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Abstract

The observation of neutrino oscillations (neutrino changing from one flavor to another)
has provided compelling evidence that the neutrinos have non-zero masses and that
leptons mix, which is not part of the original Standard Model of particle physics. The
theoretical framework that describes neutrino oscillation involves two mass scales

(Am2, and Am?

. <.1), three mixing angles (02, 23, and 613) and one CP violating

phase (0cp). Both mass scales and two of the mixing angles (612 and 6,3) have been
measured by many neutrino experiments. The mixing angle 63, which is believed
to be very small, remains unknown. The current best limit on 63 comes from the
CHOOZ experiment: ;3 < 11° at 90% C.L. at the atmospheric mass scale. dcp is
also unknown today.

MINOS, the Main Injector Neutrino Oscillation Search, is a long baseline neutrino
experiment based at Fermi National Accelerator Laboratory. The experiment uses
a muon neutrino beam, which is measured 1 km downstream from its origin in the
Near Detector at Fermilab and then 735 km later in the Far Detector at the Soudan
mine. By comparing these two measurements, MINOS can obtain parameters in
the atmospheric sector of neutrino oscillations. MINOS has published results on the
precise measurement of Am?, =~ and 6,3 through the disappearance of muon neutrinos
in the Far Detector and on a search for sterile neutrinos by looking for a deficit in
the number of neutral current interactions seen in the Far Detector. MINOS also has

the potential to improve the limit on the neutrino mixing angle 6,3 or make the first



measurement of its value by searching for an electron neutrino appearance signal in
the Far Detector. This is the focus of the study presented in this thesis.

We developed a neural network based algorithm to distinguish the electron neu-
trino signal from background. The most important part of this measurement is the
background estimation, which is done through extrapolation. The number of back-
ground events is measured at the Near Detector, then extrapolated to the Far De-
tector. Since different background sources extrapolate differently, some knowledge
about the relative contribution from different background sources is necessary. We
developed a method that can be used to obtain relative contributions of various back-
ground sources from comparison of background rates in the horn-on and horn-off
configurations. We also described our effort to improve two aspects of the Monte
Carlo simulation which are very important for the v, appearance analysis: one is the
hadronization model in the neutrino-nucleon interactions, the other is the modeling
of PMT crosstalk. We performed a blind analysis and examined several sidebands
before looking at the signal region. After we opened the box, we observed a 1.4 ¢
excess of v.-like events in the Far Detector compared with the number of predicted
background events. The excess is well within the statistical fluctuation of the back-
ground events. If we interpret the excess as a v, signal from v, — v, oscillation,
the best fit sin® 26,3 value is consistent with the CHOOZ limit. However we want to

emphasize that our result is consistent with 6,3 = 0 at 90% C.L..
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Chapter 1

Introduction

1.1 A Brief History of Neutrinos

The history of neutrino physics began with Wolfgang Pauli’s often quoted letter to
the Physical Society of Tiibingen on the 14th of December 1930 [1], in which he
postulates the existence of a new particle, which he called the neutron, in order to
explain the observed continuous electron spectrum accompanying nuclear beta decay.
Pauli required his hypothetical particle to be electrically neutral and have spin 1/2,
to ensure conservation of electric charge and angular momentum. It can only interact
weakly and its rest mass was expected to be small, but not necessarily vanishing. In
1932 Chadwick discovered what we now call the neutron [2], but it was clear that
this neutral particle was too heavy to be the neutron that Pauli had predicted and
hence later on Pauli’'s neutron was renamed the neutrino by Enrico Fermi. In 1934
Fermi proposed his famous theory of weak interaction [3], based on which Bethe &
Peierls predicted the cross section for the interaction of the neutrino with matter to
be extremely small [4].

By 1950, there was compelling theoretical evidence for the existence of neutrinos,

but there was still no direct experimental verification. In the mid-fifties, the decisive

1
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experiments were conducted at the Savannah River nuclear reactor in South Carolina.
Here Frederick Reines and Clyde Cowan, both from Los Alamos Laboratory, set up

a large tank of water and watched for the “inverse” beta-decay reaction

Ue+pt —n+et (1.1)

At their detector the antineutrino flux was calculated to be 5 x 10'% particles per
square centimeter per second, but even at this fantastic intensity they could only
hope for two or three events every hour. On the other hand, they developed an
ingenious delayed-coincidence technique, which made use of the positron to produce
the first pulse and the +’s from the captured neutron for the second pulse. After
months of data collection, they had accumulated data on about three neutrinos per
hour in their detector. The signal to background ratio was about three to one. Their
results provided unambiguous confirmation of the neutrino’s existence [5]. Frederick
Reines was awarded the Nobel prize in 1995 for this work.

In 1958, Maurice Goldhaber, Lee Grodzins, and Andrew Sunyar at Brookhaven
National Laboratory demonstrated that the new neutrino has left-handed (negative)
helicity by a combined analysis of circular polarization and resonant scattering of ~
rays following orbital electron capture ! [7]. This result is in agreement with the V-A
nature of the weak interaction predicted by Feynman and Gell-Mann [8].

In 1962, the muon-neutrino was identified in an experiment at the Brookhaven
AGS [9], and this marked the beginning of the fruitful use of high-energy neutrino
beams at accelerators. In 1987, Jack Steinberger, Leon Lederman, and Mel Schwartz
won the Nobel Prize for this discovery. In 1975, a new lepton, the tau, was discovered

by a group led by physicist Martin Perl at the Stanford Linear Accelerator Center

!Electron capture is one form of radioactivity. A parent nucleus may capture one of its orbital
electrons and emit a neutrino. This is a process that competes with positron emission and has the
same effect on the atomic number. Most commonly, it is a K-shell electron that is captured, and
this is referred to as K-capture. A typical example is [Be +9 | e —% Li +v.
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[10]. Experiments performed shortly afterward provided strong evidence that there
also exists a third species of neutrino, the tau neutrino, v,.. In 1995, Perl and Reines
won the Nobel Prize for their discoveries. The tau neutrino was first detected in 2000
by the DONUT experiment [11].
In 1973, the Gargamelle experiment at CERN discovered the weak neutral current
(NC) interaction
v,+e—v,+e (1.2)

mediated by the Z° boson. The same series of experiments also showed evidence of
the corresponding neutrino-quark process by observing events induced by v/v that

produced hadrons, but no muon or electron [12]:

v,+N—vp,+X

v+ N —v,+X (1.3)

Observation of the neutral current interaction lent strong support to a unified the-
ory of weak and electromagnetic interactions proposed a few years earlier by Sheldon
Glashow [13], Abdus Salam [14], and Steven Weinberg [15], which became part of the
more encompassing framework of the “Standard Model”. This model is capable of
describing all the known physics of weak and electromagnetic interactions, incorpo-
rating all the experimental results at energies available at present accelerators. The
observation of the neutral weak current and the discovery of the intermediate vector
bosons W [16] and Z [17] at CERN in 1983, at My, = 82 GeV/c* and My = 92
GeV/c? (as predicted), contributed spectacularly to the success of this model.

Two neutrino related major discoveries were made in the 1980s. Firstly neutrinos
from outside our solar system were observed for the first time, when observations of
neutrino events were correlated with astronomical observations of the supernova SN

1987A [27]. On earth 19 low-energy anti-neutrino events were observed in two large
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water Cerenkov detectors (Kamiokande IT and IMB) within about 10 seconds. Many
determinations of neutrino properties including limits on neutrino mass, lifetime and

magnetic moment were extracted from the supernova data.

Secondly the Mark II experiment at SLC and the LEP experiments at CERN
precisely measured the width of the Z resonance. Those measurements were highly
significant for neutrino physics as it provided very strong evidence there were only 3

light (m, < 45 GeV/c?), active neutrino flavors [28, 29].

The rest of this section is devoted to the discussions of the phenomenon “neutrino
oscillations” whereby a neutrino created with a specific lepton flavor (electron, muon
or tau) can later be measured to have a different flavor. Neutrino oscillations are of
theoretical and experimental interest as observation of the phenomenon implies that
the neutrino has a non-zero mass, which is not part of the original Standard Model
of particle physics.

In 1957, an Italian physicist, Bruno Pontecorvo, living in the USSR, discussed
the possibility of neutrino-antineutrino oscillations [6]. This was the first mention
of “neutrino oscillations”, albeit not of the kind that have become familiar in recent

years.

In 1959, Ray Davis et al. showed that the anti-neutrino could be distinguished
from the neutrino while at the same time putting an upper limit on the neutrino flux
from the sun [18]. In the late 1960s, Ray Davis’s Homestake Experiment was the
first to measure the flux of neutrinos from the sun and detect a deficit compared with
the prediction of John N. Bahcall’s Standard Solar Model [19] and the discrepancy
essentially created the solar neutrino problem. The experiment used a chlorine-based
detector. Many subsequent experiments confirmed the deficit, including Kamiokande
and Super-Kamiokande in Japan and SNO (Sudbury Neutrino Observatory) in On-
tario, Canada. The first scientific results of SNO were published in 2001 [20], bringing

the first clear evidence that neutrinos change flavor, or oscillate, as they travel through
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the sun, which resolved the solar neutrino problem. In 2002, Ray Davis and Masatoshi

Koshiba won the Nobel Prize for the detection of solar neutrinos.

The neutrinos produced in the earth’s atmosphere as the result of the decay of
cosmic-ray induced pions and kaons were first detected by experiments performed in
the early 1960s. These experiments were located in the Kolar Gold Field in Southern
India [21] and at the East Rand Proprietary mine in South Africa [22]. In the 1980s
several large water Cerenkov detectors were being used to search for proton decay. The
major source of background to these proton decay experiments was from neutrinos
created in the atmosphere by high energy cosmic rays. When proton decay wasn’t
discovered, ironically it was the background that brought fascinating new physics.
The American experiment, IMB [24], and the Japanese experiments, Kamiokande
[25] and Super-K [50], reported a deficit in the number of muon neutrinos created in
the atmosphere with respect to the number of electron neutrinos. This deficit became
known as the atmospheric neutrino anomaly and it provided the evidence for neutrino
oscillations. Since the atmosphere is not a very well controlled source of neutrinos
a confirmation that the atmospheric results were due to the oscillations was sought.
The K2K experiment [26] in Japan provided that reassurance. They generated a very
pure beam of muon neutrinos with the accelerator at the KEK lab directed toward the
SuperK detector ~ 250 km away. They were able to demonstrate the disappearance
of the muon neutrinos consistent with the predictions with the parameters inferred

from the atmospheric measurements.

With the K2K experiment confirming the disappearance of muon neutrinos as
a result of oscillations it falls to the MINOS experiment to make a precision mea-
surement of the effect and further constrain the atmospheric oscillation parameters.
The MINOS experiment also has the potential to further constrain or make the first
measurement of the still unmeasured neutrino mixing angle 6;3. The measurement

of 013 in the MINOS experiment forms the focus of this thesis. More details on the
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neutrino oscillation experiments are further discussed later in this chapter.

1.2 The Standard Electro-Weak Interaction Model

1.2.1 Gauge Theories

The Standard Model is a collection of related theories, incorporating quantum electro-
dynamics, the Glashow-Weinberg-Salam theory of electroweak processes, and quan-
tum chromodynamics. It describes all of the known elementary particle interactions
except gravity. The Standard Model has met almost every experimental test. It has,
moreover, an attractive aesthetic feature: in the Standard Model all of the fundamen-
tal interactions derive from a single general principle, the requirement of local gauge
imvariance. Yet, despite its success, the Standard Model appears in need of extension
and generalization. In its present form it is not capable of predicting the masses of
the fermions, nor can it explain why there are several fermion families. The study
of neutrino physics can potentially lead to the discovery of new physics beyond the
Standard Model, and this is the chief reason why the neutrino is such an interesting
particle. In the Standard Model neutrinos are massless particles; however, there is
compelling experimental evidence that neutrino flavor oscillations do occur both in
the vacuum and in matter, which is a strong indication of the existence of neutrino
mass. As such, massive neutrinos are the only experimentally verified occurrence of

physics beyond the Standard Model at the present time.

In the Standard Model, there exist three kinds of elementary particles: leptons,
quarks and mediators. There are six leptons, classified according to their charge (@),

electron number (L.), muon number (L,), and tau number (L;). They fall naturally
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into three families (or generations):

There are also six antileptons. So there are really 12 leptons.
Similarly, there are six “flavors” of quarks, which are classified according to charge,
strangeness (5), charm (C'), beauty (B) and truth (7"). The quarks, too, fall into three

generations:

U c t

d S b

There are also six antiquarks. Meanwhile, the quarks and antiquarks possess an addi-
tional quantum number, and each quark and antiquark exist in three unitary equiva-
lent states, differing in values of the new quantum number, termed color. Therefore
there are 36 quarks and antiquarks in all.

Finally, every interaction has its mediators: the photon for the electromagnetic
force, two W’s and a Z for the weak force, the graviton (presumably) for gravity,
eight gluons for the strong force. The gluons themselves carry color, and therefore
(like the quarks) should not exist as isolated particles. There are 12 mediators in all.

Particles with half-integer spin are known as fermions - all leptons and quarks are
fermions; particles with integer spin are known as bosons - all mediators are bosons.

The Standard Model is an SU(3) ® SU(2), ® U(1)y gauge theory. This theory
is now believed to describe all elementary particle interactions except gravity. We
start with U(1) symmetry, which leads to the Electrodynamics theory. In Quantum
Field Theory, particles are defined in terms of their Lagrangians and described by

field equations. The Lagrangian for a free fermion is the Dirac Lagrangian

L = ("0, — m)v, (1.4)
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where v is the field describing the dynamics of the particle and m is its mass. v* are

the Dirac matrices. This Lagrangian is invariant under the transformation

W — e, (1.5)

where « is any real number. We call (1.5) a global gauge transformation. The Dirac

Lagrangian is not invariant under the local gauge transformation
) — @y, (1.6)

where « is a function of x#. It can be verified that under the local gauge transforma-

tions

£ L~ (Bua)in. (L.7)

If we demand that the Dirac Lagrangian be invariant under local gauge transfor-
mations we have to add one additional term in order to soak up the extra term in
Eq. (1.7). Suppose

L = (iy"9, — m)p — epypA,, (1.8)

Where A,, is some new field (called a “gauge” field or a “gauge” boson) that transforms

under local gauge transformations according to the rule

A, — A, — 16?#04(31:). (1.9)
e

The new Lagrangian is now invariant under local gauge transformations. To com-
plete the construction of a locally invariant Lagrangian, we must find a kinetic energy

term for the field A,,. Since it is a vector field, we look to the Proca Lagrangian which
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describes a massive spin-1 field of mass m 4

1 1
L= —ZF“”FW + §m?4A”AV. (1.10)

Fr = orAY — 9V A" is invariant under (1.9) but AYA, is not. Evidently, the gauge
field must be massless (m4 = 0), otherwise local gauge invariance will be lost.

The conclusion is that if we start with the Dirac Lagrangian, and impose local
gauge invariance, we are forced to introduce a massless vector field (A*), and the

complete Lagrangian becomes
_ 1 _
L =Y(iy"0, —m)p — ZFWFW —eyy"PA,. (1.11)

The last term —eyy#1p A, describes the coupling of fermion fields ¢, to the gauge

field A*. We can define a new derivative, called the covariant derivative, as follows
D, =0, +ieA, (1.12)

and the new Lagrangian becomes

1
L = YD, —m)yY — Z_lFWF’“’

= QZ(ZlD - m)qu) - iFMV-F;w, (113)

where [) = v#D,,. This is the Lagrangian for Quantum Electrodynamics (QED) and
A, is the photon (7) field required to preserve the local gauge invariance.

The local gauge transformation (1.6) may be thought of as multiplication of ¢ by
a unitary 1 x 1 matrix

Y — U, where UTU = 1. (1.14)

(Here U = €'*). The group of all such matrices is U(1); hence the symmetry involved
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is called “U(1) gauge invariance”.

The SU(3) gauge invariance in the Standard Model is imposed to describe Quan-
tum Chromodynamics (QCD), the theory of strong interactions and color is the con-

served quantity. The corresponding gauge bosons are eight massless gluons.

The SU(2), ® U(1l)y symmetry leads to the Electroweak theory which unifies
the electromagnetic and weak interactions. Requiring this invariance introduces four
gauge fields. Three of these fields couple to the weak isospin carried by left-handed

fermions and the last couples to the weak hypercharge carried by all fermions.

The principle of local gauge invariance works beautifully for the strong and elec-
tromagnetic interactions. It provides a mechanism for determining the couplings.
Moreover, as 't Hooft and others proved in the early seventies [30], gauge theories are
automatically renormalizable. But the application to weak interactions was stymied
by the fact that gauge fields have to be massless. The mass term in the Proca La-
grangian (1.10) is not locally gauge invariant, and whereas the photon and the gluons
are massless, the W’s and the Z° certainly are not. Another process is required to
connect the gauge fields to the W, Z and v bosons and to generate the masses of the
W and Z bosons. This process is called the Higgs Mechanism.

1.2.2 Spontaneous Symmetry Breaking

The Higgs Mechanism is built on the union of gauge invariance and spontaneous
symmetry breaking. A massless gauge boson can acquire mass through spontaneous
symmetry breaking. We begin with an Abelian gauge theory example by considering

a complex scalar field coupled both to itself and to an electromagnetic field

L=1D,0 = V(6) - 3(Fu)? (1.15)
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with D, = 0, + ieA,. This Lagrangian is invariant under the local U(1) transforma-

tion
: 1
B(r) — (), Au(x) — Ay(x) — - Dyala). (1.16)
If we choose the potential in £ to be of the form
2 % >\ * 2
V(9) = ~126"0 + 2 (6"0)" (117

with p? > 0, the field ¢ will acquire a vacuum expectation value and the U(1) global
symmetry will be spontaneously broken. The minimum of this potential occurs at

M212
() = go = (172 (1.18)

We can expand the Lagrangian (1.15) about the vacuum state (1.18). Decompose the
complex field ¢(x) as

1 .
¢(x) = ¢o + E(cbl(l") +iga(z)). (1.19)

The potential (1.17) is rewritten as

V(6) = —gun’ + 5 - 2+ O, (1.20)

The kinetic energy term of ¢ is rewritten as
1 1
Dl = 5(0u60)* + 5 (Do) + VIeGo - 4,00+ FGFAM 4o (121)

where we have omitted terms cubic and quartic in the fields A,,, ¢1, and ¢2. This La-
grangian describes a massive scalar field ¢; of mass v/2u and a massless scalar field ¢s.
The appearance of massless particles when a continuous symmetry is spontaneously

broken is a general result, known as Goldstone’s theorem. The massless fields that
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arise through spontaneous symmetry breaking are called Goldstone bosons. Many
light bosons seen in physics, such as the pions, may be interpreted (at least approxi-

mately) as Goldstone bosons.

