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ABSTRACT

FINeSSE: Fermilab Intense Neutrino Scattering Scintillator

Experiment

Understanding the quark and gluon substructure of the nucleon has been a prime
goal of both nuclear and particle physics for more than thirty years and has led to
much of the progress in strong interaction physics. Still the flavor dependence of the
nucleon’s spin is a significant fundamental question that is not understood. Exper-
iments measuring the spin content of the nucleon have reported conflicting results
on the amount of nucleon spin carried by strange quarks. Quasi-elastic neutrino
scattering, observed using a novel detection technique, provides a theoretically clean

measure of this quantity.

The optimum neutrino beam energy needed to measure the strange spin of the
nucleon is 1 GeV. This is also an ideal energy to search for neutrino oscillations at high
Am? in an astrophysically interesting region. Models of the r-process in supernovae
which include high-mass sterile neutrinos may explain the abundance of neutron-
rich heavy metals in the universe. These high-mass sterile neutrinos are outside the

sensitivity region of any previous neutrino oscillation experiments.

The Booster neutrino beamline at Fermilab provides the world’s highest inten-
sity neutrino beam in the 0.5-1.0 GeV energy range, a range ideal for both of these
measurements. A small detector located upstream of the MiniBooNE detector, 100 m
from the recently commissioned Booster neutrino source, could definitively measure
the strange quark contribution to the nucleon spin. This detector, in conjunction
with the MiniBooNE detector, could also investigate v, disappearance in a currently

unexplored, cosmologically interesting region.
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Chapter 1

Introduction

The Fermilab Intense Neutrino Scattering Scintillator Experiment (“FINeSSE”) is
designed to measure the strange quark contribution to the spin of the proton, and to
search, in conjunction with the MiniBooNE experiment, for v, disappearance. These
measurements will employ a novel detection technique, and will examine a kinematic
region inaccessible to any existing or presently-planned experiment. FINeSSE will
be located 100 m from the Booster neutrino beamline production target, and 441 m
upstream of the currently-running MiniBooNE experiment. The low energy Booster
neutrino beam is crucial to achieving this experiment’s goals; they can only be re-
alized on this Fermilab beamline. The number of protons on target (POT) needed
to reach the FINeSSE physics goals is 6x10%°, attainable in two years of running.
The detector is designed to resolve both short, low energy proton tracks, and longer
muon tracks from vN interactions. The FINeSSE detector will cost $2.25M ($2.8M
with contingency); the FINeSSE Detector enclosure, $800K ($1.6M with contingency,
escalation, and EDIA).

1.1 Outline

This proposal sets forth the experiment’s goals, design, costs, and schedule in the

following sections:

e Chapter 2 provides the physics motivation for FINeSSE;



Chapter 3 describes the flux and event rate at FINeSSE produced by the Booster

neutrino beamline;

Chapter 4 details the detector design, construction, and installation, as well as

the readout and trigger systems;

Chapter 5 examines event kinematics, efficiencies, and backgrounds for the FI-
NeSSE physics measurements;

Chapter 6 points out additional physics measurements the FINeSSE experiment

can perform;

Chapter 7 provides a breakdown of costs for the detector, the electronics, and
an enclosure for both, as well as a timeline to first beam in mid-2006.

1.2 FINeSSE Physics, Detector, and Neutrino Beam

The fundamental question of the flavor dependence of the spin of the proton is not
understood. The still unresolved “spin crisis” [1] points to the fact that the proton’s
spin is not carried, as was expected, by the valence quarks. How much is carried by the
light quark sea has been the subject of much controversy. In addition, measurements
of the spin carried by the strange quarks in the nucleon have been plagued by model
assumptions and experimental limitations. The FINeSSE experiment will measure
the proton’s strange spin, As, avoiding the pitfalls of previous measurements; our
approach will be described in detail in Chapter 2.

FINeSSE, in conjunction with the MiniBooNE experiment, is sensitive to v, dis-
appearance in an as-yet unexplored, astrophysically interesting region. Incorporating
oscillations to 1 eV sterile neutrinos into the r-process in supernovae can explain the
abundance of neutron-rich heavy metals in the universe [2]. Oscillations between these
sterile neutrinos and muon neutrinos are expected over short baselines for neutrino
energies around 1 GeV. The combination of FINeSSE and MiniBooNE, functioning
as near and far detector, enables a v, disappearance search sensitive to these os-
cillations. This sensitivity exceeds that of any existing or planned experiment, and
permits exploration of the full allowed 3+1 region.

The physics goals of FINeSSE can be achieved using a novel, relatively small,
tracking detector placed 100 m from the neutrino production target on the Booster
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Figure 1.1: Proposed FINeSSE location with respect to the ezisting neutrino target
building (MI-12) and MiniBooNE detector. North is to the right in this drawing.

neutrino beam line (Fig. 1.1). The detector is comprised of two subdetectors. The
upstream Vertex Detector is a highly-segmented, liquid scintillator “bubble chamber”
that tracks particle interactions via scintillation light read out on a grid of Wavelength
Shifting (WLS) fiber strung throughout the volume. The Muon Rangestack down-
stream of the Vertex Detector ranges out high energy muons produced in neutrino

interactions.

