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Abstract

CP and CPT are among the most fundamental symmetries of Nature. Test-
ing CP and CPT invariances is of prime importance for fundamental physics. T2K
is a long-baseline neutrino oscillation experiment. It uses an intense muon neutrino
(antineutrino) beam to study neutrino oscillation phenomenon. By operating in both
neutrino mode and antineutrino mode, T2K is able to test CP symmetry in lepton
sector. In addition, the disappearance channels of muon neutrino and antineutrino at
long-baseline experiments such as T2K are the “golden channels” to test CPT invari-
ance.

The on-axis near detector INGRID provides information about neutrino event
rate and beam profile. The measurements at INGRID are in good agreement with MC
predictions. The neutrino event rate and beam profile are stable within the physics
requirements in T2K run 10.

Testing CP and CPT symmetries with T2K and with a combined analysis of
T2K-II, NOvA extension, and JUNO experiments are presented. T2K ruled out CP
conserving values (0cp = 0; 7) at more than 95% C. L. using data collected from run
1 to run 9 with a total exposure of 3.13 x 102! POT. The value of CP violating phase
(6¢cp) was measured to be —2.1410-8 for normal mass ordering (NO) and —1.2615-53 for
inverted mass ordering (I0). With constraint from short baseline reactor experiments,
the best fit values of ¢ p with =10 uncertainties are —1.89J_r8:gg for NO and —1.38J_r8:§§
for I0. We also show that by 2028, the joint fit of T2K-II, NOrA extension, and JUNO
will be able to exclude CP conservation at ~ 50 C. L.

The analysis of the T2K data with 3.13 x 102! POT exposure is consistent with
CPT conservation hypothesis. The joint analysis of T2K-II, NOvA extension, and
JUNO will be able to exclude CPT conservation at 1.70 (40) and 30 (4.60) C. L. if
the best-fit values of T2K (NOvA) in the mass squared splittings (Am3;, Am3,) and
mixing angles (fa3, f23) are presumed to be true values. In addition, the synergy can
improve the bound on \Am%l —Am§1| to the world’s best value ever made, 5.3x10™%¢V/2
at 30 C. L., which is slightly better than DUNE and about one order of magnitude

better than the value analysed by current neutrino oscillation experiments.
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Introduction

From ancient times to the present, symmetry has played a crucial role, being
considered as one of the most important factors in judging beauty. For human beings,
the harmony and balance of a body, an object, or an architectural structure lie behind
the standard of beauty. In mathematics, a geometric shape or an object is said to be
symmetric if it is invariant under a specific group of transformations such as translation,
reflection, or rotation. Although symmetry underpins conservation laws in physics, its
importance was not recognized until the early 20th century. It was Emmy Noether who
first apparently pointed out in 1918 the profound connection between the continuous
symmetries of a physics system and conservation laws. In the later part of the 20th
century, with the developments of quantum mechanics and field theory, symmetry
emerged as one of the most important concepts in physics. Its role is like a lighthouse,
guiding scientists in searching for the fundamental laws of nature.

“I do not know what I may appear to the world, but to myself I seem to have
been only like a boy playing on the seashore, and diverting myself in now and then
finding a smoother pebble or a prettier shell than ordinary, whilst the great ocean of
truth lay all undiscovered before me”. The humble quote of Newton well describes our
knowledge before the vastness of the universe. Nature has its own intriguing beauty
that will always be mysterious to us. Throughout its history, humanity has been
“like a boy playing on the seashore” of the universe, trying to find some “smooth
pebbles and pretty shells” before “the undiscovered ocean of truth”. Among those
secrets, the asymmetry between matter and antimatter is one of the biggest puzzles
waiting for humanity to discover. Once again, symmetry is placed at the center of that
journey. And this time, the historical role is entrusted to discrete symmetry. Discrete
symmetries, including charge conjugation C, parity inversion P, and time reversal T
play a vital role in particle physics. Their conservation or violation, individual or in
combination, may be the key to unveil the secrets of the universe. For a long time,
one has believed that C, P, and T and their combinations are conserved in physics
processes. Developments in theory and experiment in the last 66 years, however, have
gradually proved the opposition. Parity violation was theoretically predicted by Tsung
Dao Lee and Chen Ning Yang in 1956 [13], then experimentally confirmed by Chien
Shiung Wu et. al. [14] one year later, resulting in the formation of the V-A structure in
weak interaction. Next, CP violation in the quark sector was experimentally found in
the neutral kaon system in 1964 [15], in B-meson decay at the BaBar experiment [16],
and the Belle experiment [17] in 2001. Recently, the long baseline neutrino oscillation
experiment T2K has announced an indication of CP violation in the lepton sector by
ruling out a large amount of CP-violating phase dop at 30 C. L. [18]. Searching for
CP violation in the lepton sector is one of the most important goals of the current and

future neutrino oscillation experiments.



Most of the models in modern physics are based on the framework of quantum
field theory. CPT is a fundamental symmetry in quantum field theory. Once the sym-
metry is tested, it consequently tests the fundamental physics also. If CPT symmetry
is proved to be not conserved, the impact on the fundamental physics is therefore
enormous: at least one of the three assumptions of the quantum field theories must
be abandoned: (1) Lorentz invariance, (2) locality or (3) hermiticity of Hamiltonian.
In addition, the CPT combination contains the charge conjugation operator C, which
transforms particles into antiparticles and vice versa. Therefore, CPT violation can be
a candidate to explain matter-antimatter asymmetry of the universe [19]. The CPT
symmetry has been tested by different types of experiments with different methods.
The Standard Model Extension provides a formalism to test CPT by measuring and
deriving the Lorentz and CPT violating coefficients [20], [21], [22]. Ref. [23] summarizes
the latest results on Lorentz and CPT violation searches in the context of Standard
Model Extension. The CPT can also be tested based on the consequences of CPT theo-
rem which says that the particle and its antiparticle must have the same energy spectra,
implying identical mass and lifetime, and opposite in charge and magnetic (electric)
dipole moment [24]. Testing CPT invariance by comparing the masses, charges, mag-
netic moments, and hyperfine spectroscopy has been done on several systems of particle
and its antiparticle [25], [12]. The measurement on neutral kaon system has provided
the best limit on the CPT violation so far [12]. In terms of mass squared difference, the
bound reads |m2(K°) —m2(K )| < 0.3 V2. Comparing this to the two mass-squared
differences of the three neutrino mass eigenstates [12], m2, — m?, ~ 7.39 x 107° eV?
and |m2; — m?2,| &~ 2.45 x 107 eV?, it becomes clear that neutrino measurements,
rather than neutral kaons, provide the best constraint on the CPT test in terms of the
mass-squared difference [26}27]. The aforementioned neutrino mass-squared differences
come from measurements in neutrino oscillation. Therefore, testing CP'T with neutrino
oscillation has recently become of interest in the physics community.