The last term written explicitly in (1.21) is a photon mass term

AL = %miAMA“, (1.22)

where the mass

m?% = 2e*¢p (1.23)

arises from the nonvanishing vacuum expectation value of ¢.

We have demonstrated how a massless gauge boson acquires a mass through
spontaneous symmetry breaking. This mechanism, by which spontaneous symme-
try breaking generates a mass for a gauge boson, was explored and generalized to the
non-Abelian case by Higgs, Kibble, Guralnik, Hagen, Brout, and Englert, and is now
known as the Higgs mechanism. We now use this mechanism to build a model that
gives the experimentally correct description of the weak interactions. We start with
an SU(2)p, ® U(1)y gauge invariant Lagrangian, spontaneously broken by the Higgs
mechanism in such a way the the final Lagrangian is invariant under the U(1),.p,.
gauge transformation.

As of now no right-handed neutrinos have been found. The left-handed and right-
handed leptons can be put into the doublet and singlet representations of the SU(2)

group
Ve vy, v,
' 1.24
¢ L M L T L ( )
€R HR TR

Restricting our discussion to the first generation of the lepton sector, which consists

of an electron-neutrino and electron left-handed doublet and a right-handed electron
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singlet, the Lagrangian which is invariant under SU(2);, ® U(1)y is given by

, _ 1 - - 1
Lo=1pilPly + lrilPlg — 1 B = ZGWGW, (1.25)

where

Ve
ZL - 7lR:eR7
e

L
D, = 9,—igT-A,—ig'VB,,
Fo = 0,4, —0,A,+g(A, x A,),

G, = 0,B,—0,B,. (1.26)

In Eq.(1.26), T is the isospin operator (f = 7/2), Y is the hypercharge operator, and
g and ¢’ are, respectively, SU(2),, and U(1)y gauge coupling constants. Furthermore,
ffu = (A}, A2, A3) (a vector in isospin space) and B, are massless SU(2); and U(1)y
gauge bosons, respectively. The Lagrangian in Eq.(1.25) is invariant under the local

gauge transformations given by

lpr — Ulpg,
T A, — UT A- §U1(8MU)]U1,
B, — B,+0,A(z),

where

U = exp{igT - A(z) +ig' Y A(z)} (1.27)
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and A(z) and A(z) are gauge functions. Defining

1
+ 1 © A2
W, = —ﬁ(AH$ZA#)
1
o - _ - 3
Z, = = +g,2(9Au 9'By)
. 1 !/ A3
Ao f+g&@Aw+ﬂ%)

the covariant derivative can be rewritten as

D, = 0,—igT"Aj, —ig'YB,

g I . 1
= 0, —i—=WITT+W T7) = i —— ——
# \/ﬁ( p H ) 2 + g~ H
/
L9y

where

1
T* = (T" +4T?) = 5(01 +i0?) = oF

Zo(g2T3 _ g’QY)

(1.28)

(1.29)

(1.30)

We should identify the coefficient of the electromagnetic interaction as the electron

charge e,
/

99

and identify the electric charge quantum number as

e =

Q=T>+Y.

(1.31)

(1.32)

To simplify things further, we define the weak mizing angle, 0y, to be the angle that
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appears in the change of basis from (A43,B) to (Z°,A)

VA cosbfy —sind A3
- v v : (1.33)
A sinfy,  cos by B
that is,
cos Oy = L, sin Oy = g—' (1.34)
/g2 + 912 /g2 + 912
The magnitude of the electron charge can be rewritten as
e = gsinfy = g’ cos Oy . (1.35)

We can rewrite the covariant derivative (1.29) in the form

. g e .9 . .

D, =0, — ZE(I/I/ITJr +W,T™) - i o Z)(T° —sin® Oy Q) — ieA,Q.  (1.36)
The covariant derivative (1.36) uniquely determines the coupling of the W and Z°
fields to fermions, once the quantum numbers of the fermion fields are specified. Note
the W boson couples only to left-handed helicity states of quarks and leptons. For
the right-handed fields, eg, ug, dg, T® = 0; for the left-handed fields, 7% = +1,

Yr = 4L = : (1.37)

L L

Once we have specified the T? value for each fermion field, the value of Y that we

must assign follows from Eq.(1.32).
The complete lepton-gauge boson coupling can be expressed in the Lagrangian

+ - Th— 9 0
(WJJ{%/ + WM J{,‘L/ ) + mzujg + €A#JgM (138)

s

Eelectroweak =

2
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where

J = myfer + uytdy
Jh = ery'vp + dpytug

Jo= 30T - sin? 0w Q) f
f

1 1 . _ )
— ELfy“(g)yL + éL’y"’(—i + sin? Ow)er + eRfy“(st Ow)er

1 2 2
+11L’Y“(§ — = sin® Oy )ug, + l_LR”)/M(—g sin® Oy )ur

3
_ 1 1 . 1
—|—dL’}/M<—§ + g Sin2 Qw)dL + dR’YM(g SiIl2 ew)dR
2 -1
Jom = éfy“(—l)e—i-Tw“(—l—g)u—i—d(—g)d. (1.39)

The first term in Eq.(1.38) is responsible for all charged-current interactions in which
the lepton charge is changed by +1 units, and W; and W represent, respectively,
W+ and W~ gauge bosons. The last two terms in Eq.(1.38) generate interactions
mediated by the neutral gauge boson Z°, and by the photon, denoted here by the
gauge field A,,.

The Lagrangian in Eq.(1.38) leads to the effective Hamiltonian of weak interaction

defined by

S = % /d4xd4yT[£(I)E(y)] = —/Heff(x)d4x, (1.40)

where S is the S-matrix in the second order in g and T[- - - | denotes the time ordered
product. The result, which is valid in the region where the momentum transfer

squared, ¢?, satisfies |¢%| < m¥,, m%, is

2 2

(I T+ he) + —

Hopr = S —
S am?, 8m?, cos? Oy

TEd 7, (1.41)
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The first factor is often written in terms of the Fermi constant G, defined as

Gr g’
V2 sm

(1.42)

This constant gives the strength of the weak interactions at energies much less than

my. We will show later that the coefficient of the neutral current term in H.sy of
Eq.(1.41) is Gr/V2.

In the literature, the neutral-current J% is often written as

Ty = 55 (el = b)) f (1.43)

where the vector and axial-vector couplings for different particles are listed in Table

1.1.

/ Cv CA

T T

Ve, Vy, Vr 2 )
e, uT, T —i42sin’0y  —3
u,c,t l—%sinQ@W %
1,72 02 1

d,s,b —5 +3sin“ by —3

Table 1.1: Neutral vector and axial vector couplings in the Standard Model

We have demonstrated the massless gauge bosons are required to preserve the
SU(2) ® U(1) local gauge invariance. But in the real world, the gauge bosons that
mediate the weak interactions are massive. They can acquire mass through sponta-
neous Symmetry Breaking. To break the symmetry spontaneously, we introduce a

scalar field or so-called Higgs sector whose Lagrangian is given by

A
Ly = %!(DMIZ + 1206 — 5(¢16)°, (1.44)
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where A > 0 and g% > 0 and
_l’_
o= d)o ) (1.45)
¢
The scalar field ¢ will acquire a vacuum expectation value at the stationary point of

the Lagrangian
(@)g) = v* = . (1.46)

We can always perform an SU(2) @ U(1) gauge transformation so that ¢™ = 0 and ¢°
is Hermitian. We can assume the field ¢ acquires a vacuum expectation value (VEV)

of the form

0
(6) = . (1.47)

v

We can expand the Lagrangian (1.44) about the VEV (1.47). Decompose the Higgs

field ¢ as

¢ = 0 (1.48)
v+ H

where H is a real scalar field. We assign the Higgs field a hypercharge +1/2 (or
equivalently we assume the Higgs field is neutral). The Lagrangian (1.44) becomes

1 . a a - 1 0
Lo = SHOH +iglo+ H)T AL —ig'5(v+ H) By} . B

A
+u2(v+H)2—§(v—|—H)4
1 1, gv
— ZONAH? + 2 (=2
2( Av?) +2(2

1,gv 1,vy/9% + g
+§<%)2W—MWM—T+§(%)QZONZB+... (1.49)

1
= 5(0"H)(0.H) W W

which implies:
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e H survives as a physical particle, called the Higgs particle, with mass given by

my = V2. (1.50)

e W* now acquire mass:

Mys = %. (1.51)
e 70 acquires mass:
SRR
Mo = QT—'_QU. (1.52)

From Eqgs.(1.35), (1.51) and (1.52), we find that

2
(M> = cos® Oy (1.53)

mz

The coefficient in the second term in H.ss of Eq.(1.41) now becomes

2 2
J - J _Gr (1.54)

8mZ cos Oy 8m,[m%/m3, cos2 Oy 2

That is, in the effective four-point interaction described by H.f f, the charged and

neutral currents have the same strength; i.e.,

Gr

Hepr = E(2JgV+J;W +hee. 4+ J4Jz,). (1.55)

In order to write the Fermion mass terms, we must now make some assumption
about the mechanism of symmetry breaking. We want this mechanism to give masses
not only to the W* and Z°, but to the electron as well. The only way that this is
possible in a renormalizable weakly-coupled theory is to have a scalar field coupled
without derivatives to I and I (and also I; and lg). Then the SU(2), ® U(1)

invariance requires that the scalar be an SU(2), doublet. We thus assume a “Yukawa”
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coupling
Ve +
£¢€ = —fe ZO (&2 + h.c. (156)
e

L

If we replace ¢ in this expression by its vacuum expectation value (1.47), we obtain

Eqﬁe = —fe’UéLGR + h.c. (157)

This is a mass term for the electron and it couples the right-handed electron to the
left-handed electron. The size of the mass is set by the vacuum expectation value of

¢, rescaled by the new dimensionless coupling

me = fov. (1.58)

The neutrino does not have a similar term to the electron as there is no vy singlet
in the Standard Model. Therefore, according to the Standard Model, neutrinos must
be massless. However, the neutrino oscillation experiments have provided compelling
evidence that neutrinos do have mass. The Standard Model has to be extended in

order to accommodate neutrino mass.

1.3 Massive Neutrinos

The Standard Model itself is based on the gauge group SU(2); ® U(1)y. But this
fixes only the gauge bosons of the model. The fermions and Higgs contents have to be
chosen somewhat arbitrarily. In the Standard Model, these choices are made in such
a way that the neutrinos are massless. However, even with the same gauge group as
the Standard Model, one can conjecture extra fermions or Higgs bosons in the model
so that the model predicts massive neutrinos. In this section, we will start with the

discussion of Dirac and Majorana masses and then introduce the Seesaw Mechanism
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and neutrino mixing.

1.3.1 Dirac and Majorana Masses

The Standard Model contains left and right chiral projections of all fermions except
the neutrinos. To extend the Standard Model in order to accommodate a nonzero
neutrino mass, we add right-handed neutral fields 1/® corresponding to each charged
lepton [. They are assumed to be SU(2), singlets. Their hypercharge Y is 0 according
to Eq.(1.32). We can couple the right-handed singlets to the left-handed doublets and

Higgs doublets through the Yukawa coupling
—£¢l, = fzﬂZlL(ZﬁVR + h.c. (159)
If we replace ¢ by its vacuum expectation value v, we obtain the following mass term

—Lp = foovgrvg +hee.

= mpVLVgR + h.c. (160)

This mass term is called a Dirac mass term and is constructed out of a chirally left-
handed neutrino field vy, and a chirally right-handed one vgz. The neutrino mass
is

mp = f,v, (1.61)

which is set by the vacuum expectation value of ¢ and a new dimensionless coupling
constant f,. The problem with this model is that it provides no answer to the
question about the lightness of neutrinos, namely why f,. is so much smaller than f,

even though v, and e are in the same leptonic generation.

We can also construct mass terms out of vy, alone or vg alone [31]. These mass
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terms are called Majorana mass terms. We can have the “left-handed Majorana mass”

_[«ML = —%(VL)CVL + h.C., (162)

¢

or we can have the “right-handed Majorana mass”

_»CMR = —%(VR)CVR + h.c. . (163)

In these expressions, my and mp are mass parameters, and for any field v, ¥ is
the corresponding charge-conjugate field. In terms of ¢, ¢ = CyT, where C is
the charge conjugation matrix, and 7" denotes transposition. 1¢ represents the anti-
particle field of ¢. In the Dirac bases C' = ~? (up to an arbitrary phase). Note ()¢

is a right-handed neutrino field and (vg)° is a left-handed neutrino field.

A Dirac mass term turns a neutrino into a neutrino, or an antineutrino into an
antineutrino, while a Majorana mass term converts a neutrino into an antineutrino, or
vice versa. Thus, Dirac mass terms conserve the lepton number L that distinguishes
leptons from antileptons, while Majorana mass terms do not. The quantum number
L is also conserved by the Standard Model couplings of neutrinos to other particles.
Thus, if we assume that the interactions between neutrinos and other particles are
well described by these Standard Model couplings then any L nonconservation that
we might observe in neutrino experiments would have to arise from Majorana mass

terms, not from interactions.

An electrically charged fermion such as a quark cannot have a Majorana mass
term, because such a term would convert it into an antiquark, in violation of electric
charge conservation. However, for the electrically neutral neutrinos, Majorana mass
terms are not only allowed but rather likely, given that the neutrinos are now known

to be particles with mass.
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1.3.2 Seesaw Mechanism and Neutrino Mixing

23

Suppose that a neutrino has a Dirac mass, as the quarks and charged leptons do, and

also a right-handed Majorana mass. Then its total mass term L,,, is

—L,, = MpULVR + imR(VR)CVR + h.c.
where mp is a Dirac mass, and mp is a Majorana mass. We define

vy,

c
VR

where 1§ = (vg)¢ is a left-handed field. Eq.(1.64) can be rewritten as

1—
~L = 51/0/\/11/ +h.c.,

where
0 mp

M =

mp Mp

and mp and mpg are simply numbers. Here, we have used the identity

(VL)CmD(VR)C = VL MpVR.

(1.64)

(1.65)

(1.66)

(1.67)

(1.68)

M is referred to as the neutrino mass matrix. For the sake of simplicity, let us assume

that both mp and mpg are real and mgr > 0. Now choose an orthogonal matrix

cosf —sinf

sinf cos0

(1.69)
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with
tan 20 = 2mp/mg. (1.70)
Then
omor — [ T Y (1.71)
0 Mo
where

1
myo = E(y/m?%—kélmZD:FmR). (1.72)

The elements of the diagonal matrix in Eq.(1.71) are not all non-negative and therefore
cannot be interpreted as the masses of physical fields. But there is a work-around.

Let us diagonalize the mass matrix (1.67) with the following unitary matrix

¢t 0 cost) —sind
U=KO = ' . (1.73)
0 1 sinf cos®
We now have
m 0
UvMUT = | . (1.74)
0 mo

To recast L,,, in terms of mass eigenfields, we define the two-component column

vector vy, by

1%
Vv, = (U7 Z . (1.75)
VR

The column-vector field vy, is chirally left-handed, since the charge conjugate of a
field with a given chirality always has the opposite chirality. We then define the

two-component field v, with components v; and vy, by

vV =v) + (V)¢ = : (1.76)
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To write down v, and vy explicitly

v = idcosO(vE —uvp) +icosO(vs — vg)
vy = sinf(vy +v¢) + cosf(vg +v5). (1.77)
Since (V)¢ = v, (V5)C = v, this immediately proves

v = —up, VS =, (1.78)

which implies that v, and v, are their own anti-particles, or equivalently, they are

self-conjugate particles.

There are three (Weyl, Dirac and Majorana) types of spin-half fermion fields.
Massless fermions are Weyl particles. Massive spin-half objects can be of either Dirac
or Majorana type. Fermions that are distinct from their anti-particles are known as
Dirac particles. Ferminos that are identical to their own anti-particles are known
as Majorana particles. All charged fermions are Dirac particles as a consequence of
the electric charge conservation. Conservation of the lepton number is decidedly less
fundamental than the electric charge conservation. Without lepton number conser-
vation, neutrinos do not hold any additive internal “charge” and can be identical to
their own anti-particles. So the neutrinos can be Majorana particles. The eigenstates
of the combined Dirac-Majorana mass term L,,, are Majorana neutrinos (v and vsy).
For N generations, one obtains 2N Majorana particles in general. The mass terms

can be rewritten as

1 1
Loy = imlmum + EmQEVQR +h.c. = §m1V_1V1 + émgu_gug (1.79)
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The masses of neutrinos v, and v, are m; and ma, respectively?. It is natural to sup-
pose that the Dirac mass mp of our neutrino is of the same order of magnitude as the
Dirac masses of the lightest quarks and charged leptons, since in the Standard Model
all of these Dirac masses arise from couplings to the same Higgs field. Furthermore,
nothing in the Standard Model requires the right-handed Majorana mass mpg to be

small. If this mass is large: mpg > mp, we have
my ~ m3/mg and my =~ mp. (1.80)

Thus if mgr > mp, it follows that m; < mp, which means that the neutrino is much
lighter than the charged fermions. If we identify 14 as one of the light neutrinos, we
have an elegant explanation of why it is so light. Of course , there is another neutrino
whose mass, mp is much larger than the charged fermion masses. This mechanism of
making one particle light at the expense of making another one heavy is called the
see-saw mechanism. Interestingly, if mp is just a bit below the grand unification scale,
say mp ~ 10" GeV, and mp ~ my,, ~ 175 GeV, then from Eq.(1.80) m; ~ 3 x 1072
eV. This is right in the range of neutrino mass suggested by the experiments on

atmospheric neutrino oscillation which we will discuss later in this chapter.