The Booster neutrino beam provides an intense source of muon neutrinos (with a
small background of electron neutrinos) in the energy range of 0.5-1.5 GeV and a mean
energy of ~ 700 MeV. This spectrum is ideal for the vp elastic scattering measurement
as well as for the v, disappearance search. Using the currently estimated MiniBooNE
neutrino flux [3], and assuming 3.0 x 10%° protons on target per year [4], there would
be approximately 360k neutrino scattering events in a detector of 9 ton active volume
during the FINeSSE run of 2 years. This would provide a neutrino event sample of

unprecedented size in this energy range.

1.3 The FINeSSE Collaboration

FINeSSE is currently a collaboration of 29 scientists from six universities and two
national laboratories. Once approved, the collaboration is expected to grow. Both




university groups and national labs have already incorporated post-docs, graduate
students, undergraduates, and a high school teacher into FINeSSE physics projects.
FINeSSE has organized an executive committee comprised of senior scientists from
each group to oversee the project. The collaboration is diverse yet balanced in a

number of ways:

e Collaborators are drawn from both the nuclear and particle physics communi-
ties. This will help the collaboration to attain its physics goals, which span
both of these communities, and will encourage cross-disciplinary interactions

between nuclear and particle physicists, as well.

e FINeSSE is comprised of both MiniBooNE and non-MiniBooNE scientists. This
balance helps to ensure a good understanding of a neutrino beam already well
studied by MiniBooNE, and at the same time bring in new ideas and perspec-
tives on physics with this beam.

e FINeSSE scientists carry with them a broad spectrum of experience. The new
perspectives brought by the FINeSSE spokespeople are tempered by a well-
seasoned executive committee comprised of experienced scientists with, again,
both nuclear and particle physics backgrounds.

FINeSSE’s diversity in background and experience are already a great asset to
its physics program, and will help to sustain it throughout its physics run.

1.4 FINeSSE as part of the Fermilab program

FINeSSE brings timely and important physics to the Fermilab program. In addi-
tion, FINeSSE takes advantage of the investment Fermilab has already made in the
Booster neutrino beamline, provides an excellent training ground for young Fermilab

scientists, and already actively contributes to the growing Fermilab neutrino program.

To achieve its physics goals, FINeSSE requires 6.0 x 10%° total protons on target,
received over the course of a two year run on the Booster neutrino beamline. This is
within the Booster’s capability in the era of NuMI and Run II running, as described in
Chapter 3 and Reference [4]. It also takes advantage of a running beam, and another

running experiment, adding value to already committed resources.



FINeSSE is a small, focused collaboration. Such groups are proven training
grounds for graduate students and post-docs, vital to the future of Fermilab and
of high energy physics. It is on such small-scale experiments that young scientists are
guaranteed to get their hands on almost every aspect of design, construction, data
taking, and data analysis.

In summary, FINeSSE represents an important addition to Fermilab’s program:
it provides an extraordinary opportunity for physicists from a number of subfields
and a variety of levels of experience to work together; it makes advantageous use of
an existing beamline; it increases the physics reach of an existing experiment; and it
uses a novel detection technique to address significant and interesting physics.

1.5 Requests to the PAC

Please consider the following specific requests with respect to approval and funding
for FINeSSE:

e Grant this experiment “stage 0” or “stage 17 approval at this time (approval
pending response to any outstanding questions). This will allow us to submit
an NSF proposal by a January 2004 deadline.

e Recommend to the Fermilab directorate to support FINeSSE for the first stages

of detector enclosure design work.

e Recommend to the Fermilab directorate to provide FINeSSE with office and lab

space.



Chapter 2
Physics Motivation

Two physics measurements form the foundation of the FINeSSE program: the mea-
surement of the strange spin of the proton, As; and the search for v, disappearance
in an astrophysically interesting region. Both topics are compelling, and can only
be addressed with the Booster neutrino beam design. Along with these studies, a
complement of other measurements and searches are open to FINeSSE. These other
physics projects are addressed in Chapter 6. In this chapter we concentrate on the
two main physics goals, which make FINeSSE unique. '

2.1 Strange Quark Contribution to Nucleon Spin

From the time that the composite nature of the proton was discovered, physicists
have sought to understand its constituents. The study of nucleon spin has grown into
an industry experimentally, and opened new frontiers theoretically. Deep Inelastic
Scattering (DIS) measurements with polarized beams and/or targets have given us a
direct measurement of the spins carried by the quarks in the nucleon. A central mys-
tery has unfolded: in the nucleon, if the u and d valence quarks carry approximately

equal and opposite spins, where lies the remainder?

One key contribution that has eluded a definitive explanation is the spin contri-
bution from strange quarks in the nucleon sea. A large strange quark spin component,
extracted from recent measurements [5], would be of intense theoretical interest, since
it would require significant changes to current assumptions. Is this large value of the



strange spin due to chiral solitons (6], a misinterpretation of the large gluon contribu-
tions coming from the QCD axial anomaly [7, 8], or incorrect assumptions of SU(3)
symmetry [9]? In addition, an understanding of the nucleon spin structure is a key
input to dark matter searches, since the couplings of supersymmetric particles and
axions to dark matter depend upon the components of the spin.

It has been known for some time that low energy (and low @?) neutrino mea-
surements are the only theoretically robust technique (as robust as, e.g., the Bjorken
sum rule) for isolating the strange quark contribution. New low energy, intense neu-
trino beams now make it possible to take greater advantage of this method. The
FINeSSE experiment, using these newly-available beams along with a novel detection
technique, will resolve the presently murky experimental picture, providing results
which are interesting both to particle physics and astrophysics.

