊjÊjÊTøÀµ á.Ù��¶¥»¡��AÊ}Ë Þ ÍL·9£�µK§ î Ù
¥I¡�� Ê}Ë Þ â ¨XÇ��À�~£b«d¨®µMÆÉ«d�K�À§M¡�¯l�~§9§K¡4§M�~ªT£�µK�{«j¡	Ù��bæ�Ï�·l�T¥I¡��d�t£�§Kd¡��d¯K«d¨�¡©µ¬¨®µKªq�d�~£�j�~Ó«d�M� Ê}Ë7Ê ÍÓ·9�d�~§/³Kªq«d¨�¡©µ
«j¡��bæ�æ�Ç¦Ö°³M��j«d³K§K¨��~¦¨®µ/§K¨®ªT£b«j��«d�K£b«�£�¤®¤P¡�¥�«d�M�~d�å ��T«d�M¡4§/A£b�z�¶ªq¡© �¯/¤��~ ��~µ,«d£b�dº	¨®µ�ÍL·��d�~ �¡1¢*£�¤XÇ���¨®¤®¨®ªT£
Æ��~¤�£�§Kj¡��z¯K«d¨�¡©µF¨®�ªq¡©µ/d¨®§M�T�d�~§F£�n£t·.£�ªdÅ��7³M¯�¥»¡��^«d�M��§K¨®d«d¨®¤®¤®£b«d¨�¡©µ°dº4j«j�~ ûªT³K�d�d�~µ,«d¤�º¶³KµK§M�T�^ªq¡©µKj«j�z³/ªq«d¨�¡©µ Ç
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Cross Section for Deep Inelastic Neutrino Scattering

in MINOS

Minsuk Kim (for the MINOS Collaboration)

University of Pittsburgh, Department of Physics and Astronomy, Pittsburgh, PA 15260, U.S.A.

E-mail: mskim@fnal.gov

Abstract. The flux is a necessary ingredient to measure the cross section in the near detector.
This document briefly describes how to extract the neutrino flux in NuMI (Neutrinos at Main
Injector) beams.

Experiments with solar, atmospheric and reactor neutrinos have provided compelling evidence
for the existence of neutrino oscillations driven by nonzero neutrino masses and neutrino mixing.
Evidence for oscillations of neutrinos was obtained also in the first long-baseline accelerator
neutrino experiment K2K (KEK to Kamioka with L ∼ 250 km). The studies of the neutrino
flavor transitions offer the possibility to obtain information about the neutrino masses and
mixing. New experimental studies have been planned to measure with greater precision the
properties of the neutrino flavor transitions. In particular, the MINOS experiment using the
NuMI beamline neutrinos (Fermilab to Minnesota with L ∼ 735 km) is producing important
results and will collect much more data to yield more results with higher precision. The flavor
composition, and energy spectrum of a neutrino beam in a detector (located at a distance
L from the source) is determined from the observation of neutrino interactions, and clearly
determination of the neutrino reaction and production cross sections required for a precise
understanding of neutrino-oscillation physics.

σtotal(Eν) =
N(Eν)

A · Φ(Eν)
(1)

The total neutrino cross section can be obtained from data using the formula above, where N(Eν)
is the observed number of events as a function of neutrino energy. Φ(Eν) is the neutrino flux,
and A is the correction function that accounts for finite resolution, efficiencies and acceptance.
The uncertainty of cross section is dominated by systematic errors in the determination of
the neutrino flux. The shape of the flux can be determined by measurements of quasi-elastic
interactions observed in a massive, high-resolution near detector, or extracted by the low-ν flux
extraction method making use of the fact that the low-ν part of the neutrino (anti-neutrino) cross
section is constant, i.e. independent of energy and equal for neutrinos and anti-neutrinos [1].
These fluxes should be accurately reproduced by Monte Carlo calculations.

References

[1] Janet M. Conrad, Michael H. Shaevitz and Tim Bolton 1998 Rev. Mod. Phys. D 70, 1341-92
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The sensitivity of a θ13-measurement at a two-detector reactor neutrino experiment is limited
by different factors, depending on the total exposure. For low exposure (. 2 · 101 GW t yrs),
the overall event rate is most important, while for medium exposure (2 ·101 – 103 GW t yrs) the
systematical normalization errors become dominant. For very high exposure (& 103 GW t yrs),
the sensitivity is limited by the statistics in each energy bin. Only uncorrelated spectral errors
can spoil the performance here. Next-generation experiments such as Double Chooz operate in
the medium exposure region, while more advanced setups like Triple Chooz [1], R2D2 [2], or
setups involving mobile nuclear reactors and large liquid scintillator detectors [3] can reach the
high exposure region, yielding sensitivities of sin2 2θ13 ≈ 10−3.

Upcoming reactor neutrino experiments can put limits on θ13 which are comparable to or
even better than those of first-generation superbeams since the latter suffer from correlations
between θ13 and δCP . Their discovery reach, i.e. their potential to distinguish θ13 6= 0 from the
zero hypothesis, depends crucially on the true value of δCP . In the distant future, accelerator
experiments will outperform reactor experiments, but an early reactor result is important to
select the optimum technology for future beam projects: For very small θ13, a neutrino factory
will be needed, while for larger values other setups may yield better results.

Precise knowledge about θ13 is important to estimate the potential of future 0νββ decay
experiments [4]: Small θ13 implies that the effective νe masses mee for the normal and inverted
mass hierarchies are clearly separated, and that, for the normal hierarchy, the band of allowed
mee values is much narrower.

An interesting application of reactor experiments can be to constrain the scenario of mass-
varying neutrinos [5], in which the mixing parameters in matter and air may be very different.
By comparing two experiments, for which neutrinos pass through different proportions of air
and matter on their way to the detector, a direct test of mass-varying neutrinos is possible.

For future low-energy neutrino detectors, a new energy calibration technique can be employed:
Self-calibration with Geo- or solar neutrinos. These have characteristic steps or peaks in their
spectra, which can be easily located in the data, thus fixing the energy calibration.

References
[1] Huber P, Kopp J, Lindner M and Rolinec M 2006 JHEP 05 072 (Preprint hep-ph/0601266)
[2] Huber P, Lindner M and Schwetz T 2005 JHEP 02 029 (Preprint hep-ph/0411166)
[3] Kopp J F, Lindner M, Merle A and Rolinec M 2006 Preprint hep-ph/0606151 submitted to JHEP

[4] Lindner M, Merle A and Rodejohann W 2006 Phys. Rev. D 73 053005 (Preprint hep-ph/0512143)
[5] Schwetz T and Winter W 2006 Phys. Lett. B 633 557 (Preprint hep-ph/0511177)
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The Sudbury Neutrino Observatory (SNO) is a 1000 tonne heavy water Cherenkov detector,
that is currently taking data with an array of 36 3He and 4 4He counters. Neutron capture
in these counters (Neutral-Current Detection Array, NCDs) detects neutrons from ν-deuteron
neutral-current interactions of solar neutrinos. Cherenkov light signals from νe deutron charged-
current interactions and νe elastic scattering are detected by the heavy water Cherenkov detector.
The calibration methods for this third phase of the SNO experiment are described.
The calibration of the optical properties of the SNO experiment is essential for the Cherenkov
signals. The addition of the NCDs complicates the vertex and energy reconstruction of
Cherenkov events. A manipulator system which permits positioning of a source in two
perpendicular planes is used to deploy optical, γ or neutron sources.
A dye laser with 6 different wavelengths between 337 and 620 nm and a diffusing sphere is used
for optical calibrations. New methods have been developed to take shadowing and reflections
of the NCDs into account. The energy calibration is performed with a 16N source which emits
6.13 MeV γ’s and is used to determine the energy response and to monitor the stability over
time. A new energy estimation algorithm that takes into account the variation of the efficiency
of individual photomultiplier tubes has been developed. Two independent energy estimations
are performed, one using the prompt light only, the other one taking all late light into account.
An increased frequency of calibrations (especially for neutron calibrations) and the improvements
in the calibrations methods are an essential part of the forthcoming analysis of the solar 8B
neutrino flux with the NCDs.
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Abstract. PICASSO is a dark matter search experiment that uses the superheated droplet
technique to find spin-dependently interacting WIMPs. A set of 1 l detectors with a total active
mass of 19.4 g was used to prove the validity of the technique. The data from this run disfavors
WIMP-proton cross sections larger than 1.3 pb for a WIMP mass of 29 GeV. Currently phase II
of PICASSO is getting started. It will consist of 32 4.5 l detectors with a projected active mass
of 2.5 kg and improved detectors.

In two publications the PICASSO collaboration has shown that the superheated droplet
detection technique is capable of setting limits on the spin-dependent neutralino-nucleon
interaction[1][2]. The exclusion limit extracted from the 2004 19.4 g active mass running at SNO
is shown as black line in figure 1. This data was taken with three one liter detectors purified
with the HTiO method developed for SNO [3]. Since then new 4.5 l detector containers with nine
piezo-electric sensors have been developed. The purification was improved by more controlled
environmental conditions during the manufacturing process and a new, more efficient method
to remove heavy ions from the U and Th chain from the CsCl salt used in the detectors. The
purification is now completely performed in a new cleanroom facility where the ingredients are
kept under a Nitrogen cover gas during the entire handling and purification. The manufacturing
process was improved to increase the droplet size which improves the active mass per volume
(loading) while reducing the sensitivity to alpha decays at the same time. The projected
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Figure 1. published PICASSO exclusion
curve (black) and projected sensitivity for
the 32 detector phase (red) and sensitivity
for a possible 100 kg active mass PICASSO
experiment.

sensitivity with the new detectors for a excluding WIMP-proton interactions at 90% C.L. is
plotted in figure 1 in red. Also shown is a projected large scale PICASSO experiment with
100 kg active mass and another improvement of the the purification by a factor of 100 (blue).
[1] Barnabe-Heider M et al 2005 Phys. Lett. B 624 186-194
[2] Barnabe-Heider M et al 2005 Nucl. Instrum. Meth. A 555 184-204
[3] Andersen T C et al 2003 Nucl. Instrum. Meth. A 501 386-398
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Abstract. The Karlsruhe Tritium Neutrino Experiment, or KATRIN, is a next generation
tritium beta decay experiment to directly measure neutrino mass with an expected sensitivity
of 0.2 eV[1]. Neutrino mass does not fit into the Standard Model, and determining this mass may
set the scale of new physics. To achieve this level of sensitivity, backgrounds in the experiment
must be minimized. A complete Geant4[2] simulation of KATRIN′s focal plane detector and
surrounding region is being developed. These simulations will help guide the design and selection
of shielding and detector construction materials to reduce backgrounds from cosmic rays and
natural radioactivity.

The KATRIN experiment will use a silicon semiconductor diode array to detect β-decay
electrons. Cosmic rays, natural radioactivity, and cosmogenics in the detector region are all
potential background sources. These can be reduced with a passive shield of lead and copper
and a plastic scintillator. Natural radioactivity and cosmogenics can be minimized by careful
material selection. Materials must also be compatible with a 6 Tesla field and ultra-high vacuum.
Once all backgrounds are understood, an optimum low-background region-of-interest (ROI) will
be identified. The detector-related background is specified as ¡ 1mHz. The β-decay electrons can
be accelerated after the electrons pass through the spectrometer to energies above the endpoint
energy, 18.6 keV, so that they fall within this low-background ROI. This is accomplished by
floating the inner detector system at up to 30 kV. To better understand backgrounds related
to the KATRIN detector, a Geant4-based[2] code to simulate all possible backgrounds is being
developed.

[1] KATRIN Design Report 2004 see http://www-ik.fzk.de/∼katrin/
[2] Agostinelli S et al. 2003 Nuclear Instr. Methods A 506 250-303

Allison J et al. 2006 IEEE Transactions on Nuclear Science 53 No. 1 270-8
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ABSTRACT
An underground laboratory (Aberdeen Tunnel Laboratory) was built inside a traffic tunnel 
(Aberdeen Tunnel) in the Hong Kong Island in the early 80’s for the study of cosmic-ray muon 
anisotropy.  The laboratory has an overburden of about 250 m of rock, which is comparable to those 
of the detector halls proposed for the Daya Bay Neutrino Experiment in Guangdong Province, 
China.  Given the very similar geographical location, the geology and background radiation to those 
in Daya Bay, the Aberdeen Tunnel Laboratory is an ideal testing ground for the Daya Bay 
Experiment.  This project aims to study the neutrons initiated from cosmic muons by detecting the 
neutrons with a 0.5 ton neutron detector comprising of Gd-doped liquid scintillators viewed by 
PMTs.  The events will be triggered by a muon tracker consisting of 3 horizontal layers of crossed 
stainless steel proportional counters and plastic scintillators, with 2 layers above and 1 layer below 
the neutron detector.  It is hoped that the results will help in understanding and minimizing the 
neutron background in Gd-doped liquid scintillator based neutrino detectors.  This paper presents an 
overview of the laboratory, the geology and radiation background, and the proposed 
detectors.                                                      . 

THE ABERDEEN TUNNEL LABORATORY

~ 2 x 10-5 cm-2 s-1 sr-1Average intensity of muons

~ 60 GeVAverage vertical muon energy

~ 240 mMaximum rock thickness over 
laboratory

~ 22 m above sea levelAltitude

E 114o 10’ 48”Longitude

N 22o 15’ 41”Latitude

Both the muon energy and intensity are 
obtained by simulation with MUSIC

Far

Mid

Near

The mountain profile above the Laboratory is like a saddle.  So by appropriately choosing the zenith 
angle of the arriving muon events, it is possible to study the muon-induced neutrons at different over-
burdens, corresponding to the “Near-”, “Mid-” and “Far-site” detectors in the Daya Bay Experiment.

The Laboratory The Tunnel

Tunnel Entrance

Hong Kong Hong Kong 
IslandIsland

Aberdeen TunnelAberdeen Tunnel
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BACKGROUND
The Daya Bay Experiment is designed to measure the smallest neutrino mixing angle θ13 by measuring 
the disappearance rate of anti-neutrinos emitted from the nuclear power reactors in the Daya Bay 
region.  The neutrinos will be detected through the inverse beta-decay reaction which will generate a 
positron and a neutron.  Knowledge of the background neutron flux in the future underground detector 
halls in Daya Bay is therefore critical in the design of the experiment.

KEY OBJECTIVES
To build a Gd-doped liquid scintillator type neutron detector completed with a muon tracking system.
To obtain the muon flux and energy spectra in the laboratory having an overburden of ~ 240 m of 

rock.
To study the production of neutrons in the laboratory environment and in the neutron detector.
To study other background radiation effects such as gammas and radon from rocks.
To act as a satellite laboratory for the Daya Bay Experiment for testing equipments and verifying 

experimental data.
To develop simulation packages such as GEANT4, MUSIC that could be applied in the Daya Bay 

Experiment.

THE DETECTOR

Proportional counters

Plastic scintillators

Neutron detector: 
Gd-doped liquid 
scintillator 

Gamma catcher: normal 
liquid scintillator Water buffer

2 mDistance between top & 
bottom layers

~ 2 m x 2 mActive area of muon 
tracker

0.25 m thick of waterBuffer

1.5 m diameter x 1.4 m highGamma catcher

1 m diameter x 1 m highNeutron detector

3.2m x 6.7m x 2.3m (W x D x H)Dimension of 
Laboratory

Please also visit the other 3 posters of ours for related works and results.  Thank you!
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Geophysics with Hawaiian Anti-neutr ino Observatory 
(Hanohano) 

J . Maricic for  the Hanohano Collaboration 
Drexel University, Philadelphia, PA, 19104, University of Hawaii, Honolulu, HI, 
96822  

jelena.maricic@physics.drexel.edu 

Abstract. The design studies are under way for the deep ocean anti-neutrino observatory 
located in the vicinity of the Big Island (Hawaii) with the main goal of measuring geo-neutrino 
flux from the mantle and core which can exclusively be done in a location far from the 
continental plates such is Hawaiian Islands chain. Hanohano will also accomplish the definitive 
measurement of the electron anti-neutrino signal from the core to observe or eliminate a 
hypothetical natural reactor in the Earth’s core. 

1.  Introduction 
Uranium and thorium content of the Earth is directly related to the Earth’s heat flow, which is not a 
well known quantity [1]. One suggested way of estimating the uranium and thorium content of the 
Earth is via detection of anti-neutrinos produced in the radioactive decays of these elements [2] which 
has been done in [3] for the first time. The hypothetical nuclear reactor in the Earth’s core can also be 
detected through its anti-neutrino flux and attempt has been made in [4]. Hawaiian Anti-neutrino 
Observatory (Hanohano) will be a liquid scintillator detector designed with a goal to make a definitive 
measurement of geo-neutrino flux due to uranium and thorium in the Earth’s mantle and core and to 
observe or eliminate a putative reactor in the Earth’s core via its anti-neutrino flux. Experience from 
the KamLAND detector in Japan is used to estimate needed baseline to achieve desired sensitivity as 
well as for the background rate estimates. 