So far, we have analyzed the simplified case in which there is only one light
neutrino and one heavy neutral lepton. The Seesaw Mechanism can be extended to
accommodate three leptonic generations. We skip the details of this analysis and only
discuss the results. We can construct the mass term L£,,, with 3 Dirac masses and 3

Light

Majorana masses. By diagonalizing the mass matrix, one gets 3 light neutrinos vy 5’3

and 3 heavy neutrinos 1,5 °. In neutrino experiments at low energies, it is only the

2The mass term for a Dirac fermion f of mass my is —mfff. But the mass term for a Majorana
neutrino v of mass m, is —(1/2)m, v [31].
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light neutrinos that play a significant role. From the analogue of Eq.(1.75), we have

3 3
Vi = 3 (Uai FM 4 Voulieon) o N U Fiom (1.81)

i=1
where o = e, p, or 7 and v, is a weak-eigenstate. U and V' are two unitary matrices
and V < U is satisfied if the Dirac mass mp is much smaller than the Majorana

Light IR
mass mg. Denote v; = v;"9"" for simplicity, we have

)

3
Vo= Uaith, (1.82)
=1

which means the weak-eigenstate neutrino field is a linear combination of neutrino
fields with definite masses. This phenomenon is known as neutrino mixing and the
unitary matrix U is known as the leptonic mixing matrix. In discussion of neutrino
oscillations, we start with a flavor (or weak) state, |v,), produced via weak interac-
tions. Since v, contains the creation operator al which creates |v,) from the vacuum

state |0), we obtain, from Eq.(1.82),

[Ve) = Z A, (1.83)

which means the weak-eigenstate is a superposition of mass eigenstates.

The charged-current weak interaction in Eq.(1.38) now takes the form

Ly = j_W Z Ira7"Univr; + h.c. (1.84)

Here we do not take into account the charged leptonic mixing, 7.e., we assume the
weak-eigenstate charged lepton is identical to the mass eigenstate. However, even if

charged leptonic mixing does occur, we can still absorb its mixing matrix into the
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matrix U.

What neutrino mixing means may be understood by considering the leptonic de-
cays W+t — v; + 1, of the W boson. Here, a = e, u, or 7 and v, is referred to as the
charged lepton of flavor ov. Mixing means that in the W™ decays to the particular
charged lepton [,, the accompanying neutrino mass eigenstate is not always the same
v;, but can be any of the different v; (i=1,2,3). The amplitude for W decay to

produce the specific combination v; + [, is denoted by Ul,.

The evidence for neutrino masses and mixing is the observation that neutrinos
can change from one type, or “flavor”, to another. The change of neutrino flavor, or
neutrino “oscillation” as it is called, is a quantum-mechanical effect. This discussion
of neutrino oscillations in this section follows [33]. Suppose a neutrino v, is created
together with a charged lepton l,. The neutrino then travels a distance L to a
detector. There, it interacts with a target and produces a second charged lepton Ig
of flavor 3. Thus, at the time of its interaction in the detector, the neutrino is a vg.
If 5 # «, then, during its journey to the detector, the neutrino has morphed from a

Vo into a vg. The amplitude of neutrino oscillation is
Amp(v, — vp) ZU Prop(v;)Us. (1.85)

We now calculate Prop(y;). The propagation of a neutrino v; with a mass m; can be

expressed as a plane wave
(1)) = e " Eit=ril) |1, (0)). (1.86)

where ¢t and L are the time and distance the neutrino travels and F; and p; are its
energy and momentum. The only components of a neutrino beam that contribute

coherently to a neutrino oscillation signal are components that have the same energy
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[34]. In particular, the different mass eigenstate components of a beam that contribute

coherently to the oscillation signal must have the same energy, E.

At energy FE, mass eigenstate v;, with mass m;, has a momentum p; given by

pi=+\/E>—m}~F— —*-. (1.87)

Here, we have used the fact that, given the extreme lightness of neutrinos, m? < E?

for any realistic energy E. We can see that at energy F the phase in v4(t) is given by

2

ms
p (t=L)+ 55 (1.88)

In this expression, the phase E(t — L) is irrelevant since it is common to all the

interfering mass eigenstates. Thus we may take

2 L

Prop(v;) = e ™25, (1.89)

Using this result, the amplitude for a neutrino to change from a v, into a vz while

traveling a distance L through vacuum with energy E is given by
Amp(v, — vg) = ZU;ie_im?%Ugi. (1.90)

This expression holds for any number of flavors and mass eigenstates. Squaring it,

we find that the probability P(v, — v3) for v, — vj is given by

P(va —v5) = |[Amp(ra — vg)[’

x £ o L
= Jop—4 éi)‘i(UnganjUﬁj) sm2(Am?jﬁ)
i>j
L
~ * * 3 2
+2§ J(Um-UganjUﬂj)Sm(AmUﬁ) (1.91)

i>]
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where

AmZ =m; —m}. (1.92)

A common parametrization of U in terms of mixing angles and phases is

1 0 0 ci3 0 spze7™ ci2 S12 0 eer/2 0 0
U = 0 Co3 So3 X 0 1 0 X —S12 Ci12 0 X 0 €ia2/2 0
0 —S893 (o3 —Slglﬁi(S 0 C13 0 0 1 0 0 1

C12C13 S12€13 s13€ % elo/? 0 0

— o _ 6 _ 6 % 0 ia2/2 () (1 93)
S§12C23 — C12523513€ C12C23 — 512523513€ 523C13 € :
19 19
$12823 — C12C23513€" —C12523 — $12C23513€" C23C13 0 0 1

Here, ¢;; = cos0;; and s;; = sinf;;, where 05, 013, and 03 are the three mixing
angles, and d, oy, and «y are the three CP-violating phases. The phase ¢ is referred
to as a Dirac phase where the phases a; and as are known as Majorana phases.
This matrix is sometimes referred to as the Maki-Nakagawa-Sakata matrix, or as the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, in recognition of the pioneering

contributions of these physicists to the physics of mixing and oscillation [35, 36].

An important special case is the case where only two different neutrinos are im-
portant. The two-neutrino approximation is a fairly accurate description of a number
of experiments. Suppose that only two mass eigenstates, which we shall call 1y and
v, and two corresponding flavor states, which we shall call v, and v are significant.
The phase factors then can be shown to have no effect on oscillations. The mixing

matrix U takes the simple form

cosf sin6
U= ) (1.94)
—sin@ cosf
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For 8 # a, the neutrino oscillation probability is

L
P(v, — vg) = sin® 20 Sin2(Am2E) (1.95)

where Am? = m? — m3. In addition, the probability that the neutrino does not

change flavor is, as usual, unity minus the probability that it does change flavor.

If neutrinos pass through enough matter between their source and a target detec-
tor, then their coherent forward scattering from particles in the matter can signifi-
cantly modify their oscillation pattern. Flavor change in matter that grows out of an
interplay between flavor-nonchanging neutrino-matter interactions and neutrino mass

and mixing is known as the Mikheyev-Smirnov-Wolfenstein (MSW) effect [80, 81, 82].

Matter is composed of nucleons (or quarks) and electrons. The contribution of
nucleons (or quarks) to the forward scattering amplitude is described by the neutral
current (Z° exchange); it is identical for all neutrino flavors thus it has no effect on the
neutrino oscillations. For electrons the situation is different; the electron neutrinos
interact with electrons via both the neutral current and the charged current (W'
exchange). All other neutrino flavors interact only via the neutral current, so their
interaction is different in magnitude than that of the electron neutrinos. Coherent
forward scattering by electrons via W exchange gives rise to an extra interaction
potential energy V possessed by electron neutrinos in matter. From the Standard
Model, we find that

V = +V2GpN,, (1.96)

where G is the Fermi coupling constant and N, is the number of electrons per unit
volume. This interaction potential energy changes sign if we replace the v, in the
beam by 7.. This potential gives rise to an effective mixing and mass matrix. The
MSW effect has a significant impact on the oscillations of solar neutrinos. High

energy (>5 MeV) electron neutrinos (e.g. “Be neutrinos) produced in the core of the
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sun leave its surface as almost pure mass eigenstate v5. This is an effect of neutrino
adiabatic propagation through the high electron density in the sun®. Also, there
will be an asymmetry between antineutrino oscillation and neutrino oscillation that
is induced by matter effects. This asymmetry has nothing to do with genuine CP
violation, and will have to be disentangled from the antineutrino-neutrino asymmetry
that does come from genuine CP violation in order for us to be able to study the latter
phenomenon. This antineutrino-neutrino asymmetry coming from matter effects can
be utilized to understand the neutrino mass hierarchy. The neutrino mass hierarchy

will be discussed in the next section.

1.4 Neutrino Experiments

Neutrinos have been a focus of experimental effort over the last decade [37]. The
theoretical framework with which we describe the three known neutrinos has crystal-
lized. The three neutrino mass eigenstates, conventionally known as vy, vo, and v3
are related to the three flavor eigenstates v., v,, and v, by a unitary matrix that can
be conveniently broken into four parts. The mixing matrix is shown in Eq.(1.93).
Fig.1.1 shows graphicaly what we have learned so far about the neutrino masses
from neutrino oscillation experiments. The overall mass scale is still unknown, but
the lightest neutrino is constrained by tritium beta decay measurements to be less
than about 2.2 eV. v is defined as the mass eigenstate with the most v, in it and v3 is
defined as the mass eigenstate with the least v, in it. The solar neutrino experiments
and the KamLand reactor experiment measure the squared mass difference between
the 1 and 2 mass eigenstates to be (7.0 —9.1) x 107> eV?. The atmospheric neutrino
measurements and long baseline experiments constrain the squared mass difference

between the 2 and 3 mass eigenstates to be (1.9 — 2.98) x 1073 eV*. Both are 30

3Note neutrino oscillations are dominated by vacuum oscillations at low energies (<2 MeV). A
smooth transition is expected between the two different regimes
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Figure 1.1: The two possible mass hierarchies for the three known neutrino flavors.
Plot taken from [37].

ranges. The mass of vy is larger than the v (m3 > m?), which is determined from
the Mikheyev-Smirnov-Wolfenstein (MSW) large mixing angle (LMA) solution to the
solar neutrino problem. It is not determined, however, whether the mass of v3 is
larger or smaller than the vy and 1, masses. These two scenarios are referred to as
the normal hierarchy and inverted hierarchy respectively.

In this section, we will discuss experiments that measure the neutrino mixing
angles and mass splittings in different sectors, i.e. the 12 Sector, the 23 Sector, the

13 Sector and the Mass Sector.

1.4.1 The Solar Neutrino Problem

The 12 Sector of neutrino mixing matrix comprises the mixing angle 65 and the
squared mass difference Am?, between v, and v;. There are two types of experiments
that have probed this sector: solar neutrino measurements and long baseline anti-
neutrino experiments.

For almost 30 years, the Homestake Solar Neutrino Experiment in the Homestake
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Gold Mine in South Dakota attempted to measure neutrino fluxes from space; in
particular, this experiment has been gathering information on solar neutrino fluxes.
The results of this experiment have been checked against predictions made by stan-
dard solar models and it has been discovered that only one-third of the expected
solar neutrino flux has been detected [38]. This discrepancy is known as the “So-
lar Neutrino Problem”. Several other experiments, including Kamiokande II [39],
Super-Kamiokande [41], GALLEX [42], SAGE [43], GNO [44], and Borexino [45],
have noticed a definite neutrino shortfall. The measurements of solar neutrinos cul-
minated in the Sudbury Neutrino Observatory (SNO) which used the deuterium in
heavy water as a target for solar neutrinos. This enabled a measurement of both the
electron neutrino flux through Charged Current interactions and the flux of all active
neutrino flavors through Neutral Current interactions. Fig.1.2 summarizes the set of
measurements from SNO and Super-K [40]. It plots the measured flux of electron

neutrinos against the measured flux of muon and tau neutrinos. SNO finds that

o(ve)
¢(ve) + d(Vp,r)

= 0.340 £ 0.023(stat) ") 03] (syst). (1.97)

The conclusion is that the electron flavor neutrinos are oscillating into muon or tau
neutrinos. The SNO measurement directly demonstrated neutrino oscillations in solar
neutrinos. The results of the SNO experiment put the “Solar Neutrino Problem” to
rest and, along with the KamLand reactor neutrino experiment, enable precision

measurement of the 12 Sector parameters.

The KamLAND experiment is a reactor neutrino experiment which uses a 1 kiloton
liquid scintillator detector located in the Kamioka mine in central Japan. Most of
the 7, flux incident at KamLAND comes from nuclear plants at distance of 80 -
350 km from the detector, making the average baseline of about 180 kilometers. By

measuring reactor 7,’s, this experiment provided a sensitive probe of the solar neutrino
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Figure 1.2: The SNO and Super-K results expressed as a measurement of the flux of
p + 7 neutrinos versus the flux of electron neutrinos. Plot taken from [40].

oscillations. The survival probability of electron neutrinos is
P, — 1,) = 1 — sin® 205 sin*(1.27TAm?2,L/E,) . (1.98)

The KamLAND collaboration has for the first time measured the disappearance of
neutrinos traveling to a detector from a power reactor. They observe a strong evidence
for the disappearance of neutrinos during their flight over such distances, giving the
first terrestrial confirmation of the solar neutrino anomaly and also establishing the
oscillation hypothesis with man-produced neutrinos. Fig.1.3 shows the combined
result of the KamLAND measurement and the solar neutrino experiments [46]. The

combined analysis gives the 1o ranges [40]:

Am?,, =8.070% x 107°eV?, Oypiar = 33.9715 degrees. (1.99)
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Figure 1.3: (a) Neutrino oscillation parameter allowed region from KamLAND anti-
neutrino data (shaded regions) and solar neutrino experiments (lines). (b) Result of
a combined two-neutrino oscillation analysis of KamLAND and the observed solar
neutrino fluxes under the assumption of CPT invariance. Plot taken from [46].

1.4.2 The Atmospheric Neutrino Anomaly

The 23 Sector of neutrino mixing matrix comprises the mixing angle 63 and the
squared mass difference Am32, between v3 and 5. Measurements of muon neutrino

survival probability probe this sector
P(v, — v,) =~ 1 —sin® 2093 sin®(1.27Am3,L/E,) . (1.100)

There are two types of experiments that are sensitive to those oscillation parameters:
experiments measuring the neutrinos produced when cosmic rays hit the atmosphere
and experiments located several hundred kilometers from an accelerator source of
muon neutrinos.

Atmospheric neutrinos are produced in the collision of primary cosmic rays (typi-
cally protons) with nuclei in the upper atmosphere. This creates a shower of hadrons,

mostly pions. The principal sources of neutrinos are decays of pions, kaons, and
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muons. The decay chain from pions is

™= = pF+u(m) (1.101)

= = et + v (D) + 1,(vy), (1.102)

with a similar chain for charged kaons. In the low-energy limit where all particles
decay we therefore expect

Vp + 7y = 2(Ve + D). (1.103)

At high energies the muon decay path becomes larger than the thickness of the at-
mosphere. In the high-energy limit muon decay no longer contributes and the main
contribution to the flux of electron neutrinos is from decay of neutral kaons. The
ratio of muon neutrinos to electron neutrinos is larger than 2. At very low energies
the ratio of neutrino flavors approaches 1. This again is a consequence of kinemat-
ics: the Michel spectrum for neutrinos from muon decay, when transformed into the
laboratory, peaks at E,, = 0. Thus the very-low-energy neutrinos come preferentially

from muon decay, giving a ratio near one [23].

In 1985, two experiments in deep mines, one in the United States called IMB [24]
and one in Japan called Kamiokande [25], observed a deficit in the number of muon
neutrinos created in the atmosphere with respect to the number of electron neutrinos.
This deficit became known as the “Atmospheric Neutrino Anomaly”. Since then,
several experiments measured the ratio of muon-like neutrino events to electron-like

neutrino events, divided by their respective Monte Carlo simulation value:

R = e (1.104)

Their results are summarized in Fig.1.4. The Kamiokande, IMB and Super-Kamiokande

experiments are based on the water Cerenkov technique, while FREJUS, NUSEX, and
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SOUDAN have ionisation-based tracking detectors. The ratios are consistently below

1 except for FREJUS and NUSEX which had large error bars.
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Figure 1.4: Ratio of muon-like neutrino events to electron-like neutrino events, divided
by their respective Monte Carlo simulation value. Plot taken from [49].

In 1996, Super-Kamiokande (Super-K) was completed and began taking data.
Super-K is a 50 kiloton water Cerenkov detector located at a depth of 2700 meters
water equivalent in the Kamioka Mozumi mine in Japan. It supersedes its predecessors
(IMB and Kamiokande) both in size and resolution and began detecting atmospheric
neutrinos at much higher rates. In 1998, after analyzing more than 500 days of data,
the experimentalists at Super-K announced that the atmospheric neutrino anomaly
was not a statistical aberration and is consistent with two-flavor neutrino oscillations
[50].

Super-K measured the zenith angle distributions of p-like and e-like events. Fig.1.5
shows the relation between zenith angle and the distance traveled by atmospheric
neutrinos. Fig.1.6 shows the zenith angle distribution of u-like and e-like events
for sub-GeV and multi-GeV data sets. Upward-going particles have cos © < 0 and
downward-going particles have cos © > 0. The conclusion is that the deficit in muon

neutrinos is mostly due to the upward traveling ones. Oscillations easily explain this:
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the muon neutrinos raining down on the mine do not have sufficient time to oscillate
while those traveling through the Earth do. Detailed Super-K atmospheric neutrino
data are very well described by the hypothesis that the oscillation is dominated by
v, — v, conversion, and that it is a quasi-two-neutrino oscillation with a splitting

Am?