The purpose of this thesis is to investigate the current status and future prospects
of testing the CP and CPT invariances from neutrino oscillation experiments. In which
we focus on the analysis of recent T2K data and the sensitivity with the synergy of
T2K-II, NOVA extension (denoted as NOvA-II from now on), and JUNO experiments.
In addition to the introduction and conclusion sections, the thesis consists of three
chapters and is organized as follows. In Chapter [I, we introduce a general overview
of neutrino oscillation phenomenon and relevant experiments. Chapter [2| presents ba-
sic results on neutrino flux and beam profile at T2K near detector INGRID which we
had directly done the measurement and simulation during the time at J-PARC in 2019.
Recently, we have also involved in measuring neutrino interactions at WAGASCI Baby-
MIND which preliminary result is shown in the Appendix [A] The subject of Chapter
is about CP and CPT testing in the T2K and with the joint fit of the T2K-II, NOvA-II,
and JUNO experiments.



Chapter 1. Neutrino oscillation phenomenon and ex-

periments

1.1 Neutrino oscillation

Neutrino oscillation is a quantum mechanical phenomenon in which one type
of neutrino “oscillates” or transforms into another type during propagation in space-
time. The first idea was suggested by B. Pontecorvo in 1957, describing the neutrino-
antineutrino transition [28]. In 1962, Z. Maki, M. Nakagawa and S. Sakata developed
the Pontecorvo’s idea to describe flavor oscillation [29]. Neutrino oscillation theory can
explain the solar neutrino anomaly [30], [31] and the atmospheric neutrino anomaly [32].
The phenomenon was observed for the first time by the Super-Kamiokande experi-
ment [33], SNO experiment [34] and later by many other neutrino experiments. The
discovery of neutrino oscillation indicates that neutrinos must have masses. This is the
only experimental evidence for the physics beyond Standard Model ([SM]) of elementary
particles so far, because in SM, neutrinos are massless. In this section, we will briefly
introduce the history of neutrinos, how neutrinos are described in SM and the neutrino

oscillation phenomenon.

1.1.1 Neutrino history

The study of beta decay in the early 20th century provided the first indirect
evidence of the existence of neutrinos. In the 1920s, the spectra of alpha and gamma
decays were apparently known to be mono-energetic or discrete. The physicists at first
expected that beta decay would have similar behavior to alpha and gamma decays

because they only detected two particles in the final state
X5 Y4 +e. (1.1)

The electron kinetic energy was expected to be mono-energetic K, = (mx —my —me)c.
A series of studies carried out by Lise Meitner and Otto Hahn in 1911 and Jean Danysz
in 1913, however, pointed out that the beta spectrum is continuous. Moreover, the
energy spectral of emitted beta particles was observed to be smaller than predicted by
the law of energy conservation. This fact made scientists confused. More and more
evidence on the long tail spectrum of the beta decay even led some of them, including
Niels Bohr, to doubt about the correctness of the conservation law of energy. In 1930,
physicist Wolfgang Pauli suggested a hypothesis to explain the continuous spectrum
behavior in the beta decay. He proposed the existence of a very light neutral particle

(denoted by v) emitted along with the beta particle.

X4 =Y +e 47 (1.2)



The electron kinetic energy now also depends on the kinetic energy of the invisible
particle K, = (mx — my — me)c2 — K. The continuous spectrum of the electron is
therefore explained. The new particle is “undetectable” according to Pauli, and he
first named it neutron. The neutron, found by James Chadwick later in 1932, is also
a neutral particle but has the same mass as the proton. In July 1932, Enrico Fermi
called Pauli’s hypothesis particle neutrino, in Italian means “little neutral one”. Since
then, neutrino has had a name, and an amazing journey has started.

Pauli sighed after suggesting the existence of neutrino: “I have done a terrible
thing: I have postulated a particle that cannot be detected”. Neutrino has no electric
charge, it does not have electromagnetic interaction; its very tiny mass makes it invisi-
ble to gravity. Extremely weak interactions with matter allow neutrino to pass through
our bodies, the Earth, and the Sun without any deviation. Is there any chance to detect
neutrino experimentally? The answer is yes. Twenty four years after Pauli’s postu-
lation, the first experimental evidence of neutrino was carried out by Clyde Cowan,
Frederick Reines and their colleagues [35]. In this experiment, neutrinos were created
by the Savannah River Plant near Augusta, Georgia state and detected by inverse beta
decay

Ve+p—=ntel. (1.3)

After being created, the positron quickly annihilates with environmental electron to
produce two gamma rays with prompt signals of 0.5 MeV energy. Neutron is captured

by Cadmium nucleus to produce delayed gamma signal after 5 us (Eq.
n+19%8cd - 190q* = 19Cd + . (1.4)

These gamma rays were detected by 110 5-inch Photo-Multiplier Tube (PMT]). Cowan
and Reines’s detector was placed at 11m from the reactor core, 12m underground,
contained total of about 200 liters of water with about 40 kg dissolved cadmium chloride
(CdCly). With intense flux of 5 x 103 neutrinos per second, their detector could detect
about three neutrinos per hour. This breakthrough result was recognized by the 1995
Nobel Prize in physics for Frederick Reines (Clyde Cowan died in 1974 at 54).

The one discovered by Cowan and Reines’s experiment is electron anti-neutrino
(e). In 1962, Leon M. Lederman, Melvin Schwartz and Jack Steinberger discovered
that there exists more than one type of neutrino [36]. This is the first time an in-
tense neutrino beam was created from an accelerator, which had been independently
proposed since the 1950s by Bruno Pontecorvo (Dubna, Soviet Union) and Melvin
Schwartz (Colombia University and Brookhaven National Laboratory, USA). Leon Le-
derman, Jack Steinberger, and others from Columbia University together with Melvin
Schwartz used Alternating Gradient Synchrotron (AGS]) at Brookhaven to produce a
15 giga-electron-volt ([GeV]) proton beam. The proton beam was projected to a beryl-
lium (Be) target, producing charged pions (7%). Finally, charged pions decay into
muons (u) and neutrinos. At the detector, neutrinos interact with medium protons

to produce associated leptons, almost muons. They claimed that there exists another



type of neutrino which is different from the one emitted along with electron in the beta
decay. This type of neutrino is associated with muon, namely muon neutrino (v,).
Schwartz, Lederman, and Steinberger were honored by the 1988 Nobel Prize in physics
for their discovery of the second type of neutrino.