FINeSSE will measure As by examining neutral current neutrino-proton scatter-
ing; the rate of this process is sensitive to any contributions from strange quarks (both
s and §) to the nucleon spin. Specifically, As is extracted from the ratio of neutral
current neutrino-proton (Vp == I/p) scattering to charged current neutrino-neutron
(vn — p~p) scattering. The measurement will be made at low momentum transfer
(@Q? =~ 0.2 GeV?), in order to unambiguously extract As from the axial form factor,
G 4. FINeSSE will improve on the latest measurement of neutral current neutrino-
proton scattering (BNL 734) by measuring this process at a lower-Q?, with more

events, less background, and lower systematic uncertainty.

In the following sections, we describe some of the previous and current experi-
ments relevant to the question of strange quarks in the nucleon. We then describe why
neutral current neutrino-nucleon elastic scattering is sensitive to the strange-quark
contributions to the nucleon spin. We conclude with a summary of the sensitivity of
FINeSSE to As (detailed more completely in Chapter 5).

2.1.1 Experimental Results: Strange Quarks in the Nucleon

The role that strange quarks play in determining the properties of the nucleon is
an area of much experimental and theoretical interest, and is not well understood.
Deep inelastic scattering of neutrinos on nucleons indicate that strange quarks con-
stitute a substantial fraction (20%) of the nucleon sea [10]. Nevertheless, the latest
results from parity-violating (PV) electron scattering show that the contribution of



strange quarks to the charge and magnetic moment of the nucleon is consistent with
zero [11, 12]. However, results from DIS of polarized charged leptons indicate non-
zero contributions of strange quarks to the nucleon spin. In the sections that follow,
we describe the some of the experimental and theoretical issues which FINeSSE will
help to address.

Parity-Violating Electron Scattering

There is a large and continuing effort to investigate the nucleon structure via Parity-
Violating (PV) electron scattering. Electron scattering is sensitive to the strange (and
anti-strange) quark contributions to the nucleon charge and magnetic moment dis-
tributions. The recently-completed MIT/Bates SAMPLE experiment [11] measured
the strange-magnetic form factor, G3,, at a momentum transfer @? = 0.1 GeV?,
to be consistent with zero (albeit with large errors). The ongoing Jefferson Lab
HAPPEX experiment [12] measures a PV scattering asymmetry sensitive to a com-
bination of the strange-electric and strange-magnetic form factors (G4 and G%;) at
Q? = 0.48 GeV?2. This combination is also consistent with no strange-quark effects in
the nucleon. HAPPEX continues to search, and will make a measurement at lower
Q?(= 0.1 GeV?) on a helium target in the near future [13].

Upcoming PV electron experiments looking for strange quark effects are the PVA4
experiment [14] at Mainz, which will measure a combination of G§ and G$, at @Q?
from 0.1 - 0.48 GeV?; and the GO experiment [15], which will cover a large @* (0.1 -
1.0 eV?) range.

There is a large effort to look for strange quark effects via PV electron scattering.
Unfortunately, these measurements are not sensitive to the strange axial vector form
factor (G, related to the spin structure and As). This is because the parity violating
contribution to the axial vector form factor of the nucleon couples via the very small
vector form factor of the charged lepton (1 — 4sinfy ). As a result, this contribution
to the PV asymmetry is dominated by a large PV radiative correction known as the

anapole moment [11].

PV electron scattering combined with neutrino scattering would be a powerful
approach to the study of strange quark effects in the nucleon. As will be explained
below, neutrino scattering is very sensitive to the strange axial-vector form factor

%, and much less so to the strange electric and magnetic form factors G and G'4,.
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The opposite is true in PV electron scattering. The measurements from FINeSSE
could be combined with those from this thorough program of PV electron scattering
to obtain accurate knowledge of all three strange form factors G%, G%, and Gy, [16].

Polarized Lepton Deep Inelastic Scattering

Results obtained in DIS by polarized leptons from polarized nucleons have been in-
terpreted (from measurements of the polarized structure function, g7) as evidence
for a non-zero and negative As. The SMC experiment, e.g., has reported As =
—0.10 + 0.05 [17]. The method of extracting As from g}, however, has been subject
to much debate, due to model-dependent assumptions of SU(3) symmetry [9, 18]
and to extrapolation of the spin structure function to z — 0 [7]. In addition, recent
controversial results from HERMES [19] semi-inclusive DIS indicate a zero or small
positive value for As (As = +0.03+ 0.03 £ 0.01 where the first error is statistical and
the second is systematic). It should be noted that the HERMES measurement is only
sensitive to As; as opposed to the SMC measurement of As + Ag [19]. The errors
reported in these current “state-of-the-art” DIS measurements of As are typically in
the range of 0.02 — 0.05.

As will be shown in the sections below, the interpretation of neutral current
neutrino-nucleon scattering suffers from none of the theoretical uncertainties inherent

in the DIS measurements.

Neutral-Current Neutrino Scattering

The best measurement to date of neutral current neutrino scattering is Experiment
E734 at Brookhaven National Laboratory (BNL). They measured neutrino-proton
(vp — vp) and antineutrino-proton (7p — p) elastic scattering [20] using a 170 t
tracking detector in the BNL wide-band neutrino beam (E, = 1.3 GeV). From a
sample of 951 vp and 776 vp elastic scattering events, they extracted differential cross
sections (do/d@?) for 0.4 < Q% < 1.1(GeV/c)? (Fig. 2.1). These data were fit to a
description of vp — vp and 7p — Up to obtain the results shown in Figure 2.2. The
results from this fit were often cited to support the claims from the DIS experiments
at the time, that As was non-zero and negative.