Stm and a mixing angle ;¢ that, at 90% CL, are in the ranges [53]

sin® 204y, > 0.92 and 1.5 x 107% < Am2; | < 3.4 x 10 %eV?, (1.105)

2

2tm = |Am3,|. For 3 there is

In the three-flavor neutrino mixing, 6,;,, ~ 023 and Am
an ambiguity corresponding to 63 <> /2 — 093. Matter effects in future long-baseline
experiments will resolve this. The often used parameter sin®(26,3) is blind to this

ambiguity.

In 2004, the Super-K collaboration presented a new analysis of their data where
they used a selected sample of events with good resolution in L/E [54]. A dip in the
L/FE distribution was observed around L/E = 500 km/GeV, as shown in Fig.(1.7).
This provided the first direct evidence that the neutrino survival probability obeys
the sinusoidal function as predicted by neutrino flavor oscillations. The 90% C.L.
allowed parameter region was obtained as

sin® 20541, > 0.90 and 1.9 x 107% < Am2; | < 3.0 x 10 %eV?, (1.106)

This result is consistent with that of the oscillation analysis using zenith angle dis-

tributions [53].

The oscillation interpretation of the atmospheric neutrino data has received sup-
port from the KEK to Kamioka (K2K) long-baseline experiment. This experiment
produces a beam of muon neutrinos with mean energy ~1.3 GeV at the KEK acceler-

ator laboratory. These neutrinos are aimed at the Super-K detector in Kamioka, 250
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Figure 1.5: A sketch showing the rela-
tion between zenith angle and the dis-
tance traveled by atmospheric neutrinos
(plot taken from [51]). cosf < O repre-
sents upward-going particles and cosf > 0
represents downward-going particles. The
flight path of atmosphere neutrinos from
production to detector extends from ~ 10
km to 12,000 km.
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Figure 1.6: Zenith angle distributions of
p-like and e-like events for sub-GeV and
multi-GeV data sets. Upward-going parti-
cles have cos©® < 0 and downward-going
particles have cos© > 0. The bars show
the MC no-oscillation prediction with sta-
tistical errors, and the line shows the best-
fit expectation for v, — v, oscillations.
Plots taken from [52].
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Figure 1.7: Ratio of the data to the MC events without neutrino oscillation (points)
as a function of the reconstructed L/FE together with the best-fit expectation for 2-
flavor v, — v, oscillations (solid line). Also shown are the best-fit expectation for
neutrino decay (dashed line) and neutrino decoherence (dotted line). Plot taken from
[54].
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km away. The K2K experiment reported that after achieving 8.9 x 10'¥ protons-on-
target (about four and a half years) the expected number of events occurring in the
fiducial volume of Super-K detector is 1511}2(syst.). However, only 107 events were
observed [55]. In addition, the spectrum of v, events observed in Super-K detector

was distorted relative to the no-oscillation spectrum. The anomalously small number

of events and spectral distortion seen by K2K experiment are consistent with a neu-

2

trino oscillation interpretation, with parameters Amatm

and 0,4, compatible with

those that fit the atmospheric neutrino data.

The MINOS (Main Injector Neutrino Oscillation Search) is another long-baseline
neutrino experiment similar in concept to K2K. This experiment uses a high-intensity
muon neutrino beam generated at the Fermi National Accelerator Laboratory (Fer-
milab). The neutrino beam with maximal flux at around 3GeV is directed toward the
Soudan Mine 735 km away in northern Minnesota. The MINOS experiment consists
of two detectors, a 0.98 kton Near Detector (ND) at Fermilab and a 54 kton Far
Detector (FD) at Soudan Mine. Compared to K2K, the MINOS experiment uses a
three times longer distance, and the intensity and the energy of the MINOS neutrino
beam are higher than the K2K beam. The MINOS experiment reported that based
on a two-year exposure to the neutrinos from the Fermilab accelerator (3.21 x 10%°
protons-on-target), the expected number of events occurring in the fiducial volume
of FD is 1065 + 60(syst.). However, only 848 events were observed. By fitting the
spectrum of v, events in FD with the neutrino oscillation hypothesis, the MINOS ex-
periment achieved the most precise measurement of the mass splitting Am?xtm' The
MINOS data also disfavor alternative explanations for the disappearance of neutrinos
in flight, such as neutrino decays into lighter particles or quantum decoherence of
neutrinos, at the 3.7 and 5.7 standard deviation levels, respectively. Details of the
MINOS experiment will be discussed in the next chapter. The latest MINOS results

on the 23 Sector parameters are shown in Fig.1.8 along with the older results from
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the super-K atmospheric measurements and the K2K experiment. The oscillations
in this sector are consistent with being maximal (i.e. 53 = 45°), but the precision
with which f»3 is known is not great. It is an interesting open question how close to
maximal o3 really is.

The recent MINOS results shown in Fig.1.8 are still statistics limited and , as
MINOS continues to take data over the next few years, it will continue to improve
the constraints on fy3 and Am3,. The upcoming experiments T2K and NOvA are
designed to probe the 13 Sector and are described more fully in the later sections,
but they will also be able to make very precise measurements of the 23 Sector and

probe the issue of how close 693 comes to being maximal.
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Figure 1.8: The new MINOS best fit point (black point) and the 68% and 90% CL
contours. Overlaid are the 90% CL contours from the Super-K zenith angle [53] and
L/FE [54] analyses, and that from the K2K experiment [56]. Plot taken from [59].

If the v,’s are oscillating away in experiments with GeV energies and baselines
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hundreds of kilometers long then they must be oscillating into tau neutrinos if the
scheme of mixings and masses described earlier is correct. It would be a powerful test
of the scheme to look for these v,.’s and the OPERA experiment [60] is designed to
do just that. OPERA is a hybrid emulsion and tracking detector that has recently
started taking data in Gran Sasso. It detects neutrinos from the CNGS beam created

at CERN. The baseline is 732 km and the mean neutrino energy is 17 GeV.

1.4.3 The 13 Sector

The 13 Sector comprises the mixing angle 613 and the phase § which, if different
from 0 or 7, would induce CP violation into the scheme of neutrino oscillations.
Note the squared mass difference Am32, between v3 and v; is not an independent
parameter and Am32, = m3 —m? = Am3, + Am2, ~ Am3, since |Am3,| < |Am3,|.
Another issue that is often discussed in the context of the 13 Sector is the mass
hierarchy which is the question of whether the masses are ordered with the almost
degenerate doublet v, and vy higher or lower than the v3 mass. This is so far the
least understood Sector. There are no constraints of any significance on ¢ and the
mass hierarchy is unknown. We do have constraints on 63, however, provided by
experiments measuring electron anti-neutrino disappearance at baselines roughly 1
km from the reactor source. Besides the disappearance of reactor anti-neutrinos, the
13 Sector can also be probed by looking for v, — v, oscillations using baselines and

energies sensitive to the parameter Am3;.

Sec.1.4.1 described how the KamLAND experiment used reactor anti-neutrinos
and a baseline of order 200 km to measure parameters of the 12 Sector. In this
configuration the L/E is matched to Am?,. By instead measuring the disappearance
of reactor anti-neutrinos at a baseline L of ~ 1 km one can match the L/FE to Am%

and be sensitive to the parameters of the 13 Sector. The expression for the electron
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anti-neutrino survival probability is then
P(0, — 1,) = 1 — sin® 20,3 8in*(1.27Am3, L/E,) . (1.107)

The best measurement to date is the Chooz experiment that operated in France
in the 1990’s [61]. The Chooz experiment detected electron anti-neutrinos with a
liquid scintillation calorimeter located 1.05 km from the reactor core. They found no
evidence for neutrino oscillations in the 7, disappearance mode. For Am? equal to
the current MINOS best fit value 2.4 x 1073eV?, the constraint on 6,5 from Chooz
is sin?26;5 < 0.15 at 90% CL. Another measurement of the 13 Sector is the Palo
Verde experiment operated in Arizona, USA [62]. This experiment measured the
anti-neutrino flux and spectrum at a distance of about 800 m from the three reactors
of the Palo Verde Nuclear Generating Station using a segmented gadolinium-loaded
scintillation detector. They excluded at 90% CL 7, — I, oscillations. They posed a
constraint on the parameter ;5: at the current MINOS best fit point, sin® 26,5 < 0.24
at 90% CL. Fig.1.9 shows the 90% CL exclusion regions for the Chooz experiment

and the Palo Verde experiment.

It has been reported that the solar and KamLAND data provide a non-trivial
constraint on 6,3 especially for lower values of Am?2, . see e.g., Refs. [63, 64, 65].

atm>

Fig.1.10 shows the current constraints on the 13 Sector mixing parameters from global

2

~um decreases. Such

data. The Chooz bound on sin? 6,5 gets quickly weak when Am
loosening in sensitivity is prevented to some extent by solar neutrino and KamLAND

data. The constraint on 63 from global data is sin® 26,3 < 0.11 [66].

A new generation of reactor experiments is being constructed in the hope of im-
proving on the Chooz measurement and further constraining the value of 63, either
limiting it to be even closer to zero or measuring a no-zero value for it. These new

experiments hope to be sensitive to a value of sin?26;3 as small as 0.01. To do this
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Figure 1.9: The 90% CL exclusion regions for the Chooz experiment and the Palo
Verde experiment. “Swap” and “Reactor Power” represent two analysis methods used

in the Palo Verde experiment. Plot taken from [62].
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Figure 1.10: Current state of knowledge of the 13 Sector. Plot taken from [66].

they are making several upgrades to the Chooz approach. Most importantly they
are using multiple detectors to cancel systematics. These detectors will be larger, be
located at very high flux reactors, and be exposed to the beam for longer. They will
be underground to reduce the effect of cosmics and be thoroughly calibrated. The
main contenders in this next round are Double Chooz [67], located at the same site
as the original Chooz experiment, the Daya Bay experiment located in China [68],
the Angra experiment located in Brazil [69], and the RENO experiment located in
South Korea [70].

The second way to probe the 13 Sector is by looking for the sub-dominant v, — v,
oscillations at values of L/F matched to Am3,. This is the focus of my thesis. If

we ignore the matter effect, solar terms, and CP violating phase, the oscillation
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probability is
P(v, — v.) = sin® Oy sin® 20,3 sin*(1.27Am3, L/E,) . (1.108)

Unlike the 7, survival probability Eq.(1.107), the v, appearance probability Eq.(1.108)
depends not only on the parameter 3, but also on the parameter #,3. Thus measuring
th3 by search for v, — v, appearance relies on a good understanding of the mixing
angle fo3. The MINOS experiment is designed to probe the 23 Sector by measuring
the disappearance of v, events. The recent results of this measurement are shown in
Fig.1.8. MINOS will also be able to improve the current best limit on the neutrino
mixing angle 613 by searching for an electron neutrino appearance signal in the Far
Detector from the v, neutrino beam. MINOS may make the first measurement of 6,3
with improved proton intensity if ;3 is sufficiently large. More details of the MINOS

v, appearance measurement will be discussed in the later chapters.

A second generation of long baseline accelerator neutrino oscillation experiments
has been proposed. They hope to extend the sensitivity for v, appearance roughly
a factor of 10-20 beyond the CHOOZ limit. The matter effects induced by the long
baseline increase the potential to search for CP-violating phase ¢ and resolve mass
hierarchy in the neutrino sector. These experiments will make use of an off-axis
beam. By placing the detector slightly off the neutrino beam axis (e.g. 15mrad), the
detector will see a narrow band beam peaked at low energy (e.g. 2GeV). Because
the backgrounds (intrinsic v, and neutral current events) in the v, appearance search
are much broader in energy than the signal, a narrow beam will allow a much better
signal to background ratio than for the MINOS measurement. Other highlights of
these experiments include improved beam intensity, large detectors optimized for v,
detection, and using two detectors to cancel systematics. There are two long baseline

experiments under construction that will probe the 13 Sector, first by searching for a
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non-zero #3 and if one is found then determining the mass hierarchy and searching
for CP violation. The two experiments are NOvA [71] and T2K [72]. NOvA wil use
the beamline currently used by MINOS, with a new detector being built 810 km away
in far northern Minnesota. T2K will use the existing Super-K detector and the beam
will be sent from the JPARC accelerator lab currently under construction about 250

km away.

1.4.4 The LSND Result and MiniBooNE

The Liquid Scintillator Neutrino Detector (LSND) experiment [73] operated at Los
Alamos National Lab in the 1990’s and produced evidence for v, — 7, oscillations at
the Am? ~ 1eV? scale. This Am? scale is incompatible with those of the solar and
atmospheric oscillations, and so requires there be more than 3 neutrinos if all three

are to be interpreted as evidence of neutrino oscillation.

The Mini-Booster Neutrino Experiment (MiniBooNE) was built to test the oscilla-
tion interpretation of the LSND result. The detector is located 540 m from the target
and comprises a spherical tank filled with 800 tons of pure mineral oil (CHy). This
experiment can distinguish electrons from other particles (in particular v’s and 7%’s)
and so test for v, — v, oscillations. In April 2007 the experiment released its first
results [74]. The experiment found no evidence of neutrino oscillations in its analysis
region above a neutrino energy of 475 MeV, though there was a excess of events found
below this energy and this is currently under investigation. The exclusion plot that
summarizes results from this measurement is shown in Fig.1.11. The MiniBooNE
and LSND results are only compatible at the 2% level if both are interpreted in the
framework of two flavor neutrino oscillations. MiniBooNE is currently taking data in
anti-neutrino mode (where the horn focuses negative particles) and intends to make

a measurement of 7, appearance to more fully check the LSND result.
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Figure 1.11: The region of oscillation parameter psace excluded at 90% CL by the
MiniBooNE result. Also shown are the regions allowed by the LSND result at 90%
CL and 95% CL, and the 90% exclusion contours of the KARMEN?2 [75] and Bugey

[76] experiments. Plot taken from [74].



1.4. NEUTRINO EXPERIMENTS o1

1.4.5 Neutrinoless Double  Decay

In several nuclei with an even number of neutrons and an even number of protons the
extra binding energy produced by the pairing leaves ordinary [ decay energetically
forbidden. In such nuclei double beta decay, where two electrons are emitted, is left
as the only viable decay mode. Two neutrino double beta (2v(3(3) decay has by now
been observed in a number of nuclei, but neutrinoless double beta (0v33) decay has
yet to be convincingly seen. If observed, Ov3/3 decay would imply that neutrinos are
Majorana particles. It is expected that the process will be dominated by the diagram
shown in Fig.1.12. In this diagram, one or another of the neutrino mass eigenstates
v; is exchanged between two virtual W bosons to create the outgoing electrons. The

Ov33 amplitude is then a coherent sum over the contributions of the different ;. The

Nucl —=—  Nuclear Process = —>— Nucl’

Figure 1.12: Neutrinoless double beta decay. Plot taken from [33].

rate for the process is given by

FOI/ - GOV | MOV |2m%ﬁ

mpg = |y mUZ| (1.109)

where G, is a readily calculable phase space factor and M, is the, not so readily
calculable, matrix element for the process. U,; and m; are the mixing matrix elements

and neutrino masses and v, = ZUeM' The signature for the Ov33 process is a

peak in the measured energy of the pair of electrons at the Q value, where Q is
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generally defined as (initial energy) - (mass of all particles in the final state except

the neutrinos).

1.4.6 Kinematic tests for » masses

There are tests on processes which are allowed in the Standard model even with
m, = 0. We can take any such known process involving neutrinos in the final state
and then calculate the rate as a function of neutrino mass. We then try to see whether
the observed rate differs significantly from the calculated rate with m, = 0. Here are

some exaples.

e Nuclear (-decay: One can look at the beta spectrum in (Z,A) — (Z +1,A) +
e~ 4+, (Kurie plot) or corresponding positron decay. The shape of the curve can
be calculated assuming m,, = 0. If, however the mass is not zero, the observed
count will fall short of the calculated one as the electron energy approaches the
total decay energy Ey = M; — My, where M; and My are the masses of the
initial atom and the final ion. The fraction of decays when the electron energy
is close to Ey becomes rapidly smaller for beta decays with higher ) values. It is
therefor, imperative to select a candidate with low ). A good candidate should
also have a short lifetime, which means atoms decay more rapidly, making more
data available. Tritium is a perfect source by both of these measures: it has
a reasonably short lifetime (12.4 years) and has very low Q value (18.6 keV).
Additionally, its molecular structure is simple enough that the energy spectrum

of the decay electrons can be calculated with confidence.

e Pion decay: One can look for the muon energy in 7t — p*v, (or its charge

conjugate decay). Obviously this energy depends on the v, mass.

e Tau decay: There are various decay modes of the tau. One can use the kine-

matics of the final state to find the mass of the v..
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Direct Kinematic tests [77, 78, 79] have yielded the results

m,, < 22eV  (95% CL, from *"H —° He + e~ + 7,),
m,, < 170keV  (90% CL, from 7+ — u* 4+ v,),

©w

m,. < 15.5 MeV (95% CL, from 7 — 57 + v;).

Strictly speaking, these experiments do not measure m,,, m,,, or m,, , which are
not the neutrino mass eigenstates. Instead they measure some mixture of m; = m(vy),

ms, and ms.

1.4.7 Summary

Table 1.2 summarizes the current state of knowledge of the neutrino parameters.

Parameter Best-fit value Range
Am2, 8.0 x 107%eV? (7.7 —8.4) x 107%eV? (£10)
|Am3, | 2.43 x 1073eV?  (2.30 — 2.56) x 107%eV? (£10)
012 33.9° 32.3° — 35.5° (£1o)
013 unknown 0° —11.4° (90% C.L.)
a3 45° 36.8° — 53.2° (90% C.L.)
dcp unknown
Mjjghtest unknown 0-2.2eV (95% C.L.)
Hierarchy unknown
Dirac or Majorana unknown

Table 1.2: The current state of knowledge of the neutrino parameters.