2.  Hanohano detector  
In order to accomplish 16% measurement of the U/Th content of the mantle plus core, Hanohano must 
have at least 10 kiloton-years of exposure. It should be placed at 4 km depth to reduce cosmic ray 
induced backgrounds, thus the suggested location is in the vicinity of the Big Island in Hawaii. It is 
expected that Hanohano should reach the same level of radio-purity levels as in KamLAND, except 
for radon where the significant improvement is need (at least a factor of 40). 1 TW or larger core 
nuclear reactor may be detected with 5σ confidence level with Hanohano detector.  

References 
[1] D.L. Anderson, Theory of Earth, Blackwell Science (1990). 
[2] G. Eder, Terrestrial Neutrinos, Nucl. Phys. 78, 657 (1966). 
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The Majorana Experiment
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E-mail: mgmarino@u.washington.edu

Recent results from Super-Kamiokande, SNO, KamLAND, MINOS, [1-4] and other
experiments have demonstrated that neutrinos are massive and change flavor. Probing the
absolute scale of neutrino masses can be accomplished via neutrinoless double-beta decay
searches; discovery of neutrinoless double-beta (0νββ) decay would also establish the Majorana
nature of the neutrino. The Majorana collaboration proposes to search for this process by
employing high-purity, segmented, enriched (86% 76Ge) germanium as both source and detector.
Recent improvements in signal processing, detector design, and advances in controlling intrinsic
and external backgrounds will augment this well-established technique [5,6]. The objective of
the first experimental phase of the Majorana experiment is to build a 120-kg detector of 86%
enriched 76Ge to search for 0νββ decay. The physics goals for this first phase are to probe
the quasi-degenerate neutrino mass region above 100 meV, demonstrate that backgrounds at
or below 1 count/tonne/year in the 0νββ decay peak 4-keV region of interest can be achieved
that would justify scaling up to a 1 tonne or larger mass detector, and to definitively test the
Klapdor-Kleingrothaus claim to have observed 0νββ decay in 76Ge in the mass region around
400 meV [5]. Such low backgrounds and an exposure of 464 kg-years would enable the Majorana
experiment to achieve a sensitivity to the 76Ge 0νββ decay half-life of 5.5 × 1026 years at the
90% CL and a Majorana neutrino mass sensitivity of 120 meV (using the latest RQRPA nuclear
matrix element calculations [7]).
[1] Y. Ashie et al. (Super-Kamiokande), Phys. Rev. D71, 112005 (2005), hep-ex/0501064.
[2] S. N. Ahmed et al. (SNO), Phys. Rev. Lett. 92, 181301 (2004), nucl-ex/0309004.
[3] T. Araki et al. (KamLAND), Phys. Rev. Lett. 94, 081801 (2005), hep-ex/0406035.
[4] D.G. Michael et al. (MINOS), hep-ex/0607088.
[5] H. V. Klapdor-Kleingrothaus et al., European Physical Journal A 12, 147 (2001a).
[6] C. E. Aalseth et al., Physical Review D 65, 092007 (2002).
[7] V. A. Rodin, et al., nucl-th/0503063
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Cryogenic Double Beta Decay Experiments:

CUORE and CUORICINO

Reina Maruyama, for the CUORE Collaboration [1]

Lawrence Berkeley National Laboratory & University of Wisconsin, Madison, USA

E-mail: rmaruyama@lbl.gov

Abstract. Cryogenic bolometers, with their excellent energy resolution, flexibility in material,
and availability in high purity, are excellent detectors for the search for neutrinoless double beta
decay. Kilogram-size single crystals of TeO2 are utilized in CUORICINO for an array with
a total detector mass of 40.7 kg. CUORICINO currently sets the most stringent limit on the
halflife of 130Te of T0ν

1/2
≥ 2.4 × 1024 yr (90% C.L.), corresponding to a limit on the effective

Majorana neutrino mass in the range of 〈mν〉 ≤ 0.2 – 0.9 eV. Based on technology developed
for CUORICINO and its predecessors, CUORE is a next-generation experiment designed to
probe 〈mν〉 in the range of 10 – 100 meV. Latest results from CUORICINO and overview of the
progress and current status of CUORE are presented.

1. Introduction
The search for neutrinoless double beta decay (0νββ) has become one of the top priorities in the
field of neutrino physics since the discovery of neutrino oscillations in atmospheric[2], solar[3],
and reactor[4] experiments. An overview and current status of double-beta decay physics and
experiments were given in earlier talks by Hirsch, Simkovic, Elliott, and Barabash[5]. The need
to verify the claim of the observation of 0νββ by a subset of Heidelberg-Moscow germanium
experiment[6] has also been presented in these talks. The most stringent limit on the effective
mass of Majorana neutrinos comes from two 76Ge experiments, Heidelberg-Moscow[7] and
IGEX[8]. CUORICINO which is searching for 0νββ in 130Te follows closely behind[9]. NEMO-
3 is capable of a multiple-isotope search for double-beta decay events, and with its tracking
capabilities, has excellent sensitivity to 2νββ[11].

A number of experiments are currently at various stages of development to probe the
degenerate mass hierarchy region of the neutrino mass spectrum and into the inverted hierarchy,
many of which are represented at this conference[12]. CUORE (Cryogenic Underground
Observatory for Rare Events) is one such experiment, to be located at the Gran Sasso National
Laboratory (LNGS). It will consist of 988 bolometers of TeO2 crystals, with a total mass of
741 kg. Because of the high isotopic abundance of 34%, 204 kg of 130Te is available for 0νββ

without isotopic enrichment, making CUORE both timely and significantly less expensive than
other experiments. CUORE’s modular design and flexibility will also allow future searches in
other isotopes of interest. It is imperative to carry out double beta decay searches in multiple
isotopes, both to improve the nuclear matrix calculations necessary to extract the effective
neutrino mass, and to ensure that the observation of a line at the expected energy is not a result
of an unidentified background.
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Double beta decay experiments can be divided into three categories: indirect measurements
such as geochemical analyses, direct measurements with the source being separate from the
detector, and direct measurements with a detector that also acts as the source. Bolometers
belong to the last category[16]. When the source is the same as the detector, the source mass is
maximized while materials that could potentially contribute to the background are minimized.
In bolometers, the deposited energy is measured thermally, therefore the entire energy of a decay
event is fully accounted for. At low temperatures (the operating temperature for CUORICINO
is 8mK), the heat capacity of crystals is proportional to the cube of the ratio of the operating
and Debye temperatures. The energy released in a single particle interaction within the crystal
is clearly measurable as change in temperature of the entire crystal. The temperature change is
measured by neutron transmutation doped (NTD) germanium thermistors which are optimized
to operate at these temperatures[14, 15]. The energy resolution of cryogenic bolometers rivals
that of germanium detectors, and 5 keV FWHM resolution at 2.5 MeV is readily achievable.

2. CUORICINO: Results and Performance
CUORICINO started taking data in April 2003 at LNGS and is now producing competitive
results with those achieved by the germanium experiments. It will continue to run until CUORE
has been constructed and is ready to take data. First results from CUORICINO were published
recently which included data from a total exposure of 3.09 kg·yr of 130Te[9]. Here we report on an
update that includes the data up to May 2006 with a total of 8.38 kg-yr of 130Te (see Fig. 1)[17].
No evidence for excess counts is observed at 2530 keV, the expected Q-value for 0νββ for 130Te.
The absence of any excess events above backgrounds in the region of interest gives a limit of
T0ν

1/2
≥ 2.4×1024 yr (90% C.L.) on the 0νββ decay rate of 130Te. This corresponds to an effective

neutrino mass of 〈mν〉 ≤ 0.18 – 0.94 eV, the range reflecting the spread in QRPA nuclear matrix
element calculations (see [9] for list). The background measured in the 0νββ region of interest
is 0.18 ± 0.01 counts/keV·kg·yr.

Figure 1. Left: Photo of the CUORICINO tower before Cu thermal shields were installed.
Right: CUORICINO summed background energy spectrum in the 130Te 0νββ region. The peak
at 2505 keV is the sum peak from two 60Co gamma lines. 0νββ signal from 130Te is expected at
2530 keV. No evidence of DBD is seen.

CUORICINO is roughly one-twentieth the size of CUORE, and much of the technology that
will be used in CUORE was used to build CUORICINO. It consists of 62 TeO2 crystals with
a total mass of 40.7 kg. The crystals are arranged in a tower, 11 levels each containing four
crystals 5×5×5 cm3 in size weighing ∼ 790 g and 2 levels each housing 9 crystals, 3×3×6 cm3 in
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size, weighing ∼ 330 g (see Fig. 1). All 5×5×5 cm3 crystals and all but four of the 3×3×6 cm3

crystals are made from tellurium of natural abundance. Two of the 3×3×6 cm3 crystals are
enriched to 75% 130Te and two are enriched to 82.3% 128Te. The average resolution in the 0νββ

region, measured with the 2615 keV 208Tl line during calibration runs, is ∼ 8 keV. In 3 years of
running with the present background level, CUORICINO will achieve a half-life sensitivity for
0νββ decay of 7.1 × 1024 yr, corresponding to an effective mass on the order of 300 meV.

3. CUORE
CUORICINO also serves as an excellent test bed and prototype for CUORE. All critical
subsystems of the proposed CUORE detector are based on the design of CUORICINO. CUORE
will consist of an array of 988, 5×5×5 cm3 TeO2 bolometers arranged in 19 CUORICINO-like
towers. The total crystal mass of TeO2 will be 741 kg, with 204 kg of 130Te (see Fig. 2). The
entire detector will be housed in a single dilution refrigerator at 10 mK.

Figure 2. Left: The CUORE detector
consisting of a close-packed array of 19 towers
with a total of 988 crystals. Right: One
of the 19 towers of the CUORE detector
array, similar to the one operating in the
CUORICINO experiment.

In 5 years of running with a background of 0.01 counts/keV·kg·yr and a resolution of 5 keV,
CUORE expects to have a sensitivity to the half-life of 0νββ of T0ν

1/2
∼ 2.1 × 1026 yr. This

corresponds to an effective neutrino mass of 〈mν〉 ≤ 19 – 100 meV, with the spread coming from
the uncertainty in matrix element calculations. If we are able to reduce the background to
0.001 counts/keV·kg·yr, the sensitivity will extend to T0ν

1/2
= 6.5 × 1026 yr (11 – 57 meV). The

main technical challenges will be to control the background levels, ensure that the narrow energy
resolution achieved with many of the crystals are uniformly implemented in all crystals, and that
all crystals are well calibrated for energy.

A combination of CUORICINO background data, measurements from an independent R&D
setup in Hall C in LNGS, direct counting with germanium detectors on- and off-site, neutron
activation analysis, and other techniques are used to characterize materials and components
to be used in CUORE. The results of these measurements as well as other potential sources
of radioactive background (e.g. environmental activity) are used as input for Monte Carlo
simulation. Estimates of the relative contributions of the main background sources in the ROI
in CUORICINO is as follows: 10±5% from U/Th contaminations on the TeO2 surfaces, 50±20%
from Cu surfaces (both from the crystal support structure and thermal shielding), and 30±10%
from the bulk of the Cu shields.

The sources of backgrounds are divided into three main categories: contamination in the bulk,
surfaces, and environmental radioactivity. Because the Q-value for 130Te 0νββ decay is higher
than most gamma-lines from U and Th, the only tails of known lines that may contribute to
the background for CUORE are the 60Co and 208Tl lines at 2505 keV and 2615 keV respectively.
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Alpha events with lines at higher energies can contribute if they deposit only a part of their
energy in the crystals, therefore surface contaminations on or near the crystals is of particular
concern.

Other components facing the detector (Teflon stand-offs, heaters used for gain stabilization,
and gold wires for signal and other electrical controls) were also tested in the R&D setup in
Hall C by covering crystal surfaces with a large amount of these materials. The background
seen from these materials was found to be negligible.

Simulations are being refined as more data are being collected with the CUORICINO detector
and elsewhere. As of April 2006, we have demonstrated that background reductions of a factor
of ∼ 8 and detector resolutions of 5 keV are achievable. Figure 3 shows the background spectrum
obtained from CUORICINO and the R&D setup in Hall C. The shielding around the Hall C
setup is insufficient to shield much of the γ’s below 2.6 MeV, however significant reduction in the
α events above 2.6 MeV is clearly seen. Effort is underway to further reduce the background by
careful material selection and handling procedures. In addition, background rejection through
anticoincidence among adjacent crystals will be more effective in the much larger CUORE array
and will aid in achieving the background goals.
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Figure 3. CUORICINO background energy spectrum (black) and background spectrum from
the R&D setup in Hall C (red).

We have estimated that for the muon flux observed in LNGS (2.5×10−8
µ/(cm2 s)), muons

would produce ∼0.04 neutrons/day in the polyethylene shield and ∼25 neutrons/day in the lead
shield. This indicates that neutrons will play a secondary role in the total background compared
with other sources of background. In addition, we are planning a series of experiments at the
GEANIE facility at Los Alamos National Laboratory to measure cross-sections for neutron-
induced reactions on the abundant Te isotopes for neutrons from 1-100 MeV[18]. The results of
these measurements will then be used in our MC calculations to refine background estimates.

4. Beyond CUORE
The main goal and design of CUORE is to search for 0νββ decay in 130Te. Its sensitivity can be
increased three times (∼60% improvement in the sensitivity to neutrino mass) by replacing
the detectors with enriched crystals. Event identification using multiple signatures from a
single event is a powerful tool in reducing backgrounds. Work is underway to further reduce
backgrounds by using Surface Sensitive Bolometers (SSB) and/or scintillating bolometers[18].
Every factor of ten reduction in background would increase the halflife sensitivity by a factor of
three.

SSB allows us to distinguish surface events and bulk events, especially for α-particles. It
consists of the main DBD absorber and thin absorbers attached to the crystal surfaces. The
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surface events from either the main crystal absorber or elsewhere would trigger the SSB, and
those events could be rejected. In addition, the additional heat capacity from the thin absorbers
alters the pulse shape of the signal from the main absorber[19].

Scintillating bolometers would combine heat and scintillation approach already successfully
applied in dark matter experiments such as CRESST and ROSEBUD. Scintillation and heat
signals have different sensitivities for nuclear recoils, α particles, and ionizing events such as
0νββ decay. A CaF2 bolometer has successfully been used[20], and the collaboration is currently
investigating TeO2 doped with Nb and Mn[21].

The modular design of the CUORE detector also allows for searches of 0νββ in other
isotopes. It is possible to create thermal detectors from a variety of materials, and CUORE could
investigate 0νββ in other nuclei. Several DBD candidates have been tested as thermal detectors:
CaF2, Ge, MoPbO4, CdWO4, and TeO2. Possible crystals for Nd are under development.

5. Conclusion
Cryogenic bolometers, with their flexibility in material choice and the ability to scale up to
the ton-scale are ideal for large-scale detectors for double-beta physics experiments. CUORE
aims to probe the Majorana nature of the neutrino, with a sensitivity to the neutrino mass
deep into the inverted mass hierarchy. CUORICINO is currently running as the most sensitive
0νββ experiment, and will continue until CUORE comes online. Much of the technology has
been tested for CUORE, and a factor of 8 reduction from the radioactive background observed in
CUORICINO has been achieved. CUORE has been approved by the advisory Commissione II of
INFN (Italian Institute of Nuclear Physics) and funding has been allocated in 2005. The CUORE
experiment was approved by the Scientific Committee of LNGS in 2004, and preparations of the
laboratory space and the construction of CUORE are underway.
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Abstract. One problematic source of background in scintillator-based low-energy solar 
neutrino experiments such as Borexino is the presence of radon gas and its daughters.  The 
mean lifetime of the α-emitter 214Po in the radon chain is sufficiently short, 0.24 ms, that its 
decay, together with that immediately preceding of 214Bi, is easily recognized as a “coincidence 
event.”  This fact, combined with the capability of α/β pulse-shape discrimination, makes it 
possible to tag decays of 222Rn and its first four daughters via a likelihood-based method. 

1.  Introduction 
Low-energy scintillation detectors, such as the solar neutrino detector Borexino [1], are plagued by 
radon and its daughter isotopes.  These isotopes (including α-emitters, due to the phenomenon of 
α quenching in organic scintillators) generate background in the sub-MeV energy window. 

Happily, the four daughters produced following a 222Rn decay are short-lived, τ1/2 < 30 min.  Given 
observation of a 214Bi/214Po coincidence event (“BiPo”), it is thus very probable that the original 222Rn 
decay and the following decays of 218Po and 214Pb took place within the previous 4 hours.  If the rate of 
other background events is not too high, the decay events of radon and its daughters may be picked 
out—not statistically, but individually.  A likelihood-based method used in doing so takes into account 
the observed positions, energies, and α/β discrimination parameter values of each event during the 
4-hr time window preceding the BiPo, as well as the time separation of each possible pair of events. 

