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Abstract

The neutrino oscillation is known as an important probe of physics beyond the Stan-
dard Model, which was first experimentally confirmed by the Super-Kamiokande (SK)
experiment in 1998. It suggests that neutrinos have masses and provides an opportunity
to investigate the properties of neutrinos and to search for the violation of CP symmetry
in the lepton sector.

In this thesis, we performed a joint neutrino oscillation analysis using the SK atmo-
spheric neutrinos and the T2K accelerator neutrinos for the first time in the history of
these experiments. We established a method to analyze the atmospheric neutrinos and
accelerator neutrinos in a single framework by taking into account the correlations of sys-
tematic uncertainties. Using this framework, we analyzed the SK-I1V atmospheric neutrino
data corresponding to 3244.4 days of data taking and the T2K Run 1-10 data correspond-
ing to 1:97 10% protons-on-target in the neutrino mode and 1:63 102! protons-on-target
in the antineutrino mode.

The Bayesian analysis results showed improvements in the constraints of the CP phase
and neutrino mass ordering determination compared to the individual experiments. The
CP-conserving values of ¢, ( ¢p = 0; ) are excluded at 2 under the flat prior in ¢,
and at 1:5 under the flat prior in sin ¢,. The CP-conserving value of the Jarlskog
invariant (Jcp = 0) is excluded at 2 under both priors. The Jarlskog invariant is a
parameterization-independent measure of CP violation, and it is the first time in the
world that we consistently exclude the CP-conserving value of Jc, from the 2 credible
intervals. The Bayes factor for the normal ordering over inverted ordering is computed
to be 8:98 0:06 under the flat ., prior, which corresponds to the significance level of
1:64 . It suggests a moderate preference for normal ordering, but it is not enough to
claim a discovery.

This thesis also includes a variety of detailed discussions to understand the systematic
uncertainties in the analysis, the contribution of each sample, and future sensitivity, which
will be valuable input for future analysis.



Preface

The analyses presented in this thesis are the results of e[ants by many people in the
Super-Kamiokande (SK) and T2K Collaborations although the thesis itself is written by
a single author. The contributions of the author are clarified in the following.

Chapters 1 to 3 contain reviews of the historical context of this analysis, theories,
experimental setups, and the detectors, which is necessary for understanding the analysis
carried out in this thesis but not part of the work done by the author.

Chapter 4 presents the Monte-Carlo (MC) simulations and the systematic uncertainty
models that are used in the joint oscillation analysis between the SK atmospheric neutrinos
and T2K accelerator neutrinos. Most of the MC and systematic uncertainty models were
taken from the analyses of individual experiments with some adaptions that are necessary
to take into account the correlations between the two experiments. The author contributed
to updating the systematic uncertainty estimations of the detector responses. The method
to take into account the correlations between the atmospheric and beam detector response
systematic uncertainties was originally developed by Dr. Adrien Blanchet and was adopted
by the author to reevaluate the correlations. The additional uncertainties due to the worse
PID performance in the low-momentum region were introduced by the author to cover
the data/MC excess in the atmospheric down-going events.

Chapter 5 presents the analysis method and sensitivity, which were originally devel-
oped and studied by the SK+T2K joint fit working group. The author introduced the
multicanonical method for improving the performance of Markov-Chain Monte Carlo with
the help of Dr. Lukas Berns. The sensitivity studies were updated by the author using
the improved systematic uncertainty models.

Chapter 6 presents the robustness test of the model. The framework of the robustness
study was developed by the T2K Collaboration, and the list of alternative models to be
studied was determined by the SK+T2K joint fit working group through discussions with
the neutrino interaction experts. The T2K near-detector side of the study was performed
by Dr. Ciro Riccio and the SK side of the study was performed by the author.

Chapters 7 and 8 present the Bayesian analysis results and various additional discus-
sions. A framework for calculating the posterior predictive p-values was developed by
Dr. Lukas Berns and the values were reevaluated by the author. All the other studies
presented in these chapters were performed by the author.

Chapter 9 presents the future sensitivities and prospects. The future sensitivity studies
assuming the expected statistic increase were performed by the author, but the Hyper-
Kamiokande (HK) sensitivities were made by the HK Collaboration.
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Chapter 1

Introduction

The elementary particles of nature have been the target of interest in a long history of
humans studying the world around us. In the 20th century, the Standard Model (SM) of
particle physics was rapidly developed and was very successful in describing most of the
phenomena observed in particle physics experiments within a single framework. However,
there are some phenomena that cannot be explained by the SM. For example, the SM
does not include a theory to describe gravity, which is one of the fundamental forces. In
addition, the SM cannot explain dark matter and dark energy, and a mechanism of the
baryon asymmetry of the Universe either.

Neutrinos are the second most abundant particles in the Universe next to photons and
are assumed to be massless and chargeless in the SM. However, in 1998, a phenomenon
called neutrino oscillation, in which neutrinos change their avors while propagating, was
rst experimentally con rmed by the Super-Kamiokande experiment [1]. The existence
of neutrino oscillation suggests that neutrinos have masses, and is inconsistent with the
assumptions in the SM. It therefore started a new era of searching for new physics beyond
the Standard Model in the neutrino sector.

Although the existence of neutrino oscillation itself has already been proved by many
experiments, it still provides us with various opportunities to search for new physics.
One of the open questions we try to investigate in this thesis is whether CP symmetry
is violated in the lepton sector, where C and P denote the charge conjugate and parity
conjugate, respectively. Although CP symmetry is known to be violated in the quark
sector [2, 3], it has never been experimentally proved in the lepton sector. Since CP
symmetry is one of the most fundamental symmetries, it is of great interest whether it is
violated in the lepton sector as well. If CP violation in the lepton sector is proved, it also
has the possibility of providing a key to understanding the origin of baryon asymmetry
in the Universe through scenarios such as leptogenesis [4].

In addition to the search for CP violation, there are several open questions in neutrino
oscillation physics. Although it was proved that neutrinos have non-zero masses, the
ordering of the three neutrino mass eigenstatesng < m, <mjz or mz <mj; < my) is
still unknown, and this is called the neutrino mass ordering problem. The magnitude of
the neutrino avor mixing angles, which de ne the conversion from the neutrino mass
eigenstates to the neutrino avor eigenstates, is also of interest.

The Super-Kamiokande (SK) and the Tokai-to-Kamioka (T2K) experiments are neu-
trino oscillation experiments conducted in Japan and have been playing leading roles in

9
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the eld of neutrino oscillation physics. These two experiments share the same water
Cherenkov detector, Super-Kamiokande, located in the Gifu prefecture. However, they
are independent collaborations and have been studying neutrinos from di erent sources
independently. SK started its operation in 1996 and has been observing neutrinos pro-
duced from natural sources such as the atmosphere around the Earth and the Sun. As
mentioned earlier, it is known as the experiment that con rmed neutrino oscillations for
the rst time in the world. On the other hand, T2K started data taking in 2010 and
has been measuring the oscillations of muon neutrinos and antineutrinos produced at the
Japan Proton Accelerator Research Complex (J-PARC) in the Ibaraki prefecture. T2K
discovered the oscillation from muon neutrinos to electron neutrinos in 2013 [5], and has
the world's best sensitivity to CP violation in the lepton sector [6].