This experiment also simultaneously measured the neutrino and antineutrino neu-
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Figure 2.1: BNL E734 results on vp — vp and vp — vp [20]. The solid lines are fits
to the data.

tral current to charged current ratios:

R, = ZWP2VP) 45540007 40.017 (2.1)
o(vn — p~p)

and

Ry = L2 PD) 918 40,012+ 0.023 , (2.2)
o(vp = pn)

calculated over the interval 0.5 < @? < 1.0 (GeV/c)?. The dominant error in these
ratios was an 11% systematic.
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Figure 2.2: Results from a fit of the BNL E73{ vp — vp and Up — p scattering
data [20] indicating the preferred values of n (= —As) and M4. In this fit, My was
constrained to the world-average value at the teme M4 = 1.032 £ 0.036 GeV.

Reanalysis of BNL E734

The non-zero value for As as obtained by BNL E734 was later reexamined [21]. This
reanalysis more carefully considered the effects of strange contributions to the vector
form factors and the Q2 evolution of the axial form factor in the differential cross
sections for vp and p elastic scattering. A value of As = —0.21+0.10 was extracted.
An additional form factor uncertainty of +0.10, determined from fits to the data with
different assumptions about the vector form factors and evolution of the axial form
factor (via the axial vector mass, M,), should be assigned.

Another group has reexamined the BNL E734 result on the neutral current to
charged current ratios, R, and R; [22]. These ratios are sensitive to the axial form
factor, and avoid the systematic uncertainty of the neutrino flux and nuclear model

corrections. While these ratios hold the promise of a superior method to extract As,
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the experimental errors from BNL E734 were too large to provide a definitive answer,
and the conclusions of this analysis were consistent with the previous reanalysis of
the data [21].

Another reanalysis of these data has been recently performed [16]. This approach
is interesting in that it uses the latest data from HAPPEX on the electric and magnetic
strange form factors in an effort to reduce the systematic errore from these form factors
on this meausurement. The results show the viability of this method of combining
the PV electron and neutrino scattering into one analysis, but are limited by the large
systematic errors on the BNL734 data sample.

Note that the BNL E734 data have been reanalyzed at least three times since
being published in 1987; this points to growing appreciation of the fact that neutral
current neutrino scattering is an excellent probe of As. Unfortunately, though, the
precision of the BNL E734 data limits the conclusions that can be drawn from it.

How FINeSSE Will Improve These Measurements

The neutrino neutral current to charged current ratio as measured by BNL E734
(Eq. 2.12) is reported with a statistical error of 5% and a systematic error of 11%.
This ratio was made by integrating over the @2 interval 0.5 < Q? < 1.0 GeV2.

FINeSSE will improve upon this measurement in several ways:

e The neutrino neutral current to charged current ratio measurement will be
made as a function of Q? in the interval 0.2 < @Q? < 1.0 GeV?. FINeSSE’s
measurement will be made at a lower-Q? value, where form factors are more
easily interpreted. In addition, the shape of the ratio as a function of Q? holds
additional information about the evolution of the form factors.

e With the proposed FINeSSE detector and run plan, the statistical errors in the
0.2 < @? < 0.4 GeV2-bin alone will amount to a relative error on the ratio of

only 2%.

e Systematic errors have been estimated with detailed simulations of the detector
to be 5%. Much of this reduction in systematic error is due to the greatly
reduced background in FINeSSE. The background to the vp — vp reaction is
estimated at 26% (and is likely to be further reduced) compared to 40% in BNL

E734 [20].
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In summary, FINeSSE will be able to make a measurement of the neutral-current
to charged-current ratio with a 6% total error down to 0.2 GeV2. BNL E734 made
a measurement with 12% total error down to only 0.5 GeV2. This will allow a sig-
nificant improvement to the uncertainty on the extracted value of As as described in
Section 2.1.3 and Chapter 5.

2.1.2 Relevance to Searches for Dark Matter

Understanding of the spin contribution to the nucleon of the strange quarks is impor-
tant for certain searches of dark matter [23]. In R-parity-conserving supersymmetric
models, the lightest supersymmetric particle (LSP) is stable and therefore a dark-
matter candidate; in certain scenarios, the relic LSP density is large enough to be
of cosmological interest. Experimental searches for cosmic LSPs can be competitive

with accelerator-based searches [24].

In the case where the LSP is the neutralino, cosmic LSP can be detected either
directly, through elastic neutralino scattering in an appropriate target/detector, or
indirectly. The indirect method involves detection of high-energy neutrinos from
the center of the sun, where the heavy neutralinos accumulate and subsequently
annihilate. If the neutralino mass is larger than the W mass, annihilation into gauge
bosons dominates and this gives rise to high-energy neutrinos that can be detected
on earth. The expected rate for this process also depends on the elastic neutralino-
nucleon scattering cross section.