2.  Monte Carlo simulation and Counting Test Facility data 
A simple Monte Carlo simulation of Borexino data, with pessimistic assumptions about the 
background, yielded a success rate for the likelihood-based algorithm of > 96% in identifying each of 
the three isotopes 222Rn, 218Po, 214Pb.  The probability for a neutrino event to be falsely identified as a 
radon-chain decay was < 1%.  A 1/20-scale Counting Test Facility prototype [2] is less shielded from 
external γ rays and therefore has a higher average event rate per unit mass.  Analogous simulations for 
CTF predicted a success rate of ~95% for the two α-emitters, and 87% in identifying 214Pb β decays.  
An analysis of 177 BiPo coincidences in real CTF data further indicated the potential utility of the 
method [3].  The possibility of similar event tagging in the 238Th chain may also be foreseen.  
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Pulse-shape analysis of NCD-array data at SNO
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In November 2004, Phase III of the Sudbury Neutrino Observatory (SNO) experiment began
after the installation of the Neutral-Current Detection (NCD) Array in the D2O-filled acrylic
vessel. The array is composed of 40 ultra-clean proportional counters, each about 10 m in length.
Signal is detected by 36 3He-filled counters with 4 4He-filled counters deployed as controls. The
former detect neutrons via the following interaction: n + 3He→ p + 3H + 764 keV.

Phase III is unique in the SNO experiment in that the Neutral-Current (NC) signal can
be statistically and systematically separated from the Elastic-Scattering and Charged-Current
signals by simply counting the number of νsolar-induced dissociated neutrons captured in the
NCD Array. To make a measurement of the NC signal it is necessary to understand and quantify
which events in the NCD Array are neutrons and which are backgrounds.

A significant background to the neutron interaction in the NCD Array is the α-particles from
the decay chains of 238U and 232Th embedded in the nickel bodies of the NCDs, and of 210Po
residing on the inner surfaces. Other potential backgrounds include electronic discharges and
multiply-scattered βs and γs. To separate these events, members of the SNO collaboration are
pursuing numerous paths to find the most discriminating Pulse-Shape-Analysis technique.

Two basic methods are being pursued. The first method minimizes the χ2 of the fit of a
data pulse to a library of neutron and alpha pulses. This method is very CPU intensive. The
second, less processor-intensive method characterizes the pulse shape according to a variety of
parameters including width, energy and higher-order moments. In this method discrimination
is performed by comparing the pulse shape parameters to distributions of these parameters
obtained from either simulations or a combination of data from control counters and runs with
sources deployed.

In addition, there is a contribution to the neutron signal in the NCD Array from neutrons
generated in SNO’s acrylic vessel. These neutrons will interact predominantly in the ends of the
NCD strings. Therefore, a determination of the vertical (z) position of the neutron interaction
within the NCD string is another goal of this work.
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Double Chooz is the next generation reactor neutrino experiment dedicated to the search for
the θ13 neutrino mixing angle. It will be based on the comparison of two identical detectors,
one near (∼ 250 – 300 m) and one far (1,051 m), to improve the sensitivity to the oscillation
amplitude sin2(2θ13) of nearly an order of magnitude with respect to the current best limit.

A H-rich liquid scintillator is used as target, and Gd is dissolved to 1 g/L in order to
enhance the delayed neutron capture associated with the electronic anti-neutrino charged current
interaction. Past reactor experiments have produced Gd-doped scintillators showing relatively
fast degradation of transparency. In Double Chooz, the long-term stability of the target
scintillator is of fundamental importance, both to assure a sufficiently long running time (several
years) and to avoid systematics due to a possible different evolution of the liquids in the two
detectors.

Gd-loaded scintillators are being produced since 2003 within the Double Chooz collaboration.
Two families of chemical formulations have been developed to dissolve Gd in the organic
scintillator base. One is based on carboxylic acids as ligand, the other on the chemistry of
metal beta-diketonates. The chemical parameters controlling the long term stability of these
systems are now well understood and both formulations have shown to be sound for Double
Chooz.

An experimental program is being carried out to assess, through optical monitoring of the
liquids, the long term stability of the scintillators under experimental conditions as close as
possible to those of the real experiment. As a part of this program, a 1/5th-scaled mechanical
replica of the Double Chooz detector was built at Saclay. The target volume, delimited by an
acrylic vessel, was filled with 110 L of a Gd-doped scintillator. Similar tests in 30 L acrylic
vessels allow the parallel validation of the other scintillator formulations. Validation procedures
sharing the same technology are being developed to certify all the materials which could be in
contact with the Gd-doped scintillator.
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Abstract. Lorentz violation naturally leads to neutrino oscillations and provides an
alternative mechanism that may explain current data. This contribution to the proceedings
of The XXII International Conference on Neutrino Physics and Astrophysics provides a brief
review of possible signals of Lorentz violation in neutrino-oscillation experiments.

General violations of Lorentz invariance are described by a theoretical framework known as
the Standard-Model Extension (SME) [1, 2, 3]. This program has revealed many observable
consequences and led to numerous high-precision tests of this fundamental symmetry. One
prediction in the neutrino sector is oscillations caused by Lorentz violations rather than neutrino
mass. This alternative mechanism results in experimental signatures that distinguish it for the
more conventional explanation and lead to potential tests of Lorentz invariance using neutrino-
oscillation data. The resulting sensitivities rival the most precise tests in any system. Here we
highlight some of the key results of the detailed discussion given in Ref. [4].

One potential signal of Lorentz violation in neutrinos is oscillations with unusual energy
dependences. Normally, oscillation lengths are inversely proportional to energy, so the
wavelength of neutrino oscillations shrink with an increase in energy. In contrast, Lorentz
violation can cause oscillation lengths that remain constant or grow with energy. This can lead
to spectral anomalies or distortions in the expected energy spectrum.

Anisotropies are another important possibility that arises from a breakdown of rotational
symmetry. These can cause direction-dependent oscillations and can have profound
consequences. For example, in terrestrial experiments, direction-dependent oscillations can lead
to sidereal variations in the observed fluxes as oscillation probabilities fluctuate due to a change
in propagation direction resulting from the rotation of the Earth.

Two strategies have been proposed for searches for Lorentz violation. The first involves
looking for model-independent features in the oscillation data that can only occur if Lorentz
symmetry is violated. The other strategy involves comparing data with simple candidate test
models. Several models have been proposed that roughly reproduced current observations, some
of which may help resolve the LSND anomaly [5, 6, 7, 8]. In either approach, extreme sensitivities
are expected from current and future neutrino-oscillation experiments.
[1] Colladay D and Kostelecký V A 1997 Phys. Rev. D 55 6760
[2] Colladay D and Kostelecký V A 1998 Phys. Rev. D 58 116002
[3] Kostelecký V A 2004 Phys. Rev. D 69 105009
[4] Kostelecký V A and Mewes M 2004 Phys. Rev. D 69 016005
[5] Kostelecký V A and Mewes M 2004 Phys. Rev. D 70 031902
[6] Kostelecký V A and Mewes M 2004 Phys. Rev. D 70 076002
[7] Auerbach L B et al. 2005 Phys. Rev. D 72 076004
[8] Katori T, Kostelecký V A and Tayloe R 2006 Global three-parameter model for neutrino oscillations using
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Abstract. Data from the Kamioka Liquid scintillator Anti-Neutrino Detector     
(KamLAND) have been analyzed to search for the signature of neutrons disappearing 
to invisible channels. Improved limits have recently been set by KamLAND on these 
nucleon decay lifetimes. This poster presented the data analysis that resulted in these 
limits, as well as the ongoing research that aims to improve the calibrations and 
efficiency estimates for further nucleon decay searches with KamLAND. 
 

1. Data Analysis and Results 
Invisible decay modes of  neutrons are detectable with KamLAND, although no energetic charged 
particles are produced directly in the decay for single neutron and two neutron intra-nuclear 
disappearance that would produce holes in the s-shell energy level of  12C. The de-excitation of the 
corresponding daughter nucleus results in a sequence of space and time correlated events observable in 
the liquid scintillator detector. We report on new limits for one and two-neutron disappearance: 
τ(n→inv)>5.8× 1029 years and τ(nn→inv)>1.4× 1030 years at 90% CL. These results represent an 
improvement factors of ~3 and >104 over previous experiments. 

2. Ongoing Efforts to Improve the Results  
Detector purification is under way for the low background phase of KamLAND. Removing  85Kr, 40K, 
210Pb, 210Bi, 210Po, 222Rn from the scintillator will allow the data taking threshold to be reduced to give 
KamLAND the capability of detecting 7Be solar neutrinos. Reduced backgrounds will also allow the 
improvement of the current KamLAND result for ∆m12

2 , geo-antineutrino flux and improve detection 
efficiency for some neutron decay modes. A new measurement of scintillation quenching of protons in 
KamLAND is available which will reduce the systematic error. More data from recent runs is 
available. 
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Abstract. Borexino is a massive calorimetric liquid scintillation detector whose installation
has been completed in the underground Gran Sasso Laboratory. The focus of the experiment
is on the direct and real time measurement of the flux of neutrinos produced in the 7

Be

electron capture reaction in the Sun. Furthermore, recent studies about the reduction of the
11

C background through suitable rejection techniques demonstrated the possibility to open
an interesting additional observation window in the energy region of the pep and CNO solar
neutrinos. Beyond the solar neutrino program, the detector will be also a powerful observatory
for antineutrinos from Supernovae, as well as for geoneutrinos, profiting from a very low
background from nuclear reactors.

1. Goals
The Borexino main goal is to detect neutrinos from the Sun via the scattering process
e
−
νx → e

−
νx. The neutrino signature is given by the scintillation light produced as the recoil

electron deposits its energy in the medium. The detector is designed to work with a very low
energy threshold (250 keV), thus providing important information on the low energy portion of
the solar neutrino spectrum. Recent studies proved the capability to reduce the 11C background
through suitable rejection techniques and demonstrated the possibility to exploit the energy
region of the pep and CNO solar neutrinos.

Borexino will also be able to observe antineutrinos coming from Supernovae and from the
Earth (geoneutrinos); the detector is far away from nuclear reactors, which represent the most
important background to electron antineutrino detection.

2. Status
The installation of the detector has been completed in July 2004. Several campaigns of data-
taking with the empty detector have been performed in order to check the overall performance of
the apparatus, DAQ, electronics and software. Some runs were performed inserting a radiactive
source into the detector (i.e. a vial containing liquid scintillator loaded with Rn) to check
the light collection efficiency of the detector and to test the position reconstruction algorithm.
Currently (September 2006) the detector is being filled with ultra pure water and the filling with
pseudocumene is foreseen starting from the end of this year. Borexino will be ready to take data
by the spring of 2007.

[1] Alimonti G et al. 2002 Astroparticle Physics B 16 205
[2] Borexino Web site: http://borex.lngs.infn.it/
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Abstract. The XENON experiment searches for Weakly Interacting Massive Particles 
(WIMPs) with liquid Xenon as the active target. The proposed XENON1T detector is designed 
to achieve a sensitivity more than a factor of thousand beyond current limits. The collaboration 
is now testing the 10 kg target: the XENON10 detector was recently installed at the Gran Sasso 
Underground Laboratory and the first phase of data taking is underway. 

1.  The XENON experiment 
The purpose of XENON experiment is the direct detection of Weakly Interacting Massive Particles 
(WIMPs), populating the halo of our galaxy. The detector is designed to observe the small energy 
released by a WIMP when scattering off a Xe nucleus [1]. It features a time projection chamber 
operated in dual (liquid/gas) phase, optimized to simultaneously detect the primary scintillation in the 
liquid and the ionization signal (through secondary scintillation in the gas) produced by low energy 
recoils down to 16 keV. 

The discrimination of signal and background is based on the distinct ratio of the ionization and 
scintillation signals produced by nuclear (from WIMPs and neutrons) and electron (from gamma, beta 
and alpha backgrounds) recoil events [2]. The background will be additionally suppressed by passive 
gamma and neutron shields and by the detector’s 3-D position sensitivity. 

2.  Status of the project 
Using a target mass of 1 ton distributed in 10 identical modules, the proposed XENON1T will achieve 
a sensitivity of 10-46 cm2 for spin-independent cross-sections, which is several orders of magnitude 
below the current best limit of 1.6×10-43 cm2 [3]. A phased program is currently testing the 10 kg 
target (XENON10); this stage will be followed by a 100 kg (XENON100) module [1]. 

The XENON10 detector was assembled and preliminarily tested at Columbia University in January 
2006.  It was shipped to the Gran Sasso National Laboratory in Italy in March, where it was installed 
and tested in a temporary location in the underground lab. In July, the detector was moved in its final 
location in a shielded environment: the first XENON Dark Matter Search run is currently underway. 
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Abstract. The T2K experiment is a second generation neutrino oscillation experiment using 
the existing Super-Kamiokande experiment as the main detector. The presence of a LAr 
detector located in the 2km site would enhance the performances of the T2K experiment, 
improving its ultimate sensitivity on θ13. 

1.  The T2K neutrino oscillation experiment 
The primary aim of the T2K experiment is to improve our knowledge of neutrino oscillation 
parameters like sin2θ23 δm2

23 and sin2θ13. This will be done using the high-intensity 50GeV proton 
beam (delivered by the new Japanese nuclear physics facility being built at Tokai) to generate an 
intense muon neutrino beam aiming approximately at the Super-Kamiokande site (a slightly off-axis 
geometry is used to produce a more monochromatic beam) [1]. 

A detector site 2km from the neutrino production point of the experiment was proposed, to measure 
the neutrino flux seen at Super-K with very high precision. This flux will be observed by a 1 kton 
water Cherenkov detector optimized to match Super-K resolution, and with a 100 ton liquid argon 
time projection chamber, which will provide fine grain imaging and low particle detection thresholds 
for a precise study of neutrino interactions at the relevant energies [2]. 

2.  The 2km Liquid Ar detector 
The presence of a 2km LAr detector would be an important asset for the T2K experiment, especially 
for its role in reducing the systematics enhancing the ultimate sensitivity on θ13. Thanks to the detector 
capability of measuring the different components of the background separately, a LAr TPC would play 
an important part also during the first phase of the experiment, when the sensitivity on θ13 will be 
dominated by statistics [3]. The large sample of neutrino interactions in the GeV region would provide 
crucial information for the study of different type of reactions and of nuclear effects, whereas the inner 
target would give a direct measurement of the cross sections ratio between Water and Argon. Such a 
detector would also be an important milestone for the LAr TPC technique providing an extremely 
valuable experience for future large LAr detectors. 

References 
[1] K. Kaneyuki et al. (T2K Collaboration), Nucl.Phys.Proc.Suppl.145 (2005), 178 
[2] A. Ereditato and A. Rubbia, Nucl.Phys.Proc.Suppl.139 (2005), 301 
[3] A. Meregaglia, Nucl.Phys.Proc.Suppl.155 (2006), 248 

453

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



Oscillation Analysis with and without Solar Term
Using Super-K-I and Super-K-II Atmospheric Neutrino data

S. Moriyama on behalf of the Super-Kamiokande Collaboration
Kamioka Observatory, Institute for Cosmic Ray Research, University of Tokyo, Japan

454

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



SK-I + SK-II

0

100

200

300

400

-1 -0.5 0 0.5 1

Sub-GeV e-like
P < 400 MeV/c

0

100

200

300

400

-1 -0.5 0 0.5 1

Sub-GeV µ-like
P < 400 MeV/c

0

100

200

300

400

-1 -0.5 0 0.5 1

N
um

be
r 

of
 E

ve
nt

s Sub-GeV e-like
P > 400 MeV/c

0

200

400

600

-1 -0.5 0 0.5 1

Sub-GeV µ-like
P > 400 MeV/c

0

50

100

150

200

-1 -0.5 0 0.5 1

cosΘ

Multi-GeV e-like

0

50

100

150

200

-1 -0.5 0 0.5 1

cosΘ

Multi-GeV µ-like

SK-I + SK-II

0

50

100

150

-1 -0.8 -0.6 -0.4 -0.2 0

cosΘ

Upward through-going
showering µ

0

1

2

3

4

5

6

7

8

9

10

0.3 0.4 0.5 0.6 0.7

0.96 0.99 1.00 0.99 0.96 sin2 2θ23

sin2θ23

χ2 -χ
2   
  m

in

w/o 1-2 parameters

w/   1-2 parameters

SK-I + SK-II

10
-3

10
-2

0.7 0.8 0.9 1

sin22θ

∆m
2  (

eV
2 )

68% C.L.
90% C.L.
99% C.L.

1. Two flavor oscillation analysis

FC
1ring
e-like

FC
mring
e-like

FC
1ring
µ-like

FC
mring
µ-like

PC
stop

PC
thru

UP
stop

Plep

S
u
b
-G

eV
M

u
lt
i-

G
eV

CC νe CC νµ

38 event type and mom. 
bins x  10 zenith bins
380 bins

380 bins for SK-I
380 bins for SK-II

Since various detector related systematic errors are 
different, we do not combine the SK-I and SK-II bins.