In this thesis, we present a joint analysis between SK and T2K for the rst time in the
history of these experiments. We establish a method to analyze the atmospheric neutrinos
and accelerator neutrinos in a single framework by correctly taking into account the cor-
relations of systematic uncertainties. Since these two neutrino oscillation measurements
are complementary to each other, the joint analysis of the two experiments is expected
to further improve the sensitivities to the open questions in neutrino oscillation physics
including CP violation, mass ordering, and the magnitude of neutrino mixing. Through
the joint analysis, we try to address these questions in this thesis.

This thesis is organized as follows. Chapter 2 describes the motivation of the joint
analysis, as well as the history and theoretical backgrounds of neutrino oscillation physics.
The electroweak model in the Standard Model is rst reviewed, and then a minimal
extension is introduced to include the massive neutrinos and neutrino oscillations in the
model.

The experimental setup including the neutrino sources, detectors, and samples used
in the analysis are described in Chapter 3. The Monte-Carlo simulation and systematic
uncertainties used in the analysis are described in Chapter 4.

In Chapter 5, the analysis framework of joint analysis is introduced including the
statistical analysis methods and the tting methods. The expected sensitivity of the joint
analysis is also studied using the simulated Monte-Carlo data set.

Chapter 6 describes the robustness test of our systematic uncertainty model. Here we
test whether there could be a bias in the oscillation parameter measurements when our
systematic uncertainty model is incorrect.

In Chapter 7, the results of the actual data analysis are presented. We perform a
Bayesian analysis based on the Markov-Chain Monte Carlo (MCMC) method and con-
struct credible intervals for the parameters of interest. The Bayes factors for the mass
ordering hypothesis and goodness of the t are also tested. In Chapter 8, we discuss the
data t results in more detail through studies of the contribution of each sample, the
systematic uncertainty constraints, and the CP-conserving hypothesis test. The future
sensitivities and prospects will also be discussed in Chapter 9. Finally, the conclusions of
the analyses performed in this thesis are described in Chapter 10.



Chapter 2

Physics of neutrinos

2.1 History of neutrino oscillations

2.1.1 Discovery of neutrinos

In 1914, Chadwick measured the energy spectrum of electrons emitted from thede-
cay [7]. If one assumes that there are only electrons emitted from the beta decay and
that the recoil energy of the nucleus can be neglected, the electron should have energy
with a single peak near the mass di erence of neutron and proton. However, Chadwick
discovered that the emitted electron has a continuous energy spectrum. A solution to
this problem was proposed by Pauli in 1930 in his famous letter; a new spjnparticle

is produced together with the electron, which is nowadays known as a neutrino [8]. The
actual decay can be described as the three-body decay process

n' p+e + (2.1)

where neutrinos carry away some energy and escape from the detectors.

After it was rst predicted by Pauli, it took more than 20 years to directly observe
neutrinos. Reines and Cowan conducted experiments for detecting the neutrinos produced
at nuclear reactors using a water tank with dissolve@dCl, [9, 10]. The experiments took
place in 1953 at the Hanford reactor and were later repeated in 1956 at the Savannah
River reactor. In these experiments, they con rmed the existence of neutrinos through
the detection of positrons and neutrons produced in the scattering process of electron
antineutrinos and protons

Tet p! € +n; (2.2)

which is known as the inverse beta decay. The inverse beta decay process is being used
as an important process to detect neutrinos in many of the current neutrino experiments.

In 1962, groups from Columbia University and Brookhaven National Laboratory ob-
served muon neutrinos produced in the pion decay [11]

| + ( :_): (23)

They con rmed that only muons are produced from the interaction of neutrinos produced
in the pion decay, which implies that the neutrinos observed here () are di erent from

11



2.1. History of neutrino oscillations 12

the ones observed in the previous experiments via the inverse beta decay.(From these
results, they con rmed that there are at least two types of neutrinos.

After the discovery of the lepton in 1975 [12], the existence of tau neutrino was
postulated. In 2001, the DONUT experiment detected four events with an estimated
background of0:34 0:05, using an emulsion target [13]. The tau neutrinos were produced
in the decay ofDs mesons into and and the subsequent decay of into  using 800
GeV protons from the Fermilab Tevatron. With these results, all three avors of neutrinos
(e , ) have been experimentally observéd

2.1.2 Discovery of neutrino oscillation

Around 1968, Davis started searching for electron neutrinos produced in the thermonu-
clear reactions in the Sun (known asolar neutrinos). They used a detector based on the
reaction

3CI+ ! e + %Ar; (2.4)

which was suggested by Pontecorvo and known as the chlorine-argon reaction [15, 16]. The
experiment led by Brookhaven National Laboratory used a 100,000-gallon chlorine-argon
neutrino detector in the Homestake Gold Mine, in Lead, South Dakota. The product of
the neutrino ux and cross-sections was measured to be

C'Cl+ ! e +3%Ar) 03 10 * sec? per atom; (2.5)

which is smaller by approximately a factor of 7 than the predicted value q2:0 1:2)

10 3 sec! per atom obtained from the Standard Solar Modél [18]. This discrepancy
between the measurement and prediction was called the solar neutrino problem and trig-
gered discussions among physicists.

To explain the de cit in the observed number of neutrino events in the solar neutrino
experiment, Gribov and Pontecorvo (1968) suggested neutrino oscillation in which neu-
trinos change their types while traveling long distance [19]. Later, Wolfenstein (1978)
suggested that we should take into account the e ect of the coherent scattering process
when considering the neutrino oscillation, which is now known as theatter e ect [20].
This e ect was further developed by Mikheyev and Smirnov (1985) [21] and called the
Mikheyev-Smirnov-Wolfenstein (MSW) e ect.

The existence of neutrino oscillation was rst experimentally proved by the Super-
Kamiokande experiment in 1998, through the measurement of neutrinos produced in the
atmosphere (known asatmospheric neutrinog [1]. Although atmospheric neutrinos are
produced uniformly around the Earth, it was found that the number of that come
from the opposite side of the Earth is fewer than the ones that come from the atmosphere
above the detector. This is due to the oscillation of into and the observed event
rates were consistent with the prediction assuming the two avor $ oscillation.

1The number of neutrinos was determined to be2:9840 0:0082 by the LEP experiment through
the measurement of the total decay width of theZ resonance [14], which agrees well with the observed
generations of neutrinos.