In the SM, there are three leptons including electron, muon and tau. The
existence of tau neutrino (v;) was predicted right after the tau particle found in 1975.
First efforts in searching for tau neutrino in 1980s at Fermilab was unsuccessful. In
1994, a group of about 40 scientists from USA, Japan, Korea and Greece initiated
Direct observation of the nu tau, E872 (DONUTI) experiment to directly detect tau
neutrino. It is really difficult to detect neutrino in general, now it is even much harder
to detect tau neutrino because its partner, tau lepton is more massive than muon or
electron. After produced by interaction between tau neutrino and target nucleus, tau
quickly decays into lighter leptons such as muon or electron. With a lifetime of about
30 pico-seconds (30 x 10_123), tau only leaves a lmm-track in the detector. In DONUT,
proton beam was accelerated by Tevatron at Fermilab up to 800 GeV and projected
to tunsten target to produce charm meson Dy (charm meson consists of one charm
quark and one strange quark). Charm meson D then decays into tau lepton and tau
anti-neutrino in beam dump. The DONUT detector was filled with nuclear emulsion
with a total mass of 260 kg and situated after a 36-meter system of magnets and bulk
matter to eliminate unwanted backgrounds. In July 2000, the DONUT collaboration
announced the direct observation of tau neutrino for the first time [37]. So until the late
20th century, three types of neutrino flavor were experimentally discovered, including

electron neutrino v,, muon neutrino v, and tau neutrino v,.

1.1.2 Neutrino in Standard Model

In the SM, neutrinos only participate in weak interaction. Wu’s 1957 experiment
on cobalt-60 proved that parity is not conserved in the weak interaction. This exper-
imental evidence confirms that weak interaction current is different from Quantum
Electrodynamics and Quantum Chromodynamics that have four-vector
current of the form j* = ¢y#1p (¢ is Dirac spinor field). The other difference is that
the weak interaction is mediated by massive W= and Z° bosons, while QED and QCD
are mediated by massless bosons (photon for QED and eight gluons for QCD).

The requirement of Lorentz invariance on interaction matrix element restricts
the form of weak interaction. The interaction current must be of the form j* = yT'¢,
where I' is a combination of Dirac v matrices. There are only five of such combination
[38]: scalar (¥¢), pseudoscalar (1y°@), vector (YyH¢), axial vector (Y7 y5¢) and
tensor (Y(y*yY — AY4")p). It is known from experiment that charged current (CC)
weak interaction must has a form of V' — A (vector minus axial vector). The V' — A
structure of the weak interaction is characterized by a charged vertex factor

I e (1= 4P), (15)

N




and a neutral vertex factor

, 1
—igz7"5(9v = 947), (1.6)
where gy and gz are strength couplings, gy and ga respectively are vector and axial-
vector coupling constants, 7# are Dirac gamma matrices, and > = i7%914243. The

corresponding four-vector and neutral current (NC)) are

-1

jec = %w’yﬁé(l — "), (1.7)
-1

iNe = gzlw“g(gv — gAY (1.8)

Left-handed and right-handed chiral projection operators are defined as
1 1

PL:§(1—’75)> PR=§(1+’Y5)> (1.9)
with properties
PpP;, =P, PrPr=Pr, PpPr=PrP,=0, Pp+ Pr=1, (1.10)
and
Pl =Py, Pl=rPr, Py’ =+"Pr, P’ =7"Pr. (1.11)

In terms of left-handed and right-handed chiral projection operators, any Dirac field v

can be decomposed into left-handed and right-handed chiral components as follows

1 1
Y= 5(1—75)¢+§(1+75)1/1=PL¢+PR¢E¢L+¢R- (1.12)
We see that

o =Prd = (PLy)y’ = ¢ Pry” = 91 Pr = Y Pp, (1.13)

and
Ur = Pri = (Ppi)'n® = 01 Pry® = 91y Pp = $Pr. (1.14)
Under charge conjugation, the Dirac spinor field and its adjoint transform as follows:
Y= yC =04 (1.15)

and
b — 0 = —yTo . (1.16)

In Dirac representation, charge conjugation operator C has an explicit form

) 0 109
C=i"?= : (1.17)

109 0

It is straightforward to verify that

Pryp = i, (1.18)
Pryr = 0, (1.19)
Py = 0, (1.20)
Py = U (1.21)



The V — A nature of CC weak interaction consequently leads to the fact that the

currents associated to right-handed field and left-handed conjugate field are zero

Jrr = ﬁ%ﬂ”é(l —")or = EiﬁRV”PLﬁﬁR =0, (1.22)
= gw—C ,1 gw —C
Jin = pty- V)ef = ﬁ@bm“Pbe —0, (1.23)

and only the currents associated with left-handed and right-handed conjugate fields
are non-zero. This means that in the SM, only left-handed particles and right-handed
anti-particles participate in the weak interaction.

In the case of neutrinos in the SM, where m = 0, the chiral and helicity states are
the same. Hence, the V' — A nature allows only left-handed neutrinos and right-handed

anti-neutrinos participate in the weak interaction.

1.1.3 Neutrino mass and seesaw mechanism

The neutrino oscillation phenomenon indicates that neutrinos do have masses.
Therefore, we must have the mass term for neutrino in Lagrangian. The simplest way

is to add right-handed neutrino into the SM and construct a Dirac mass term as follows
Lp=—mpUrVvp — m%ﬁRl/L. (1.24)

Since VvR is equivalent to 77 and m%DRVL is the Hermitian conjugate (h.c) of
mpVLVR, we can rewrite the above equation as follows

Lp= —%mD(DLyR +URvE) + hec (1.25)
This way, however, is unnatural since neutrino masses are much smaller than other
fermion masses. We then need to look for another mechanism to generate masses for
neutrinos.

We already know that in the SM, right-handed neutrinos and left-handed an-
tineutrinos transform as singlets under gauge transformation. As a result, any com-
bination of them can be incorporated into the Lagrangian without disrupting gauge
symmetry. Let vg to be right-handed neutrino and its CP conjugate field v} to be
left-handed antineutrino. A gauge invariant Majorana mass term can be constructed
as follows

Ly = —%Mﬁ%l/}{ + h.c. (1.26)

This mass term however allows a direct coupling between a particle and an antiparticle
which violates lepton number by two units (AL = +2). Since neutrinos are neutral
particles, they can be their own anti-particles. If so, neutrino-less double beta decay
can be experimentally found.

The most general mass term for neutrinos that can be incorporated into the SM



Lagrangian contains both Dirac (|1.25) and Majorana ([1.26]) mass terms

L = Lp+ Ly

1 1

= —§mD(§LVR +TRVL) — §Mﬁ%y3 + h.c
1

= —§(mDELVR + mpURvy + MURUR) + h.c
1 0 mp vy

_ _§<5L ;%) the (1.27)

mp M VR

The masses of physical states are eigenvalues of mass matrix

0 mp
M = . (1.28)

mp M
In order to find eigenvalues of the mass matrix, we solve the characteristic equation
det(M — XI) =0
= M -M\—m%=0

M+ \/M? + 4m3,
5 .

= My =g = (1.29)

If the Majorana mass is taken to much larger than the Dirac mass, we obtain one light

neutrino state )

m
| = 22 (1.30)
and one heavy neutrino state
my ~ M. (1.31)

It is supposed that the Dirac mass term mp should be at the order of other fermion
masses (~ 1 GeV). In order for a light neutrino to have mass at order of 0.1 eV, the

Majorana mass must be at the order of 100 GeV!