Y

Ignoring the phases and assuming 6,3 = 0, the “best-fit PMNS matrix” reads:

0.83 056 0
Ublins = | —0.39 059 0.71 (1.110)
0.3 —0.59 0.71
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The data can be well fitted by the tri-bimaximal mixing of the form:

1
25 0 0.82 058 0
— 1 1 1 I~ _
Urg -+ L L 0.41 058 0.71 (1.111)
1 1 1

The above tri-bimaximal mixing has 61, = sin~!(1/v/3) = 35.2°, fy3 = 45°, and
013 = 0. The tri-bimaximal form for the mixing matrix (up to a trivial sign re-
arrangement) was first proposed by Harrison, Perkins and Scott [83] and further

studies by authors in [84]. Many theoretical efforts have been made to produce such

a mixing pattern.



Chapter 2

The MINOS Experiment

The Main Injector Neutrino Oscillation Search (MINOS) is a long-baseline neutrino
oscillation experiment that performs precision measurements of the neutrino oscilla-
tion parameters in the “atmospheric neutrino” sector. The neutrinos are produced by
the Neutrinos at the Main Injector (NuMI) facility at the Fermi National Accelerator
Laboratory (Fermilab). MINOS measures neutrino interactions with a Near Detec-
tor at Fermilab and again 735 km downstream with a Far Detector in the Soudan
Underground Laboratory in northern Minnesota. The two detectors are magnetized
steel-scintillator tracking calorimeters. Comparison of the neutrino energy spectra
and flavor composition of the beam at the two detectors will allow measurement of
neutrino oscillation parameters. In this chapter, I will start with an introduction to
the Fermilab accelerator. Then I will describe the neutrino production in the NuMI
beamline and discuss the details of the MINOS detectors, which are steel-scintillator
sampling calorimeters. In the end I will briefly discuss the physics reach of the MINOS

experiment.

25
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2.1 The Fermilab Accelerator

The NuMI neutrino beam is created at Fermilab using 120 GeV protons from the
Main Injector. Fig.2.1 shows the schematic drawing of the Fermilab accelerators. The
process of particle acceleration at Fermilab begins with a small bottle of hydrogen
located in the electrostatic Preaccelerator. Fermilab’s Preaccelerator is based on the
Cockceroft-Walton design. It produces H™ ion ! with an energy of 750 keV. The H™
ions travel through the Linac, the LINear ACcelerator. The Linac accelerates the
ions to 400 MeV and sends them to the Booster. The Booster takes 400 MeV H™ ions
from the Linac, strips the electrons off, accelerates the remaining protons to 8 GeV,
and then sends them to the Main Injector. The Main Injector (MI) can accelerate
the particles all the way up to 150 GeV. The NuMI beamline uses 120 GeV protons
from the Main Injector to produce a high intensity v, beam.

The Fermilab Booster is a rapid-cycling, 15 Hz, alternating gradient synchrotron
with a radius of 75.47 meters. It accelerates protons from a kinetic energy of 400 MeV
to 8 GeV, using 17 RF cavities with frequency that slews from 37.8 MHz at injection
to 52.8 MHz at extraction to match the MI frequency. Typically, the injection process
lasts for ten Booster turns, resulting in a total average current of 420 mA. The injected
beam is a stream of bunches equally spaced at the linac RF frequency of 201.2 MHz.
The Booster batch size is roughly 5 x 102 protons per batch.

The Main Injector is another synchrotron with a radius of 528.30 meters, and its
acceleration cycle is 2.2 s. It accepts 8 GeV protons from Booster and accelerates
protons to 120 GeV or 150 GeV. Fig.2.2 shows the injection of the Booster batches
in the Main Injector as a function of time. The total Main Injector cycle is composed

of three parts: injection, acceleration, and resetting.

e Injection time is proportional to the number of Booster batches involved. In

'Hydrogen consists of a proton and an electron. The H™ ion has an extra electron added.
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Figure 2.1: The Fermilab accelerators. Those used in generation of the NuMI beam
are the Linac, Booster, and Main Injector. Plot taken from [85].

our highest intensity cycles, we presently have 11 Booster batches, coming at

15 Hz for a total of roughly 0.7 s.

e Acceleration is a mostly fixed time. For MINOS it takes approximately 0.7 s.
At the end of acceleration there is extraction, but that takes a negligible period

of time.

o After extraction, the Main Injector magnets must be ramped down to the field

for 8 GeV.

Presently, the sum of the above processes takes 2.2 s for 11-batch injection. Most
frequently, the Main Injector accepts 8 GeV protons from Booster and accelerates
protons to 120 GeV, and then sends them to the Pbar target, which yields 8 GeV
antiprotons, or to the NuMI target, which produces neutrinos for the MINOS exper-

iment. Alternatively, it can accelerate protons to 150 GeV and inject them into the
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Figure 2.2: Injection of the Booster beam in the Main Injector as a function of time.
Overlaid on top of each other at two traces: the MI charge (green) that increases 11
times in 11 separate injections from the Booster and the MI beam momentum (red)
that is defined by the magnet currents, it ramps from 8 to 120 GeV/¢, then ramps
down to 8 GeV/c.
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Tevatron, where the beam is used for high energy particle physics experiments.

The main injector circumference is exactly 7 times the booster circumference, so
there is room for 7 booster batches. However, one slot must remain empty to allow
the injection kicker to ramp down. A fast single turn extraction kicker was required
for the NuMI project to spill 120 GeV protons onto a target. The extraction kicker
has to rise in the ~ 1.5 us abort gap of the Main Injector and then extract 1.6 us
of beam (a single batch) for antiproton production and 8.0 us of beam (5 batches)
to NuMI. This mode is referred to as “mixed mode”. There is a second operational
mode which is referred to as “NuMI only mode”. In this mode, 9.6 us (6 batches) of
beam is extracted to NuMI [86].

A technique called “slip stacking” is utilized to increase the number of protons
available for both the antiproton production and the NuMI neutrino production at
Fermilab. This involves stacking two booster batches end to end but with slightly
different momenta, into the Main Injector. The two batches have different periods
of revolution and ‘slip’ relative to each other azimuthally and finally overlap. When
they overlap they are captured using a single RF which is the average of the initial

frequencies associated with the two batches [87].

Starting 2008, a “multi-batch slip stacking” mode becomes the standard opera-
tional mode. In this mode, five batches are loaded into the MI, and six more batches
are loaded and slipped with the first five to make two batches for the antiproton
production and nine for NuMI. This mode is referred to as “24+9” mode. The NuMI
beam intensity is greatly improved in this operational mode. A typical beam intensity
is 3.1 x 10" POT/spill for the “mixed mode” and 3.7 x 10** POT /spill for the “NuMI
only mode” with 8 booster turns. The corresponding beam power is 230 kW and 270
kW, respectively.
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2.2 The NuMI Neutrino Beam

The Neutrinos at the Main Injector (NuMI) facility at Fermilab began operations in
late 2004. NuMI produces a neutrino beam resulting from the decays of pion and
kaon secondaries produced in the NuMI target. Protons of 120 GeV are extracted
from the MI accelerator and bent downward by 58 mrad toward Soudan, MN, the site
of the MINOS Far Detector. The global positioning system (GPS) defined the survey
beam direction to within 12m of the Far Detector. The primary beam is focused
onto a rectangular graphite production target. The target dimensions are 6.4 mm in
width, 15 mm in height and 940 mm in length (1.9 interaction lengths). The target
is segmented longitudinally into 47 individual 2 cm length fins. The beam size at the
target is 1.2-1.5 mm. The target is water cooled via stainless steel tubes at the top
and bottom of each fin. The particles produced in the target are focused (one sign
only) by two magnetic horns. The focused beam of particles enters into a 675 m long,
2m diameter steel pipe initially evacuated. This length is approximately the decay
length of a 10 GeV pion. Neutrinos are produced by decays of the secondaries, e.g.
mt(K*) — ptv,. The entrance to the decay pipe is sealed by a two-piece aluminum-
steel window. The central (radius < 50 cm) portion of the window is made of 1 mm
thick aluminum and is strengthened by an outer (radius > 50 cm) section made of
1.8 cm thick steel. There are no aperture restrictions that prevent the beam from
hitting the wall of the decay pipe. Failure of the decay pipe wall could potentially
occur if the accident persisted for several hours. The impact of such an accident
is high since there is no simple means of repairing the decay pipe. Therefore the
decay pipe is filled with helium gas at atmospheric pressure to reduce the stress on
the window since December 2007. The decay volume is surrounded by 2.5-3.5 m of
concrete shielding. At the end of the decay pipe there is a water-cooled absorber with

an aluminium core encased in steel to stop any remaining primaries and undecayed
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secondaries. Any muons passing through the absorber are stopped by 240 m of dense
Dolomite rock before they reach the Near Detector cavern. Ionization chambers are
used to monitor the secondary and tertiary particle beams. One array is located
immediately upstream of the absorber, and three others are located at the muon
alcoves, one downstream of the absorber, one after 8 m of rock, and a third after an
additional 12 m of rock. The first array monitors the remnant hadrons at the end of
the decay pipe, and the other three arrays monitor the tertiary muons from 7= and K

decays. The layout of the NuMI beam facility is shown in Fig.2.3.
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Figure 2.3: Plan and elevation views of the NuMI beam facility. A proton beam is
directed onto a target, from which the secondary pions and kaons are focused into a
decay volume via magnetic horns. Ionization chambers at the end of the beam line
measure the uninteracted primary beam, secondary hadron beam and tertiary muon
beam. Plot taken from [88].

The beam has been designed so as to adjust the energy spectrum of neutrinos in
order to maximize sensitivity to oscillation parameter Am?2. The relative placement
of the two horns and the target optimizes the momentum focus for pions, hence the
peak neutrino beam energy. Most of the time the beam line is configured in the “Low
Energy” mode with (F,) ~ 4 GeV. Moving the target upstream directs smaller-angle,
higher-momentum particles into the magnetic fields of the focusing horns, resulting in

a higher-energy neutrino beam, as shown in Fig.2.4. Different energy configurations
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are important for quantifying various systematic errors on the predicted neutrino

energy spectrum.
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Figure 2.4: Calculated rate of v, charged-current interactions in the MINOS Near
Detector. Three spectra are shown, corresponding to the low, medium, and high
neutrino energy positions of the target. In these configurations, the target is located
10, 100, and 250 cm upstream of its fully-inserted position. Plot taken from [58].

The flavor composition of the beam will be predominantly v, (92.9%). Small
contributions of 7, (5.8%) will come from p* decays and target-produced 7~ decays.
A 1.2% v, component of the beam results from u* decays and target-produced K

decays. The contribution from 7, is small (0.1%).

2.3 The MINOS Detectors

The MINOS experiment uses two detectors to record the interactions of neutrinos in
the NuMI beam. A third detector, called the calibration detector, was exposed to
test beams at CERN to establish detector response to hadrons, electrons and muons

with momenta in the range 0.2-10 GeV/c. The Near Detector at Fermilab is used to
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characterize the neutrino beam and its interactions and is located about 1 km from
the primary proton beam target, the source of the neutrino parent particles. The
Far Detector performs similar measurements 735 km downstream. The essence of
the experiment is to compare the rates, energies and topologies of events at the Far
Detector with those at the Near Detector, and from those comparisons determine the
relevant oscillation parameters. The detectors have been designed to be as similar as
possible to reduce systematic errors. In this section, we will first describe the main
features of the MINOS detectors, and then move on to discuss the unique features of

each individual detector.

2.3.1 MINOS Detector Technologies

All three MINOS detectors are steel-scintillator sampling calorimeters with an ab-
sorber layer of steel and an active layer of plastic scintillator. The steel and scin-
tillator is arranged into a “sandwich” structure: a layer of 1 cm thick scintillator is
attached to a layer of 2.54 cm thick steel to form a plane. There is a 2.41 cm air gap
between two successive planes to relax the flatness tolerance of the steel plates. The
scintillator is divided up into 4.1 cm wide strips, and each plane has one “view” of
strips, with the next plane having the orthogonal view to give a three-dimensional
tracking capability. The two views are at 45° relative to vertical in order to avoid
having strip readout connections at the bottom of the detector. One view is referred
to as “U view” and the other view is referred to as “V view”.

The detectors use a solid scintillator that is made by extruding polystyrene into
long thin strips. The polystyrene is doped with the fluors PPO (1%) and POPOP
(0.03%). Fiber readout of extruded scintillator was chosen as opposed to direct read-
out of cast scintillator in order to reduce costs. Each scintillator strip has a 2.3
mm-deep by 2.0 mm-wide groove cut into its wider edge which runs along the length

of the strip. A 1.2 mm diameter wavelength shifting (WLS) fiber-optic cable is glued
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into the groove. WLS fibers minimize self-absorption by absorbing light peaked at
420 nm and re-emitting it at a wavelength beyond 470 nm. The blue photons from
the scintillator are absorbed in the WLS fiber and re-emitted isotropically. Those
resulting photons whose directions fall within the total internal reflection cones are
transported along the fiber to the edges of the detector, subsequently being routed
to the photodetectors. The scintillator surface is covered by a thin (0.25 mm) co-
extruded titanium-dioxide (TiOs)-loaded polystyrene layer that serves as a diffuse
reflector. The scintillator and TiO, coating are co-extruded in a single process, a
standard technique in the plastics industry. The fiber must be completely contained
inside the groove to ensure efficient light collection. A specularly reflective strip of
aluminized Mylar tape is placed over the groove after the WLS fiber has been glued

in place. The cutaway drawing of a single scintillator strip is shown in Fig.2.5.
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Figure 2.5: Cutaway drawing of a single scintillator strip. Light produced by ionizing
particle is multiply reflected inside the strip by the outer reflective coating. Light
absorbed by a WLS fiber is re-emitted isotropically. Those resulting photons whose
directions fall within the total internal reflection cones are transported along the fiber
to the edges of the detector, subsequently being routed to the photodetectors. Plot
taken from [89].

The scintillator strips are encased in light-tight aluminium (0.05 cm thick) mod-

ules, which contain between 20 and 28 strips. After exiting the strips the WLS fibers
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run together in a manifold before they terminate in a connector. Clear fiber cables
connect to the module and transmit light from the edges of the detector to centralized
locations where the multi-anode photomultiplier tubes (PMTs) and readout electron-
ics are mounted. A light injection system illuminates the WLS fibers near their ends
with LED-generated UV light to monitor the stability and linearity of the PMTs. The
MINOS detectors are read out by Hamamatsu 64-anode (M64) PMTs for the Near
Detector and 16-anode (M16) PMTs for the Far Detector. The PMTs are housed in
light-tight, steel enclosures containing clear fiber bundles which are interlaced from
cable connectors to PMT pixels. In the Near Detector each M64 resides in an indi-
vidual enclosure. In the Far Detector each enclosure (called a “MUX box”) houses

three M16 PMTs. Fig.2.6 illustrates the scintillator system readout for a module.
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Figure 2.6: Schematic drawing of the scintillator system readout for a module. Plot
taken from [89].

We now briefly discuss the electronics used in MINOS, then focus on the unique
features of each detector in the next few sections. The phototube signals are digitized

using a modified version of the Viking VA chips made by the Norwegian company
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IDEA ASA at the Far Detector [90] and FNAL “QIE” chips [91] at the Near Detector
to meet the faster demands of the high event rate at the near site. In both cases,
circuitry is installed to inject known amounts of charge into the digitization circuits
for calibration of the digitization. Data are gathered into custom mid-level VME
cards for readout by the data acquisition. The data acquisition reads charge and
time information (called “digits”) for each phototube signal, combines such data
from all parts of the detector, and arranges them into time-ordered “snarls” of data

that correspond to physical events.

Both Near Detector and Far Detector are magnetized with a current carrying coil
producing an average magnetic field of 1.3(1.4)T in the Near(Far) Detector. A coil
running down the center of the detector and back outside of the detector is used to
create the field. At the Near Detector the coil is offset by 50 cm from the detector
center so as to give a larger fiducial volume around the neutrino beam spot. MINOS
is unique in that it is the only large, underground detector with a magnetic field. The
magnetic field allows charge separation between the pu* and p~, and therefore charged
current interactions of v, and ¥,. A comparison of atmospheric oscillation properties
for the two would be a test of CPT symmetry in neutrino masses and mixing. The
magnetic field also allows the muon momentum to be measured through the curvature
of tracks that are only partially contained within the detector. It also focuses negative
particles (i.e. p7) created in the beam v, CC interactions increasing the proportion
that are fully contained. The energy resolution on the curvature measurements is
approximately 14% at 10 GeV muon momentum. Multiple scattering of the muons in
the steel is the predominant limitation on the accuracy of these measurements. For
muons that stop in the detector a much better measurement of their momenta can
be obtained from a range measurement. The energy resolution for stopping muons
from a range measurement is approximately 6%. In the energy range of interest,

the average muon momentum is roughly 2GeV/c. The low energy muons are most
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likely to stop in the detector and their momenta are measured through the range
accordingly.

The data acquisition (DAQ) and timing system synchronize and continuously read
out the front-end electronics. Software triggering in the DAQ provides flexible event
selection and data processing. Various triggers are implemented in the DAQ system.
The triggers fall into three categories: special triggers for debugging and calibration,
bias-free triggers based on spill signals or spill times to gather beam events, and
triggers based on the clustering of hits in the detector to gather out-of-spill events.
GPS timestamps allow data from the two detectors to be synchronized with the beam
pulses. The two detectors have different front-end electronics due to the disparate

rates of neutrino interactions and cosmic-ray crossings at the two sites.