2The latest measurement and prediction are2:56 0:16 0:16 SNUand 8:46"% 85 SNU, respectively [17].
Here SNU denotes the solar neutrino unit and is de ned asl SNU = 10 3 capturesscm?=s,



2.2. Physics of neutrinos 13

In 2002, Sudbury Neutrino Observatory measured solar neutrinos via the charged
current (CC) and neutral current (NC) reaction on deuterium @) and elastic scattering
(ES) on electrons [22, 23]

etd!l ptpte (CC); (2.6)
«td! p+n+ , (NC); (2.7)
«te !l e+ , (ES) (2.8)

The CC reaction is only caused by, while the NC and ES reactions can be caused by
and as well, which allowed them to study the de cit in . event rates while ensuring
the total event rates of all the avors of neutrinos are consistent with the prediction.
The observed neutrino ux showed clear proof of the appearance of and in the
solar neutrinos and an agreement of total neutrino ux with the prediction based on the
Standard Solar Model. In 2002, the KamLAND experiment also con rmed the de cit
of ¢ events due to the neutrino oscillation using the neutrinos produced at the reactors
(known asreactor neutrinos) at the 99.95% con dence level [24].

Furthermore, the Tokai-to-Kamioka (T2K) experiment reported the evidence of !

e oscillation with a signi cance of 7.3 by detecting 28 . appearance signal events in
the -dominant beam in 2014 [5]. In 2013, SK detected atmospheric with a con dence
level of 3:8 in the atmospheric neutrinos [25]. The OPERA experiment also detected
5 appearance events in 2015 and con rmed ! oscillation at a 5:1 con dence
level [26]. With these results, all the oscillation (and non-oscillation) channels of !
for =e;; were conrmed to exist.

2.2 Physics of neutrinos

2.2.1 Neutrinos in the Standard Model

The Standard Model (SM) of particle physics has been developed to describe the prop-
erties of elementary particles and the strong, weak, and electromagnetic interactions.
These three interactions can be described based on the gauge symmetry ur@ld(3)c
SU(2). U(1)y whereC stands for color,L for left-handedness, and¥ for hypercharge.

The strong interaction is described by theSU(3)c gauge theory, which is called the
Quantum chromodynamics (QCD). The theory for dealing with the electromagnetic and
weak interaction in a single framework has been developed by Glashow, Salam, and Wein-
berg in the 1960s [27, 28, 29]. This is called the electroweak model (GSW model or WS
model) and it is associated with theSU(2). U(1)y gauge symmetry.

The elementary particles described by the SM are classi ed into three groups: fermions,
gauge bosons, and the Higgs boson. The fermions have a half spin in the unit of Planck's
constant ~ and compose the matter around us. Among the fermions, particles that par-
ticipate in QCD are called quarks, and the others that are involved in the electroweak
interaction but not in the strong interaction are called leptons. The gauge bosons are
introduced as spin-1 force-carrying particles in each gauge symmetry. Finally, the Higgs
boson, a spin-0 scalar particle, provides a mechanism for the gauge bosons and fermions to
obtain their mass via spontaneous symmetry breaking. In the following, the electroweak
model in the lepton sector is brie y reviewed.
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In the electroweak model, left-handed neutrinos and their counterpart left-handed
charged leptons form doublets, while right-handed charged leptons form singlets under
the SU(2). U(1)y gauge symmetry:

eL L L
; ; ; R, R; R: 2.9
a ) ) €k; Ry R (2.9)
The right-handed neutrinos have never been experimentally observed, and only the left-
handed neutrinos are included in the SK

Let us denote the left-handed lepton doubet als- = | | Tfor® = e; ; andthe
electroweak Lagrangian density can be written as

L.=CD L +%Ri @&k (2.10)

The covariant derivative is de ned as
|

xe a 1 '
D =@ | gWwi— ZgB (2.11)
ant 2 2
whereW? and B are the gauge bosons &U(2), andU(1)y, respectively. 2(a=1;2;3)
are Pauli matrices which are the three generators of th8U(2) group, andg; ¢ are the
coupling constants. To better describe the observed interactions, these gauge bosons can

be rewritten as

wl jw?2
Z _ COSw sinw W3
A  siny COSyw B (2.13)

where  is the Weinberg angle (weak mixing angle) which de nes the mixture between
SU(2). and U(1)y and is measured to be [17]:

si w ' 0:23 (2.14)

Using these notations, the Lagrangian density can also be rewritten as

L= i@+ T@+W"' I, +W J +Z J,+A Jgys (2.15)
where the currents are given as
J, = pg_é_‘L Ls (2.16)
I ==L (2.17)
J; = COSW %‘m L %TL LEsin? W (2.18)
Jew = (2.19)

3The existence of right-handed neutrinos is suggested from the observation of neutrino oscillations as
discussed in Section 2.2.2.
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In conclusion, the weak interaction is mediated by either chargadd bosons or charge-
lessZ bosons, and the electromagnetic interaction is mediated by the photon eld. The
weak interaction mediated byW is called the charged current (CC) interaction as it
does not conserve the charge of incoming and outgoing leptons in the process. When the
particles exchangeZ, the interaction is called the neutral current (NC) interaction.

2.2.2 Neutrino mass

The masses of the charged leptons are generated via a Yukawa coupling of the right-handed
charged lepton'r and left-handed lepton doubletL | with the Higgs doublet

X
L vukawa > = Y L.  r thiwc (2.20)

whereY is the Yukawa-coupling constant and h.c. is an abbreviation for the Hermitian
conjugate. Since the SM does not contain right-handed neutrinos, the Yukawa coupling
cannot be built for neutrinos, and they are assumed to be massless. Nevertheless, it was
found that neutrinos actually have non-zero masses through the observation of neutrino
oscillation [1].

One of the simplest extensions of the SM to include non-zero neutrino masses is to
introduce right-handed neutrinos and add a neutrino mass term. The right-handed neu-
trinos are introduced as the gauge singletsdr, r, and ) and do not participate in
any of the SM interactions.

Let us consider the Lagrangian density of Yukawa couplings between Higgs and the
neutrinos:

X _
LYukawa; = Y L, TR +h:c: (221)

After spontaneous symmetry breaking, the Higgs doublet in the unitary gauge is

_ 1 0 -~ ., _ 1 wv+H
=F5 gy R (2.22)

and the Yukawa Lagrangian can be written in the matrix format:

v+ H_
I—Yukawa; = —pz— LY r+hic (223)
where
0 1 0 1
eL eR
L = @ L A and R = @ R A (224)
L R

4They are calledsterile neutrinos as they do not even participate in the weak interaction. Theoretically,
any number of right-handed neutrinos can be introduced in the model [17], but here the number is xed
to be three for simplicity.
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are the chiral spinors of neutrino's weak eigenstates. The matrix of neutrino Yukawa
couplings can be diagonalized with two unitary matricey, and Vi as

V'Y Vg = Y° where Y2 =y, (] =1;23); (2.25)
and the chiral spinors of neutrino mass eigenstates can be denoted as
0 1 0 1
(m) (m)
(m) y %ﬁ)g (m) y %2)2
L~ VL L= %D oL v R~ VR R — Ed,) SR . (226)
(m) (m)
3L 3R

Finally, denoting yx = . + r, We obtain

vEHX )

L vukawa; = —pé— Yk kL IEer) +h:c (2.27)
k=1
x3 x3
= TR T D h, (2.28)
k=1 k=1

which gives the neutrino masses of
My = %L\_Z’ (k=1:23) (2.29)

Therefore, the neutrino masses are proportional to the Higgs vacuum expectation value
and the eigenvalues of the Yukawa coupling matriy, .