1.1.4 Neutrino oscillation in vacuum

The neutrino oscillation can be well described by Pontecorvo-Maki-Nakagawa—-Sakata
(PMNS) framework. In this framework, the flavor eigenstates are related to the mass

eigenstates by a 3 x 3 uniraty mixing matrix, so-called PMNS

3
Vo) = Y Usil), (1.32)
=1

where vq = (Ve, vy, v7) represent the flavor eigenstates and v; = (v1, o, v3) represent
the mass eigenstates with corresponding masses m; = (mj, mg, ms). The PMNS

matrix can be parameterized by three mixing angles (612, 013, 623) and one Dirac phase



dcp as expressed in equation (|1.33))

( Uel e2 63 \

Upuns = U/A U/ﬂ ng

\ UTl T2 7'3

1 0 0 ( C13 0 8136_Z’(S c12 S12 0
= 0 c93 so3 0 1 0 —S19 c12 O
\ 0 —S23 (23 K —8136“S 0 C13 0 0 1
—id
C12€13 512C13 S13€
= 10 19
— 512003 — C12523513¢"0  c1ac3 — S12503513€%0  sazciz | > (1.33)
10 10
512823 — C12€23513€ —C12523 — S12€23513€ C23C13

where s;; = sin0;;, ¢;j = cos0;; and dcp is the CP violating Dirac phase. If neutrinos
are Majorana particles, the mixing matrix includes two additional phases which do not
appear in the expression of oscillation probabilities. The unitarity of PMNS matrix

implies U~ = UT = (U*)T. Then condition UUT = I leaves nine equations:

Z UaiU%; = bap, (1.34)

where o and 3 can be e, u, or 7. The mass eigenstates therefore can also be performed

via flavor eigenstates as
eV, T

Vi) = ZUaiIVa>- (1.35)

Time evolution of the wave function at the time ¢ later is

o) = z e

where ¢; = p;.x; = E;t — p;.7;. Taking into account the equation (|1.35)), we can rewrite

the equation (1.36)) as follows
&7 3

|Va _ZZUMU& i

B o1=1

(1.36)

vg). (1.37)
Neutrino experiments often measure the oscillation probability from flavor v, to flavor

vg after traveling some distance. The oscillation probability is defined as the square of

the sum of the amplitudes as follows

2 " —ids
P(va — vg) = ‘(V5|l/a>} = ZUM-U&@ %l (1.38)
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The neutrino masses are extremely small (m; ~ 0), and their speeds are near the speed
of light in vacuum (v, & ¢), in natural unit (¢ = 1) we have ¢t ~ L. Also from relativity
relation E? = p? +m? we deduce F—p = Em—; = g”—; Therefore at distance = L from
the neutrino source, we can express the phase factor in terms of the neutrino mass m;,

energy F and distance traveled L as

oL mlzL
qbi = PDi;. X5 = Eit — Pi X = (Ez — pi)L ~ oF . (139)
If o1 = o = 03 (=~ ) from unitary condition (|1.34]) we can see that the oscillation
probability is now snnphﬁed to
m2L 2
P(ve — vp) ZUmUm ¢TI = G4, (1.40)

If @« # B, then P(vy — vg) = 0, there is no oscillation at all. Equivalently, the
oscillation occurs only if the neutrinos have masses (m; # 0) and the masses are not
the same (mj # mg # ms3).

The equation can be rewritten in the most common form :

Am?2.
P(va = vg) =0ag — 43 Re [U}UpUa;Us;) sin? ( ol L)

1>]

Am?

* * : Z]

+ 2§ Im [UaiUsiUajUg;] s1n< 5 L) (1.41)
1>]

2

where Am? = my = m?. The formula for antineutrino can be achieved by taking the

complex conjugate of the product matrix

Am?
P(7o = 7g) =0ag — 4 Re [U,UpiUa;U;] sin® < Vel L)

Am?-
— 2 Im [U3UpiUa;U3;] sin L] (142

1>7

The probabilities ((1.41)) and (1.42) are called transition probabilities or appearance
channels at experiments. The survival probabilities or disappearance channels for a

flavor « is

Am?,
P(vg = vy) = P(Ug — V) =1— 42 Ui |*|Uaj|? sin? < 4EZJ L) . (1.43)

1>]
By restoring h and ¢ into the phases of (1.41)), (1.42)) and (|1.43), we can express them

in a practical form

AmiilkglLim] 3 Am3[eVI®  L[km] 6.25 x 10° (2.998 x 10%)°
4E[J} h (561 x10%9)2° 103 ~ 4E[GeV] 1.055 x 1034
Am? [eVQ]L[km]
= 1.269 : (1.44)

E[GeV]
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In accelerator-based experiments, muon (anti-)neutrino v,(7,) is produced at
the source by shooting a proton beam to a graphite target. At low energy of few GeVs,
muon (anti-)neutrino transforms into electron (anti-)neutrino v.(7.) and be detected
at the detector. The reactor-based experiments study the disappearance of electron
anti-neutrino 7, created by nuclear reactions. Now we will derive the specific oscillation

formulae for the channels studied in a given experiment.

Survival probability P(v, — v,) in vacuum

In the scope of PMNS model, the survival probability P(v, — v,) in vacuum

can be written down from equation (|1.43|) as follows.

P(l/u — VM) = P(l?u — ﬂlu) =1 - 4|UM1|2’UM2|281I12 Agl
— 4‘UM1|2’UM3’2 Sin2 A31
— AU |U, 3% sin® A, (1.45)
2
in which A;; = %. In order to calculate a complete formula, we first write down

the explicit form of PMNS matrix elements

Uul = —(812023 -+ C125823513 COS 5) — i612823813 sin (5, (1.46)

;1 = —(s12¢23 + 12823813 €08 0) + 12523513 Sin 4, (1.47)

Upz = (c12023 — 512523513 €08 0) — iS12523513 8in 9, (1.48)

;2 = (012623 — 512523513 COS (5) + i$12823$13 sin (5, (1.49)

U = U;B = $93C13. (1.50)

Then we can calculate the relevant terms in equation (|1.45)

|UM1|2 = (s12¢23 + 12823813 COS 5)2 + (c12523813 sin 5)2, (1.51)

|Uu2|2 = (c12023 — $12523513 COS 5)2 + (512823513 sin 5)2, (1.52)

Uus|* = s3scis. (1.53)

Inserting the expressions ([1.51]) - (1.53]) into equation (1.45)) and rearrange the common

terms, we get the complete form of survival probability in vacuum

P(v, = v,) = 1—sin2612sin26;3sin 2923533013 cos 5(sin2 Agq — sin? As)
— [sin2 2019(cas + 533513) + sin® 2093(s15 4 ¢19) sty
+ sin 46019 5in 2093(c35 — $33573)513 COS &
— sin? 2649 sin? 29233%3 cos? 5] sin? A9y (1.54)
— 34 5in? 2093 (575 sin? Agz) + ¢35 sin? Ag)
—5%3 sin? 2913(0% sin? Agq + 3%2 sin? Asg).
We have known that Am%l ~ 7.5 x 107°eV? is much smaller than Am%l ~ Am%Q 2

2.55x 1073V 2. Hence, for long-baseline neutrino oscillation experiments like T2K and
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— T2K, L = 295km — T2K, L =295km

— NOVA, L = 810km — NOVA, L = 810km

2 3
Neutrino energy [Ge'
ay [GeV] Neutrino energy [GeV]

Figure 1.1: Survival probabilities P(v, — v,) (left) and transition probabilities P(v,, — v.) (right)
at T2K (red line) and NOvA (blue line).
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Figure 1.2: The 7, survival probability as a function of L/E.