760 bins

UP through
non-
showering

UP through
showering

3. Conclusions

Sub-GeV e-like

0.95

1

1.05

1.1

200 400 600 800 1000 1200 1400

Pe (MeV/c)

N
eos

c  
/ N

e2f
la

vo
r 

fu
ll-

m
ix

in
g

2 flavor (full-mixing)
sin2θ23 = 0.4
sin2θ23 = 0.5
sin2θ23 = 0.6

Sub-GeV µ-like

0.95

1

1.05

1.1

200 400 600 800 1000 1200 1400

Pµ (MeV/c)

N
µos

c  
/ N

µ2f
la

vo
r 

fu
ll-

m
ix

in
g

2 flavor (full-mixing)
2 flavor (sin22θ23=0.96)

sin2θ23 = 0.4
sin2θ23 = 0.5
sin2θ23 = 0.6

2. Analysis with solar term
Sub-dominant oscillations driven by ∆m2

12

According to the LMA-MSW oscillation parameters obtained by

solar ν experiments and KamLAND, the oscillation of low energy

atmospheric electron neutrinos might be observable even if sin2 θ
13

= 0.

2ν transition probability ν
e

νµ,τ
in matter driven by ∆m2

12

ν
e

flux with oscillation

ν
e

flux without oscillation

cos2 θ23 = 0.6     = 0.5           = 0.4       

10-1 1 10-1 1 10-1 1

Neutrino energy (GeV)

Oscillation effects on e-like events

P(νe νe) = 1 – P
2

P(νe νµ) = P(νµ νe) = cos2 θ23 P
2

P(νe ντ)  = P(ντ νe) = sin2 θ23 P
2

νe flux decrease by ν
e

oscillation : 1 – P(ν
e

ν
e
) = P

2

ν
e

flux increase by  νµ oscillation : r P(νµ ν
e
)    = r cos2 θ23 P2

r = (νµ flux) / (νe flux) ~ 2  at low energy

O. L. G. Peres and A. Yu. Smirnov,
hep-ph/0309312P

2
: 2ν transition prob. νe νµ , τ in matter  driven by ∆m2

12

ν1

ν2

∆m2
12

νe νµ ντ

c2
23 : s2

23

s2
12 : c2

12

cos2θ
23

= 0.5 (θ
23

= 45 deg.) :   ν
e

increase ~ decrease

cos2θ
23

> 0.5 (θ
23

< 45 deg.) :   ν
e

increase > decrease

cos2θ
23

< 0.5 (θ
23

> 45 deg.) :   ν
e

increase < decrease

Discrimination between θ
23

<π/4 and >π/4 might be possible

by studying low energy atmospheric ν
e

and νµ events.

0.95

1

1.05

1.1

-1 -0.5 0 0.5 1 0.95

1

1.05

1.1

-1 -0.5 0 0.5 1 0.95

1

1.05

1.1

-1 -0.5 0 0.5 1

Sub-GeV e-like zenith angle

N
e-like

(3 flavors)/N
e-like

(2 flavors)

Sub-GeV µ-like zenith angle

Nµ-like
(3 flavors)/Nµ-like

(2 flavors)

Sub-GeV µ/e ratio zenith angle

Nµ-like
(3 flavors)/N

e-like
(3 flavors)

Nµ-like
(2 flavors)/N

e-like
(2 flavors)

cos(zenith) cos(zenith) cos(zenith)

sin2 θ23 = 0.4
sin2 θ23 = 0.5
sin2 θ23 = 0.6

2 flavor
full mixing

-1

-0.8

-0.6

-0.4

-0.2

0

10
-1

1 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Eν (GeV)

co
sΘ

ν

Neutrino energy (GeV)

2 flavor
(sin2 2θ23=0.96)

Sub-GeV e-like momentum dependence

N
e-like

(3 flavors)/N
e-like

(2 flavors)

Sub-GeV µ-like momentum dependence

N
e-like

(3 flavors)/N
e-like

(2 flavors)

e-like µ-like

e-like µ-like µ/e ratio

1

1.05

0.95

1.1

2 flavor
(sin2 2θ23=0.96)

2 flavor
(sin2 2θ23=0.96)

2 flavor
full mixing

Pµ(MeV/c)P
e
(MeV/c)

neutrino flux (14)

neutrino interaction (12)
event selection
and reconstruction (21)

solar activity (1)
Identical for SK-I
and SK-II

Regarded as independent
between SK-I and SK-II

The total number of systematic errors is : Flux (14) + Interaction (12) + SK-I (22) + SK-II (22) = 70

Best Fit: ∆m2 = 2.5 x 10-3 eV2

sin2 2θ = 1.00
χ2 = 839.7 / 755 dof (18%)

1.9 x 10-3 eV2 < ∆m2
23 < 3.1 x 10-3 eV2

sin2 2θ
23

> 0.93 at 90% CL

Prelim
inary

SK-I + SK-II

0

5

10

15

20

0.8 0.9 1 1.1 1.2

sin22θ

χ2  -
 χ

2 m
in

68% C.L.
90% C.L.
99% C.L.

SK-I + SK-II

0

5

10

15

20

10
-3

10
-2

∆m2 (eV2)

χ2  -
 χ

2 m
in

68% C.L.
90% C.L.
99% C.L.

SK-I + SK-II

0

50

100

150

200

-1 -0.5 0 0.5 1

multi-ring e-like

0

100

200

300

-1 -0.5 0 0.5 1

multi-ring µ-like

0

20

40

-1 -0.5 0 0.5 1

PC stop

0

100

200

300

-1 -0.5 0 0.5 1

PC through

0

50

100

150

-1 -0.8 -0.6 -0.4 -0.2 0

cosΘ

Upward stopping µ

0

200

400

600

-1 -0.8 -0.6 -0.4 -0.2 0

cosΘ

Upward through-going
non-showering µ

νµ–ντ oscillation (best fit)

Prelim
inary

null oscillation

νµ ντ 2 flavor oscillation with full mixing is consistent with data

<

<

>

>

Add χ2
solar ν + KamLAND to χ2

atmospheric for each (∆m2
12 , sin2 θ12) point

Oscillation maps :

∆m2
12

= 10-4.16 ~ 10-4.04 eV2   (5 points)

sin2 θ
12  

= 0.22 ~ 0.40 (7 points)

sin2 θ
13  

= 0 (fixed)

∆m2
23

= 10-3 ~ 10-2.2 eV2 (41 points)

sin2 θ
23  

= 0.3 ~ 0.7 (41 points)

Calculate the minimum χ2 : projection to the sin2 θ
23

axis, Deviation from the full mixing ?

4 dimensional analysis

Treatment of solar term contribution from solar neutrino and KamLAND exp.

Binning and systematic errors for the zenith angle fit

Results from SK-I + SK-II data Data sets
SK-I  : 1489 days
SK-II :   804 days

Results from L/E analysis (flight length/neutrino energy)
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For neutrino oscillations, the best fit parameters are
∆m2

23=2.3x10-3 eV2 (2.0x10-3<∆m2/eV2<2.8x10-3 at 90%C.L.)
sin22θ23=1.00          (sin22θ23>0.93 at 90%C.L.)
χ2min=83.9/83 d.o.f.  (sin22θ23=1.03, χ2min=83.4/83 d.o.f.)

Oscillation
Decay
Decoherence

χ2
osc

=   83.9/83 d.o.f.

χ2
dcy

= 107.1/83 d.o.f., ∆χ2 = 23.2(4.8σ)

χ2
dec

= 112.5/83 d.o.f., ∆χ2 = 27.6(5.3σ)

Oscillation analysis with sin2θ12 and ∆m2
12

Effect of the solar terms on determination of sin2θ23

χ2 – χ2
min distribution as a function of sin2 θ23  where the other

oscillation parameters are chosen to minimize χ2

Solar terms off :
The 1-2 parameters (∆m2

12 , sin2 θ12) are 

fixed at zero. best-fit : sin2 θ23 = 0.50

Solar terms on :
The 1-2 parameters are scanned. best-fit : 

sin2 θ23 = 0.52  (sin2 2θ23 = 0.9984)

Prelim
inary

Atmospheric neutrino oscillation analysis without solar terms

νµ disappearance probability as a function of L/E

Effect of the solar terms on determination of sin2θ23

Atmospheric neutrino data of SK-I and SK-II are well explained with

νµ ντ 2 flavor oscillations. The oscillation parameters were determined

as 1.9x10-3 eV2 < ∆m2
23

< 3.1x10-3 eV2 and sin2 2θ
23

> 0.93 at 90% C.L.

A dip in the L/E distribution was observed in the data as predicted from

the neutrino oscillations. Some other models were disfavored.

The oscillation parameters were determined

as 2.0x10-3eV2 < ∆m2
23

< 2.8x10-3eV2 and sin22θ
23 

> 0.93 at 90%C.L.

The effect of sub-dominant oscillations driven by ∆m2
12

was examined

in the atmospheric neutrino data. The result gives no significant

evidence for the deviation of sin2θ
23

from the maximal mixing.

sin2 2θ12=0.83, ∆m2
12=8.3x10-5 (eV2), ∆m2

23=2.5x10-3 (eV2), sin2 θ13 = 0 assumed in the figs

νµ disappearance probability as a function of

neutrino flight length L over neutrino energy E.

A dip in the L/E distribution was observed in the data as

predicted from the sinusodial flavor transition probability

of neutrino oscillation.

L/E analysis gives consistent results with

the zenith angle analysis.

No significant evidence for the deviation from sin22θ
23

=1
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The Double Chooz simulation strategy
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E-mail: dario.motta@cea.fr, anatael@in2p3.fr

The Double Chooz experiment (DC hereafter) aims to search for a non-vanishing PMNS θ13

neutrino oscillation parameter from precise comparison of νe fluxes and spectra measured by
two identical detectors at different distances from the Chooz reactors (France). Details in [1, 2].

The design of the DC experiment has been based on detailed simulation studies aimed at
optimizing the detector performance, while reducing the systematics and backgrounds. Details
of all sub-systems and of the calibration devices are now being worked out with the aid of
simulations to assess the accuracy within which the two detectors need to be identical.

The DC Monte Carlo simulation is based on GLG4sim [3], a public simulation package
built on Geant4 (G4) [4]. Major extensions have been developed to implement a detailed
micro-physical optical model of both scintillators and photomultiplier tubes (PMTs) [1]. This
model accounts for the details of light production, wavelength-shift, absorption, reflection and
refraction at all interfaces, including PMTs. The model is used to predict the intrinsic detector
response, investigate the impact of detector-to-detector variations, set the calibration strategy,
optimize the scintillator formulation and study possible aging scenarios. A full read-out system
simulation converts the photon-hits into digitized signals, including charge and time smearing.
The simulated DC signals can then be reconstructed like real data. The reconstruction algorithm
uses the signals from all PMTs to maximize a charge and time likelihood function.

Understanding the response to neutrons is critical in DC, hence a new model has been
developed to improve the G4 description of the radiative emission upon n-capture by Gd [1].

Substantial efforts have been devoted to the simulation of backgrounds, in particular the µ-
induced ones. For the latter, an accurate (E, θ, φ) resolved µ flux at far and near site (overburden
of 300 and 80 mwe respectively) has been calculated [5, 6]. The generated fluxes are used to
predict the µ-induced fast neutron background; the production of long-lived, (β/n)-decaying
nuclei (9Li, 8He) by showering muons; the Bremsstrahlung gammas from δ/knock-on e

− by
near-miss muons. These studies are combined with the Monte Carlo of the inner and outer
veto systems to evaluate their performance and hence optimize the design with respect to the µ

detection efficiency and background rejection.

References
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[2] Reyna D, these proceedings
[3] Horton-Smith G, http://neutrino.phys.ksu.edu/˜GLG4sim/
[4] Agostinelli S, et al., Nucl. Instr. Meth. A 506 (2003), 250
[5] Tang A, Horton-Smith G, Kudryavtsev V A and Tonazzo A, these proceedings, (Preprint hep-ph/0604078)
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Dark Matter Detection with Bubble Chambers
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(COUPP Collaboration)

COUPP[1] (Chicagoland Observatory for Underground Particle Physics) uses stable room-
temperature bubble chambers to search for Weakly Interacting Massive Particles (WIMPs) which
might compose a significant fraction of the galactic dark matter. The superheated refrigerant
used, CF3I, is a fire-extinguishing agent and an optimal target for both spin-dependent
and spin-independent WIMP couplings. At the moderate degrees of superheat necessary to
detect low-energy nuclear recoils such as those expected from WIMPs, this fluid exhibits a
measured intrinsic rejection of minimum-ionizing backgrounds better than 1010. The metastable
superheated state is, however, sensitive to alpha-recoils. This leads to the requirement to reach
ultra-trace levels of alpha-emitters within the active volume of the chambers. The eventual goal
is to match the radio-purity in alpha-emitters of modern large neutrino detectors.

COUPP presently operates a 2 kg chamber at the 300 m.w.e. depth of the Fermilab
neutrino tunnel. Information has been obtained on the presence and control of radon-
induced backgrounds. More than 250 kg-days of exposure has been collected. A very
competitive sensitivity to spin-dependent couplings can be extracted, even in the presence of
identifiable backgrounds. Measures against these backgrounds are currently being implemented.
Calibrations of the device with gamma and neutron sources have been performed.

The short-term goals for COUPP are to reduce the alpha-recoil backgrounds in the 2kg cham-
ber to a level of less than one event per kg per day, and to apply the upgrades tested on it to
larger chambers currently under construction. A pion beam calibration able to separate the
response to iodine and fluorine recoils is planned using a dedicated chamber. With the addi-
tion of a muon veto, presently being commissioned, it is in principle possible to reach improved
sensitivities to both WIMP couplings in the present Fermilab location. The collaboration is
constructing larger devices, totaling up to 80 kg of CF3I. Devices of this mass will be able to
exploit a number of signatures characteristic of WIMP-induced recoils, leading to a diminished
sensitivity to alpha and neutron recoils and to a much improved WIMP sensitivity. Long-term
plans involve the deep-underground installation of a target mass of order one ton, using a num-
ber of different refrigerant targets enclosed in suitable hydrogenated shielding and leading to an
exhaustive exploration of supersymmetric WIMP models.

[1] http://www-coupp.fnal.gov/
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Thermal neutrinos from pre-supernova
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Abstract. We would like to discuss prospects for neutrino observations of the core-collapse
supernova progenitor during neutrino-cooled stage. We will present new theoretical results on
thermal neutrino and antineutrino spectra produced deep inside the pre-supernova core. Three
competing processes: pair-, photo and plasma-neutrino production, are taken into account.
The results will be used to estimate signal in existing and future neutrino detectors. Chance for
supernova prediction is estimated, with possible aid to core-collapse neutrino and gravitational
wave detectors in the form of early warning.

In our short contribution we would like to answer some comments and questions asked during
poster session [1]. Two days of the silicon burning with 〈Lν〉 = 3× 1045 erg/s quoted in [2] was
randomly chosen typical example model [3]. Duration of the Si burning depends on evolutionary
track of the massive star, particularly mass of the Si core at the onset of the ignition. Total
average neutrino luminosity 〈Lν〉 depends on (1) the burning time τSi and (2) amount of fuel
(Si core mass MSi ' MFe ):

〈Lν〉 = MFe ∆Eb/τSi. (1)

∆Eb is the nuclear binding energy difference between fuel (”Si”) and ash (”Fe”). From
evolutionary calculations of [4] we get core mass in the range 1.2 . . . 1.65 M� and τSi from
18 days to 17 hours, respectively. Therefore 〈Lν〉 vary from 3.1× 1044 to 9.8× 1045 erg/s.

Electron antineutrinos from pair-annihilation are of particular interest [5]. One can quickly
estimate fraction of given flavor from the following: (1) reaction rate is proportional to
squared matrix element M2 ∼ 8G2

F (C2
V + C2

A), where mass term was dropped (2) number
of emitted neutrinos and antineutrinos is equal. Therefore, rate of the reaction rates is
Re/Rµ,τ ' (Ce

V
2 + Ce

A
2)/(Cµ,τ

V
2 + Cµ,τ

A
2) = 4.5. Total neutrino flux is: Ftot = 2Re + 4Rµ,τ =

(2+4/4.5)Re = 2.9Re. Finally Fν̄e/Ftot ' 0.35 ∼ 1/3, i.e. about one third is emitted as electron
antineutrinos. This statement may be altered by the neutrino oscillations.
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Hadronic Cross Sections for Neutrino Production in
Jonathan M. Paley, Indiana University, for the MIPP Collaboration

The MIPP Spectrometer

TPC
(EOS)

Time of Flight

 MWPCs
 (SELEX)

Jolly Green Giant
(E690)

Cerenkov
(E910)

Rosie
(TPL-B)

RICH
(SELEX)

Hadron 
Calorimeter
(HyperCP)

 EM Calorimeter

● Full acceptance spectrometer

– Two analysis magnets 
deflect in opposite directions

– TPC + 4 Drift Chambers + 2 
PWCs

● Excellent Particle ID (PID) 
separation (2-3 ) 

– TPC: < 1 GeV/c

– ToF: 1-3 GeV/c

– DCkov: 3-17 GeV/c

– RICH: 17-80 GeV/c

Most components of the MIPP spectrometer are taken from previous experiments!