2.3.2 The Far Detector

The Far Detector has a mass of 5.4 kt. It is the largest of the three MINOS detectors
and is located 714 m below the Earth’s surface (2070 m water equivalent) in the
Soudan Underground Laboratory, Northern Minnesota. It consists of 486 8 m wide
octagonal planes, arranged in 2 super-modules of 249 and 237 planes, of which 248
and 236 are instrumented with scintillator. The division of the detector into two
super-modules is made due to restrictions on the length of the magnetic coil, thus
each super-module is independently magnetized. The first and second super-modules
were completed in August 2002, and June 2003, respectively. Collection of cosmic-ray
and atmospheric neutrino data for each super-module has begun since shortly after
the completion of each super-module. Each of the scintillator planes is divided up
into 192 strips. The 192 scintillator strips are encased in 8 modules. The center
four modules contain twenty 8 m long strips. The outer modules contain 28 strips
varying in length from 3.4 m to 8 m. The center two modules must provide clearance

for the detector’s magnet coils. A semi-circular hole of radius 197 mm is cut into
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the aluminum covers of the affected modules and short lengths of scintillator strips
passing through the hole are also cut away. However, the WLS fibers passing through
the affected strips are not cut. Rather, a “bypass” channel routes them around the

hole.

Figure 2.7: Layout of far detector scintillator modules. The center four modules
contain twenty strips and the outer modules contain 28 strips.

The scintillator strips are read out at both ends by Hamamatsu M16 PMTs with
16 pixels. To reduce the large instrumentation load, a multiplexing technique (optical
summing) is employed so that 8 strips from each plane are read out by the same PMT
pixel. This is feasible because the transverse spread of hadronic/electromagnetic
showers from beam neutrinos is limited to a ~1 m region. To enable determination
of which strip was actually hit, the 8 strips read out by a single pixel on one side of
the detector are read out by 8 different pixels on the other side.

The front-end electronics (FEE) at the Far Detector [90] were specifically designed
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for the low rate underground environment. A block diagram of the readout structure

is shown in Fig.2.8. The readout is based on the front-end ASIC VA32_HDR11 (short
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Figure 2.8: Schematic overview of the MINOS far detector readout electronics. Three
PMTs are connected with short flat ribbon cables to the VFB, which also houses two
PIN diodes to monitor the light level of the light injection system. The VA ASIC
amplifies and holds the PMT signals, which are multiplexed via an analog link onto
an ADC on the VARC. The VFB is controlled through a digital link by the VARC.
Plot taken from [89].

VA chip), developed in collaboration with the Norwegian company IDEA ASA. Each
VA chip is responsible for sampling and holding the signals from one of the three
PMTs in a MUX box. Three VA chips are mounted onto a single VA Front-end
Board (VEFB), located on the outside of the PMT MUX box. The VFB provides
support circuitry for power distribution and biasing of the VA chips. It also contains

a discriminator chip ASDLite ASIC, which compares the dynode signals from the
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PMTs with a common programmable threshold to provide a discriminated signal for
time-stamping and readout initiation. The VFB is operated in slave mode and fully

controlled by the VA readout controller (VARC) described below.

The analog signals from the VA chip are multiplexed onto an ADC, which is
located on a VA Mezzanine Module (VMM). Two VFBs are connected to each VMM.
The VARC houses 6 VMMs and controls the signal digitization, triggering, time-
stamping and bias of the VA chips. Each VARC can thus service up to 36 PMTs of

16 channels each.

The VARC is implemented as a 9U VME card. Three VARCs, a timing card,
and a Motorola VME processor share a single VME crate. The VARC receives the
discriminated dynode signal of each PMT. It time-stamps these signals with an effec-
tive 640 MHz TDC, and then generates the hold signal for the VA ASIC. The signals
held in the VA ASIC are then multiplexed to a commercial 14-bit 10 MHz ADC.
The digitization sequence is started if the VARC receives at least two discriminated
dynode signals from different PMTs in a 400 ns window. This so-called 2-out-of-36
trigger reduces the dead time due to dark noise in the PMTs and fiber noise in the
scintillator, without compromising the recording of physics events. The entire detec-

tor readout is synchronized by a 40 MHz optical timing distribution signal slaved to
a GPS clock from TrueTime [93].

Once the data are digitized they are transmitted to a local FIFO and stored there
for further processing. The pedestal is subtracted and data above an individually
settable sparsification threshold are written to an on-board VME memory. This
memory is read out by the DAQ system. The VARC also controls pedestal and
charge injection calibration runs.

To aid the atmospheric neutrino analysis in the Far Detector, a cosmic ray veto
shield has been erected around the top and sides of the detector. This allows cosmic

rays to be tagged and reduces the cosmic ray background by a factor of approximately
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100. The shield is made of the same scintillator strips as the main detector and
the data is read out in the same fashion. Due to the steepness of cosmic tracks
and knowledge of the spill time, cosmic ray muons are not a significant source of
background for the beam analysis, so shield information is not used for accelerator

neutrino analysis.

2.3.3 The Near Detector

The Near Detector has a mass of 0.98 kt. It is located a short distance from the
neutrino source at Fermilab, 100 m below the surface (225 m water equivalent). The
design of the near detector takes advantage of the high neutrino flux at this location to
define a relatively small target fiducial volume for selection of events for the near/far
comparison. At the beam intensity of 2.2 x 10'® POT /spill, an average of 16 neutrino
interactions occurred in the Near Detector during each 10us spill in the low energy
beam configuration [58]. The Near Detector consists of 282 planes. It has an elongated
octagonal cross-section, 3.8 m high and 4.8 m wide. Only 153 of the 282 planes are
active. The upstream 120 planes of the detector, the calorimeter section, contains the
target fiducial volume in which every plane is instrumented. The downstream part,
the spectrometer section, is used to measure the momenta of energetic muons and has
only every fifth plane instrumented with scintillator. Active planes are instrumented
with four distinct scintillation module patterns: full U-view (FU), full V-view (FV),
partial U-view (PU), and partial V-view (PV). The area of partial coverage is set to
ensure the complete measurement of neutrino events occurring in the near detector
fiducial volume. The full-view coverage extends around the coil hole in order to
track long range muons downstream of neutrino interactions. The layouts of different

scintillator modules are shown in Fig.2.9
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Figure 2.9: The four different configurations of planes used in the Near Detector,
showing the different layouts of the scintillator modules. The upper two figures show
partially instrumented planes (“calorimeter region”) while the lower two figures show
the fully instrumented ones (“tracking region”). The G-N notations denote the dif-
ferent shapes of the scintillator modules. The beam is centered midway between the

coil hole and the left side of the plane, hence the scintillator need only cover that area
in the target region. Plot taken from [89].
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For data analysis, the calorimeter section is divided into three longitudinal sec-
tions: planes 1-20 are the “veto” section, used to exclude events that originate up-
stream of the detector; planes 21-60 represent the “target” region, as all neutrino-
induced showers which occur here are contained within the length of the detector;
planes 61-120 complete the calorimeter section and are used to contain and measure
the hadronic showers of neutrino events in the target region. FEvery plane in the
calorimeter section is instrumented to enable accurate tracking and calorimetry. The
spectrometer section of the Near Detector, planes 121-281, is used to measure the
momenta of energetic muons and only every fifth plane is fully instrumented with

scintillator. The four logical sections of the Near Detector are shown in Fig.2.10.

1.2m 2.4m 3.6m ~ 7.2m .
VETO TARGET gﬁgsv%g
MUON
SPECTROMETER
PARTIALLY INSTRUMENTED REGION

UPSTREAM DOWNSTREAM
(FINE SAMPLING) (COARSE SAMPLING)

Figure 2.10: Four logical sections of the Near Detector. The partially instrumented
region only has scintillator in every 5th plane. (Plot courtesy Debdatta Bhattacharya)

In contrast to the Far Detector, scintillator strips in the Near Detector need only
be read out on one end; their relatively short lengths (typically 2.8 m compared to 8 m
at the Far Detector) ensure that enough photons reach the PMTs to detect the passage
of a minimum ionizing particle efficiently. The other end of the strip is covered with
reflective aluminized mylar tape to increase the light yield. The scintillator strips
are read out by Hamamatsu M64 PMTs with 64 pixels. A partially-instrumented
plane has 64 strips so is read out by a single PMT. A fully-instrumented plane has

96 strips so is read out by 1.5 PMTs. Furthermore, to reduce the instrumentation,
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a 4-fold electrical summing technique is employed in the muon-spectrometer region.
Each PMT is split into groups of 4 pixels and the signals from the 4 anodes are fed
into a single electronics channel. The consequence of the electrical summing is that
a “seed” track in the forward region is needed to project into the muon-spectrometer

for unambiguous reconstruction.

Due to the multiple events occurring in each beam spill, dead-timeless, high-speed
front-end electronics is required for the Near Detector. In the Near Detector front-end
electronics [91], each PMT pixel is digitized continuously at the frequency of the beam
RF structure of 53.103 MHZ (18.83ns). This is achieved with an individual front-end
channel unit consisting of a small mezzanine printed circuit board (PCB) called a
MENU (MINOS Electronics for Neutrinos). The principal MENU components are an
ASIC named the Charge Integrator and Encoder (abbreviated “QIE”), a commercial
flash analog-to-digital converter (“FADC”), and a data buffer. A MENU board also
contains circuitry for measuring source current and circuitry for injecting DC current
into the QIE for performing electronics calibration. Sixteen MENUSs reside on a VME
type-6U PCB (called a MINDER - MINOS Near Detector Electronics Readout), with
four MINDERs required for each fully used M64 PMT.

The QIE input signal current, I, is split into eight binary-weighted “ranges” with
values /2, I/4, 1/8, ..., and integrated onto a capacitor for each range. A bias
current is added to ensure that the capacitor voltage on one and only one range is
within the predetermined input limits of the FADC. The QIE selects that voltage
for output to the FADC, and also outputs a 3-bit number representing the range
value. Each QIE is equipped with four independent copies of the current splitter,
integration, and output circuits to permit continuous dead-timeless operation. Each
QIE data word consists of 13 bits including an 8-bit FADC value, a 3-bit range value,
and a 2-bit code for the identification of the current splitter and capacitor circuit

(know as “CaplD”).
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Data from the front-end, consisting of range, FADC value, and CaplD, are trans-
fered to VME type-9U modules called MASTERs (MINOS Acquisition, Sparsifier,
and Time-stamper for Event Readout), which read out up to eight MINDERSs each.
The MASTERS linearize the data words using a lookup table which represents the re-
sults of a charge injection calibration of each MENU. The resulting linearity is better
than 0.5% over the entire dynamic range.

To provide uniformity, a centralized Near Detector clock system is used to dis-
tribute a continuous 53 MHz reference, spill signals, and other control signals to all
front-end modules. Clock signals are also used to synchronize the readout of data by
the VME processors and the DAQ system. The Near Detector clock is synchronized
to the Fermilab accelerator but the phase of timing signals relative to an independent

GPS system is used to allow accurate reconstruction of the absolute UTC event time.

2.4 Detector Calibration

The detector calibration is very important for the MINOS measurements. The MI-
NOS detectors measure hadronic and electromagnetic shower energy by calorimetry.
The relative detector energy calibration is critical for neutrino oscillation studies that
rely on comparisons of energy spectra and event characteristics in the near and far
detectors. The task of calibration for MINOS comprises: removing detector varia-
tions within each detector, relating energy deposits from different detectors (relative
calibration) and finally translating detector responses for different types of particles

to energy in GeV (absolute calibration).

2.4.1 Relative Calibration

Fig.2.11 shows the relative calibration scheme for MINOS data. The main branch of
this calibration is to convert raw ADC’s into calibrated Muon Energy Units (MEU).



76 CHAPTER 2. THE MINOS EXPERIMENT
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Figure 2.11: Calibration scheme for data. The main branch is the energy branch
which converts raw ADC’s into calibrated Muon Energy Units (MEU). The secondary
branch converts ADC to photoelectrons. Plot taken from [92].

The first step towards achieving this is to make the response of each individual detec-
tor uniform. The calibration corrects for scintillator light output variations as well as
nonuniformities of light transmission and collection in the fibers, PMTs and readout
electronics. The charge-injection system is used to measure the linearity of the elec-
tronics. The light-injection system is used to measure the linearity and time variation
of the readout response. The cosmic ray muons are used to measure scintillator strip
light output variations with time and position, specifically to record interstrip and
intrastrip nonuniformities. The next step is to relate energy deposits in one detector
with those in another. This can be done by using particles of known energy and
comparing the detector responses. MINOS uses stopping muons from cosmic rays to

do this inter-detector calibration.
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The Light-injection Calibration System

A light-injection (LI) calibration system has been designed for the MINOS detectors
to map the linearity of the instrumentation, to monitor the stability of the PMTs
and electronics over time, to evaluate the single-photoelectron gain, and to monitor
the integrity of the optical path and readout system. [94]. The system is based upon
pulsed blue light-emitting diodes (LEDs). A rack-mounted box, known as a “pulser

box”

, contains a set of 20 LEDs, each of which has an optical fanout allowing it
to illuminate multiple individual fibers. These fibers carry light to a set of optical
connectors on the back panel of the pulser box.

From the pulser box, optical fibers carry the light to the outer edges of the MINOS
detector. A set of highly reflective cavities situated there, ‘the “light-injection mod-
ules” (LIM), allows the blue LED light to illuminate the green wavelength-shifting
fibers, thus producing pulses of light that mimic the signals from the scintillator.

There are two different LI data taking modes. In order to monitor the changes
in gains of PMTs and electronics as well as for other transient instabilities, the LI
system periodically pulses the fiber at every strip end. Each Far Detector strip end
is pulsed 1000 times at 200 Hz every hour and each Near Detector strip end is pulsed
2000 times at 100 Hz every two hours. The pulse intensity of each LED is tuned such
that a PMT pixel receives approximately 50 photoelectrons per pulse on average. The
operational mode is referred to as “Drift Point”. The LI system is also used to map
the non-linearity of PMT response. Each strip end fiber is pulsed 1000 times at many
different light levels once a month at both near and far detectors. The pulse intensity
settings for each LED are tuned so that the average response of the strips connected
to it covers the full dynamic range of interest. This operational mode is referred to
as “Gain Curve”.

The intensity of injected light is monitored by PIN photodiodes that are read
out simultaneously with the PMTs. Although the PIN photodiodes themselves are
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measured to be quite linear, non-linearities on the order of 1-2% are apparent in the
readout response from both detectors because of the electronics noise. In the Near
Detector, PIN diodes are amplified with high gain in order to suppress the electronics
noise. In the Far Detector, the readout is still very non-linear even with high-gain
PIN diodes. Therefore, the PIN diodes are not used in the Far Detector. Instead,
the readout of the other end (far end) of the flashed strip end (near end) is used to
monitor the intensity of injected light [95].

I have been working on the Near Detector LI system together with the former
Stanford postdoc Simona Murgia since 2004. My main contribution was the tuning
of pulse intensity settings for LEDs. I also helped with the improvements of the

electronics for the PIN diodes readout in the Near Detector.

Cosmic Ray Muon Calibrations

Cosmic ray muons are used at each detector to measure scintillator related quantities.
Through-going cosmic ray muons have an average energy of 200 GeV at the Far
Detector and a rate of 0.5 Hz. At the Near Detector, the mean energy is 55 GeV
and the rate is 10 Hz.

Cosmic ray muons are used to track the response of each detector on a daily basis.
This “drift” calibration is performed by measuring the total pulse height per plane
of through-going cosmic ray muons. The daily median of the pulse height per plane
is computed, and the relative change in this quantity is used to compute the drift.
This measured drift encompasses changes due to the scintillator, WLS fiber, PMTs
and electronics.

Through-going cosmic ray muon data are used to measure the strip-to-strip (channel-
by-channel) time dependent response of the detector. This calibration relates the
mean response of each strip to the detector average. This calibration incorporates

several detector effects that vary channel-by-channel, including scintillator light yield,
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WLS fiber collection efficiency, readout fiber attenuation, PMT quantum efficiency
and PMT gain. Cosmic ray muon tracks are used to measure the mean light level at
each strip end. To remove known spatial and angular dependencies, attenuation and
path-length corrections are applied to each hit such that the calibration constant is
calculated to be the mean response of a muon of normal incidence traveling through
the center of the strip. Once the strip-to-strip calibration is performed, the response

from the center of any strip of a particular length is the same.

Throughgoing cosmic ray muon data are also used to correct the variation in light
caused by attenuation along the WLS fiber in a scintillator strip. The pulse height
from a strip hit by a track is plotted as a function of the longitudinal track position.

These data are fit to a double exponential:
A(r) = Aje /"1 4 Agem/E2, (2.1)

where x is the track position along the strip and L, Ly stand for two attenuation
lengths. A fit is performed for each strip and the resulting parameters are used to

correct the data. One example for the Near Detector is shown in Fig.2.12.

The final stage in the relative calibration chain, before a conversion to absolute
energy deposition in GeV, is the inter-detector calibration. This calibration step
serves to relate energy deposits in one detector with those in another. Stopping cosmic
ray muon data are used for this task because they are abundant enough at all detectors
and their energy depositions in each plane can be accurately determined from range
measurements. A “track window” technique was developed for this calibration. This
technique measures the response of muons only when their momenta are between
0.5 and 1.1 GeV. This avoids using data from the end of the track where the rapid
increase in ionization occurs. After the inter-detector calibration, the three detectors

will give an identical response for the same particle of given energy (to within the
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Figure 2.12: Detector response to cosmic ray muons as a function of distance from
strip center for a typical strip in the Near Detector. (Plot courtesy Jiajie Ling)

errors of the calibration). A universal energy unit, the Muon Energy Unit (MEU, also
referred to as a Minimum lonizing Particle, MIP) is defined as the detector response

to a perpendicular 1 GeV muon traversing 1 plane of scintillator.