NOvA, we can ignore the second order terms of Agj. Also the mixing angle 613 ~ 8.5°,
so the approximations c13 &~ 1, s13 &~ 0 hold. The equation ((1.54)) can be rewritten in

approximation form as

Am3, L
P(v, — v,) &~ 1 — sin? 2093 sin? (%) : (1.55)
With the help of (1.44]), we can rewrite eq. ((1.55)) in a practical form

Am%l [eV]2L[km]
E[GeV] )

P(v, — v,) ~ 1 — sin? 203 sin” <1.27 (1.56)
We can see from the equation that the disappearance channel at long baseline
experiments like T2K and NOvrA are sensitive to atmospheric parameters o3 and
Am%l. Fig. (left) demonstrates the probability as a function of neutrino
energy for different baselines: The red line is for T2K with a baseline of L = 295km
and the blue line is for NOvA with a baseline of L = 810km.
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Transition probability P(v, — v.) in vacuum

From the general equation ((1.41f), we rewrite the transition probability in a

convenient form

Py, —ve) = —4Re [UUciUoUk)] sin® Agy
—4Re U U UysUZs] sin® Az
—4Re [U}yUeaU,3U%53] sin® Az (1.57)
+8Im [U Ue1 UysUls ] sin Agy sin Az sin Agy.

Ucs
Ucs

By referring to the PMNS matrix, we now can calculate the terms in ((1.57)) as follows:

Re[UﬁerlUﬂUJﬂ = - [3%20%20%3033 - 3%20%25%30%3333

-l—(c%Q — 3%2)3120123130%3323023 cos 5} , (1.58)
Re[U:l UelngU::))] = —6126%3823(6128%3823 + $12513C923 COS (5), (1.59)
Re[UZteQngU;kS] = 8120%3823(012813623 cos o — 8128%3823), (1.60)
Im[UserlUp?)U::;] = —5126125136%3823023 sin 6. (1.61)

Substituting the above expressions into (|1.57)), we get the complete formula of transition

probability in vacuum

1
Py, = ve) = - [4 sin? 29120%3633 — sin? 2605 sin® 2913533} sin? Aoy

o

+i sin 461 sin 26013 sin 2093¢13 cos 4 sin® Ag;

+ sin? 26013533 (c3q sin? Agy + 574 sin® Asg) (1.62)
—i—% sin 26019 sin 2613 sin 2693¢13 cos 5(sin2 Agq — sin? As)

— sin 2679 sin 2613 sin 2693¢13 sin d sin Aoj sin Agq sin Ago.

By dropping out the second order terms of Ag; and making approximation Asz; ~ Asa,

we can get the approximation form of the transition probability
w2 2 2
P(v, = ve) =~ sin®26013s53sin” Agy
— sin 26019 sin 2613 sin 2053¢13 sin  sin Ag; sin® Agy. (1.63)
The equation ((1.63)) says that the appearance channel in long baseline experiments like
T2K and NOvA is sensitive to mixing angles 013, 623, CP violating phase dop = ¢ and
mass squared difference Am3;. Fig. [1.1] (right) demonstrates the probability (1.63) as

a function of neutrino energy for different baselines: The red line is for T2K and the
blue line is for NOvA.

Survival probability P(v, — 7.) in vacuum

From equation (|1.43]) we can write down the probability of 7, disappearance as
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bellows:

Pe =) =1 — 4Uet]?|Ueal?sin® Agy
- 4‘U61‘2‘Ue3|281n2A31
— 4 Uea|*|Ues3|? sin? Ass. (1.64)

By using |Ue1]* = 25c3s, |Uea|? = stycty, |Ues|? = s%5, we can explicitly write down

the equation ((1.64])

P, = 7)) =1 — 4s39ciocigsin® Ag;
—  4cdysTactysin® Ag

— 452553335 5in% Agy. (1.65)

For reactor experiments at solar L/E which is around 16 km/MeV (see Fig. such
as KamLAND and JUNO where the solar term dominates (Ag; = 7/2), we can rewrite

the equation ([1.65]) as
P(7. — 1) ~ 1 — sin® 2019¢5 sin® Ag;. (1.66)

These experiments are sensitive to #12, #13 and Am%l. For reactor experiments at
atmospheric L/E which is around 0.5 km/MeV (see Fig. such as Double-Chooz
and Daya Bay, the atmospheric terms dominate (Az; &~ Aszy = 7/2). The equation
(1.65)) can be rewritten as

P(D, — 7¢) ~ 1 — sin® 2013 sin® Ag;. (1.67)

These experiments are sensitive to #13 and Am%l. Fig. demonstrates the 7, survival
probability as a function of L/E.

1.1.5 Neutrino oscillation in matter

In this section, we will revisit the derivation of the oscillation probability of
neutrinos in matter. We mainly follow the notations and steps mentioned in Ref. [39)].
When passing through ordinary matter such as in the Sun or the Earth, neutrinos
may be affected by the matter effect or Mikheyev—Smirnov—Wolfenstein (MSW]) effect
[40], [41]. Matter may enhance the oscillation probability of neutrinos while depressing
the one of antineutrinos. This consequently causes a fake CP violation effect. It is
therefore important to study matter effect in searching for CP violation in neutrino
oscillation experiments. In matter, neutrinos may undergo incoherent or coherent
forward scatterings. For normal matter with number density N ~ 10%*/e¢m3 and low
energy neutrino (< 10° GeV), the probability of incoherent scattering is very small
and can be neglected [42]. At low momentum transfer, the coherent forward elastic

scattering is significant and responsible for the matter effect in neutrino oscillation [42]
[43].
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(b)

Figure 1.3: Feynman diagrams for CC and NC coherent forward scatterings of neutrinos.