Although the neutrino masses have not been directly measured, the current best upper
limit of the neutrino mass is set to ben < 0:8 eV=c? (90% CL) by the Karlsruhe Tritium
Neutrino (KATRIN) experiment [30]. The fact that neutrinos have signi cantly small
mass implies thaty, is very small compared to the other fermions, but there is no clear
explanation of why.

It is also possible to introduce Majorana neutrinos which satisfy the Majorana condi-
tion

—T

= ¢“=C ; (2.30)

whereC is the charge conjugate. With the Majorana neutrinos, we can form the Majorana
mass term

1
M= =Mm(T L+ 9); (2.31)

mass ~ 2 L

L

and the smallness of the neutrino masses can be explained naturally by the see-saw mech-
anism [31, 32, 33]. However, the neutrino oscillation experiments do not have sensitivities
to the neutrino types (Dirac or Majorana) as the Majorana phases do not participate in
the oscillation probabilities [34]. Therefore, we will treat neutrinos as Dirac particles and
ignore the Majorana phases in the following sections.
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2.2.3 Neutrino mixing

Using the formalization in Eq. (2.26) (and its equivalent for the charged leptons), the
charged current of leptons can be written as

3, = pg—é_l_ | = pg_z—(Lm)vLy v (2.32)
Denoting U = VL‘VVL and rede ning the neutrino avor eigenstates as ff) = U Em) =
V.Y , the current becomes

J, = p%—fm)uy ~(m) = pg_z—f) H(m. (2.33)

which is the same format as the standard notation of the leptonic charged current in the
SM. The unitary matrix U = V, YV, is known as the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [35]:

0 1 0 1 0 10 1
e 1 Uel Ue2 e3 1
@ A:U@ZA:@Ul Uz U3A@2A, (234)
3 U; U, Uj 3

which de nes the conversion between the avor eigenstates and mass eigenstates

Let us think about the number of free parameters in the PMNS matrix. In general, an
n nunitary matrix has 2n?2 n? = n? independent real parameters whem? parameters
are constrained by the unitary conditionUUY = |. These parameters can be divided
into n(n  1)=2 mixing angles andn(n + 1) =2 phase parametes In addition, 2n 1
phases can be absorbed by rephasing the lepton elds and they do not appear as physical
observables. It therefore leaves(n+1)=2 (2n 1)=(n 1)(n 2)=2 physical phases
that cannot be absorbed. Since the PMNS matrix has a dimension 8f 3, it has three
mixing angles and one physical phase.

Denoting these angle and phase parameters as; 13; 23, and ¢, it is convenient to
rewrite the PMNS matrix as

1 0 0 Ci3 0 si3e i °p1 0 Cio S O

U= @0 Co3 Sng @ 0 1 0 A @ S12 Cp2 OA (235)
0 0 So3 Cp3 Sl?,ei @ 0 Ci3 0 0 1
C12C13 _ S12C13 _ Siz€ '

= @ sp503 0125133239' ®  C12Cp3  S12S13S23€ - CisSes A ; (2.36)
S12S23  C12S13C3€ C12S23  S12S13C23€ @  C13Cp3

where ¢; cos jj and s; sin . The three mixing angles can be de ned in the rst
quadrant j 2 [0; =2] without losing generality. ¢, is known as the CP-violating phase
and it takes a value intherange ¢, 2 [ ; .

5The subscripts for the left-handednessL, avor state (f), and mass state(m) are removed for
simplicity.

6The number of angles in then n unitary matrix is equal to the number of parameters in a real
n n orthogonal matrix.
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In the SM, only the charged current interactionL cc has the possibility of violating
CP conservation. It can be con rmed by applying the CP conversion th cc as

Lee = pg_é U Wr+ T U W (2.37)
T 9= pg—é “UT WP+ TU W (2.38)
where we use the following formula for the conversion
TG N S ¢ R NPT (2.39)
w °w (2.40)

Comparison of Eq. (2.37) and Eq. (2.38) yields a fact that it can break CP conservation
when U has a physical complex phase and satis ¢4 6 U. In other words, only the ¢,
phase can bring CP violation in the lepton sector.

2.2.4 Neutrino oscillation in vacuum

Neutrino oscillation is a quantum phenomenon in which neutrinos change their avors.
In this subsection, we will derive the neutrino oscillation probabilities using the PMNS
matrix.

Let us assume that a neutrino with avor is created in a charged-current weak
interaction process. The avor eigenstate can be expressed as the superposition of mass
eigenstates using the PMNS matrix:

- - ﬁ - -
o= Ui (=65 ) (2.41)
i=1
The mass eigenstates of neutrinos evolve in time as plane waves

ji()i=eBitji: (2.42)
Therefore, after traveling a distance. (L ' ct for relativistic neutrinos), Eq. (2.41) evolves
as X X _
@i = U, jit)i= U, e Eitjii: (2.43)
i i
The transition probability of ! is given by
X 2
P( ! )=jhj @i*= U, Uje Bt : (2.44)

i
For ultrarelativistic neutrinos, its energy can be approximated byE; = P p2+ m?2 '
jpj + m?=2jpj. Denoting E j pj and m{ = m? m? the oscillation probability is

X m? L
P’ 1 = 47 ReUi U U, U TS —
i<j
() X _ m2 L
+ 2 Im[U; U; U; Uj ]sin ; (2.45)

2E

i<j
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where the sign of the second term ips for the antineutrino case. It is sometimes called
the appearanceoscillation probability as a neutrino with a di erent avor appears during
the propagation. When = | it describes the non-oscillation (called thesurvival or
disappearancg probability

| =P(— 1 — )= X mﬁ -
P( ! )=P(C ! 7)=1 4 UyU, it

(2.46)

i<j

which is identical for neutrinos and antineutrinos. This is becaus¥; U; U; U; is real
for = and the second term in Eq. (2.45) becomes 0.

The leading terms of the dominant oscillation channels in the T2K accelerator neutrino
measurements and the SK atmospheric neutrino measurements can be written as

P( ! o' sin® 3sin®2 j3sin? % ; (2.47)
P( ! )" sinP2 »3cod 13si? % : (2.48)
P( ! )" 1 4cog 3sin® 531 cos 13Sin? »3)sin? 127E—m§2L ;. (2.49)
P(e! o' 1 sin?2 i3sir? 127E—m§2" , (2.50)

where the units of the squared mass di erence m?, distancelL, and energyE are [eV?],
[km], and [GeV], respectively [36]. The constarit:27 is obtained as

m?L _ eV? km m?=eV? L=km 107 m?=eV? L=km
4E 4 GeV E=GeV T E=GeV ’

(2.51)

wherec~ =197 fm MeV.

The oscillation probabilities for di erent avors of neutrinos as a function of the neu-
trino energyE are shown in Fig. 2.1. Itillustrates that the transition probability oscillates
as a function of the neutrino energy.