MIPP Event Trigger

Trigger Beam PID purity
typically > 85%

π
peak

K
peak

p-bar
peak

- 47 GeV/c 
Beam Tune

● Six week run with a spare MINOS target installed in the MIPP 
hall.

● Collected ~1.6 x 106 events of Main Injector 120 GeV/c 
protons on the MINOS target.

● Target wheel installed ~2 cm upstream of TPC allows 
switching between various thin targets.

– 3.2 x 106 p’ s, ’ s and K’ s at 120, 60, 35 and 20 GeV/c on 
thin C and Be targets.

– Other physics interests: several million events of p’ s, ’ s 
and K’ s at momenta ranging from 5-120 GeV/c on thin 
(<2% ) LH

2
, Bi, and U targets.

The MINOS and Other Targets in MIPP
● Primary 120 GeV/c proton beam 

from Fermilab Main Injector; 
secondary target and beamline 
upstream provides lower 
momentum p’ s, ’ s and K’ s.

● Must tag incoming particle id!

● Two Ckov detectors upstream of 
target used to tag beam species.

● DAQ rate is low (~30 Hz), so we enhance 
our sample of interaction events using a 
track multiplicity trigger.

● An interaction trigger was constructed 
using a thin piece of scintillator and spare 
MINOS parts (optical fibers and 
connectors).

Fibers are connected to scintillator
using modified MINOS optical 
connectors.

ADC spectrum of interaction
trigger for hand-selected
 interaction events. 

Single 
MIP Interaction trigger efficiency

and purity maximized at 50 %

The EOS TPC being prepared in a 
clean-room before it was installed
in the MIPP hall.

The SELEX RICH detector vessel 
being installed in the MIPP hall, before 
the hall was enclosed.

Be

Bi

UAl

Cu

C LH2

MT

Preliminary Results

MIPP Upgrade

Beam is aligned to within 0.5 mm of 
the target center 
(∆x = 0.002 cm, ∆y = 0.051 cm )

Detector Performance

Before distortion
corrections.

After distortion
corrections.

D

Time Projection Chamber (TPC)
● The TPC data are “ distorted”  due to 

the non-uniform magnetic field.  
These distortions are corrected as 
shown on the right.

● Track finding efficiency now ~100%.  
Vertex-constrained fits are a work-in-
progress.

● Preliminary results of <dE/dx> 
(uncalibrated and with poor 
momentum resolution) are very 
promising.

χ2 After

χ2 Before

Drift Chambers, ToF and DCkov Detectors

● Drift chambers are aligned on a run-by-
run basis; dramatic improvement in the 
2 distribution of track fits after 
alignment.

● ToF still requires calibration, but 
already we see protons.

● DCkov response found to be linear, 
next step requires improved global 
tracking.

x (cm)

Ring Imaging Cherenkov (RICH) Detector

● The RICH detector was 
extremely stable during the 
data run.

● RICH rings are found and fit 
to a circle of radius R 

–

● Matching rings to track 
trajectories, we are able to 
separate ’ s and K’ s above 
~17 GeV/c!

R~21−1/n 

Putting It All Together...

● Global fits use data from all detectors 
to obtain track momenta.

● Tracks are matched to RICH ring 
centers, hit ToF bars, and DCkov 
mirrors.

● Simple vertexing used to reconstruct 
the K0 invariant mass.

Preliminary

positive tracks
negative tracks

P
ro

to
ns

 o
n 

T
ar

ge
t

dN
/T

rig
ge

re
d 

E
ve

nt

Prelim
inary

NuMI Target

2% Carbon
Target

● Current momentum resolution 
is ~3% at 20 GeV/c and ~7% at 
120 GeV/c.

● ~100% efficient at charge 
determination up to 120 GeV/c.

● MIPP measures x
F
 between 

-0.25 and 1.

● Thin C-target data will be 
essential in building cascade 
models of more complicated 
graphite-based targets (eg, the 
MINOS target).

● Thin Be-target data may also 
be used to enhance our thin C-
target data sample.

● Multiplicity distributions of 
hadronic interactions with both 
thin and MINOS targets.

● Inclusive p
T
 vs p spectra for the 

MINOS target for all momenta.

● Using the RICH to select ‘ s 
and K’ s, p

T
 vs p spectra for 

these particles off the MINOS 
target.

– Measurements of  -/+,    
-/K and +/K ratios for p 
> 20 GeV/c will help 
MINOS constrain the 
predicted high-energy tail 
of the nm energy-
spectrum.

● Hope to have preliminary p
T
 vs. 

p spectra of full momentum 
range by Dec. 2006.

Prelim
inary

Prelim
inary

Prelim
inary

Prelim
inary

Prelim
inary Prelim

inary

Prelim
inary

Prelim
inary

● Current experiment is limited by DAQ rate, 
dominated by the TPC readout rate (~30 Hz).

● An upgrade of the TPC electronics, using the 
ALICE ALTRO chip, can increase this readout rate 
by up to 50x.

● Further upgrades include repair of analysis magnet 
coils, wire-chamber electronics upgrade, improved 
interaction trigger, recoil proton detector, addition of 
large veto wall, and an improved beamline.

● Estimated total cost:$500K.

● Expanded run plan would support US and world-
wide neutrino program by including more data on 
the MINOS/NOvA and C and Be targets, as well as 
cross-section measurements for O

2
 and N

2
.

● Beam would span the full range of momenta from a 
few GeV/c up to 120 GeV/c.

● MIPP welcomes new institutions to join the upgrade 
effort!

Analysis Goals
● Kalman-filter based reconstruction is currently 

being incorporated to improve momentum 
resolution.

● /K and -/+ ratios off of NuMI target.

● p
T
 vs p spectra for the NuMI, thin C and thin Be 

targets.

● Novel precise measurement (~50 ppm) of the 
charged Kaon mass.

● HBT (pion interferometry).

● A-dependence of inclusive and exclusive cross-
sections.

● Testing the Scaling Law of inclusive cross-sections.

● Provide data for studies of non-perturbative QCD.
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Mass Eigenstate Composition of 8B Solar Neutrinos

Hiroshi Nunokawa1, Stephen Parke2 and Renata Zukanovich Funchal3
1 Departamento de F́ısica, Pontif́ıcia Universidade Católica do Rio de Janeiro,
C. P. 38071, 22452-970, Rio de Janeiro, Brazil: email: nunokawa@fis.puc-rio.br
2Theoretical Physics Department, Fermi National Accelerator Laboratory,
P.O. Box 500, Batavia, IL 60510, USA: email: parke@fnal.gov
3Instituto de F́ısica, Universidade de São Paulo,
C. P. 66.318, 05315-970 São Paulo, Brazil: email: zukanov@if.usp.br

Abstract. 91±2% of 8Boron solar neutrinos observed by SNO are ν2 mass eigenstates.

Around the MSW “triangle” , where 〈P (νe → νe)〉 = 0.35, the composition of 8Boron solar
neutrinos is either 65% or 100% ν2 except at the top and bottom right hand corners of this
triangle. Nature’s choice for the solar oscillation parameters is at the top right hand corner, the
LMA corner, where the fraction of ν2 is 91±2%, see Fig. 1. Details of this two flavor calculation
can be found in [1] using the analytical formulation of [2] and the global solar analysis of SNO,
[3]. For non-vanishing θ13, the ν2 fraction is reduced by sin2 θ13, see Ref. [1].
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FIG. 1: The normalized 8B energy spectrum broken into the ν1 and ν2 components. The left hand

curves (black and white) are unweighted whereas the right hand curves (blueand red) areweighted

by the energy dependence of the CC cross sect ion [16] with a threshold of 5.5 MeV for the recoil

elect ron’s kinet ic energy.

How does the fract ion of ν2 vary if we allow δm2
! and sin2 θ! to deviate from their best

fit values? In Fig. 2(a) we show the contours of the fract ion of ν2 in the δm2
! versus sin2 θ!

planewherewehaveweighted the spectrum by theenergy dependence of theCC interact ion
cross-sect ion, and wehaveused a threshold on thekinet ic energy of the recoil electronsof 5.5
MeV. This energy dependencemimics the energy dependence of theSNO detector. Because
of the strong correlat ion between sin2 θ! and the day-t ime CC/ NC rat io we also give the
contours of the fract ion of ν2 in the δm2

! versus day-t ime CC/ NC plane in Fig. 2(b). Thus
the 8B energy weighted average fract ion of ν2’s observed by SNO is

f2 = 91± 2% at the 95% CL. (1)

This is the two neutrino answer to the quest ion posed in the t it le of this paper. We note,
however, that asweshowed in Fig. ??(c) the valueof f2 is a funct ion of the threshold energy
and also depends on the experiment. We est imate that for SK with the current 4.5 MeV
threshold for the kinet ic energy of the recoil electrons, that

f2 = 88± 2% at the 95% CL. (2)

2

Figure 1. Left panel: The mass eigenstate composition of 8Boron solar neutrinos in
δm2

� v sin2 θ� plane showing the MSW triangle (red) dotdashed line. Middle panel: Focusing in
on the current allowed region. Right panel: The normalized 8B spectrum broken into its ν1 and
ν2 components both unweighted, left, and weighted, right, by the charge current cross section
using a 5.5 MeV threshold on the kinetic energy of the recoil electron and the best fit point for
the solar oscillation parameters given in [3]. These weighted mass eigenstate fractions are the
fractions that SNO is sensitive to. All panels of this figure are for vanishing sin2 θ13.

[1] H. Nunokawa, S. J. Parke and R. Zukanovich Funchal, “What fraction of boron-8 solar neutrinos arrive at the
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[3] B. Aharmim et al. [SNO Collaboration], Phys. Rev. C 72, 055502 (2005) [arXiv:nucl-ex/0502021].
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Results of a 3-ton experiment with a Gd loaded

liquid scintillator target performed in the frame of

LVD at LNGS

M.Aglietta1, G.Bari2, G.Bruno, W.Fulgione1, E.Kemp3, A.Porta1,
A.Malguine4 for the LVD collaboration, and C.Cattadori5,
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1 IFSI-To INAF and INFN-Torino (I),2 INFN-Bologna (I),3 Universidade Estadual de
Campinas Campinas (BR),4 Institute of Nuclear Research Moscow (RU),5 INFN-Milano
Bicocca (I),6 LNGS INFN (I),7 Institute of Physical Chemistry Moscow (RU)

E-mail: porta@to.infn.it,divacri@lngs.infn.it

Abstract. In the frame of the LVD experimental program in the INFN Gran Sasso National
Laboratory (LNGS), we performed a 3-ton Gd experiment, by loading (up to 0.1% in weight)
the LVD organic liquid scintillator with a Gd organic salt developed and produced as the result
of a joint INFN/INR research activity. Performances, feasibility and preliminary results on
stability have been presented.

LVD main target is the detection of neutrino bursts from Gravitational Stellar Collapses in our
galaxy. The main reaction is the inverse beta decay p(ν̄e, e

+)n followed by neutron capture
on H p(n, γ)d, with Eγ=2.2 MeV. Doping the LVD liquid scintillator (CnH2n, n̄ ≃ 9.6) with
gadolinium, the dominant n-capture reaction becomes Gd(n, γi)Gd with some advantages: a
shorter mean capture time and a higher energy released (≃ 8 MeV) by the γ cascade.
Two LVD counters (1.2 ton of liquid scintillator (LS) each) were doped starting from a
concentrated master solution (30 l at a Gd concentration of 40 g/l). The master solution
has been obtained by diluting the Gd carboxylate salt (Gd(2Methyl-Valerate)3) in the standard
LVD LS. The Gd salt has been chosen and optimized to maximize the solubility, minimize light
quenching while keeping good optical properties of final Gd doped LS.
In the doped counters, the neutron mean capture time decreases by a factor ∼ 8 (from 185 µs
to 25 µs), improving of the same factor the S/N. The neutron detection efficiency, measured by
a 252Cf source placed in the centre of the counter, increases by ∼ 25% (from 70% to 87%). The
counter optical gain decreases by ∼ 17%.
The stability of the Gd doped LS is continuously monitored:

• on large scale by recording the detector response to cosmic muons, the neutron detection
efficiency and the mean n-capture time;

• on small scale by directly measuring transmittance, light yield and fluors concentration of
liquid scintillator samples periodically extracted from the counters.

Results regarding 170 days of stability survey, do not evidence any change in Gd LVD liquid
scintillator performances.
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Exper iment for  Discr imination between Special Relativity 
Theory and Covar iant Ether  Theories 

W. Potzel1, A.L. Kholmetskii2, U. van Bürck1, R. Röhlsberger 3, and E. Gerdau4 
1 Physik-Department, Technische Universität München, D-85747 Garching, Germany 

2 Department of Physics, Belarus State University, 220080 Minsk, Belarus 
3 Deutsches Elektronen Synchrotron DESY, D-22607 Hamburg, Germany 

4Institut für Experimentalphysik, Universität Hamburg, D-22761 Hamburg, Germany 

wpotzel@ph.tum.de 

Abstract. Some covariant ether theories assume the existence of an “absolute” inertial frame, 
leading to a frequency shift of electromagnetic radiation proportional to the “absolute” velocity 
of the frame of experiment. Two experiments are discussed which are able to measure such a 
possible frequency shift. 

Experimental data obtained in high-energy cosmic-ray physics triggered a discussion about a possible 
violation of the Lorentz invariance. In this context, some space-time theories with a covariant 
description of a hypothetical “absolute space” in the Universe (covariant ether theories, CETs) have 
attracted attention. In contrast to Special Relativity Theory, in CETs, an “absolute” inertial frame is 
allowed to exist. A very important consequence of CETs is the appearance of a frequency (energy) 
shift between emitter and receiver of electromagnetic radiation, which is proportional to the “absolute” 
velocity of the reference frame in which the experiment is carried out, e. g., the Earth [1, 2]. Such a 
shift appears, for example, when source and receiver rotate on a fast-spinning rotor at different 
distances from a common rotational axis. The shift is proportional to c-3: 32 4cvuEE =∆ where u is 
the linear velocity at the perimeter of the rotor and v is the absolute velocity of the Earth. 
 

We favour two experimental schemes: a) Using synchrotron radiation in the x-ray regime (14.4 
keV) and applying the Nuclear Lighthouse effect [3] the time evolution of the nuclear decay by 
coherent γ-ray emission of two targets is recorded: one target is fixed at the perimeter (u is maximal) 
the other close to the axis of the rotor (u~0). The coherent radiation emitted by the two targets will 
result in a characteristic interference pattern from which EE /∆  can be derived if present. b) Using 
visible light from a laser and a beam splitter, light reflected from the rotor surface (u is maximal) in 
off-specular directions is caused to interfere with light (from the same laser) reflected by a stationary 
mirror (u=0). Again, the characteristic interference pattern will allow to determine EE /∆ . Computer 
simulations show that using modern technology an energy resolution of EE /∆  at the level of 10-16 
can be expected which is sufficient to reveal – if present at all - the effect predicted by CETs. 
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Recent proton decay results from Super-Kamiokande

J L Raaf for the Super-Kamiokande Collaboration
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E-mail: jlraaf@bu.edu

Abstract. Recent experimental limits on the search for proton decay are presented. Data
from Super-Kamiokande, a water Cherenkov detector with a fiducial volume of 22,500 tons of
ultra pure water, are used in the analysis. Analyses from SK-I (40% photomultiplier coverage)
plus SK-II (20% photomultiplier coverage) are reported with results from p→ e+π0, p→ µ+π0,
and p→ ν̄K+.

1. Introduction

In the Standard Model, protons have a lifetime which is finite but unobservably long. The
long lifetime arises from baryon number (B) conservation; however, the conservation of baryon
number is considered an open experimental question, since it was introduced to the Standard
Model empirically. Grand unified theories (GUTs) attempt to unify the three fundamental
interactions in the Standard Model, motivated in part by the desire to constrain some of the
seemingly arbitrary quantities in the model. An important decay mode in many GUTs is
p → e+π0, which can proceed via exchange of an extremely heavy X boson. Many other decay
modes are also predicted; different modes are favored by different GUTs.

2. Results

The Super-Kamiokande (SK) detector is well-suited to proton decay searches, with 7.5 × 1033

protons in the 22.5 kiloton fiducial volume. The backgrounds to proton decay in SK arise from
atmospheric neutrino interactions; they are carefully accounted for in all proton decay searches.

The results presented here are the combined results of SK-I and SK-II datasets. The main
difference between SK-I and SK-II is the photocathode coverage of the detector (40% for SK-I,
20% for SK-II). Table 1 shows the limits set on the proton lifetime for recent Super-Kamiokande
searches.

Table 1. Summary of recent Super-K proton decay searches.