We will first derive the matter-induced potentials of neutrinos. The forward
scatterings can be or NC For which produces NC potential V¢, all three
flavors of (anti-)neutrino ve(7e), v,(Py), v-(77) can interact with electron, proton or
neutron of matter by exchange of Z° boson. For [CCl which creates CC potential Ve,
electron neutrino can scatter off and electron antineutrino can annihilate with electrons
by exchange of W bosons. Let us first consider CC interactions demonstrated by
the Feynman diagrams (a) and (b) in Fig. [1.3] At low neutrino energy, the effective

Hamiltonian is [42]

Hoo = % [é’yu(l — ’75)7/@] [1767“(1 — 75)6}
= T =20 [ =] (169

in which the second line can be achieved by using Fierz transformation. In a homoge-
neous and isotropic gas of unpolarized electrons, the Hamiltonian ((1.68) is calculated
to be

Heeo = Voot ve, (1.69)
where
Voo = V2GEN, (1.70)

is the CC potential, IV, is the electron density of the medium. The effective Hamiltonian
for interactions is

Hye = G—\/g D[ (=] D [fw(gé —g)f Ty
@ 7

where a = (e, u, 7) and f = (e, p,n). As for the [CCl potential, we get the [NC| potential

of the similar form

VNC = ﬁGFNfg‘]:. (1.72)
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We note that

1
9 = —§+2sin2«9w, (1.73)
1
g = 290+ gl = 5 2sin? Oy, (1.74)
n U d 1
gy = gy t29y = 3 (1.75)

Ordinary matter on the Earth consists of electrons, protons, and neutrons. In normal
condition, the medium is electrically neutral, which implies the equality of the number
of electrons and the number of protons, N = N,,. That means the NC current poten-
tials of electrons and protons cancel out each other (Viv¢)e + (Vne)p = 0, leaving only

contribution of the neutron NC potential

1
Vne = _5\/§GFNna (1.76)

where N,, is the neutron density of the medium. Finally, the effective Hamiltonian of

neutrino interaction in matter is
Heff = ZvaﬁaL’yol/aL, (1.77)
(67

where

Va = VC’C’(Sae + VNC’
1
= V2Gp(Neboe — 5n)- (1.78)

For antineutrino, we replace V,, by —V,, in equation (|1.78]).
We now derive the oscillation probability of neutrinos in matter from Hamilto-
nian formalism. Let us recall the relation ([1.32]) between mass eigenstates and flavor

eigenstates

|Va Z Z|V1 (179)

The total Hamiltonian H of neutrino in matter consists of a vacuum part Hy and a

matter part Hy as follows

H = Hy+ Hj, (1.80)
where
m2
Holvi) = Eilv;) with E;=/p?+m?~p+ ﬁ (1.81)
H]|Va> = Va|Va> = (VCC’(Sae + VNC)|VQ>' (1'82)

In the previous section, we have worked with the mass eigenstate basis to derive os-
cillation probability formulae in vacuum. In matter, it is however more convenient to
work with the flavor basis since the matter-induced potentials of neutrinos are diagonal
in this basis. In terms of the flavor basis, the vacuum Hamiltonian now becomes

UHoU 1) = Uni EU 1) = <p+ MQEUL) Va). (1.83)
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The Schrodinger equation for neutrino in matter in the flavor basis is

d
i—lva(t)) = Hlva(t)

= (Ho+ Hj)lva(t))
?

= (p+ UQZQEU(L + Va) ‘Va(t»

m2
= (p + Uai_ZUT' + VCC(Sae + VNC) ‘Va(t»

2E (672
m2 Am?
= l(ﬁ+ 2—E1 + VNC’) + (Ua;c 5 E’“Ulk + vocaaeﬂ a(t))(1.84)

2

k = (2, 3). From the fourth to the last line, we have added the term (Ualgn—blUll —
Ualgl—gUll). We can see that p+ 7271_2 + Ve is the same for all neutrinos. They generate

a phase common to all flavors and will cancel out in transition by a phase shift
Va(t)) — v (t))e”HiaslX00) (1.85)

where X = p+ gl—g + Ve (note that ediag(X,0,0) — diag(X,1,1)). Hence, we can ignore

them here for simplicity. So we rewrite the above equation as

d Am?
Za’Va(t» = (Uak 2;1 U(-I)-zk + VCC(Sae) |I/a(t)> (186)
or explicitly
Ve 0 0 0 Vee 0 0 Ve
d 1
at . T
il v [ = |3l | 0 Amd 0 U+ o o0 o0 v, [(1.87)
vy I 0 0 Am 0 00/]\w»

The total Hamiltonian now can be separated into two parts

H = Hy+ Hj (188)
00 0 0 0 0 a 00
- Svuloo o (U= lu] o am2 o U] 00 0
2F 2F 21 ’
0 0 Ami 0 0 0 000

in which a = 2EVoe = 2v2EGEN, represents the matter effect. Since Am%l and
a are at the order of ~ O(107°) which are much smaller than Am3; ~ O(1073)eV?,
we can treat Hj as a pertubation. The Schrodinger equation has a solution of Dyson
series form

v(z)) = S(2)|v(0)), (1.89)
where S(z) = Telo B (s)ds T is the symbol of time ordering. The oscillation probability
at distance x = L then can be calculated through S(z)

P(ve — vg) = |SpalL)*. (1.90)



18

We have
So(z) = e Hor, (1.91)

and
. z . x . .
Si(z) = e_’Hom(—z')/ dsHi(s) = e_ZHOx(—i)/ dseHos f, e Hos (1.92)
0 0
We now calculate So(z) and S;(z) as follows

(So(@))ga = [Ueiztian®Oami ]

Ba
- Z {Um <e—i{};diag(0,0,Am§1)> _.U;;]} : (1.93)
i.j “
Note that
10 0
o~ i3mdiag(0,0,Am3;) _ 01 0 . (1.94)
0 0 e i
Hence

(S0(2))ga = UsnUs1- 1+ UsUgs.0+ UsUgz.0
+U52U;1.0 + UBQU;Q.l + U52U23.0

.Am211'
FU3U%1.0 + UpsUsky.0 + UpgUstg.e ™' 28
AmZ
= UnUZy + UggUly + UgsUlg.e ™25 (1.95)
By using Ug U}, + UpaUjy + UpsUpg = dop We can deduce
AmBlz
(S0 = o + U (5 < 1). (1.96)
We now can calculate (S1(z))gq
z . .
(Sl )) _ < szom( Z)/ dsezHosHlezHos>
0 /Ba
_ / —zHo (z— s)Hle—iHos)
Ba
_ / 155 diag(0,0 Amgl)UTHl Ue™ i55diag(0,0, AmSl)UT)
Ba
= / |:UB7' < _ZZQ;ES ) (O,O,Am§1)> -
15’
05"
XUj;j/(Hl)'YO'UO'i’ (e—iﬁdiag(0,0,Am;))i/]’ U;]] . (197)

Since (e—ig‘;diag(o,o,Amgl)> =0 for j/ # i and (e—i;Edz‘ag(o,o,Amgl)) =0 for 7' # j.