2.2.5 CP violation in neutrino oscillation

Since the disappearance probability is identical for neutrinos and antineutrinos as shown
in Eqg. (2.46), the e ect of CP violation does not appear in the disappearance channel.
As a consequence, CP violation is only observable through the appearance probabilities
P( ! yandP(— I 7).

In order to study CP violation in neutrino oscillation in a vacuum, it is convenient to
introduce the quantity P as

P =P( ! ) PC! )

2 2 2
. ms,L . ms, L ) ms., L
= 16 sin —32- sin —3~ sin —21—

4E 4E T (2.52)
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Figure 2.1. and . oscillation probabilities assuming the values of neutrino mixing

angles, squared mass di erences, angd, obtained in Ref. [37]. The oscillation baseline

length of 295 km is assumed. The neutrino ux weighted by the neutrino energy is
overlaid to illustrate the relevant energy ranges for the T2K beam neutrinos. Since the
neutrino-nucleus interaction cross-section is roughly proportional to the neutrino energy,
the product of the neutrino ux and neutrino energy gives a rough approximation of the

shape of the observed event spectra at the detector.

whereJ =1Im U ;U ,U U, is known as the Jarlskog invariant [38]. The condition
for CP violation in neutrino oscillation in a vacuum is writtenas P 6 0.

The Jarlskog invariant itself is a parameterization-independent measure of CP viola-
tion, but under the PMNS parameterization, it can be written as

J

1 . . . .
5 CoS 13 SiN(2 13) sin(2 1) siN(2 23) sin ¢

Sin 13C0$ 13SiN 1 COS 1, SiN »3COS »3SiN cp (2.53)

where denotes the cyclic (anti-cyclic) permutationof( ; )=(e; );(; );(;e). From
Eq. (2.52) and Eq. (2.53), the necessary conditions to obtain CP violation in neutrino
oscillations are

i 60 \ m; 6 m; \ cp 60; ; (2.54)
or equivalently,
mém \ J 60: (2.55)

2.2.6 Neutrino oscillation in matter

When neutrinos propagate through matter, the oscillation probabilities are a ected by
the interaction between neutrinos and particles in matter such as electrons, protons, and
neutrons.

Neutrino propagation in matter can be described by the Schrdodinger equation

i%j (i=Hj ()i; H=Ho+V; (2.56)
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where the HamiltonianH is split into the kinetic energy part Hy and matter potential
term V. Hy describes the free propagation of neutrinos in a vacuum and gives the vacuum
oscillation probability described in Eq. (2.56) wheriv = 0. The matter potential V is
induced by coherent forward scatterings of neutrinos and the electrons and nucleons in
the propagation medium [20]. The potential can be further broken down into the charged
current contribution Vcc and the neutral current contribution Vyc. Vcec only a ects the
electron neutrinos because usually matter contains only electrons and no muons nor taus,
and V\c aects all three avors equivalently. The matter potential is diagonal in the
avor basis and it can be written as

V= ) =(Vec; *+ Wne; ) (2.57)

_ 2Gene(x) ( =9
Vo, = Co (2.58)
Vue; = BSm() (=i ) (2.59)

where Gg = 1:166 10 °® GeV ? is the Fermi constant, andn¢(x) and n,(x) are the
electron and neutron densities in the propagation medium.

Due to the corrections from the matter e ect, the ! . oscillation probability
formula in Eq. (2.47) is modi ed to be

. . . 1:27 m L

Pu( ! o' sin? ,3sin?2 y sin? TM : (2.60)
where mz, and sin?2 u are the e ective oscillation parameters de ned as
q
mz = m3 (cos2i13 = mi)2+sin?2 i3 (2.61)
. 9 _ sin®2 13 ]

siN“2 gy = - X 2.62
M (C0S213 = m3,)2+sin%2 13 ( )
= 2 2GgnE ; (2.63)

where the sign of is de ned to be positive for neutrinos and negative for antineutrinds
Equation (2.61) implies that a resonance occurs whesos2,3 = m3, depending
on the sign of (neutrino or antineutrino) and the sign of m3, = m3 m3 (m, <m3 or
m3z < m>,). In other words, the resonance e ect only appears for neutrinos when, < m 3
and only appears for antineutrinos whems < m .
The ' ¢ ( ! o) oscillation probability approximated to rst order in the

"Let us calculate in more detail. The electron density ne can be written asne = Na % cm 8

whereNa =6:02 107 mol ! is the Avogadro constant,Z and A are the atomic number and the mass
number, respectively. Using the relationcm eV = ﬁ 10° and assumingA ' 2Z, can be calculated
as =7:56 10 % (g=vm®)E (GeV). For the T2K oscillation analysis, we assume the constant density

of =2:6 g=cm?® [39].
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matter e ect can be written as [40]

() () .
P(C ' ! " o) =4C,;85,55,SIP 3

+ 8C§3512$13523(012023 COS ¢p  S12513523) COS 32SiN 318N 21

) . . . .
8C§3C12C23512513523 SIN ¢p SIN 32SIN 31SIN 2

2 &2 <2 12
+4s7 c%(c%zcé3 + 59,85389; 212023512513 COS ¢p) SIN® 24
8(:%3513523 = @ 282,)COS 3,SiN 31

+ 8387380 mZ, (1 2sfy)sin? g (2.64)

where the abbreviations are de ned as follows
miL.

Gj COSj; Sj sinj; IE

(2.65)

We should note that the constant (de ned in Eqg. (2.63)) in the last two terms in
Eq. (2.64) changes the sign for neutrinos and antineutrinos, as well as the term propor-
tional to sin ¢,. In the neutrino oscillation in a vacuum, CP violation was simply de ned
as the di erence of the neutrino and antineutrino oscillation probabilities as described in
Eq. (2.52). However, when we take into account the matter e ect, the oscillation prob-
abilities for neutrinos and antineutrinos are di erent even if o, = 0, which makes the
search for CP violation more complex.

Therefore, instead of simply comparing the neutrino and antineutrino oscillation prob-
abilities as shown in Section 2.2.5, we rely on the PMNS parameterization and constrain
all the relevant oscillation parameters simultaneously. This is done by measuring both
the appearance and disappearance oscillation probabilities taking into account the con-
tribution of the matter e ect.

2.3 Review of the neutrino oscillation analysis

2.3.1 Latest oscillation analysis results

It has been shown that the neutrino oscillation probabilities can be parametrized using
the mixing angles j , squared mass di erences mIJ , and the leptonic CP phase ¢,. It
means that we can constrain these oscillation parameters through the neutrino oscillation
experiments.

Figure 2.2 shows the evolution of the constraints on the six oscillation parameters
(sin® 1, SI? o3, i 13, m3;, m3, and ) that have been experimentally measured.
They are sorted in the order of the rst measurements. These six parameters based on
the PMNS parametrization are in general regarded as the target of measurements in the
neutrino oscillation analysis.