Mode Dataset Lifetime (yrs) Reference

p → e+π0 SK-I + SK-II 8.4 × 1033 [1]
p → µ+π0 SK-I + SK-II 6.6 × 1033 [1]
p → ν̄K+ SK-I 2.3 × 1033 [2]
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High energy neutrino Astronomy
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Abstract. Astrophysical candidate sources of ultra-high energy cosmic rays inevitably
produce high-energy neutrinos in and/or around them. While cosmic rays are scattered in
the inter-galactic magnetic fields, neutrinos point back to their origin. Hence neutrinos can
be used to probe astrophysical sources just like in usual photon astronomy. Here we present
the expected neutrino signals from different astrophysical objects and discuss their possible
applications to study these intriguing sources.

1. Introduction
Neutrinos, produced by cosmic-ray interactions at the sources, can probe Astronomical objects
at very high energies. They interact weakly with matter and travel long distances as opposed
to high energy γ-rays which are absorbeb by background photons. Moreover, ν’s point back to
their sources unlike cosmic-rays which deflect in magnetic field. Thus high energy ν’s are unique
probe to learn physical processes going deep inside some of the most fascinating objects such as
γ-ray bursts (GRBs), active galaxis (AGNs), core-collapse supernovae (SNe) and neutron stars.

2. Results and Conclusions
High energy ν fluxes are predicted from long duration (> 2 s) GRBs in different astrophysical
models where a SN explosion precedes the GRB event [2], and a relativistic GRB jet is buried
inside the progenitor star [3]. Expected high energy ν’s from a short duration (≤ 2 s) GRB is
calculated in Ref. [7], and from giant flares of a highly magnetized neutron star in Ref. [1].
A model of SNe endowed with buried jet may be tested with high energy ν’s [5]. Upcoming
neutrino telescopes such as IceCube and KM3NeT will be able to probe nearby GRBs [4, 6].
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Milano, Italy
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Abstract. In the framework of the bolometric experiment CUORE, a new and promising
technique has been developed in order to control the dangerous contamination coming from the
surfaces close to the detector. In fact, by means of a composite bolometer, it is possible to
partially overcome the loss of spatial resolution of the bolometer itself and to clearly identify
events coming from outside.

The reduction of the background in the CUORE experiment[1] is subject of a wide R&D
program. The goal is a reduction of a factor 10–100 from the present Cuoricino[2] limit of 0.18
c/keV/kg/y. Many indications suggest that the most dangerous component of this background
in the ββ0ν region comes from contamination of the surface close to the detector.

In the last two years we developed a new kind of bolometers which is able to discriminate
between bulk and external events. This result is achieved by means of a composite device where
a main bolometer is fully shielded by slab bolometers. The slab bolometers are not independent
from the main absorber but are glued on it. Provided that the slabs heat capacity is small
enough, pulse shape discrimination can be used to distinguish from events that take place inside
the main absorber and events coming from external sources and impacting first on the covering
slabs. We usually refer to this new detector as Surface Sensitive Bolometer (SSB)[3].

Working principle tests were performed on several small scale prototypes in the Cryogenic
Detector Laboratory at Insubria University (Como, Italy). Investigation on suitable materials
and optimization of detector parameters were also carried out. Full scale CUORE–like SSBs have
been already tested successfully at Gran Sasso Underground Laboratory and other measurements
are under way to improve device understanding and rejection methods.
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Abstract. For the precise determination of the energy of electrons that are formed during the beta-

decay with the use of the electron magnetic spectrometer, an experimental unit for the system of 

highly susceptible high-speed parallel electron recording based on microchannel plates has been 

developed and tested. 

 

Key words: electron magnetic spectrometer, rest mass of electron anti-neutrino. 

 

1. Introduction 

At present, the Udmurt State University together with the Physical-Technical Institute Ural Branch Russian 

Academy of Science have build and are adjusting the unique 100-cm electron magnetic spectrometer with double 

focusing by the uniform field π√2 that has the resolution of 10-4 (fig.1) [1]. The analysis of work on the building and 

use of electron magnetic spectrometers showed a significant advantage of a magnetic energy analyzer over an 

electrostatic one. It provides higher resolution and better contrast over the entire energy region. These specific 

features allow estimating the anti-neutrino electron mass using tritium beta-decay. The upper limit of the neutrino 

rest mass decreases down to 0.1 eV. 

2. Experimental 

The objective of this part of the work was the development of the high-sensitive high-speed system based 

on micro-channel plates for a parallel registration of electron spectra (fig.2). 

The electrons having departed from the sample as the result of the photo-effect enter the energy analyzer 

chamber through the entrance slit, where they are dispersed by energies in the magnetic field and focused on the 

spectrometer focal plane (fig.3).  

The presence of the focal plane in spectrometers with magnetic focusing gives a unique opportunity of the 

simultaneous record of all the electrons focused on it, which is not possible to carry out on electrostatic 

spectrometers. A change in the electron flow density over the width of the focal plane gives the information on the 

electron structure of the surface elements. It is offered to use the supersensitive electron magnetic spectrometer for 

determine neutrino flow from the Sun, antineutrino flow from nuclear reactors and other sources. The possibility of 

choosing focusing allows simultaneous registration of electrons with different energies due to the presence of the 

focal plane. For the signal increase, a herringbone assembly from two micro-channel plates is used; each plate has 

multiplication factor of 106 and the number of channels can be almost unlimited. Then electrons hit the substrate 

with resistive layer. In our sensor, a PbO resistive film with surface resistance of 100 kΩm/□ is used, which 

provides the signal recording time of the order of 10-5 s.  

3. Results 
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The experiments on estimating the energy range width in the spectrometer focal plane have been carried 

out, which show that the use of this sensor allows simultaneous spectra recording from the region ∆E = 200 eV. 

When micro-channel plates with a larger radius are used, recording simultaneous spectra from the entire 

spectrometer focal plane is possible. 

4. Conclusions 

The system for high-speed parallel electron spectra recording is developed in order to increase the 

susceptibility and the time resolution of the x-ray electron magnetic spectrometer designed for investigating fast 

processes on the surfaces (fig.4). When the rest mass of electron at tritium β-decay is estimated, it is important to 

investigate small radiation doses during fast processes, which is also possible to carry-out on this spectrometer. 
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Fig.1. 100-cm electronic magnetic spectrometer 

 
Fig. 2. The schematic diagram of the system for high-speed parallel record of electron spectra (1 – a 

resistive position-sensitive sensor, 2 – microchannel plates – 12, 3 – electrodes, 4 – coverings of MCP, 5 – a 

fluoroplastic frame) 
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Fig.3.  

Fig. 3 Scheme of the electron registration with the use of the resistive position-sensitive sensor 

 

 
 

Fig.4. The view of the high susceptible, high-speed system detector for the parallel registration of electron spectra. 
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Abstract. A large worldwide collaboration is growing around the project of Micro-calorimeter
Arrays for a Rhenium Experiment (MARE) for a direct calorimetric measurement of the neutrino
mass with a sensitivity of about 0.2 eV/c2. Many groups are joining their experience and
technical expertise in a common effort towards this challenging experiment which will use the
most recent and advanced developments of the thermal detection technique.

Single nuclear β decay is the most direct clue to investigate the electron neutrino mass, and
by far, the most sensitive process due to the very low energy available to the particle in the
final states. Unfortunately, even taking advantage of the lowest Q-value β processes in nature
(Q = 2.5 keV for 187Re and Q = 18.6 keV for 3H), sensitivities, up to now, are not much lower
than ∼ 1 eV . In this context, the KATRIN experiment, the largest spectrometer for measuring
β spectrum of 3H, could (if successful) reduce this limit by a factor of 10. Experiments with
different systematics are needed. Experts in calorimetric technique are pushing their efforts for
a huge programme of R&D in order to increase the sensitivity on the neutrino mass from the
β decay of 187Re to ∼ 0.2 eV/c2, making MARE as a complement of KATRIN.

[1] The updated version of the MARE proposal at http://crio.mib.infn.it/wig/silicini/proposal
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Prospects for Measuring Neutrino-Nucleus Coherent

Scattering at a Stopped-Pion Neutrino Source
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Coherent elastic neutral current neutrino-nucleus scattering has never been observed. In this
process, a neutrino of any flavor scatters off a nucleus at low momentum transfer Q such that the
nucleon wavefunction amplitudes are in phase and add coherently. The cross-section is large,
but resulting nuclear recoil energies are below the detection thresholds of most conventional
high-mass neutrino detectors. However, in recent years there has been a surge of progress in
development of novel ultra low threshold detectors, many with the aim of WIMP recoil detection
or pp solar neutrino detection. Thresholds of 10 keV or even lower for detection of nuclear
recoils may be possible. A promising source of neutrinos for measurement of coherent elastic
cross-sections is that arising from a stopped-pion beam, such as the Spallation Neutron Source
(SNS). Monoenergetic 29.9 MeV νµ’s are produced from pion decay at rest, π+

→ µ+ νµ, and
ν̄µ and νe from µ+

→ νe e+ ν̄µ follow on a muon-decay timescale (τ = 2.2 µs.) The neutrino
spectral shape is shown in Figure 1. Neutrinos in this energy range will produce nuclear recoils
from coherent scattering with tens of keV. If the beam is pulsed in a short (< µs) time window,
the pion decay νµ will be prompt with the beam, and the muon decay products will be delayed.
The expected rates for the SNS are quite promising[1]: for a ton-scale detector with a few to
10 keV threshold, 104

− 105 signal events per year are expected: see Figure 1.

Neutrino energy (MeV)
0 10 20 30 40 50

F
lu

x

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

 (delayed)µν
 (delayed)eν
 (prompt)µν

 

Threshold (keV) 1 10 210E
ve

n
ts

 o
ve

r 
th

re
sh

 p
er

 y
r 

p
er

 t
o

n

2
4

6
8

10
12
14

16
18

20
22

310×

), NeµνPrompt (

), ArµνPrompt (

), GeµνPrompt (

), XeµνPrompt (

Threshold (keV) 1 10 210E
ve

n
ts

 o
ve

r 
th

re
sh

 p
er

 y
r 

p
er

 t
o

n

10

20

30

40

50

310×

), Neeν+ µνDelayed (

), Areν+ µνDelayed (

), Geeν+ µνDelayed (

), Xeeν+ µνDelayed (

Figure 1. Left: SNS spectrum. Right: Expected yield over recoil energy threshold at the SNS
(bottom: νµ, top: sum of νe and ν̄µ.)

The neutrino-nucleus coherent elastic scattering cross-section is cleanly predicted by the
Standard Model (SM); therefore a measured deviation from prediction could be a signature of
new physics.
[1] K. Scholberg, Phys. Rev. D 73, 033005 (2006) [arXiv:hep-ex/0511042].
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Abstract. Described below are simulations of certain optical properties of a spherical liquid
scintillator reactor neutrino experiment. Considered are the addition of concentrators to the
photomultiplier tubes (PMTs) and an LED calibration system.

1. Concentrators
A comparison was made of PMTs with and without concentrators in order to determine their
effect on the resolving power of the detector. The charge spectra and energy resolution for
PMTs with and without concentrators were investigated. For events out to 1.75m radius, the
improvement in resolution is fairly constant at 32-33%. Towards the edge of the acrylic vessel the
improvement drops because the angular acceptance of the concentrators limits photon collection.

2. LED calibration system
A set of LEDs permanently mounted to the PMT support structure would provide a simple,
adaptable system for non-intrusive in-situ calibration. The LEDs could continuously monitor
PMT timing and optical properties of detector media at different wavelengths. One aim of the
system is to be able to extract attenuation lengths of the optical media in the detector. A
moveable laser source would be deployed within the detector periodically to establish a baseline
set of optics parameters, including the PMT angular response function. The LED system can
then be used to continuously monitor the optical quality of the gadolinium-loaded scintillator
during normal data taking.

3. Conclusions
Adding concentrators to photomultiplier tubes increases light collection by over 80% and
improves the energy resolution of the detector by over 30%. In addition, an LED calibration
system has been modelled which could be used to monitor the optical stability of the detector,
to calibrate PMT timings and to extract attenuation lengths and angular response curves.
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High energy neutrino flavor ratios, neutrino mixing
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Abstract. Forthcoming neutrino telescopes (NTs) will be sensitive to the flavor content of high
energy neutrino fluxes. We have shown that, when accounting for current experimental ranges
for neutrino mixing parameters, astrophysical sources may present a more rich phenomenology
than usually thought. In particular, one might access model-independent information on
neutrino mixing parameters at km3 NTs, like the octant of θ23. Ongoing and planned laboratory
neutrino experiments will help us to shed light on the properties of cosmic accelerators.

The flavor ratios of high energy neutrino fluxes have been recognized as an important
tool for astrophysical diagnostics or to probe new physics. We have recently pointed out
that, even barring the possibility of exotic physics, varying the neutrino mixing parameters
in the experimentally allowed regions a much rich phenomenology than previously thought is
possible. In particular, peculiar astrophysical sources like neutron or muon-damped beams may
be identified unambiguously at neutrino telescopes and might even allow one to determine in
a model-independent way qualitative features of neutrino mixing parameters, like the octant of
θ23 or the existence of a non-vanishing {θ13, δCP} sector [1,2]. To that purpose, a O(10%-20%)
determination of the ratio of track to shower events at km3 Cherenkov NTs may suffice. In less
fortunate cases, one might still gain insights on the neutrino mixing parameters from combining
the information to be collected at the next generation reactor and accelerator experiments
with the one from astrophysical neutrino fluxes [3]. This is due to the significantly different
dependence on the mixing parameters for the two kinds of sources. For the fluxes arriving at a
NT matter effects are negligible because of the extremely low densities of cosmic environments,
and the interference terms sensitive to the mass splittings and to the sign of δCP (i.e. the CP-
violating terms) average out because the distances involved far exceed the experimentally known
oscillation lengths.

From a complementary perspective, accurate laboratory measurements of the neutrino mixing
parameters are relevant to perform astrophysical diagnostics, not to mention searches for new
physics: Since the flux flavor ratios do depend on mixing angles, degeneracies with astrophysical
parameters exist. A synergy between NTs and the Lab may help to understand better both
neutrino physics and the mechanisms and environments of the cosmic accelerators.
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Large neutrino mixing from small flavor mixing
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Abstract. We show that, in a general quark-lepton symmetric scenario, large MNS mixing
among active neutrino flavors can be induced by small mixing in the sterile sector with CKM
or smaller mixing in the Dirac mass sector. The model independent bound does not show any
conflict between νe- and νµ-disappearance limits and the LSND rate for νe-appearance from a
νµ beam.

Quark-lepton symmetry requires that the three pairs of Weyl spinors describing the quarks
and charged leptons be matched in the neutrino sector where only three Weyl spinors describing
the active neutrinos reside in the Standard Model. These three additional Weyl spinors
encompass sterile neutrinos which may have an arbitrary Majorana mass matrix. We have
found[1] that when the rank of this matrix is one, the neutrino mass eigenstates form two
pseudo-Dirac pairs as well as one very light and one very heavy Majorana neutrino in the
typical seesaw form[2]. As we have also shown analytically in the simpler two-flavor case, it is
then straightforward to find wide parameter ranges wherein a small misalignment between the
flavor bases in the active and sterile neutrinos produces a large mixing among the active flavor
states. This occurs with or without the analog of CKM mixing in the Dirac mass martix that
couples the active and sterile states.

We have also derived a model-independent bound on the probability for νe-appearance from
a νµ beam, P (νµ → νe), using the limits on νe- and νµ-disappearance, 1 − P (νe → νe) and
1− P (νµ → νµ) from experiments[3, 4]. Ignoring CP violation, this bound is

P (νµ → νe) <
√

[1− P (νe → νe)][1− P (νµ → νµ)] (1)

which is weaker than the model-dependent bounds derived from sequential fits of two-channel
mixing in experiments. The LSND result is consistent with this bound.
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Neutrinos and electrons in background matter
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Abstract. We present a rather powerful method in investigations of different phenomena
that can appear when neutrinos and electrons propagate in background matter. This method
is based on the use of the modified Dirac equations for particles wave functions, in which the
correspondent effective potentials accounting for the matter influence on particles are included.

Within the standard model interaction of electron neutrinos and electrons with matter composed
of neutrons, the modified Dirac equations are [1, 2, 3]

{
iγµ∂µ

−
1

2
γµ(cl + γ5)f̃

µ
− ml

}
Ψ(l)(x) = 0, (1)

where for the case of neutrinos ml = mν and cl = cν = 1, whereas for electrons ml = me and
cl = ce = 1−4 sin2 θW . For unpolarized matter f̃µ = GF√

2
(nn, nnv), nn and v are, respectively, the

neutron number density and overage speed. We have obtained the wave functions for neutrinos
and electrons in the following form [1, 2, 3]

Ψ(l)
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√
1 + m

l

E
(l)
ε
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√
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√
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√
1 − sp3

p
eiδ

sε
√

1 −
m

l

E
(l)
ε
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√
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, (2)

where the energy spectra are

E(l)
ε = ε

√
p2

(
1 − sαn

m

p

)2

+ m2 + clαnml, αn =
1

2
√

2
GF

nn

ml
, (3)

here p, s and ε are particles momenta, helicities and signs of energy, respectively.
The developed approach establishes a basis for investigation of different phenomena which

can arise when neutrinos and electrons move in dense media, including those peculiar for
astrophysical and cosmological environments. In particular, within this approach we have
investigated new types of electromagnetic radiation which can be emitted by neutrinos and
electrons moving in dense matter (the “spin light” of neutrino and electron in matter, SLν and
SLe).
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Abstract. KASKA is a reactor neutrino experiment to measure θ13 accurately. The sensitivity
reach of sin2 2θ13 will be 0.015 in its first phase. Higher accuracy θ13 measurement, precise θ12

measurement and first ∆m2
13 measurement are also in consideration in future extensions of the

experiment. A brief description of the KASKA project and its R&D activities are presented.