The neutralino-nucleus elastic-scattering cross section contains a spin-dependent
and a spin-independent part. The spin-dependent part is given by

32
= —GpmIA*J(J + 1),
where G g is the Fermi constant, m, the reduced neutralino mass, J the nucleus spin,
and

1

A= j (a,, (Sp) + Gy (Sn>) )

here <Sp(n)> is the average proton (neutron) spin in the nucleus and

P(")

Z\/—GF %
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where the sum is over quark flavors and the coefficients ¢; are functions of the compo-
sition of the neutralino in terms of the supersymmetric partners of the gauge bosons.
The factors Ag? and Ag} are the quark contributions to the proton or neutron spin.

It is established [17, 5] that Au and Ad have opposite signs. From the above,
it should be clear that knowledge of As not only is important for the interpretation
of any limits from such dark matter searches, but it could also influence the choice
of detector material for direct searches [25], making nuclei with either proton- or
neutron-spin excess optimal, depending on its value and sign.

2.1.3 A Measurement of As via Neutral-Current Neutrino

Scattering

In neutral current elastic (NC) neutrino-nucleon écattering (vN — vN), any isoscalar
contribution (such as strange quarks) to the nucleon spin will contribute to the cross
section. This is in contrast to the charged current quasi-elastic (CCQE) scattering

process (vn — p~p) where only isovector contributions are possible.

FINeSSE will use this feature of neutrino scattering to measure any contribution
of strange quarks to the spin of the nucleon. The fact that NC neutrino scattering
is sensitive to strange quark (isoscalar) spin in the proton, and CCQE neutrino scat-
tering is not, will be exploited by measuring a ratio of these two processes; this will
eliminate a number of experimental and theoretical errors.

The Neutral Weak Axial Current of the Nucleon

The axial part of the weak neutral current may be written [21, 26],

(N|AZ|N) = - [%r <N ﬁ”"”"’“"‘%‘;’””d_ﬁ“%s N> (2.3)
= — [%} J <N ’—%Qz)mfysrz + %@’71/75 N> , (2.4)

where G 4 is the axial form factor and 7, = %1 for protons (+) or meutrons (-). The
strange axial-vector form factor, G, is identified with the 5y,vss term which is As,
the spin carried by the strange quarks. So, the non-strange (u and d) quark axial
current is accounted for in G4, known at Q2 = 0 from neutron beta decay to be
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GA(Q* = 0) = 1.2673 £ 0.0035 [27]. The (unknown) strange quark axial current is
subsumed in G%. A similar decomposition may be obtained for the vector part of the
neutral weak current [21, 26] in terms of the two non-strange vector form factors, £}
and F,, and the corresponding strange quarks parts, F7 and Fy.

As shown above, the strange axial form factor, G%, in the limit of zero momentum
transfer (Q* = 0), is identified with the strange quark contribution to the nucleon
spin, As. It is worth mentioning that the arguments leading to the connection be-
tween G, at low momentum transfer and the strange spin content, As, that can
be extracted from DIS data in the scaling limit, are essentially the same as those
that were used to derive the Bjorken sum rule, which connects spin-dependent IDIS
structure functions to the coupling constants in neutron decay and is considered one
of the most fundamental predictions of QCD. They are both based on the operator
product expansion, which expresses the moments of structure functions in terms of
matrix elements of local operators and perturbatively calculable Wilson coefficients.

Neutrino Cross Sections and Form Factors

The differential cross section, do/d@?, for NC and CCQE scattering of neutrinos and
antineutrinos from nucleons can be written as a function of the nucleon form factors
F; and F3 (both vector) and G; (axial vector) [28, 26]:

do  G%LQ? 5

07 gE—E(Aﬁ:BW—kCW ) (2.5)
‘with kinematic factor, W = 4E,/mp — Q%/m3. The + (-) sign is for neutrino (an-
tineutrino) scattering. @? is the squared-four-momentum transfer. The A, B, and C,

contain the form factors:

1
A = G +7) = (F —7F})(1 - 7) + 471 F3), (2.6)
1
B = _ZGI(F1+F2); (27)
1 m2
C = -1—6—Q—;)(G¥+F12+7‘F22). (2.8)

Up to this point, this formalism is valid for both NC and CCQE neutrino- (and
antineutrino-) nucleon scattering. The difference between the NC and CCQE pro-
cesses is accounted for with different form factors (Fi, F3, and G,) in each case.
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For NC neutrino scattering the axial-vector from factor (as described in Sec-
tion 2.1.3) may be written in terms of the known axial form factor plus an unknown

strange form factor:

_ | Ga, G4
Gl—,: 2Tz+ 2] (29)

The vector form factors F; 2 may also be written in terms of known form factors plus

a strange quark contribution,

| . 1 .
Fio= H§ — sin? BW} [FTy — F{y] 72 — sin® 6y [FT, +Fy] - G Yol (2.10)

where FP™ is the Dirac form factor of the proton (neutron) and FF™ is the Pauli
form factor. The CVC hypothesis allows us to write the same form factors in these
equations as those measured in electron scattering. Therefore, the only unknown
quantities in these equations are the strange vector form factors F7y,.

The differential cross section for neutrino scattering at low Q2% (Eq. 2.5) is dom-
inated by the axial form factor, G;. This can be seen be examining Equations 2.5
and 2.6. In fact, at low-Q?, do/dQ? o< G?%. This is a crucial point, and it is what
makes NC neutrino scattering the best place to look for the effects of strange-quarks
in the nucleon spin. It also makes the results less sensitive to the strange vector form

S
factors, FY,.