Nowadays oscillation experiments can be divided into four categories depending on the
neutrino sources they use: solar neutrinos, atmospheric neutrinos, accelerator neutrinos,
and reactor antineutrinos. The current major neutrino oscillation experiments are listed
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Figure 2.2. The evolution of constraints on the six neutrino oscillation parameters. The
mixing parameters are denoted asf =sin? ;. The unit for the squared mass di erence
parameters iseV2. The gure is taken from Ref. [41].

in Table 2.1. These neutrino sources provide di erent energies of neutrino uxes and
di erent oscillation baseline distances, which results in di erent sensitivities to the oscil-

lation parameters in each experiment. In the following, the latest status of the neutrino
oscillation parameter measurements is brie y reviewed.

Table 2.1. Neutrino sources of selected neutrino oscillation experiments. The baseline
length and mean neutrino energy are also listed for the accelerator-based long-baseline
oscillation experiments.

Experiment Neutrino source Reference Baseline and mearenergy
T2K Accelerator [37] L =295 km;hE i =0:6 GeV
NO A Accelerator [42] L =810 km;hE i =2:0 GeV
IceCube Atmospheric [43]

SK Atmospheric, Solar [36, 44]

Borexino Solar [45]

KamLAND Reactor, Solar [46]

RENO Reactor [47, 48]

Daya Bay Reactor [49]

Double Chooz Reactor [50]
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12 and m3, The mixing angle 1, and mass squared di erence m3, are known as
the solar parameters as they are relevant to the solar neutrino oscillation, but the reactor
antineutrino measurements can also constrain them. The sign ofm3, was determined
to be positive (i.e. m; < m ) from the solar neutrino oscillation measurements by making
use of the matter e ecf.

The best constraint comes from the KamLAND experiment [46] for m3,, while the
solar experiments have the best constraints osin’> 1,. The latest constraints on these
parameters from KamLAND and the solar neutrino experiments are [17]

sin® 15 = 0:307°%513; (2.66)
m3, =7:53 0:18 10 °eVZ (2.67)

,3and  m3, The mixing angle ,3 and squared mass di erence m3, are known as the
atmosphericparameters as they are relevant to the atmospheric neutrino oscillation. The
accelerator-based neutrino oscillation experiments also have good sensitivities to these
parameters.

The atmospheric mixing angle ,3 is known to be close to maximal mixing (b 45).
However, whether this parameter is abovd5 or below 45 is still unknown, which is
called the octant problem and is one of the open questions in neutrino oscillation physics.
The octant of ,3 de nes the amplitude of the neutrino avor mixing in a mass eigenstate.
When 5,3 is in the upper octant ( ,3 > 45), the mass eigenstate 3 (which has the least

e contribution) has more  components, and it has more components otherwise.

The atmospheric squared mass di erence is measured to be [17]

(
2:453 0:033) 103 eV
m3, = m3 mj= ( ) (2.68)
( 2536 0:034) 103 eV?
from the accelerator and atmospheric neutrino experiments. The sign ofm3, is not
known because the leading terms in the oscillation probabilities (Egs. (2.45) and (2.46))

are proportional to sin? Té L, which does not give the sign of squared mass di erence.
Therefore, there remains uncertainty about whether the neutrino masses are ordered as
m; <m,<mjzormsz<mj;<m,. The former hypothesis is called the normal ordering
(NO) and the latter is called the inverted ordering (10). Fig. 2.3 shows the illustration

of two possible mass orderings.

The comparison of the 90% con dence level regions §in* ,3- m3, assuming normal
ordering from some experiments is shown in Fig. 2.4. The results of the long baseline
neutrino oscillation experiments such as T2K and NQA have the best sensitivities to
these atmospheric parameters. These results are overall very consistent but have slight
di erences in the preferred region of m3,. For 3, none of the experiments have a strong

preference for either of the octants.

13 The mixing angle i3 is the reactor mixing angle. The constraints mostly come from
the reactor experiments such as Double Chooz [50], RENO [48, 47], and Daya Bay [49, 54].

8See for example Ref. [51].
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Figure 2.3. Scheme of the neutrino mass ordering hypotheses. The squared mass di erence
values are taken from Ref. [17].

Figure 2.4. Comaprison of the 90% con dence level regionssim® ;- m3, among di er-
ent neutrino oscillation experiments. The normal ordering is assumed. The data is taken
from T2K [37], NO A [42], SK [52], IceCube [43], and MINOS+ [53]. The gure is taken
from Ref. [37].

The current world average (the weighted average of these reactor experiments) is [17]

sin® 13=2:20 007 102 (2.69)

o The CP violation phase ., is mostly constrained by the accelerator-based long-
baseline oscillation experiments. Figure 2.5 shows the comparison of 68% and 90% con -
dence level regions ing,-sin? ,3 for the two leading long-baseline experiments T2K and
NO A. T2K has a better constraint on ¢, and has a best-t point around o, 3=2
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However, the current measurements show a large discrepancy in the preferred region of
¢p for normal ordering between T2K and NOA, which is therefore of particular interest
in future analyses.

Figure 2.5. Comaprison of the 68% and 90% con dence level regionss-sin® ,3 between
T2K [6] and NO A [42] for each mass ordering. The gure is taken from Ref. [42].

2.3.2 Open questions in neutrino oscillation physics

The neutrino oscillation provides a key to search for CP violation in the lepton sector.

One of the unanswered questions in the present physics eld is the origin of the baryon
number asymmetry of the Universg where it is mostly composed of matter, and only

a small fraction of antimatter exists. Although a speci c mechanism to explain this

asymmetry is still unknown, three general conditions to be satis ed are known as the
Sakharov conditions [55]:

1. C and CP violation
2. Baryon number violation

3. Existence of non-equilibrium process.

%t is also known as the matter-antimatter asymmetry of the Universe.
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One of the possible scenarios to generate such an asymmetry is called the leptoge-
nesis [4]. In this scenario, the lepton number asymmetry is created by the Majorana
neutrinos and it is converted into the baryon number asymmetry through sphaleron pro-
cesses [56]. A study has shown that the baryon number asymmetry can be explained even
exclusively by CP violation in the Dirac phase in a certain scenario [57]. Therefore, if
CP violation in the lepton sector is proved through the precise measurements of neutrino
oscillations, it has the possibility of contributing to the explanation of the origin of the
baryon number asymmetry of the Universe.

In addition to the CP phase measurements, the fundamental properties of neutrinos,
such as the squared mass di erences and mixing angles are the target of measurements
in the neutrino oscillation analysis. The mass ordering of neutrinos and the octant of;
are particularly of interest among them. In summary, there are three open questions in
neutrino oscillation physics:

" CP symmetry in the lepton sector
" Neutrino mass ordering (normal ordering or inverted ordering)

" Octant of 3.

2.4 Motivation of the joint analysis of atmospheric and
accelerator neutrinos

As shown in Section 2.3, di erent experiments have di erent sensitivities to the oscillation
parameters. Therefore, it is valuable to combine the analyses of two or more experiments
to get better constraints on the parameters of interest. In this thesis, a joint analysis of
the SK atmospheric neutrinos and the T2K accelerator neutrinos is performed to try to
answer the open questions in neutrino oscillation physics.