One of the most urgent issues in neutrino physics now is to measure the last neutrino mixing
angle θ13. sin2 2θ13 can be measured by disappearance rate of ν̄e flux at a distance of 1∼2 km
from reactors. KASKA experiment improves the sensitivity by one order of magnitude compared
with the current limit using the world largest nuclear reactor complex, Kashiwazaki-Kariwa
nuclear power station and optimum baseline and near/far-detector systematic cancellations. A
detailed description of the KASKA experiment is shown in the reference-[1]. A 70 m deep boring
study was performed at a near detector location in Kashiwazaki-Kariwa nuclear power station.
Cosmic-rays and γ-ray backgrounds as well as geology were measured using plastic scintillators
and a NaI counter [2]. Both types of backgrounds data were consistent with expectation and
used to tune the Monte Carlo simulations for KASKA detector development. A prototype
detector made of 120 cm diameter acrylic sphere which is viewed by 16 8” photomultipliers was
constructed to study properties of KASKA detector. The efficiency of the γ-catcher layer [1] for
γ-rays from neutron absorption on Gd was studied by putting an Am/Be source at the center
of the sphere. A clear 8 MeV peak and a low energy tail due to escape γs were observed in
the energy spectrum. Since the energy combination of the cascade γ’s from neutron absorption
on Gd is not well known, these data are important to evaluate detector performance. The
prototype was moved to the Joyo reasearch fast reactor, whose thermal power is 140 MW, and
is now placed at a distance of 25 m from the reactor core to detect plutonium-rich reactor ν̄e.
The data taking is expected to start from the fall of 2006.

[1] KASKA Collaboration, ’Letter of Intent for KASKA’, hep-ex/0607013.
[2] H.Furuta et. al., to appear on Nucl. Instr. Meth., hep-ex/0607015.
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Abstract. A singlino donimated neutralino is studied as a CDM candidate in supersymmetric
models with a Z

′ in TeV regions. If a gaugino for the Z
′ is much heavier than other gauginos,

the lightest neutralino can be dominated by a singlino. Assuming that and imposing the CDM
abundance required from the WMAP data, we predict masses of the Z

′, the lightest neutralino
and neutral Higgs scalar. These models can be a good target in LHC experiments.

Recent astrophysical observations suggest the existence of cold dark matter (CDM). This
means that the SM should be extended. Here we consider supersymmetric extra U(1) models
which can resolve the famous µ problem in the MSSM. In comparison with the MSSM these
models have additional fields in each sector of neutral gauge fields, neutral Higgs fields and
neutralinos. Since these extended sectors affect composition of the lightest neutralino and its
interaction, the annihilation cross section can behave differently from that in the MSSM.

In order to study these aspects, we consider a case that the lightest neuralino is singlino
dominated by assuming that a gaugino for the extra U(1) is much heavier than other gauginos
[1]. Since their annihilation processes are expected to be mediated through a Z

′ exchange and
an additional Higgs exchange, phenomenologically allowed parameter regions are expected to be
shifted from those in the MSSM.

In this study we adopt an extra U(1) whose charge
Qx is defined as linear combinations of U(1)

ψ
and U(1)χ

derived from E6 as Qx = Q
ψ

cos θ − Qχ sin θ. Imposing
phenomenological constraints such as the CDM abundance
predicted from the WMAP data, neutral Higgs mass bound,
Z

′ mass bound, chargino mass bound, sfermion mass bound
and so on, we find that the allowed parameter space appears
in different regions from those in the MSSM [2]. The models
may be examined in the forth coming LHC experiments
through detection of the Z

′ and masses of the neutral Higgs
scalar and neutralinos.

References
[1] Suematsu D 2006 Phys. Rev. D 73 035010
[2] Nakamura S and Suematsu D 2006 Supersymmetric extra U(1)

models with a singlino dominated LSP Preprint hep-ph/0609061
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lightest neutralino.
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A.Takedaa and M. Ikedab on behalf of the Super-Kamiokande

Collaboration
aInstitute for Cosmic Ray Research, University of Tokyo, Japan
bDepartment of Physics, Okayama University, Japan

E-mail: takeda@suketto.icrr.u-tokyo.ac.jp

Abstract. A search for the supernova burst neutrinos was conducted using data from the
Super-Kaimokande (SK) detector. We used the data set of SK taken from May 1996 to July
2001 (SK-I) and from December 2002 to October 2005 (SK-II). There is no evidence of such a
supernova explosions during the data period. The preliminary 90% C.L. upper limit on the rate
of supernova explosions out to distances of 100 kiloparsecs is found to be < 0.32 SN · year−1. In
addition of the 4.26 year’s worth of data from Kamiokande-II and III, the limit on the rate of
supernova explosions within our galaxy is determined to be < 0.20 SN · year−1.

Super-Kamiokande (SK) detector is an

imaging water Ĉerenkov detector containing
50,000 tons of pure water [1]. The data used
in this analysis was taken in two periods. The
first period referred to as Super-Kamiokande-
I (SK-I) is from 1st of April, 1996, to 15th
of July, 2001 with 40% photo coverage. The
second period, Super-Kamiokande-II (SK-II) is
from 10th of December, 2002, to 6th of Octo-
ber, 2005 with 19% photo coverage. Because
of rapid variation of the water transparency,
the data before the 31st of May, 1996 in SK-
I, and the data before the 23rd of December,
2002 in SK-II have not been used for analy-
sis due to uncertainties in the energy calibra-
tion. Vertex and energy reconstruction tech-
niques are the same as those used in our solar
neutrino analysis [2]. Fiducial volume for the
supernova search is also 22.5 kton, though the
energy thresholds are 6.5 MeV for SK-I and 7.0
MeV for SK-II data.

SK is sensitive to type II supernova explo-
sions via mainly ν̄e + p → e+ + n reaction.
According to the calculation performed by the
Livermore group [3], during the initial 10 mil-

liseconds of explosions, electron neutrino gen-
erated in the neutronization burst can be main
component, and expected to be observed via
elastic scattering, νx + e− → νx + e−. After
the neutronization, all flavors of neutrinos are
produced by electron-positron annihilation.

We searched for time-clustered events in the
obtained data using several time windows refer-
ing to the time profile.

(i) Model-independent windows: Thresholds
are 3, 4, and 8 events per 0.5, 2 and 10 sec-
onds, respectively. Time-clustered events
which is independent from any supernova
model were searched.

(ii) Short time windows: Thresholds are 2
events per 1, 10, and 100 milliseconds. The
physics motivation of this short time win-
dow search is to detect a neutronization
burst which is supposed to be a prompt
burst of νe in a supernova neutrino burst.

(iii) Long time windows: Threshold is 2
events per 20 seconds. The energy
threshold was set to 17 MeV to ob-
tain the maximum value of (detection
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probability)/
√

(number of chance coincidence).

To distinguish real signals from background
clusters, a spatial distribution (Rmean) cut was
applied to candidate clusters. Rmean is defined
by the averaged spatial distance between each
event. Since actual neutrinos from a super-
nova explosion interact with free protons and
the resulting positions are generated uniformly
in the detector, Rmean should have a larger
value than that resulting from spatially clus-
tered events such as spallation products. In
addition, for the short time window search, a
direction distribution (Sumdir) cut was also
applied because the main reaction is neutrino-
electron scattering and the recoiled electrons
have almost the same direction as in incident
neutrinos. Sumdir is defined by the vector
sum of reconstructed direction vectors of each
event divided by multiplicity of the cluster, and
should be close to 1 in the case of real super-
nova cluster.

As the result, we conclude that there was
no real signal of supernova burst during the
data taking period between April 1996 and
December 2005 which corresponds to live-time
2589.2 days.The preliminary 90% C.L. upper
limit on the rate of supernova explosions out
to distances of 100 kiloparsecs is found to be
< 0.32 SN · year−1. In addition of the 4.26
year’s worth of data from Kamiokande-II and
III [4], the limit on the rate of supernova ex-
plosions within our galaxy is determined to be
< 0.20 SN · year−1.

[1] S. Fukuda et al., Nucl. Instr. and Meth. A 501

(2003) 418.
[2] Y. Fukuda et al., Phys. Rev. Lett. 81 (1998) 1158;

S. Fukuda et al., Phys. Rev. Lett. 86 (2001) 5651.
[3] T. Totani et al., Phys. Rev. Lett. 80 (1998) 2039

[4] Y. Suzuki, in Proc. of the International Symposium

on Neutrino Astrophysics: Frontiers of Neutrino

Astrophysics, edited by Y. Suzuki and K. Naka-
mura, (Universal Academy Press Inc., Tokyo,
1993), number 5 in Frontier Science Series, p. 61.
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Abstract. A new high precision voltage divider has been built for monitoring the analysing
potential of the KATRIN main spectrometer. In addition a condensed 83mKr calibration source
has been set up at the modified 1 eV resolving Mainz spectrometer, our measurements show
that energy calibration and monitoring for KATRIN is feasible at the few ppm level.

The KATRIN experiment aims for a sensitivity of 0.2 eV on the absolute mass of the electron
anti-neutrino using a high luminosity windowless gaseous tritium source and an electrostatic
retardation spectrometer of MAC-E-Filter type [1]. For the aimed sensitivity the few systematic
uncertainties have to be limited to ∆m2 < 0.007 eV2, as simulation studies show. This value
is connected to a gaussian fluctuation σ of the high voltage (HV) by ∆m2

ν = −2 · σ2. Hence
it is crucial to monitor and calibrate the HV at the endpoint of the tritium β-spectrum of
18.6 keV with few ppm precision and stability. Devices capable of this are not commercially
available, so we set up a new precision high voltage divider in cooperation with PTB (German
National Metrology Institute) [2]. Carefully selecting 100 precision resistors and matching them
according to warmup drift and temperature coefficient leads to an overall drift at the sub-ppm
level. The resistors are housed inside a shielded stainless steel vessel filled with temperature
controlled and circulating N2 insulation gas. A second divider for field shaping electrodes and a
third pure capacitive one to prevent damage by voltage spikes are included. Calibration of the
divider setup at PTB yields sub-ppm stability for up to 35 kV. The spectrometer setup of the
former Mainz Neutrino Mass Experiment has been modified to 1 eV resolution and will serve as a
monitor spectrometer connected to the KATRIN analysing potential. Several calibration sources
with monoenergetic and quasi-monoenergetic electrons close to the tritium endpoint energy are
under development at different collaboration institutes [3]. Measurements have been performed
using a condensed 83mKr source on a graphite substrate attached to the Mainz spectrometer.
Preliminary results for the K-32 conversion electrons at 17.824 keV show a reproducibility and
medium term stability of < 3 ppm. We conclude that it is feasible to calibrate and monitor the
retarding potential of the KATRIN main spectrometer online at ppm level. Supported by the
German BMBF (05CK5MA/0) and by the virtual institute VIDMAN of HGF.
[1] Angrik J et al KATRIN design report 2004 FZK Scientific Report 7090 http://www-ik.fzk.de/katrin
[2] Marx R 2001 IEEE Transactions on Instr. and Meas. 50 No. 2 426
[3] Dragoun O et al 2004 Czech J. Phys. 54 833
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Abstract. The investigations of the neutrino physics are connected with great 
difficulties due to an extremely small section of the interaction of neutrino with a 
substance. It necessitates enlarging the volumes of a detecting substance to huge sizes. 
An increase in the density of low-energy neutrino at the detector entrance by several 
orders (to 1 MeV) is offered with the use of the diffraction phenomenon on the bent 
crystals in neutrino spectrometers in accordance with the inverse schemes of the 
methods of Johann and Cauchois. This scheme was used for investigating x-ray 
radiation from the source situated beyond the focal circle at an unlimited distance from 
the spectrometer [1]. For the neutrino investigation a large number of crystals with 
crystal-holders will be needed; the crystal-holders should be situated on one platform 
with a general direction of a cumulative neutrino beam towards one detector. 

 
Key words: section of interaction of neutrino and substance, inverse β-decay, 
x-ray and neutrino diffraction, x-ray spectrometer with bent crystals, inverse 
scheme of the methods of Johann and Cauchois, neutrino spectrometer. 

 
1. Introduction 

The investigations of the neutrino physics are connected with great difficulties due to an 
extremely small section of the interaction of neutrino with a substance. It necessitates enlarging 
the volumes of a detecting substance in experimental set-ups to huge amounts equal to tens of 
thousand tons like for the “Super-Kamiokande” device [2] or using tens of thousands of cubic 
kilometers of seawater for recording neutrino [3] or using some other similar devices [4]. 

Parallel to increasing the capacities of the detector for the neutrino registration, it is 
offered to increase the density of the low-energy neutrino flux by several orders of magnitude 
(to 1 MeV) at the detector entrance by the application of the diffraction phenomenon on bent 
crystals in accordance with the methods of Johann [5] and Cauchois [6]; the methods involve 
the inverse scheme like in the investigation of x-ray-radiation coming from the source placed 
beyond the focal circle at an unlimited distance from the detector [1]. From this experimental 
method, only its slitless part is used since there is no slit that can become an obstacle for 
neutrino. 
 In the case of the neutrino experiment, using a set-up with a significant number of 
crystals with respective crystal-holders is offered; the crystal-holders are situated on one 
platform with a general direction of a cumulative neutrino beam towards one detector. 

The adjustment of this system is carried out with the help of x-ray radiation with the 
quantum energy corresponding to the energy of studied neutrino, which is obtained from the β-
decay spectra by their mirror reflection (see figure 1).  

In this case, the sum of the energies of the β and ν spectra, the intensities of which are 
equal, is equal to the maximal energy of the β-spectrum (without losses to neutrino); the β and ν 
spectra are situated on different sides relative to the reflection axis. In the experiment under 
discussion, it is suggested that at β-decay, one neutrino falls on one electron. In the general case, 
it is admitted that “more than one neutrino” can fall on one emitted electron during β-decay [8].  
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The experimental set-up for the β-decay investigation is based on a 100 cm x-ray 
electron magnetic spectrometer with adapters [9, 10] or a 10-cm spectrometer for a portable 
variant [11]. 

 
2. The x-ray experiment 

Let us discuss some experimental results on obtaining x-ray spectra on the spectrometer 
with bent crystals in accordance with Johann’s method in order to analyze the radiation beyond 
the focal circle [1]. 
 To determine the capacities of the spectrometer based on the inverse scheme, a vacuum 
x-ray spectrometer [12] with the ion registration was used, which was designed for the operation 
in accordance with the usual scheme (figure 2a). The device (figure 2b) was altered by placing 
an x-ray tube and a counter SBT-9 on the holder for a cathode (the cathode was removed) and 
by setting a standard slit UF-13 with variable width from 0.1 to 4 mm in the focus on the circle. 
An irradiator was placed either directly behind the slit or at the distance of several centimeters 
from it. The irradiators were x-ray tubes BSV-E with copper and cobalt anodes with the focus 
size of ~1.5 mm or a Co-plate acting as an anode in the fluorescent method, which was 
irradiated by copper irradiation from a tube BHV-7. The plate surface of ∅~15 mm was 
irradiated. 
 Kα1,2 doublets of Co and Cu and Kβ2,5 – line of Cu were registered. In the primary and 
secondary methods, the operation modes of the x-ray tubes were 12 kV, 14 mA and 21 kV, 30 
mA, respectively. The radiation analyzers were quartz crystals, in which the reflections were 
from the surface ( )0413 , R = 720 mm, and mica, R = 470. The counter window was at the 
distance of 50 mm from the crystal. In the primary method, the time of the radiation registration 
at one point was 15 s, and in the secondary method, it was 1 – 2 min. In the experiments, the 
crystal was scanned when the rest of the set-up assemblies were immobile, or the slit was 
scanned when the other set-up assemblies were immobile. 
 The primary and secondary Co-spectra obtained when the crystal was scanned at 
different widths of the slit are shown in fig. 3a and b, where the quantum energy E is plotted 
down the abscissa axis, and the radiation intensity, imp./s, is plotted down the ordinate axis. 
 In figure 3, one can see that at a forty-fold increase in the slit width, i.e., when it is 
practically absent, a spectrum is observed. However, its resolution is significantly worse and the 
intensity ratio 'signal - background' decreases by a factor of 5 due to the significant background 
intensity growth. We belive that the latter will not take place in a neutrino experiment because 
of a very small section of the interaction of neutrino with a substance and, consequently, 
because of the absence of the neutrino scattered radiation. 
 