ij’ i/j
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We deduce
(S1())ga =
X
_i/ dsz lUﬁi (6—i’”2;diag(0,0,Am§1)> U*,(H1)oUs;j (e—i;;diag(0,0,Amgl)) U;-l
o i i
z Am 1
= i) UnU(H)yoUsi U, / ds ( S ala 8**3“5]3]) - (1.98)
— 0
i,j
Let
Xij = UﬁZU (H1)voUsj U;J, (1.99)
and
* _ 5 v _Amfje 5 _Am3s 5inb
Yij = ds i2 o [(a: 5)0i3+50;3] ds i=5pOis i2 ot (0j3—0is) |
0 0
(1.100)
We first calculate the X;; term. We see that
U3 (s Uoj = 505 (ViayoUsg + Usi(VadaoUs] (1.101)
Since Uj;i(Vlg)ngj = diag(0, Amﬂ, 0) then
1 Ale
2EU7z(‘/i2)WUU0J 5k — 5 02i02;. (1.102)
Since (Vg)11 = a and (V,)ye = 0 for v # 1 or 0 # 1 then
QEU:;Z(V) oUsj = 2EU11U1] (1.103)
Therefore A2
U,Yi(Hl)fygUgj = Wzlém(bj + EUUUU, (1.104)
and
Xij = UgiU*-(Hl)WU 'UZZ-
Am?2
e [ 2L Gnid; + o UMUM] U,
Am21 * a * *
= 55 U,Banj52i52j + ﬁUBiUliUljUaj' (1.105)
The Y;; integral is
Yiin = Yiu=Yn =Yy =rx, (1.106)
—1
A .Am2 x
Yis = Yo3=Y3 =Yz = (—l 277;31) <€_Z = — 1) : (1.107)
,Am%la:
Y33 = xe ‘2B . (1.108)
In general
‘AmQIx
Yij = (1=6i3)(1— &j3)x + digdjzwe " 2% (1.109)

Am%l - Am3 2
+[(1 — (513)(5j3 + 57;3(1 — (5j3)] —1 °F e tTEE — 1.



20

Inserting ([1.109) and ([1.105) into ((1.96]), we get

.ax _.Am2 T *
(S1(2))ga = —I55¢ R UpgUpg|Uns|®
) Am 51 N
—iT ok UIBZU 2 2E(U/81U11U11U 1+U[5’1U11U12Ua2

+UsUfyUnnUgy + UpaUsyUiaUly) |

-1
. Am 7.Am§1z a
—1 ( Z 2E31> (6 (> — > —2E(U51U11U13U*3 + UBQUf2U13Uo*43

+U53UT3U11U;1 —I—UﬁgUnglgU:‘Z). (1.110)

Note that Zk LU Ul = 6a1 — Uj3Urs. We now can calculate the factors that are

relevant to matrix elements as follows

Up1Ut1UnUqy + Ui Ut Ur2Ugp + UppUiaUniUsy + UgaUfUraUgy
= (UpU71 + UpUi2)(UnUg; + Ur2Uyo)
= (0p1 — UpsUi3)(0a1 — U13Uss)
= 001051 — 0a1UpsUts — 051U13U%s + UpsUis|Uns |
= Ja10p1 + UpaUZ5(|U13)* — 601 — 9p1), (1.111)

and

Up1Ui1Ur1sUq3 + UpaUnaUrsUqs + UpsUisUn Ugy + UpsUrsUr2Ugy
= U13Uq3(0p1 — UpsUss) + UpsUiz(da1 — UrUss)
= 0a1UpsUfs + 051U13U53 — 2U3Uss| Uts|”
= UpsUl3(0a1 + 51 — 2|Us)?). (1.112)

Therefore

ax Am?lz "
(S1(z))pa = 35" ' UpsUsa|Uns

_Zﬁ [Am3,UpaUska + a(8a10p1 + UpsUgs(|Usl* — 6a1 — p1))]

a _am %1 .
Amgl (e Z )(2|U13’ — a1 —551)U53U 3 (1.113)

From and we get
(S(2))ga = (So(2))ga + (51(2))ga

Am%lx a ‘Amglx
= Sag+ UssU i 1) ——— (e
o . a3< ) Am3, (

— 1> (2|U13]* = 601 — 851)Up3Usks

ar _;Amie . I
—igpe T UpgUps|Uns|? + ( 2EU53 a3l U —Z2EUﬂ3 3|U13|2)

,Amglx Am%l 9
— UgoU* ——— (6410 Ug2 U (|U — 0,1 — O . 1.114
—% [Amél 52 a2+Am§1( 1081 + UpsUss(|U13|" — da1 — dp1)) | - ( )

: . iX/ X/ m2
By rearranging the common terms and note that sin X /2 = 6)(22—6“ with X = E3 ,
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the above equation becomes

o —iAay ax
(S(@)ga = dag —i2e"2 sin AgUpsUss | (1~ C) — ﬁ'Ul?"z]
—i2A37 EUBQUSQ -+ ﬁdaléﬁl + CU53U0>|23:|
m3q
— Jap+ A+ B, (1.115)
where Az} = ATélm; € = ﬁ”mlgl and C' = <% (2|1U13)? = da1 — 631). The oscillation
31 31

probability now can be calculated

P(vg = vg) = |(5(x))gal®
= Oap(l+ A+ A"+ B+ B*)+ AA* 4+ BB* + A*B + ABY1.116)

e The tearm which is relevant to d,g

dap(l+ A+ A"+ B+ BY)

— Gus {1 27 sin Agy Uy Uy [(1 o) %wmﬁ]
+12e sin AglUﬁgUag {(1 -C)+ ﬁ’U13| ]

. * a *
—12A31 lEUgQUaQ + mgﬂéaléﬁl + CUggUa3]

. * a *
+i2A37 lEUﬁzUQQ + mg)l(saléﬂl + CUﬁgUa;),] }
= s [1 — 4(1 = O)|Uas? sin® Mgy = 2 {Us U1 sin 2A31} (1.117)
2a azr
2 .2 2 2 92 .
= dap ll — 4|Uas|” sin® Agy (1 - Am§1(|U13| —5a1)> - E‘Ua3| |U13] sin 2A31

e In order to calculate the tearm which is irrelevant to d,5, we first calculate its



components

AAT =

BB* =

A*B+ AB* =

Since C oc a ~ O(107°

AAY =

BB* =
A*B+ AB* =

22

4sin? Agy |Ugs|*|Uns|? l(1 — 20 +C?) + (2E> |U13|4}(1 118)

2a
4(A31)2 [62‘U52|2|Ua2|2 + EAmgl ’U13|2(5a1(551
+2eC.Re(UjUasUp2Uss) + C?|Ugs|*|Uas|®

2

2aC a
U13]“0410

Am 31‘ 13’ gL (Am§1>

2Re(AB™)

46(1 — C)A31 sin 2A31R6(U53UQ3U52U32)

—8¢(1 — C)Agy sin® Az Im(UjsUasUp2Uss)
—86( )Agl sin? Ag1 |U13[2 Re(UUnsUsaUs)

+

’

e (2E) A31 sin? Agt | U132 Im (U UnsUsaUss)

+4(1 - C)

AmQ Agy sin 2A31|U13]%041051
31

a2$

—8————— Az sin® Az1|U13]20a10
SEANE, 31 8i0° Ag1|U13]“001081

+4(1 — C)C A3y sin 2A31|U53|2|Ua3|2

azxC ,
-8 ( > A31 SlIl2 A31’U13|2|U53|2|Ua3|2.