2.4.1 Overview of the experiments

T2K beam neutrino analysis The T2K (Tokai-to-Kamioka) experiment is a long
baseline neutrino oscillation experiment ongoing in Japan. It aims to search for CP viola-
tion and measure the neutrino mixing angles and square mass di erences suclsia$ ,s,
sin® 13, and m3,. T2K uses the neutrinos produced at the Japan Proton Accelerator
Research Complex (J-PARC) in Ibaraki and detects them at the Super-Kamiokande de-
tector which is located 295 km away from the neutrino production point. The schematic
view of the T2K experiment baseline is shown in Fig. 2.6. J-PARC provides very pure

and neutrino sources, which allows us to precisely measure the! ¢ ( ! )
appearance probabilities as well as the ! ( ! ) disappearance probabilities.
The near detectors located near the neutrino production target are also used to measure
the neutrino spectra before the oscillation, which helps to constrain the uncertainties in
the neutrino ux and neutrino-nucleus interaction cross-sections.

As for the oscillation parameter sensitivities, T2K has good sensitivity toc, through
the measurement of | . and I o appearance probabilities. In addition, the
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shape and normalization of the ! ( ! ) disappearance probabilities give the
sensitivities to sin® ,3 and m3,. In the latest analysis [37], T2K reported that CP
conserving values of., =0; are excluded at more than 90% con dence level.

Figure 2.6. Schematic overview of the T2K experiment.

SK atmospheric neutrino analysis The Super-Kamiokande (SK) detector is a large
water Cherenkov detector located in Gifu, Japan. The detector is used to perform various
physics programs including not only the accelerator-based long-baseline neutrino oscilla-
tion measurements, but also the atmospheric and solar neutrino measurements [52, 36, 44],
di use supernova neutrino background (DSNB) searches [58], nucleon decay searches [59],
and dark matter searches [60].

The SK atmospheric neutrino analysis also has sensitivities tg, and the atmospheric
oscillation parameters ( m3,, sin® ,3). Figure 2.7 shows the oscillation probabilities of
atmospheric muon neutrinos for normal ordering. The zenith angle ¢) is de ned as the
direction of neutrino origin to the normal vector on Earth's surface at the location of SK.
Therefore,cos , > 0 corresponds to the down-going events amtbs , < 0 corresponds
to the upward-going events. The propagation distance of atmospheric neutrinos depends
on the zenith angle and spans from 15 km for the down-going events to 13,000 km
for the upward-going events. The oscillation probabilities (which are dependent &sE )
are therefore dependent on both the neutrino energies and zenith angles as shown in
Fig. 2.7. The baseline distance for T2K is optimized to observe the rst oscillation max-
imum, whereas SK has a more complex oscillation probability distribution as it includes
the following oscillation maxima. In the actual observation, however, only the overall
normalizations can be measured due to the detector resolutions. The sensitivity tg,
comes from the normalization of event rates around the sub-GeV energy regions.

2.4.2 Motivation of the joint analysis

Although T2K has a good sensitivity to ¢,, the contribution of ., to the oscillation
probability is partially degenerated with the mass ordering e ect, which makes the search
for CP violation more complicated. Fig. 2.8 shows the event rates of the observed
and . candidates in T2K overlaid with the expectation at di erent combinations of true
oscillation parameter values. The di erent markers in each ellipse correspond to di erent
values of ¢, the solid and dashed ellipses correspond to the normal and inverted ordering,



2.4. Motivation of the joint analysis of atmospheric and accelerator neutrinos 29

Figure 2.7. ! (left) and I ¢ (right) oscillation probabilities for neutrinos
(top) and antineutrinos (bottom) as a function of true neutrino energy and direction (in
zenith angle) for normal mass ordering. The oscillation parameters are assumed to be

m2, =2:5 10 % eV?, sin? ,3 = 0:5, si® 13 = 0:0219 and , = 0. The gures are
taken from Ref. [52].

and di erent colors correspond to di erent values ofsin? ;. The di erent values of cp

appear as an anticorrelated change in the; and . event rates (i.e. we will have more

events when ¢, = =2 and more . events when ¢, = =2). The plot clearly illustrates

that the latest T2K data lies near the maximal violation of CP (¢, = =2). However,
some values of o, are overlapped with di erent values of ¢, in the other mass ordering.
If the data falls into this area, we cannot distinguish these overlapped, values. This is
called the degeneracyof ., and mass ordering, and it limits the sensitivity to ¢, in the

T2K oscillation analysis.

On the other hand, in the SK atmospheric neutrino analysis, the matter e ect could
provide a key to distinguishing the neutrino mass ordering. Figure 2.7 demonstrates
that we have a distortion in the ! ¢ oscillation probability around a few GeV due
to the resonance e ect discussed in Section 2.2.6. The distortion only happens in the
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Figure 2.8. Number of observed, candidate events and . candidate events with expec-
tation at the several combinations of the true oscillation parameters. The error bars on
the data point show the statistical errors. The gure is taken from Ref. [37].

neutrino oscillations if the true mass ordering is normal, while it only happens in the
antineutrino oscillations when the inverted ordering is true. Therefore, it may be possible
that combining these two experiments could solve the degeneracy betwegn and mass
ordering, and improve the sensitivities.

In addition, sensitivities of the neutrino oscillation experiments are in general limited
by the statistical uncertainties. It is therefore bene cial to combine the data from two
experiments simply in terms of the increase in the statistics. It is also possible to apply
the T2K near detector constraints to the SK atmospheric neutrino analysis to better
constrain the neutrino cross-section systematic uncertainties.

In summary, the rst joint analysis is performed using the T2K accelerator neutrinos
and the SK atmospheric neutrinos in this thesis. There are three main motivations for
performing the joint analysis between T2K accelerator neutrinos and SK atmospheric
neutrinos:

1. Solve the degeneracy between, and mass ordering
2. Increase the data statistics

3. Constrain the systematic uncertainties better



Chapter 3

Experimental setup

3.1 Neutrino sources

In this thesis, we perform a joint analysis of the atmospheric neutrinos and the accelerator
neutrinos. This section presents a description of each neutrino source.

3.1.1 Atmospheric neutrinos

The primary cosmic rays The atmospheric neutrinos are produced by the primary
cosmic rays hitting the nucleons in the atmosphere of the Earth. The primary cosmic
rays are dominated by the protons ( 85%), but have some contributions from -particles

( 119, electrons (  2%), and heavier nuclei ( 2%) as well. The uxes of these cosmic
rays can be directly measured by experiments in space (e.g. on the international space
station [61]) or balloons [62]. Since the primary cosmic rays are composed of charged
particles, their trajectories can be a ected by magnetic elds. Two types of e ects are
known to modulate their uxes. One of them is the solar activity, which suppresses the
ux of lower energy (/ 10 Ge\) cosmic rays reaching the Earth [63]. Since solar activity
has a periodicity of 11 years, it gives an anticorrelated 11-year periodic e ect to the cosmic
ray ux. The second e ect is the geomagnetic eld of the Earth, which causes both the
latitude (the cosmic ray ux is larger near the geomagnetic poles) and longitude e ects
(the cosmic ray ux is larger for east-going particles). The latter is especially called
the east-west e ect and was experimentally observed [64]. These e ects are taken into
account in the calculation of the atmospheric neutrino ux.