3. Low-energy neutrino diffraction 

It seems more convenient to start the problem statement in the investigation 
 of the neutrino physics by means of the diffraction on crystals with the estimation of the 
advantages of using low-energy neutrino (up 1 MeV) in comparison with the use of high-energy 
neutrino (more than 1 MeV with the appearance of Cerenkov’s effect). 
 According to the data of work [4], for the electron neutrino with the energy of 1 MeV, 
the state density of the reactor neutrino is better than for the high-energy electron neutrino with 
the energy of 10 MeV (see figure 4). As it follows from fig. 4, the density of states, Nνe, is 
decreasing by four orders with the energy increase in the range of 1 – 10 MeV. 
 The registration of the track appearance from the high-energy neutrino, when 
Cerenkov’s effect takes place, corresponds to ‘one neutrino – one track’ pattern. For the low-
energy neutrino, which are larger in number by four orders than the high-energy ones, the 
number of excited electrons increases by two orders more due to the appearance of Auger and 
Coster-Cronig effects for heavy atoms. For example, for lead, more than 540 Auger-transitions 
are known. The gain in the number of registered electrons is six orders of magnitude for the case 
of the use of low-energy neutrino. At the same time, the appearance of Cerenkov’s effect is 
known as most probable for neutrino large energies. Thus, the competition between low- and 
high-energy neutrino is in favor of low-energy neutrino. 

489

Proceedings of Neutrino Physics and Astrophysics, July 13-19, 2006



 The main advantage of the use of low-energy neutrino is the possibility of the crystal 
application for their diffraction, i.e. for increasing the density of the neutrino beam. For high-
energy neutrino, the wave-length (λ) in Brag-Wolf equation ϑλ sin2 ⋅= dn  will be too small, 
which will not allow using this method due to significantly high orders of reflection (n) that will 
negatively influence the intensity. 
 The set-up scheme for the investigation of the neutrino diffraction consists of the 
following main assemblies: 1 – neutrino source; 2 – programmed device for establishing the 
crystals in the position necessary for carrying-out the neutrino diffraction and the direction of 
neutrino from separate crystals to the “gathering point”; 3 – assembly of all the crystals in the 
form of a cube with the number of crystals needed for the signal appearance from the source; 
the number of crystals equals to the cube of one from the natural numbers or more (1, 8, 27, 64, 
125…1000…106…); 4 – cumulative neutrino flux directed into the detector; 5 – neutrino 
detector that is a thick-walled tube from superconducting material, for example, lead oxide, with 
a built-in quadrupole lens placed along the tube centre, which directs electrons to the electron 
spectrometer; 6 – 100 cm electron magnetic spectrometer. 
 For the neutrino spectrum investigation at β-decay of tritium, the most suitable crystal is 
quartz, the prism face of which is (1010), the interplanar distance is 4.2 Ǻ with the interval of 
the spectrum investigations from 0.3 to 8 Ǻ, which is quite sufficient for the investigation of the 
most intensive part of the neutrino spectrum. 
 The entire system for neutrino diffraction is adjusted with the help of the x-ray radiation 
with the energy corresponding to the neutrino energy. 
 For registering the neutrino spectrum with the help of the electron spectrum on the 100 
cm electron magnetic spectrometer, the simultaneous registration of all regions of the spectrum 
is provided with the use of multi-anode micro-channel plates. When it is necessary to receive a 
very weak signal arising due to the appearance of a neutrino source, the entire system of micro-
channel plates closes on one anode. 

In addition to scanning separate crystals within the aperture angle of the quadrupole 
lens, the scanning of the entire cube with the crystals within several grades is provided. The 
scanning of the entire set-up containing the 10 cm electron spectrometer where the large 
compensation Helmholtz coils are replaced by smaller ones is also possible, when it is placed on 
a movable platform, which gives the opportunity to receive neutrino signals within the whole 
planet Earth and beyond its bounds. 

When the number of crystals is sufficient for focusing neutrino beams, a new renewable 
neutrino energy source will be obtained on the steam generator receptor. 
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Captions for the illustrations 
Figure 1. The electron spectra (е-) and neutrino spectra (ν) obtained in the β-decay tritium [7]. 
Figure 2. The scheme of ray paths in Johann method: 

a) usual variant; 
b) variant with the source of radiation placed beyond the focal circle. 

Figure 3. Co Кα 1,2 spectra obtained at different widths of the slit (the sizes are in mm) during 
scanning the crystal: 

a) primary spectra; 
b) secondary spectra. 

Figure 4. The plot of the energy dependence of the state density of the reactor anti-neutrino [4]. 
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Cosmic ray muons and muon bremsstrahlung gammas at very 
high energies in the atmosphere 

 
L.V. Volkova 
 
Institute for Nuclear Research of  RAS,  60th October pr. 7a, Moscow 117312, Russia 
 
E-mail: volkova@inr.npd.ac.ru 
 
Abstract. Fluxes of cosmic ray muons and production functions of muon bremsstrahlung 
gammas and of gammas from πο-decays are calculated at different angles and levels in the 
atmosphere (3*106-1012 GeV). It is shown that charm and j/ψ production in nucleon- nucleus 
interactions is to be taken into account when EAS data are interpreted. The calculations are 
based on data from experiments on accelerators and their extrapolation to higher energies. 

    
In the figures the calculated differential energy fluxes of muons coming to the sea level (left) and 
production functions of gammas produced in muon bremsstrahlung and πο-decays  (right) are 
given. All the used assumptions and parameters can be found in [1-4]. The letters near the curves 
show the sources of muon production in the atmosphere. 
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Constraints on sterile neutrinos using

Super-Kamiokande I atmospheric neutrino data

W. Wang (on behalf of the Super-Kamiokande collaboration)
Department of Physics, Boston University, Boston, MA 02215, US

1. Introduction
In this paper, the oscillation analysis of muon neutrino mixing with tau neutrino is presented
and compared with its mixing with sterile neutrino (νs) using Super-K I atmospheric neutrino
data [1]. We include neutral current enhanced samples in our analysis in addition to the charged
current samples in Ref. [2]. The details of the pull method used in our oscillation analysis is
also documented in Ref [2].

2. Results
With a degree-of-freedom of 426, the least chi-square of νµ−ντ model is 455.6 and νµ−νs model
gives a least chi-square value of 504.8. The chi-square difference is 49.2, which corresponds to
7σ exclusion level. Fig. 1 (a) shows the best-fit results of two models in bins that contribute
the most to ∆χ2. Fig. 1 (b) shows the allowance of admixture based on a 2 + 2 mass hierarchy
model [3]. Our observation allows 25% admixture at 90% C.L.
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Figure 1. (a)Comparison of best-fits (zenith angle distributions);(b) Admixture allowance
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Abstract. We propose to build and deploy a 10-kg dual-phase argon ionization detector for the detection of 
coherent neutrino-nucleus scattering, which is described by the reaction; (ν) + (Z,N) → (ν) + (Z,N). Our group 
would be the first to make this measurement. Its detection would validate (or refute) central tenets of the 
Standard Model. The existence of this process is also relevant to astrophysics, where coherent neutrino scattering 
is assumed to impede energy transport within neutron stars. We have built a gas-phase argon ionization detector 
to determine the feasibility of measuring small recoil energies (~1keV) predicted from coherent neutrino 
scattering, and to characterize the recoil spectrum of the argon nuclei induced by scattering from medium-energy 
neutrons.  We present calibrations made with 55-Fe, a low energy x-ray source, and describe a planned 
measurement of the recoil spectra from the 60keV Lithium-target neutron generator at LLNL.  A high signal-to-
noise measurement of the recoil spectrum will not only serve an important milestone in achieving the sensitivity 
necessary for measuring coherent neutrino-nucleus scattering, but will break new scientific ground by providing 
a first ever measurement of low-energy quenching factors in argon. 
 
Coherent scattering occurs when the momentum transfer from a neutrino to the nucleus is much 
smaller than the inverse size of the recoil nucleus. A detection of coherent neutrino-nucleus scattering 
would verify an unconfirmed Standard Model prediction [1], explore non-standard neutrino-quark 
interactions, confirm stellar collapse and supernova energy transport and neutrino opacity models, and 
could be applied to the measurement of the flavor-blind neutrino spectrum from next nearby 
supernova, or could be used to promote non-intrusive reactor power monitoring [2]. 

We propose detecting the ionization induced by recoiling argon nuclei using a 10 kg dual-
phase argon detector.  The principle of dual-phase detection has been described elsewhere [3].  We 
propose using a 3 GW commercial nuclear reactor as a source of antineutrinos.  We have designed and 
built a gas-phase prototype of the detector with which we have measured the 200-electron equivalent 
ionization signals from a 6keV Fe-55 source with a signal-to-noise threshold of 50 electrons.  This 
prototype also enables study of scintillation properties of Argon and investigation of electron and 
nuclear recoils in Argon.    We will measure medium energy neutron-nuclear recoils in our prototype 
detector using the recently-commissioned LLNL compact pulsed neutron source.   
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The KamLAND Muon Tracking System 

Lindley Winslow for the KamLAND Collaboration  
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The KamLAND detector with an overburden of 2700 m.w.e. measures a muon rate of 0.33 Hz 
through the inner detector. The neutrons and light nuclei produced by these muons are a 
significant background to both the reactor neutrino analysis and future solar neutrino analysis. 
A new detector is being constructed on deck to track a subset of muons as they pass through 
the inner detector or the surrounding rock. These data will be used to study KamLAND’s muon 
detecting and tracking efficiencies and the production of neutrons and light nuclei from muon 
spallation. 

1.  Detector Design 
The detector has two components, scintillator paddles and proportional tube modules.  A proportional 
tube module contains 15 wires 3m in length with effective wire spacing of 1.5cm. Perpendicular 
modules will be used to obtain a (x, y) position along the track and the layer of scintillator paddles 
directly above these will trigger the event.  A second point along the track will be given by another 
layer of detectors, consisting of two perpendicular layers of modules and a layer of scintillators. This 
second layer of detectors sits 2m below the first layer.  Each of these layers of proportional tube 
modules has a total of 13 modules when these layers are arranged perpendicularly they form an active 
area of approximately 2.5m x 2.5m. 

The proportional tube modules will use an Ar(90%) CO2(10%) mixture as the operating gas. Pulses 
on the wire pass through discriminators attached to the ends of the modules. An ECL signal is sent 
from the discriminator boards to LeCroy 4448 Coincidence registers.  The system is then readout by 
the MIDAS Data Acquisition System.  The current electronics readout does not allow us to store 
timing information so the wire spacing will limit our tracking accuracy. 

Simulations of this configuration show that we can expect 1,000 events per day through the system 
of which 200 will pass through the inner detector of KamLAND.  Extrapolating the uncertainty in 
these tracks 13m down to the center of KamLAND gives us a 20cm uncertainty on the impact 
parameter for these muons. 

2.  Physics Goal 
KamLAND’s geometry is well suited for detecting point like events with MeV scale energies.  Muons 
are more difficult to reconstruct since they deposit light along a track and deposit several orders of 
magnitude more light.  Studies of muon track theta and phi distributions are consistent with Monte 
Carlo predictions but there are reconstruction problems as muons approach the detector boundaries. 
This new system will allow us to study these reconstruction inefficiencies and therefore improve our 
studies of neutrons and light nuclei from muon spallation.  It will also give us the ability to study the 
effects of muons passing through the rocks surrounding KamLAND. 
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Optimization of a neutrino factory experiment

Walter Winter

School of Natural Sciences, Institute for Advanced Study, Einstein Drive, Princeton, NJ 08540

E-mail: winter@ias.edu

Abstract. We discuss the optimization of a neutrino factory experiment for neutrino
oscillation physics in terms of muon energy, baselines, and oscillation channels.

For the optimization of a neutrino factory in Ref. [1], we first of all consider a single baseline
for the sin2 2θ13, mass hierarchy, and CP violation sensitivities. For the sensitivity to sin2 2θ13,
a baseline of L ≃ 7 500 km is optimal because correlations and degeneracies are minimal at this
“magic” baseline. For the mass hierarchy sensitivity, very long baselines L ≫ 6 000 km are
preferred in general. And for CP violation, a shorter baseline of 3 000 to 5 000 km is preferable,
which also improves the statistics for the sin2 2θ13 sensitivity. Therefore, we conclude that two
baselines, one with 3 000 to 5 000 km and one with L ≃ 7 500 km, have an excellent physics
potential for neutrino oscillation physics, where the muon energy should be Eµ & 40GeV.

As far as possible improvements of a neutrino factory oscillation experiment are concerned,
the main factor may be the muon neutrino detector with charge identification. For example,
energy threshold and energy resolution of a magnetized iron calorimeter may be improved. We
have identified the threshold as major impact factor for the physics potential, and we have
demonstrated that a lower threshold can improve the physics potential significantly even if a
larger background from charge mis-identification is allowed. For such an improved detection
system, the muon energy may be lowered to about 20GeV without loss of physics potential.

In addition to the “golden” (νe → νµ) channel, the “silver” (νe → ντ ) and platinum (νµ → νe)
channels may provide additional complementary information. We demonstrate in Ref. [1] that
especially the platinum channel may have an interesting CP violation potential for large sin2 2θ13

which cannot be achieved otherwise. The overall physics potential of a neutrino factory including
possible optimization is summarized in the following figure (from Ref. [1]):
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EXO-200: A LXe Detector for Double Beta Decay

Jesse Wodin and Andrea Pocar for the EXO Collaboration
Physics Department, Stanford University, Stanford, CA 94305, USA

EXO-200 is the first phase of the Enriched Xenon Observatory (EXO) searching for double
beta decay of 136Xe. It employs 200 kg of enriched xenon (isotopically enriched to 80% in 136Xe,
already in hand for the project) in liquid form (LXe). The xenon, contained in a cylindrical time
projection chamber (TPC) with 3-dimensional ionization and scintillation readout, is both the
target and active medium. The simultaneous, event-by-event collection of deposited ionization
and scintillation light was shown to significantly improve the energy resolution of LXe detectors.
The TPC is currently under construction at Stanford, where its functionality will be tested prior
to being housed underground at the Waste Isolation Pilot Plat (WIPP), New Mexico. EXO-200
will have a sensitivity to Majorana neutrino masses of ∼0.3 eV in two years and will also serve
as a prototype for a 1-10 ton scale EXO experiment. The enriched xenon target is contained in
a cylindrical, thin (1.5 mm) copper vessel, approximately 40 cm long and 40 cm in diameter.
Scintillation light is collected by 518 Large Area Avalanche PhotoDiodes (LAAPDs) mounted
on two planes at the bases of the cylinder and read out in groups of 7. The TPC has two
symmetric drift volumes along the cylinder axis, with a central cathode grid. Each drift region
works as a gridded ionization chamber with crossed ”x” and ”y” wires (100 µm in diameter),
read out in groups of 3. ”Y” wires collect the induced charge drifting by them and collected
on the ”x” wires behind them. All wire planes and the cathode are >90% transparent to the
scintillation light. Overall, a >15% optical coverage is expected, which includes the use of a
teflon reflector on the cylinder wall and LAAPD reflectance. Long electron lifetimes in LXe
were demonstrated by recirculating the xenon through a hot zirconium SAES getter. The xenon
vessel is placed within a double-walled, vacuum insulated copper cryostat. Each copper layer is
2.5 cm thick. The inner cryostat is further thermally insulated with layers of superinsulation.
The volume between the xenon vessel and the cryostat is filled with a fluorinated organic fluid
(3M HFE-7000) which has a density of 1.8 at the LXe temperature of -100oC; such fluid provides
a large thermal mass for temperature stability of the detector and provides excellent screening
from gamma-ray backgrounds from the cryostat materials. The cryostat is surrounded by 25
cm of lead, specifically selected for its low 210Pb content. All construction materials are being
chosen after fulfilling extremely strict radio-purity requirements. Analysis tools used by the
EXO collaboration include neutron activation analysis (NAA), direct γ counting, α counting,
radon emanation assays, and mass spectroscopy (ICP-MS and GDMS). The detector will be
operated 655 m (∼1600 m.w.e.) underground at WIPP, where vertical residual muon flux was
measured 3 × 10−7 s−1 m−2 sr−1 (Nucl. Instr. Meth. A 538(2005)516). The cryostat, xenon
and HFE plumbing, and part of the lead are installed in the Stanford modular clean rooms,
while the TPC and xenon vessel are currently being assembled. The detector is expected to be
shipped in its clean rooms to WIPP by the end of 2006.
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factors, such as the composition of the GRB ejecta, the bulk Lorentz factor of the outflow, as
well as the spectral index of the shock accelerated protons. In any case, future observations
with Icecube and other neutrino detectors would bring important information about GRBs,
regardless whether a positive detection or a stringent upper limit are made.
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Waxman E 2004 Phys. Rev. D 69 023001
[10] Waxman E and Bahcall J N 1997 Phys. Rev. Lett. 78 2292; Rachen J P and Mészáros P 1998 Phys. Rev. D
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