2.4.2 Absolute Calibration

MINOS physics analyses require a good understanding of the detectors’ response to
muons, electrons and hadrons with energies below 10GeV. One needs to understand
not only the overall energy scale and resolution, but also the event shape character-
istics. The calibration detector [96] was exposed to test beams at CERN to establish
the response to hadrons, electrons and muons with momenta in the range 0.2-10
GeV/c. The measurements were used to normalize Monte Carlo simulations and to
establish the uncertainty in the hadronic and electromagnetic energy scales. The data

from the calibration detector were compared with events simulated using the same

GEANTS3 [100] based Monte Carlo used for the near and far detectors.
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Figure 2.13: MINOS calorimetric response to pions and electrons at three momenta.
The calorimeter-signal scale is in arbitrary units. The data (open symbols), obtained
from the calibration detector exposure to CERN test beams, are compared to distri-

butions from Monte Carlo simulations. Pion induced showers are simulated using the
GCALOR shower code. Plot taken from [89).
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Fig.2.13 shows the measured detector response to pions and electrons compared
with the simulation result. The simulated calorimetric response to electrons agreed
with the data to better than 2% in the electron momentum range 0.2-10 GeV/c
[97]. Pion and proton induced showers were compared with events simulated using
the GHEISHA, GEANT-FLUKA and GCALOR shower codes. The GCALOR-based
simulation was in best agreement with the data and was adopted as the default
shower code. The Monte Carlo reproduces the response to pion and proton induced
showers to better than 6% at all momentum settings [98]. The energy resolution was
adequately reproduced by the simulation and may be parametrized as 56%/ VE®2%
for hadron showers and 21.4%/v'E @ 4%/E for electrons, where E is expressed in
GeV.

2.5 Monte Carlo Simulation

Monte Carlo (MC) simulation is an important part of all the MINOS analyses. We
measure the neutrino interactions in the Near Detector and we use the MC to extrapo-
late the Near Detector spectrum to predict the unoscillated Far Detector spectrum to
compare with data for evidence of spectral distortion. The prediction calculated must
take into account the ND and FD spectral differences that would be present, even in
the absence of oscillations, due to pion decay kinematics and beam line geometry.
The modeling of the neutrino beam-line includes a simulation of the hadrons
produced by 120GeV/c protons incident on the NuMI target and the propagation
of those hadrons and their progeny through the magnetic focusing elements, along
the decay pipe and into the primary beam absorber allowing for decay of unstable
particles. The production of secondary mesons in the NuMI target was calculated
using the FLUKAO5 [99] Monte Carlo, which has uncertainties at the 20%-30% level

stemming from a lack of relevant thick target hadron production data. Particles
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exiting the target are recorded and later propagated in a GEANT3 [100] simulation
of the NuMI beam-line (GNuMI). The simulation takes into account the effects of the
magnetic focusing horns, surrounding shielding, decay pipe and beam absorber. The
GEANT-FLUKA code is used to model the secondary interactions in the horn and
the decay pipe as well as the full particle decay chains. Decays in which a neutrino is
produced are saved and later used as input for neutrino event simulation in the Near

and Far Detectors.

Neutrino interactions are modeled by the NEUGEN-v3 [101] program. NEU-
GEN simulates both (quasi-)elastic and inelastic neutrino scattering. The latter in-
cludes a Rein-Sehgal [102] based treatment of neutrino induced resonance production,
charged- and neutral-current coherent pion production and a modified leading order
deep-inelastic scattering (DIS) model [103] extended to improve the treatment in
the transition region between DIS and resonant production. The neutrino-induced
hadronic multiparticle production is simulated using the AGKY program [104], which
employs the PYTHIA /JETSET model [105] to simulate interactions with high invari-
ant masses and a phenomenological model to simulate interactions with low invariant
masses. | worked on the AGKY model with other people in 2006 and I will describe
this model in more detail in a later chapter since it is very important for the MINOS
v, search. Hadrons produced in the neutrino scattering are allowed to interact while
exiting the target nucleus (“final state interactions”). The final state interactions
are calculated using the INTRANUKE code from within NEUGEN3-v3. The calcu-
lation incorporates pion elastic and inelastic scattering, single charge exchange and
absorption [106].

The response of the detector is simulated using GEANT3 with the GCALOR
[107] model of hadronic interactions. The simulation randomly samples neutrinos

from the flux predicted by the beam simulation and traces them through the Near

and Far Detector halls. The simulation includes a detailed geometric model of the
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detector. The position of individual scintillator strips was determined with a precision
of approximately 1 mm using cosmic-ray tracks. The magnetic field is modeled via
finite element analysis driven by bench measurements of the steel B-H curve.

The final step in the simulation chain involves photon generation in the scintillator,
capture and transmission of photons through internal reflection in the WLS fibers
and conversion of photons to photoelectrons in the PMTs. This step uses a program
written in Object Orientated (OO) C++ and based in the ROOT framework. It
simulates many features including PMT cross-talk (some signal can be detected on
adjacent pixels to the one being illuminated), noise, non-linearity (PMT, VA and
QIE) and triggers. The cross-talk modeling and tuning will be discussed in more
detail in a later chapter because it has sizable impact on the background estimation

in the v, appearance analysis.

2.6 MINOS Physics Analyses

The combination of the NuMI beam and the MINOS detectors, whose characteristics
are summarized in the previous sections, provide an optimal tool to search for and to
study neutrino oscillations. The design of the MINOS detectors was also guided by
the interest in the nonaccelerator physics.

The main goals of the MINOS experiment are to verify the existence of neutrino
oscillations in the region of parameter space suggested by the atmospheric neutrino
experiments and to make a precision measurement of the parameters. The three main

accelerator neutrino oscillation analyses in MINOS are:
e v, and 7, disappearance measurement (CC analysis)
e Search for sterile neutrinos (NC analysis)

e Search for v, appearance (v, analysis)
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In this section, we will discuss the accelerator neutrino oscillation measurements

that make use of the NuMI neutrino beam.

2.6.1 v, disappearance measurement

The primary goal of MINOS is to observe the oscillation-induced spectral distortion
of the charged current v, interactions at the Far Detector [57, 58, 59]. From the
comparison of the reconstructed neutrino energy spectra at the near and far locations
the oscillation parameters |Ams,|? and sin?(26,3) are extracted.

The measurement of the energy spectrum at the ND is used to predict the un-
oscillated spectrum at the FD. The latest results use data recorded between May
2005, and July 2007 [59]. Over this period, a total of 3.36 x 10?* protons on target
(POT) were accumulated for this analysis. At this exposure, a total of 848 events
were observed in the FD for all energies 0-120 GeV produced by the NuMI beam,
compared to the unoscillated expectation of 1065 £ 60 (syst.). At the low energies
0-10 GeV where most of the expected neutrino oscillations occur, 451 events were
observed compared to the unoscillated expectation of 686 4+ 39 events, which shows a
50 deficit. Under the assumption the observed deficit is due to v, — v; oscillations, a

fit is performed to extract the parameters |Amss|? and sin?(26,3) using the expression

L
P(v, — v,) = 1 —sin®(20) sin2(1.27Am§QE) (2.2)

where L[km] is the distance from the target, E[GeV] is the neutrino energy, and
|Amgy|? is measured in eV?/c?.

The best fit to the neutrino energy spectrum yields |Amss|? = (2.43 £+ 0.13) x
1073eV? and sin®(2653) > 0.95 at 68% confidence level (C.L.) [59]. The fit includes

the systematic uncertainties as nuisance parameters. The resulting 68% C.L. and

90% C.L. intervals for the oscillation parameters |Amss|? and sin®(26y3) are shown in
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Fig.1.8 (previous chapter).

2.6.2 Search for Neutral Current Disappearance

The MINOS experiment has reported a significant deficit of v, charged current (CC)
interactions at the Far Detector relative to the non-oscillation prediction. If this
deficit is due solely to conversions of v, to v, 4 v, then the rate of neutral current
interactions at the Far Detector would remain unchanged from the non-oscillation
prediction. Alternatively, if any of the muon neutrinos convert to a sterile state, then
the NC rate would be suppressed causing a distortion of the reconstructed energy
spectrum. In the MINOS experiment, a search for evidence that muon neutrinos
are oscillating to sterile neutrinos is performed by measuring the depletion of neutral
current interactions at the Far Detector [109].

Based on an exposure of 2.46 x 102° POT, the depletion of the total neutral current
event rate at the far site is limited to be below 17% at 90% confidence level without
v, appearance. Assuming oscillations occur at a single mass-squared splitting, a fit to
the neutral- and charged- current energy spectra shows the fraction of v, oscillating

to a sterile neutrino is 0.2870 35 (stat. + syst.).

2.6.3 Search for v, Appearance

The MINOS experiment also has the potential to make the first measurement of
the neutrino mixing angle #,3 by searching for a v, appearance signal in the Far
Detector. This is the focus of my thesis. I will discuss the physics motivation of this

measurement in the next chapter.



Chapter 3

MINOS v, to v oscillation Search

The neutrino mixing angle 613 in the neutrino mixing matrix (1.93) is very important
for understanding neutrino mixing. The value of this parameter has not been mea-
sured yet. The current best limit on this parameter was set by the reactor neutrino ex-
periment CHOOZ: sin® 20,3 < 0.15 (013 < 11.4°) at 90% C.L. for Am? = 2.4x107%eV?
[61]. If 63 is not zero, then we will ultimately be able to determine the ordering of the
neutrino masses (normal versus inverted mass hierarchy) and measure CP violation in
neutrino oscillations. There is theoretical speculation that CP violation by neutrinos
could be one aspect of understanding why the universe is composed solely of matter,

rather than equal amounts of matter and antimatter.

The MINOS experiment has the potential to constrain or make the first measure-

ment of the neutrino mixing angle #,3 by searching for a v, appearance signal in the

87
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Far Detector. The 3-flavor v, — v, oscillation probability in vacuum is given by

Py, —v.) = |ZU* Uge™ il |2

2
— U~U 71'% U* U, fiW;—QEL U* U 72'77;—?;; 2
- | ul el€ + u2 e2€ + e3€ |
x « _mik —im2t —iTaT 2
= [(~U%Un — UngUes)e 35 + UlyUnge ™5 + UyUnge ™3 |

= |2 13 536 —iAs sin Agl + 2U*2U€2 sin A21| (31)

_m2L AmL

i = 7ip ~127<

and £ is measured in GeV. Here we have used the unitary condition U};Ug; = dap.

where A

) Am;; is measured in eV?, L is measured in km,

The last form of Eq.(3.1) is especially illuminating as the first term is the amplitude
associated with the atmospheric Am? and the second term is the amplitude associated

with the solar Am?. Using the mixing matrix given in Eq.(1.93), we have

QU;3U€3 = 6_26 sin 2913 sin 923

2U;2Ue2 = sin 2612 COS 623 COS 613 + (’)(sin 913) (32)

where § is the CP-violating phase (often referred to as dcp). Since the O(sin y3) term
is multiplied by sin Ag; in the amplitude, it is quadratic in the small quantities sin 6,3
and the solar Am? and therefore can be neglected at the distance of the MINOS

baseline. The oscillation probability can be written as

—i(As2+9) sin 2013 sin 923 sin Agl + sin 2912 COS 923 COS 913 sin AQl |2

Py, —ve) = le
= sin? Oy sin® 26,5 sin® Agy + cos? 05 cos? fag sin® 20,5 sin? Ay
+J, sin Ag; sin Ag; cos(Asg + 6)

= Patm + Psol + -Pint (33)
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where J,. = sin 2045 sin 2053 sin 26,5 cos 013 and Py, Pso, Pine denote the atmospheric
term, the solar term, and the interference term. Using the best-fit parameters in

Table 1.2 (612 = 33.9° and 03 = 45°), Pum, Psoi, Pint take the forms

Pum =~ 0.5sin?26;3sin? Ag, (3.4)
Py ~ 0.4sin® Ay (3.5)
-Pint ~ 0.9sin 2013 sin Agl sin Agl COS<A32 + 5) (36)
Since Amgy; < |Amg;|, the mass hierarchy ratio o = ﬁ%ﬁj is small:
la| = Amay ~ 0.033, 0.030 < |a] < 0.037 (1o) (3.7)
= [Amay] 033, 0. S S 0. .

At the first oscillation maximum of the atmospheric Am? scale, |Az| & |Ass| = 7/2,

Azl = |Oé|71'/2, Patma P80l7 Pint become

Pym =~ 0.5sin?204 (3.8)
P, ~ 0.001 (3.9)
P,: ~ —0.05sin260;3sin0. (3.10)

Note that P, takes the -’ sign for both the normal mass hierarchy (Asy = 7/2)
and the inverted mass hierarchy (Asy, = —7/2). As long as sin® 26,3 > 0.002 is sat-
isfied, the contribution of the solar term to the oscillation probability is negligible
compared with the atmospheric term. However, the interference term P,,; is pro-
portional to sin 26,3, while the leading term (atmospheric term) is proportional to
sin?20;5. Thus, the relative importance of the sub-leading terms grows as sin? 263

gets smaller.

Fig.3.1 shows the probability of v, — v, conversion from FNAL to Soudan for
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different dcp values assuming 63 is at the CHOOZ bound. The distance between
FNAL and Soudan is L = 735km. For a 1.4 GeV neutrino energy (corresponding to
the first atmospheric oscillation maximum), the sub-leading terms can give a maximal

25% enhancement or suppression in the transition probability if 0cp differs from 0.

_. ° e _ ° _ 5\ /2 _ -3 _\,2
912—33.9 ,923—45 ,913—11.4,A21—8.0><10 eV*,A,;=2.4x10"eV
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= I 1
g o o
0.05f! -
% — 10
E(GeV)
0.15 0,,733.9,6,,=45 ,0,,=11.4 ,A,=8.0x107eV?, A, =-2.4x10 V2
/\ﬂ) . il T T T T
2 . Inverted mass hierarchy
! 3ep =0
= i 5 =102
= o T cp =
o 0.1 . 5., =T

0.05 |

10
E(GeV)

Figure 3.1: Probability of v, — v. conversion from FNAL to Soudan as a function of
neutrino energy for different dcp values and for the normal neutrino mass hierarchy
(top) and the inverted mass hierarchy (bottom).

The neutrinos in the NuMI beam propagate through the Earth and matter induced
contributions to the propagation amplitude are non-negligible. These matter effects
have opposite sign for neutrinos and anti-neutrinos and for the normal versus inverted
neutrino mass hierarchies. In order to find the neutrino oscillation probabilities in the

matter, one has to solve the Schorédinger equation for the neutrino vector of state in
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the flavor basis |v(t)) = (|[ve(t)) [v.(8)) v (E))T:

d
i [v(t)) = Hlv(t)) (3.11)
with the effective Hamiltonian
1
H ~ —Udiag(0, Am3,, Am2)UT + diag(V,0,0). (3.12)

- 2F

Here V is the charged-current contribution to the matter-induced effective potential

of v, [80, 81, 82]:

V = V2Gpn, ~ 7.56 x 1074 ( P (@3) Y, (z) eV, (3.13)
g/cm

where G is the Fermi coupling constant, n. is the number density of electrons, p(x)
is the matter density along the neutrino path and Y.(x) is the number of electrons
per nucleon (Z/A). For the matter of the Earth through which the neutrinos in the

NuMI beam propagate, one has, to a very good accuracy, p ~ 2.8g/cm?® and Y, ~ 0.5.

The potential V' leads to an additional phase in the neutrino propagation: A¢,atter =
Vt, where t is the time the neutrino traveled. The distance over which this “matter”

phase equals 27 defines the refraction length:

2 V2r
lp= — = . 3.14
0 V GFTL@ ( )

Unlike the vacuum oscillation length, I, = 47 E/Am?, the refraction length does not

depend on the neutrino energy.

The three-flavor neutrino oscillation probabilities in matter can be calculated by
diagonalizing the effective Hamiltonian (3.12). The v, — v, conversion can be ex-

panded in the mass hierarchy ratio v (3.7) and sin#y3. The series expansion of the
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transition probability in matter of constant density up to second order in both a and

sin fy3 is [112]:

in%[(1 — A)A in2(AA
Py, —ve) = sin® 20,5 sin? O3 i [((1 — A))2 3 + a? cos? 0,3 cos? Oy sin? 20128111(%1—231)
sin(AAgzp) sin[(1 — A)Az]
+aJ, cos(Asz; + 0) T T A (3.15)
where
oo b 2BV B 24x107%1?
L, |Am3| 11GeV  |Ami|
J, = sin 26,5 sin 2053 sin 26,5 cos 0,3 (3.16)

It is easy to verify that as A approaches 0 (as is the case in vacuum), the transition
probability in matter (3.15) becomes identical to the transition probability in vacuum
(3.3).

Fig.3.2 shows the probability of v, — v, conversion from FNAL to Soudan as a
function of neutrino energy for different 0 p values. Results are shown with and with-
out the matter effects. For the normal hierarchy, matter effects enhance (suppress)
the transition probability for neutrinos (anti-neutrinos) and vice versa for the inverted
hierarchy. For a 1.4 GeV neutrino energy, matter effects give a 25% enhancement or

suppression in the transition probability.

The sensitivity of a v, — v, analysis depends on the separation of v. CC events
and 7 background events. There are also a small number of intrinsic v, neutrinos
in the NuMI beam originating from muon and kaon decays, which can obscure the
presence of small v, — v, signals. There is additional source of contamination due
to 7 — e decays in the Far Detector. Chapter 4 describes a neural network based

method for v, identification.

The MC simulation plays a very important role in the v, — v, analysis. Chapter
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Figure 3.2: Probability of v, — v, conversion from FNAL to Soudan as a function
of neutrino energy for different dop values. Results are shown without the matter
effects (solid) and with matter effects included (dashed and dotted). The dashed line
(the upper line) assumes a normal mass hierarchy while the dotted line (the lower
line) assumes a inverted mass hierarchy.
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5 is devoted to the discussion of hadronic multiparticle production in the neutrino
interactions. An accurate modeling of the hadron species and energy distribution
in the neutrino-nucleon interactions is important for the correct modeling of shower
topology. We tuned the hadronization model using bubble chamber experimental

data in order to improve the MC simulation.