Production of atmospheric neutrinos The primary cosmic rays reaching the atmo-
sphere interact with nucleons and produce secondary particles such as pions and kaons,
which decay into neutrinos. The dominant decay chains are

! + () (3.1)
K ! + () (3.2)
Ke! + o+ () (3.3)
Kp! +e + o e); (3.4)

31
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which are then followed by the muon decays
e+ (et () (3.5)

The subsequent decay chains of charged pions (kaons) and muons produce a roughly twice
larger ux of muon neutrinos compared to that of electron neutrinos

NC )+ N(C)
N(e)+ N(e)

However, the contribution of electron neutrinos from the muon decays is suppressed above
a few GeV because the muon with higher energies can reach the surface of the Earth before
decaying into electrons and neutrinos. Therefore, at higher energies, the contribution from
the kaon decays becomes more important for the electron neutrino ux.

2 (3.6)

3.1.2 J-PARC accelerator neutrinos

In general, the neutrino beam generation has two main steps: acceleration of the protons
and production of the neutrinos. At J-PARC, the former step is done by a subsequent
chain of three accelerators, and the latter is done at the neutrino beamline. The J-PARC
proton accelerator consists of three accelerators: a linear accelerator (LINAC), a rapid-
cycling synchrotron (RCS), and the main ring (MR) synchrotron [65]. AH ion (1 proton
and 2 electrons) is rst injected into LINAC and is accelerated up to 400 MeV. Then it
is converted to H* (proton) by removing the two electrons using the charge-stripping
foils. The proton beam is accelerated up to 3 GeV by the RCS and to 30 GeV by the
MR, and provided to each experimental facility including the neutrino beamline. The
J-PARC accelerator can produce proton beam spills with a time spread of 5 secat
the repetition rate of 2.48 s (0.4 Hz). Each spill has an 8-bunch structure with a narrow
bunch width (15 ng, which helps us to identify the events that originated from the
beam neutrinos. By requiring the timing cut, most of the background events (e.g. cosmic
rays and atmospheric neutrinos) can be rejected at the rst stage of the event selection
at the far detector.

Fig. 3.1 shows the schematic view of the neutrino beamline at J-PARC. The protons
injected from the MR strike a graphite target and create secondary pions and other
hadrons. These pions are focused by the three magnetic horns and decay inside the
96 m-long decay volume, producing muons and muon neutrinos in ight via the following
processes:

Lo+ () (3.7)

For 3 GeV or higher energy neutrinos, dominant contributions are from kaon decays such
as

K 1+ () (3.8)
K ! %  + () (3.9)

Since the type of produced neutrinos (neutrino or antineutrino) depends on the charge
of the parent pion, we can produce a neutrino-dominant beam or antineutrino-dominant
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beam by focusing only pions and kaons with the selected charge. The polarity of the
magnetic eld made by the horns for the neutrino-dominant beam mode is called the
forward horn current (FHC; +250 kA), and for the antineutrino-dominant beam mode,

it is called the reversed horn current (RHC; 250 kA). Although the neutrino beams
are dominated by ( ) for FHC (RHC), there are some contaminations of thevrong-
sign neutrinos ( for FHC and for RHC) and electron neutrinos. The wrong-sign
neutrino background mainly comes from the imperfection of the horn focusing, including
the contaminations from pions produced outside the target and from forward-going wrong-
sign pions that are not de-focused by the magnetic eld.

Figure 3.1. Schematic view of the J-PARC neutrino beamline.

Hadrons are stopped by a beam dump located 109 m downstream from the graphite
target. High-energy muons can penetrate the beam dump and are measured by the
muon monitor to monitor the two-dimensional pro le of the beam direction and the beam
intensity [66]. The neutrino beam is directed t02:5 o from the SK direction. This
0 -axis angle provides us with a narrower neutrino energy spectrum than that at the
on-axis, which has a peak around the oscillation maximal point as shown in Fig. 3.2.
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Figure 3.2. T2K ux predictions at the far detector at di erent o -axis angles in an
arbitrary unit. The I . appearance and ! disappearance probabilities are
shown in the top two panels.

3.2 Detectors

In this analysis, we use two sets of detectors. One is the Super-Kamiokadne detector
which is used for both the T2K beam and SK atmospheric neutrino measurements. The
other is the T2K near detector ND280 which is used to measure the T2K beam neutrinos
before they oscillate and to constrain the ux and cross-section systematic uncertainties.

3.2.1 Super-Kamiokande detector
3.2.1.1 Overview

The SK detector is located 1 km underground of Mt. Ikenoyama [67]. The detector is a
cylindrical tank with a height and a diameter of 41.4 m and 39.3 m, respectively. The
detector is lled with 50 kton of ultrapure water (and gadolinium since 2020) and is
equipped with Photo-Multiplier Tubes (PMT) on the wall. The detector consists of two
parts: the inner detector (ID) and the outer detector (OD). The ID has a height of 36.3 m
and a diameter of 33.8 m and is equipped with 11,129 inward-facing 20-inch PMTs. This
Is used as the main target volume in the analysis. The OD surrounds the ID and has a
thickness of 2.2 m at the barrel and 2.06 m on the top and bottom. The OD is equipped
with 1,885 outward-facing 8-inch PMTs. It is used to detect the charged particles coming
from outside the detector or charged particles escaping from the ID. The schematic view
of the SK detector is shown in Fig. 3.3.
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Figure 3.3. Schematic view of the Super-Kamiokande detector.

3.2.1.2 Cherenkov radiation

When a charged patrticle goes through a medium, it excites the atoms inside the medium
along its trajectory. The excited atoms emit light isotropically such that the waves of the
light cancel each other. However, when the charged particle moves faster than the speed of
light in the medium, the excited atoms emit deexcitation light continuously before being
canceled out, which makes a conical shape of light toward the direction of the charged
particle. This phenomenon is called the Cherenkov radiation, and its light is called the
Cherenkov light. It is used to detect the charged particles traversing the SK detector.
Since the conical light forms ring-shaped hit patterns when projected onto the detector
walls, these signals are often referred to asrang in SK. Denoting the velocity of the
particle as = v=cand the refractive index of the medium a%, the opening angle of the
Cherenkov light ( ¢) can be written as

COS ¢ =

=n ot 1
Sl = (3.10)

c t

The refractive index of pure water isn ' 1:34, so the opening angle isc 42 when the
charged particle's velocity is close to the speed of light 1.

The condition to emit Cherenkov light isv > c=n (i.e. > 1=n). Therefore, the
momentum threshold of the Cherenkov emission depends on the mass of the charged
particles (m) as

mc

Pc = pﬁ; (3.11)

which is roughlypc = 1:12 m for pure water. The momentum thresholds for charged
particles of interest are summarized in Table 3.1. When charged particles have momentum
below the threshold, they cannot be detected as a Cherenkov light signal at SK. Pions
and muons can also be identi ed by detecting delayed signals from the decay electrons
even though their momentum is below the threshold.
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