Q? Dependence of the Form Factors

All of the form factors are, most generally, functions of Q?. The values of the non-
strange form factors at Q% = 0 are known from the static properties of the nucleon
(e.g. charge, magnetic moment, and neutron decay constant). How the form factors
change with increasing @ is less well known and must be addressed. The form factors
are commonly parameterized with a dipole form, where the dipole mass set by various
measurements. The evolution of F} ) is known via numerous experiments on electron
scattering; the vector dipole mass, My is 0.843 GeV/c?2. The @Q? dependence of the
axial form factor, G 4, is measured via CCQE neutrino scattering; the world average
data yield an axial mass M, = 1.026 £ 0.021 [27].

Both the strange form factors, Fy, and G% and their @? evolution are unknown.
It is most common to assume the same @? dependence as for the non-strange form
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factors, using My for Fy, and M4 for G%. The uncertainty on the Q? evolution intro-
duces some uncertainty in the extraction of G% from a measurement. A measurement
at Q% ~ 0.2 GeV?, however, would keep this contribution to the uncertainty at a low
level, as the value of the form factor differs by only 20% from @? = 0 to Q* = 0.2
GeV2.

Nuclear Physics Corrections

The expression for the cross section (Eq. 2.5) is for scattering from free nucleons.
Since FINeSSE will have a target that consists, in large part, of nucleons bound in
carbon, consideration will need to be given of the effects of this binding [29, 30]. The
corrections can be rather large when considering the absolute event rate, and can
depend greatly on the model employed, because the amount and quality of available
neutrino data to constrain such models, is lacking. In principle, the nuclear models
can be constrained with the high-quality electron data available; this, however, is a

work in progress.

These effects become less of a concern when ratios of cross sections are consid-
ered [73, 74, 75, 34]. The initial and final states of the hadrons involved are quite
similar in both NC and CCQE neutrino scattering; as a result, the corrections em-
ployed for either channel should be similar as well. FINeSSE will utilize this fact with
a measurement of As as explained in the following sections.

The Neutral Current to Charged Curfent Ratio

The NC neutrino scattering cross section depends strongly on &} and therefore on G%,
the quantity of interest. An absolute measurement of the cross section, hbwéver, is an
experimental challenge; the level of precision achievable for this measurement would
not yield the desired precision for G¢. An absolute prediction is also a challenge
from a phenomenological standpoint, as uncertainties in form factors and nuclear
corrections can be large.

It is possible to extract G to the desired precision by measuring the ratio of
NC to CCQE event rates. A measurement of the ratio of NC to CCQE neutrino
scattering event rates may be measured with greater precision, since many systematic
uncertainties cancel in the ratio such as the neutrino flux and correlated reconstruction
efficiencies. Theoretical uncertainties are also reduced in this quantity as many of
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these uncertainties are correlated between NC and CCQE scattering. FINeSSE will

use this method to measure G%,.

First, consider the ratio of NC neutrino-proton to NC neutrino-neutron scattering,

o(vp — vp)
R(p/n) = ———=. 2.11
(/n) o(vn — vn) ( )
This ratio is very sensitive to G% [26]. The NC neutrino nucleon scattering cross
section is proportional to G? as explained above. A non-zero value for G% will pull
the denominator of this ratio one way, and the numerator the other, due to the 7,

factor in Equation 2.9.

R(p/n), however, is likely to be very difficult to measure accurately in a neutrino
scattering experiment, because of the intrinsic difficulties and uncertainties involved
with neutron detection. For this reason FINeSSE will focus on a measurement of the
ratio of the NC neutrino-proton scattering (vp — vp) to CCQE neutrino scattering
(vn — p~p). This ratio,

olvp - vp) (2.12)

R(NC/CO) = 2=,

can be more accurately measured and is still quite sensitive to G¥% (albeit less so than
R(p/n)). The numerator depends upon G* as explained in the formalism introduced
above. The denominator does not as the vn — p~p process is sensitive only to
isovector quark currents and not to isoscalar currents (such as that from strange

quarks).

The vp — vp and vn — p~p differential cross sections (weighted by the calculated
FINeSSE flux) as calculated with Equation 2.5 are plotted in Figure 2.3 for G5 =
—0.1,0.0, +0.1; this shows that the cross section for vp — vp depends strongly upon
G*%. The cross section for vn — p~p is independent of G, so the ratio of flux-
weighted cross sections (and therefore the event rates) of these two processes depends
upon G%.

This dependence is also shown in Figure 2.4 as a function of G¥ for three different
@Q? bins. In the @* = 0.25 GeV? bin, the sensitivity of the NC/CC ratio on G% is
approximately 1.2. The relative uncertainty in the NC/CC ratio, AR/R is related to
the absolute uncertainty on G%, o(G?) by

_1L0AR

o(G%) = {35 (2.13)
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Figure 2.3: Fluz-weighted differential cross section as a function of Q? for vp — vp
(a) and vn — p~p (b) scattering together with the cross section ratzo of the these two
processes (c). These quantities are shown for G = 0. (solid), = — 0.1 (dashed), and
= +0.1 (dotted). The vn — p~p process does not depend upon G .
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| Considering this and recalling that G%(Q* = 0) = As yields the conclusion that
a 5% relative measurement of the NC/CC ratio at Q* ~ 0.25 GeV? would enable an
extraction of As with an error of 0.04. This error is comparable to that quoted in

the latest extractions of As from charged lepton DIS [19].