It was discovered that the v, selection algorithm is quite sensitive to the low pulse
height hits, especially the cross talk hits in the event. In Chapter 6, I will discuss the
impact of the low pulse height hits to the v, analysis, the improvement of the cross
talk simulations at both detectors, and how we can make the v, selection algorithm

less sensitive to the low energy hits.

A limit on #;3 can be set by comparing the number of Far Detector v.-like events
with the MC prediction assuming 613 = 0. Because the expected appearance sig-
nal is very small, precise understanding of background is crucial. We measure the
background rate in the Near Detector and we predict the background rate in the
Far Detector by extrapolating the Near Detector background rate. The advantage
of the extrapolation is that many systematic errors cancel to a large extent since
they are present at both detectors. However, the extrapolation to the Far Detector
is complex for the v, — v, analysis because different background sources extrapo-
late differently. The v, CC background is suppressed in the Far Detector because of
v, — v, oscillation while the NC background remains unchanged. Thus some knowl-
edge about the relative contribution from different background sources is necessary.
Chapter 7 describes a method that can be used to obtain relative v, CC and NC
contributions from comparison of background rates in the horn-on and horn-off con-
figurations. These two configurations give significantly different ratios of v, CC to
NC backgrounds and thus a comparison of background levels can yield information

regarding relative contributions from these two sources.

The FD background predictions are mainly obtained through extrapolation. We
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discuss the FD background prediction, systematic errors, and MINOS sensitivity to
13 in Chapter 8. We show the final results of the v, — v, oscillation analysis in

Chapter 9.



Chapter 4

Electron Neutrino Identification

The search for v, — v, signal is based on detection of charged current v, interactions
in the MINOS Far Detector. The primary signature of a CC v, interaction in the
MINOS detectors is a shower consistent with the electromagnetic cascade in the ab-
sence of a long track. Thus it is very important to understand the differences between
electromagnetic and hadronic showers in the MINOS detectors. In this chapter, we
will first discuss the study done using the electron and pion data taken at the MI-
NOS Calibration Detector (CalDet), focusing on the distinct characteristics of the
electromagnetic showers. Then we will describe a neutral network based method for

selecting electron neutrinos in the MINOS detectors.

4.1 CalDet Electrons and Pions

The CalDet was built to determine the response of MINOS detectors to electromag-
netic and hadronic interactions in the few-GeV regime. During the years 2001-2003
CalDet was exposed to beams of p*, 7%, e, u* between 0.4-10GeV at the CERN
Proton Synchrotron (PS) T7 and T11 test beams. The CalDet has a mass of 12

tons and was composed of 60 1mx 1m steel scintillator planes. Each scintillator plane

96



4.1. CALDET ELECTRONS AND PIONS 97

contained 24 strips with orientations going from horizontal to vertical on alternating
planes. Scintillator signals were transported to PMTs using the same WLS and clear
fibers as in the Near and Far Detectors. To allow estimation of systematic differences
between the two main detectors, CalDet ran with Far Detector electronics, Near De-
tector electronics and a hybrid mode where one side of the strips were read out using
FD electronics and the other side using ND electronics. Time-of-flight and threshold
Cerenkov Detectors were used to identify electrons, pions or muons, and protons.

Muon/pion separation was accomplished by considering the event topology.

This section discusses the studies on the electromagnetic and hadronic event
topologies using CalDet data. We will first show event displays of a typical 2 GeV/c
electron and a typical 2 GeV/c pion to demonstrate the general features of the elec-
tromagnetic and hadronic showers in the MINOS detectors. Then we will examine
the longitudinal and lateral distributions of the shower development. We will also
compare our results based on the CalDet measurements with external calculations or

simulations.

Fig.4.1 shows a typical 2 GeV/c electron and a typical 2 GeV/c pion in the
CalDet. The x axis denotes the beam (longitudinal) direction and the y axis denotes
the transverse direction in two views. The color represents the pulse height of hits
which is in MIPs. The beam particles enter the detector at around strip number 11.
The outlier hits are created through PMT crosstalk (a small fraction of light injected
into one PMT pixel is leaking into the neighboring pixels). The following differences

in shower development can be seen in the event displays:

e The longitudinal development of electron showers is more compressed; they
reach shower maximum earlier and are somewhat shorter; the hadronic showers
are more scattered and are usually longer. Frequently a pion will go through

several planes determined by the pion interaction length before showering.
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Figure 4.1: A typical 2 GeV/c electron (top 2 plots) and a typical 2 GeV/c pion
(bottom 2 plots) in two views in the CalDet. The color scale represents the pulse-
height which is in MIPs.
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e FElectron showers are narrower than hadronic showers.

The above differences in the longitudinal and transverse shower characteristics
are the basis of any methods that can separate the electromagnetic showers from
the hadronic showers. High energy electrons can undergo bremsstrahlung process
and emit high energy photons. The photons, in turn, materialize through e*e™ pair
production. It is through a succession of these energy loss mechanisms that the elec-
tromagnetic cascade is propagated, until the energy of the charged secondaries has
been degraded to the regime dominated by ionization loss. Hadrons will initiate show-
ers through their strong interactions with the nuclei in the absorber medium. The
development of a hadronic shower is much more complex as there are many inter-
actions which might occur, far more than the processes of bremsstrahlung and pair
production which dominate electromagnetic shower formation. The strong interac-
tions which produce the shower will give multiple particles with a typical transverse
momentum of 350 MeV/c, giving a shower with fairly large transverse dimensions

together with a forward-going core of fast leading particles.

Now we take a close look at the longitudinal profiles of the shower development.
Fig.4.2 shows the average energy deposition on each plane for 2 GeV/c electrons and
pions. The error bar represents the spread (rms) of energy loss on each plane. It can
be seen that the hadronic shower development has larger fluctuations. The depth of
each plane is plotted in units of radiation length. The radiation length is defined as
the distance over which a high-energy electron or position loses, on average, 63.2%
(i.e. 1-e7!) of its energy by bremsstrahlung. It is also 7/9 of the mean free path for
eTe™ pair production by a high-energy photon. It is usually measured in g/cm?. The

radiation length for a mixture of different materials can be calculated as follows

1 Vi
i = 4.1
%~ LX (4.1)
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Figure 4.2: The average longitudinal shower profile for 2GeV /c electrons and pions
in CalDet. The error bar represents the spread (rms) of energy loss.

in which V; and X; are the fraction by volume and the radiation length (expressed in
cm) of the ith component of the mixture. Eq.(4.1) may be used to calculate the effec-
tive radiation length of a calorimeter consisting of a variety of different materials. Let
us consider the MINOS detectors, which are steel-scintillator sampling calorimeters.
The steel and scintillator are arranged into a “sandwich” structure: a layer of 1 cm
thick scintillator is attached to a layer of 2.54 cm thick steel plate to form a plane.
The successive planes are separated by a 2.41 cm wide air-filled gap. The radiation
lengths of steel, scintillator (polystyrene) and air are 1.76 cm, 47.9 cm and 3.04x10*
cm, respectively, and the fractional volume occupied by these elements is 42.7% for
steel, 16.8% for scintillator and 40.5% for air. Therefore, we find the effective radia-
tion length is: X.pp = (0.427/1.76 +0.168/47.9+0.405/3.04 x 10*)~! = 4.06 cm. The
distance between two successive planes is 5.95 cm ~ 1.47 radiation lengths.

Fig.4.3 shows the average longitudinal shower profile for electrons between 0.6
GeV/c and 4 GeV/c. The error bar represents the uncertainty on the mean energy
deposition (calculated as spread/ V/N, where N is the number of data events ob-
tained in each bin), which is negligible. The mean longitudinal profile of the energy
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deposition in an electromagnetic cascade is reasonably well described by a gamma

distribution [113]:

a—1_,—bt
dE Eob(bt) e

e ') (4.2)
where FEj is the total energy deposited, parameter a describes the rise of the profile
while parameter b describes the tail of the profile, ¢ is the depth in radiation lengths.
Both E and Ej are measured in MIPs. The results of the fits are shown in Fig.(4.3).

The errors represent statistical uncertainties.

Fig.4.4 shows the best fit parameters Ey, a and b as a function of electron energy.

These parameters can be parameterized as follows:

Eo(MIP) = —0.5+66.4 x E,, (4.3)
a = 294051 x In(Ey) (4.4)
b = 0.55—0.002 x E, (4.5)

where the electron energy FE.; is measured in GeV.

Eq.(4.3) describes the detector response to electrons and is consistent with the
measurement in [97]:

Eo(MIP) = —1.46 + 65.8 x E,. (4.6)

The small negative offset -0.5 can be interpreted as the upstream energy loss of the

electron beams.

According to Eq.(4.2), the maximum shower development occurs at tmax = (@ —
1)/b. If we ignore the small energy dependence of parameter b and assume b ~ 0.54,

tmax can be written as

tmax = (a — 1)/b = 3.5 + 0.94 x In(Ey). (4.7)
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Figure 4.3: The average longitudinal shower profile for electrons in CalDet with
various momenta.
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Figure 4.4: Best fit parameters Fy, a and b as a function of electron energy.

It is convenient to introduce the scale variables y = E,;/E. where E, is the critical
energy. F,. is defined as the electron energy at which the average energy loss due to

radiation equals that due to ionization and is given by [114]

610

for solid, where Z is the atomic number of the target material. For steel, E. =~

22.4 MeV. Thus tmax now takes the form

A similar form was obtained by Rossi in the context of his “Approximation B” [115]:

tmax = 1.0 x In(y) — 1.0. (4.10)

Another form was obtained using a simulation program EGS4 [114, 116]:

tmax = 1.0 x In(y) — 0.5. (4.11)

The comparison of our result with these forms is shown in Fig.4.5. Our result is close
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to the prediction of EGS4, which is a modern simulation program.
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Figure 4.5: Maximum shower development tmax as a function of y = E/E...

Now we examine the lateral distributions of the shower development. Fig.4.6
shows the fraction of energy loss as a function of the transverse position for 2 GeV/c
electrons and pions. The error bar represents the spread (rms) of the fractional
energy loss. The lateral granularity of the MINOS calorimeter is 4.1cm which is the
scintillator strip width. It can be seen in the two plots that the electromagnetic
showers are narrower than the hadronic showers. The electrons lose most of their
energy within 2-3 strips while the pions manifest large radial spread.

Fig.4.7 shows the fraction of energy loss as a function of the transverse position for
electrons between 0.6 GeV/c and 4 GeV/c. The error bar represents the statistical
uncertainty on the mean fractional energy loss. The distributions are fitted to a
gaussian function and the width (o) from the gaussian fits is shown in the plots.
Fig.4.8 shows the average shower width as a function of the electron energy. It shows

a small energy dependence:

o =3.15—0.06 x BE(GeV). (4.12)
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Figure 4.6: Fraction of energy loss as a function of the transverse position for 2
GeV/c electrons and pions in CalDet. The error bar represents the spread (rms) of
the fractional energy loss.

which means that as the electron energy increases, the electromagnetic shower be-

comes narrower.

The transverse development of electromagnetic showers in different materials scales
fairly accurately with the Moliére radius Ry;. It is defined in terms of the radiation

length X, and the critical energy E., as follows:
Ry = XoES/E, (4.13)

where E;, = m.c*\/47/a = 21.2MeV is the scale energy. On average, 90% of the
shower energy is deposited in a cylinder with radius R, around the shower axis. The
Moliere radii of mixtures of different elements may be calculated in the same way as

the radiation length:
—_— == 4.14

(2

in which V;, X; and F,; are the fraction by volume, the radiation length (expressed in

cm) and the critical energy (expressed in MeV) of the ith component of the mixture.
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Figure 4.7: Fraction of energy loss as a function of the transverse position for electrons
in CalDet with various momenta.
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Figure 4.8: Average shower width as a function of the electron energy.

The effective Moliere radius of the MINOS calorimeter is 3.7 ¢m, which is of the same
order as the shower width we measured in Eq.(4.12).

In summary, we have examined the properties of EM showers using CalDet data
and verified the measured EM shower properties agree with external measurements
and theoretical expectation. We also demonstrated the major topological differences
between the electromagnetic and hadronic showers, i.e. the EM showers are generally
compact and narrow while the hadronic showers are often more scattered and have
larger fluctuations. In the next section, we will describe a neural network based v,
identification method that takes into account the differences between the electromag-

netic and hadronic showers.

4.2 MINOS Electron Neutrino Identification

4.2.1 Overview

The sensitivity of the MINOS v, — v, analysis depends on the separation of v, CC

events and background events. The task of the v, identification algorithm is to look for
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the presence of an electron in the final state of the neutrino interactions, taking into
account the differences between EM showers and hadronic showers described in the
previous section. However, the v, identification is more difficult than the separation
of electrons and charged mesons. The electron neutrino can create a bunch of hadrons
by exchanging a W boson with the target nucleon. The neutrino itself turns into an
electron in this process. Depending on the kinematics of the interaction, sometimes
the energy of the hadrons can be much larger than the energy of the electron, in
which case it is almost impossible to identify the electron. Moreover, because of
the limited granularity of the MINOS calorimeter, it is difficult to separate 7%’s and
electrons. The dominant background in the v, analysis is the 7° produced via NC
interaction. Other background sources consist of v, CC interaction with a short muon
track and 7%’s, and the intrinsic v, component in the v, neutrino beam. In the Far
Detector, there is additional background source: v, from v,, — v, oscillations followed

by 7 — e/n? decays.

The strategy of selecting v, CC events inside the detector can be summarized as
follows: first we apply some pre-selection cuts to remove events that are obvious back-
ground events; then we compute several variables that describe the event topology

and feed them into a neural network to enhance the signal/background separation.

We only expect to see potential v, — v, oscillation signals in the Far Detector,
thus we tune the neural network based on the Far Detector MC. Throughout this

section, we use the following oscillation parameters:
sin?(260,3) = 0.15(CHOOZ’s bound), |Am3, | = 2.4 x 10%eV? sin?(20y3) = 1. (4.15)

We ignore the solar terms, terms the CP violating phases, and the matter effects in
calculating the oscillation probabilities. We assume an exposure of 3.25 protons on

target (POTs) which corresponds to roughly 2 years of running.
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We are only interested in the neutrino interactions that occur inside the detector
and away from the magnet coil hole. Thus we apply the fiducial volume cuts to
remove events that occur in the periphery of the detector or close to the coil hole.

The Far Detector fiducial volume cuts we use in the v, analysis are:
0.5 < /a2 +y2 < V14, 048 < 2 < 14.28 or 16.26 < z < 27.97 (4.16)

where (x,y,z) are the coordinates of the reconstructed event vertex, and z axis is along
the beam direction. The lower radial cut is to exclude the coil hole. The two intervals

of z cut correspond to the two super-modules.

4.2.2 Pre-selection Cuts

Pre-selection cuts: 1) reject events with a long track (predominantly v, CC back-
grounds); 2) reject events in which the visible energy does not fall with in the range

of interest.
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Figure 4.9: FD Track planes and track-like planes distributions after fiducial volume
cuts.

Fig.4.9 shows the track length in number of planes that the track traverses for

events in the fiducial volume. Track-like planes refer to the “clean” hit planes in the
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track, a clean plane is one in which the plane is free from the presence of non-track
associated hits. The signal events usually have no reconstructed track or a very short
track. A large number of v, CC events have a long track from the muon. We remove
those v, CC background events by only accepting events satisfying the two track

length cuts:

e Track planes<25, Track-like planes<16
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Figure 4.10: FD Reconstructed energy distributions after fiducial volume cuts and
track length cuts.

Fig.4.10 shows the reconstructed energy distributions for events passing the fiducial
volume cuts and the track length cuts. After the track length cuts, the NC events
become the dominant background. We apply the following energy cut to further

reduce background events:
o 1< FE,.., <8 GeV

The v, — v, oscillations are highly suppressed at high energies. Thus we remove all

events above 8 GeV. Note the beam v, distribution has a high energy tail. These
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high energy beam v, events are mostly from kaon decays. Since they are real electron
neutrinos, the high energy cut is the only effective way of rejecting them. A lot of NC
events have visible energy below 1 GeV while only a small fraction of signal events

have such low energy, thus we remove all events below 1 GeV.

There are several other cuts we apply in addition to the cuts described above.
One cut requires that there should be at least one hit on each of 5 contiguous planes
(these 5 planes can be anywhere inside the event). This cut aims to remove poorly
reconstructed events. Furthermore, the pre-selection only accepts events which have
more than zero showers. In the Far Detector, additional cuts are applied to remove
cosmic ray background. After the pre-selection cuts, the signal over background ratio
improves from 1:55 to 1:12 if ;3 is at CHOOZ limit. At this stage, most events
only consist of one well reconstructed shower. The next step is to compute some
topological variables and feed them into a neural network to further enhance the

signal and background separation.

4.2.3 PID Variables

Over the past few years, a lot of effort within MINOS collaboration has been devoted
to understanding the topological differences between the signal and background events
and calculating quantities that can be used in the particle identification (PID) algo-
rithms. In this section we describe several variables computed with FD MC for v,
selection. Fig.4.11 shows the distributions of 11 variables that describe the longitu-
dinal and lateral shower characteristics. In computing these variables, we use only
hits whose pulse-heights are greater than 2 PE in order to eliminate the dependency
of the v, selection algorithm on the low pulse-height hits, in particular, the crosstalk
hits. The justification of this 2 PE cut will be discussed in detail in Chapter 6. The

meanings of the 11 variables are described as follows:
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Figure 4.11: Distributions of the 11 variables used in the artificial neural network.
Distributions are area normalized and only events passing the pre-selection cuts are
used in making these plots.
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e shwfit.par_a, shwfit.par_b We fit the longitudinal profile of the energy loss
of an event to a gamma function Eq.(4.2). These two variables are the best fit
parameters a and b. Parameter a describes the rise of the longitudinal shower
profile while parameter b describes the tail of the profile. A small b value means
the shower profile has a long tail. It can be seen from the first 2 plots in Fig.4.11
that parameter 