2.1.4 FINeSSE Sensitivity to As

NC, CCQE, and background events in the proposed detector have been simulated in
a detailed manner; a reconstruction procedure has been performed, to calculate an
estimated sensitivity. All conceivable effects were considered; systematic errors were
estimated. The experimental errors considered were those due to statistics and to
various systematics. The statistical errors were calculated based on a 9 ton (fidu-
cial) detector running for two years (6 x 10%° protons-on-target). The systematic
uncertainties considered include those due to free-to-bound vp — vp scattering rate,
reconstruction efficiencies, background estimation, and Q? reconstruction. In addi-
tion, theoretical uncertainties from nuclear model dependence and from form factor
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estimation were considered. The details of this procedure are described in Chapter 5.

A fit to the simulated data in the Q? region where the detector has reasonable
acceptance yields an experimental uncertainty in As of +0.039; the combined uncer-
tainty from the axial mass, M4, and Fy form factor is +0.025.

Based on these results, it has been determined that FINeSSE, with a design and
plan described in the Chapters below, can make an accurate measurement of As at
down to @? ~ 0.2 GeV2. This will enable FINeSSE to answer an important and
unresolved question about the structure of the proton.

2.2 v, Disappearance

The FINeSSE detector can be used in conjunction with the MiniBooNE detector
to substantially improve our understanding of neutrino oscillations at high Am? by
looking for a neutrino energy-dependent deficit of v, event rates compared to a no-
oscillation hypothesis. This search is motivated by astrophysical models for the pro-
duction of heavy elements in supernovae. If MiniBooNE observes a signal, a combined
FINeSSE and MiniBooNE (“FINeSSE+MiniBooNE”) run represents the next step in
determining the underlying physics model of the oscillation. These two motivations
are not directly connected: if MiniBooNE does not see a signal, the astrophysical case
still makes this study compelling.

In this section, we first provide a brief overview of the formalism for neutrino oscil-
lations. Second, we introduce the LSND signal, along with theoretical interpretations
involving sterile neutrinos. Third, we describe the astrophysical motivations for the
disappearance search. Lastly, we describe the capability of a FINeSSE+MiniBooNE
joint analysis of v, disappearance.

2.2.1 Neutrino Oscillation Formalism

“Neutrino oscillations” occur when a pure flavor (weak) eigenstate born through a
weak decay changes into another flavor as the state propagates in space. This can
occur if two conditions are met. First, the weak eigenstates can be written as mixtures
of the mass eigenstates, for example:

Ve = C088 vy +sinf vy

v, = —sinf 11 + cosf v,
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where 6 is the “mixing angle.” The second condition is that each of the mass eigen-
state components propagate with a different frequency, which can occur only if the
masses are different. We define the squared mass difference as Am? = |m2 — m?| > 0.
In a two-component model, the oscillation probability for v, — v, oscillationsis then
given by:

1.27 Am? (eV?) L (km)) (2.14)

' — «in2 (2
Prob (v, — v.) = sin® 20 sin ( E(GeV)

where L is the distance from the source, and E is the neutrino energy.

Most neutrino oscillation analyses consider only two-generation mixing scenarios,
but the more general case includes oscillations between all neutrino species. For the
case of the three Standard Model species, this can be expressed as:

Ve Uel Ue2 Ue3 4!
vy, = U, ul U 12 U u3 1%0)
vr U’rl U’r2 U‘rB V3

The oscillation probability is then:

P(vy = vg) = |Amplr, = vg]|*> = bagp
— 4 R (UzUpiUaUp,) sin’[AmZ (L /4E)]
i>5

+2Y S (UniUsilUajUp;) sin[AmE (L/2E)] (2.15)

where Am?; = |m? — m?|. Note that there are three different Am? (although only two
are independent), and three different mixing angles. This method can be generalized
to include more neutrino species in Beyond-the-Standard Model Theories.

Although in general there will be mixing among all flavors of neutrinos, two-
generation mixing is often assumed for simplicity. If the mass scales are quite different
(e.g., mg >> mg >> my), then the oscillation phenomena tend to decouple and
the two-generation mixing model is a good approximation in limited regions. In
this case, each transition can be described by a two-generation mixing equation.
However, it is possible that experimental results interpreted within the two-generation
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mixing formalism may indicate very different Am? scales with quite different apparent
strengths for the same oscillation. This is because, as is evident from equation 2.15,
multiple terms involving different mixing strengths and Am? values contribute to the
transition probability for v, — vg.

From equation 2.14, one can see that the oscillation wavelength will depend upon
L, E, and Am?. For short baseline experiments, sensitivity to oscillations is in a
range of > 0.1eV?, which will term the “high Am? region. The oscillation amplitude
will depend upon sin? 26.

2.2.2 Experimental Results: The LSND Signal

One of the most exciting questions in high energy physics, at present, is whether
the “LSND signal” is due to neutrino oscillations. If the signal is confirmed in
the MiniBooNE experiment, then this is an indication for new physics beyond the
Standard Model. Fermilab will want to be poised to pursue this result. A FI-
NeSSE+MiniBooNE run will be the first step.

The LSND experiment has observed a 4o excess which can be interpreted as
oscillations between muon and electron neutrinos [35]. The beam was produced at
LANSCE at LANL, with 800 MeV protons interacting with a water target, a close-
packed high-Z target, and a water-cooled copper beam dump. The highest statistics
came from 7, neutrinos produced by decay at rest (DAR) of muons, with 20 < E < 50
MeV. However, the lower statistics decay in flight (DIF) v,’s were also analyzed. The
liquid scintillator detector was located 30 m from the beam dump. Hence the L/E of
the experiment was ~ 1 m/MeV. As a result, if the excess is interpreted as oscillations,

the allowed region is located at high Am?.

LSND is the only short-baseline experiment to have observed evidence for oscil-
lations. Other short-baseline experiments have searched and seen no signal. Those
most relevant to this proposal are Karmen [36] and Bugey [37]. Karmen, which ran
at the ISIS facility at Rutherford Labs, was similar in concept to LSND, using a DAR
beam; but the detector was smaller, and the beam of lower intensity. Most impor-
tantly, it had an L of 17 m; in this way, it can be thought of as a “near detector”
for LSND. Playing the null signal in Karmen against the observed excess in LSND
results in the.allowed regions shown in Figure 2.5 [38]. The Bugey reactor experiment
rules out sin? 26 > 0.04 at 90% C.L. in a search for 7, disappearance using a reactor.
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Figure 2.5: LSND and Karmen joint analysis allowed region.

Assuming that oscillations respect time reversal, and that only the three standard
model active species are involved, Bugey’s result can be taken as an excluded region
for LSND. '

The MiniBooNE experiment is a designed to decisively address the LSND signal.
This experiment will complete its Phase T (neutrino) run in mid-2005 and is expected
to request further (Phase IT) running for the period thereafter. By the time FINeSSE
is on-line, the LSND signal will be tested in both v and 7 modes.

If MiniBooNE confirms LSND, and all other oscillation results remain as they
presently stand, then this necessarily implies new physics. The oscillation signals
from solar neutrinos, atmospheric neutrinos, and LSND cannot be simultaneously
fit with the three Standard Model neutrinos. A favored method for expanding the
theory to allow LSND is to invoke sterile neutrinos (v). These are neutrinos which
do not interact via the W or Z, but can couple to the Standard Model “active”
neutrinos through oscillations. The most minimal extension is to introduce a single
light sterile neutrino. This extra neutrino is not ruled out by cosmology [39]. Light
sterile neutrinos can appear in supersymmetry, extra dimensions and GUTs [40].
These can all accommodate more than one light sterile neutrino, but we will confine

our discussion to one for simplicity.

Figure 2.6(left) shows a cartoon of how the squared masses and mixings might
be arranged if a single sterile neutrino is introduced into the theory. The vertical
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Figure 2.6: Left: an example of a 3+1 mass spectrum. Right: allowed region for
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axis is logarithmic and arbitrary. The bars indicate the flavor content of each mass
state. The LSND signal is explained by the largest squared mass splitting, with the
transition v, — v,. Because there is a triplet of neutrinos with nearly the same mass,
and one large splitting, this is called a “34-1” model. Note that the transitions v, — v
and v, — v, must also be allowed for the same Am?. The allowed regions for 3+1
for fits which include LSND, Karmen, Bugey, and two v, disappearance experiments
(CDHS and CCFR84) are shown in Figure 2.6(right) [41]. These allowed regions can
be addressed by FINeSSE-+MiniBooNE as discussed below.

2.2.3 Astrophysical Motivation for High Am? Disappearance

Searches

The existence of at least one sterile neutrino in the high ~ 1 eV mass range has
interesting consequences for the heavy element abundance in the universe. In fact,
oscillations were predicted on the basis of this abundance before the LSND signal
was presented [2]. The allowed range extends beyond the region constrained by the
LSND signal. Hence, whether or not MiniBooNE confirms LSND, searches for active-
to-sterile oscillations at high Am? remain motivated by this astrophysical question.

Active-to-sterile neutrino oscillations in the late time post-core-bounce period of
a supernova will affect the r-process, or rapid neutron capture process. This presents
a mechanism for producing substantially more heavy elements (A > 100), solving
the long-standing problem of the high abundance of uranium in the universe. The
FINeSSE+MiniBooNE search addresses allowed parameters for this solution.

A favored mechanism for producing heavy elements is through the r-process in
the neutrino-heated ejecta of a Type II or Type I/c supernova. In this model, during
the period of the neutrino-driven wind, which lasts for ~ 10s, “seed” elements with
A between 50 and 100 capture neutrons to produce the elements with A > 100. The
problem is that in most models the neutron-to-seed ratio, R, is too low for production
of the heaviest elements [42]. In fact, detailed simulation show that a phenomenon
called the a-effect, in which neutrons are frozen into alpha particles that do not
recombine to form heavier elements in the requisite time period, renders the neutron-
to-seed ratio downright “anemic” [43].

Various solutions have been proposed. One option is to resort to the competing
theory of neutron star mergers. The problem with this scenario is that mergers are too
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Figure 2.7: Allowed oscillation parameters for the oscillation-enhanced r-process.

rare to produce the observed abundance of heavy elements [44]. Another alternative
is to introduce physics which adjusts the neutron-to-seed ratio. This can be done
by modifying the expansion rate, the entropy per baryon or the n/p ratio — all of
which will affect the neutron-to-seed ratio. Adjusting any of these three requires
invoking new physics in the model. We explore the last alternative here: introducing
Ve —> Vggerile OsCillations, which, when combined with matter effects, enhance the
production of neutrons over protons.

The idea [45, 43] is that production of neutron-rich elements requires a neutron-
rich environment. To the level that the processes v,+n — p+e~ and o +p — n+et
a