2F

(1.119)

(1.120)

2
), €A31 = A9 = ”}‘321 ~ O(107°), we therefore can neglect all
the terms that contain a2, C?,aC, ea, €C, eCAzy, and eaAsq, leaving

Asin? Agy|Uas 2| Unsl? |1 — 2—2
sin® Az1|Ugs|”|Uas| Ani,

405 |Ugal* Uz,

2Re(AB*)

497 sin 2A 31 R@(UE3UQ3U52 Uks)
—8Ag1 sin® Az Im(Uj3UasUpaUssy)

—{—4@ sin 2A31 | Uis |25a1551

+4ESIH2A31|UB3| Uas|?(2|U13]* — a1 — d51)-

(2|U13)? — 601 — 551)}1.121)

(1.122)

(1.123)

Finally, up to the first order perturbations of a and Am%l, we get the general form of
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oscillation probability

Pva = vg) = 00p(1+A+ A"+ B+ B*)+ AA"+ BB* + A*B + AB*

2a
~ 2 02 2
S {1 — 4|Uqs3]” sin” Agy ll — Am§1 (|U13| — 5041)1
ax .
— E|Ua3|2|U13|2sm2A31}
: a
+4 sin? A31|U53|2|Ua3|2 ll -2 5 (2|U13|2 — 0al — 551)]
Ami,
—8Ag1 sin® Ag1 Im(Uj3UasUpaUssy) (1.124)

+4A91 sin 2A3136(UE3UQ3U52U;2)
axr .
+E sin 2A3; (‘U13|25a1551 + |U53|2|Ua3|2(2‘U13’2 — 0ol — (551)) .

For anti-neutrino, P(7, — 7g) can be obtained from Eq.(1.124) by taking complex

conjugate of the matrix element product and replacing a — —a.

Survival probability P(v, — v,) in matter

For o« = § = 1 we have

. 2a
PO ) s A0l (Ul = 1) = o Ul (210af - 125
31
+4A3181H2A31|UM3|2 Am%l UM2|2+ a |U63|2 (2|UM3|2_1) .
Am3, Am3,

Inserting the PMNS matrix elements Uy = s12¢13, Uez = 313645, Uuo = ci1oc23 —

8125138236i6, Uu3 = s23c13 into the above equation, we get

Py, —v,) =~ 14 4s35c(s35¢h — 1) sin® Agy
2a

+4sd3cizsis (2533615 — 1) A2 sin® Agy (1.126)
m3y
a/ .
+48%3C%38%3 (28%36%3 — 1) Aor? Asqsin 2A3;
31

2 2 2 2 2 2 2 .
+4S23013(012C23 + 512513523 — 2812813823012023 COS 5)A21 Sin 2A31

Transition probability P(v, — v.) in matter
For a = p and 8 = e we have

Py, — ve) = 4sin® Agy|Ues|?|Ups|?

—8Sin2A31|U63|2|UM3|2 (2|Ue3|2_1)

a
Amgl
+4sin 2A31%]U63|2|U#3|2(2]U63|2 —1) (1.127)
—8Aa1 sin® Ag1 Im(UU,i3Ue2Usky)

+4/A91 sin 2A31R6(U§3UM3U62U22).
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Substituting the PMNS matrix elements Upy = s12¢13, Uez = s13e %, Uu2 = c12c23 —
812813823€i5, Uuz = s23c13 into the above equation and making an approximation

Agq & sin Agy for A9 < 1, we get the approximation transition probability as follows

2 2 2 .2
P(v, — ve) = 4si3553¢13sin” Azg

—85%3333&3#(25%3 — 1) sin® Ay (1.128)
31

2 2 2 U g 9 .
+4813823013E(2813 — ].) Sin 2A31
—88128138236120%3623 sin 0 sin Agl Sin2 Agl

+4812813$23C%3(612023 cosd — 812813523) sin Agl sin 2A31.

where Ay = 200 and o = 2V2EGpN, = 756 x 107°[eV?)(20) (), Mo is

the electron density of the matter, and p is the density of the matter. For anti-
neutrino, P(¥, — V) can be obtained from Eq. by replacing 6 — —§ and
a — —a. In Egs. and , the first term dominates. The terms which
contain a constant present matter effect. The terms proportional to sind are called
CP-violating since their contributions for total probability are opposite for neutrino
and antineutrino. And finally, the ones contain cosd are called CP-conserving term
since their contributions are the same for neutrino and antineutrino. Fig. shows
the oscillation probabilities of v, — v, and v, — 7. as functions of neutrino energy
at different true values of § for T2K baseline L = 295 km (left) and NOvA baseline
L = 810 km (right), respectively. In the figure, the differences between solid and dashed
blue lines indicate the matter effect, and the differences between solid and dashed red
lines show the combined effects of both matter and CP-violation. For more intuitively
illustrating of the matter effect, it is convenient to express CP asymmetry in terms of

relative difference between P(v, — v,) and P(7, — ,) near the oscillation maximum
2
(—'AEJ'L = w/2) [43]

Acp (]Am%l\L B 7r/2) _ P(v, = ve) = P(Dy — Ue)

4F, P(vy, — ve) + P(0, — De)
7 sin 2019 Am%l . L
~ — ocp £ ———— 1.129
tan Oz sin 2013 [Am2, | CF " 2800km’ (1.129)

where +(—) sign is taken for the neutrino (antineutrino), respectively. With the
values listed in Table [3.1, we find that the dcp-dependent true CP asymmetry is

msin261,  Am;
tan Oa3 sin 2013 [Am2, |

be observed somewhat between —25.6% and +25.6%. For a 295km baseline of the
T2K experiment, the matter effect which causes fake CP asymmetry is subdominant
with ~ 10.5%. For NOvA with a baseline of 810km, the effect is even larger, ~ 28.9%.
Fig. [L.5 shows CP asymmetry versus dcp with contribution of matter effect. We can

sindcp ~ 0.256sin dcp, which means the CP violation effect can

see that Acp # 0 even at CP conserving values dcp = (0, 7).



25

wo Ve \)u - Ve
0.1pr
= o
0.00F —— 8 = 270°% NH, v
= == 8, =270°,NH,V
008 — 8= 0% NH, v
£l == 8, =0° NH,V
cp =0 NH,
2 %N 2
3 £ 3
@ <
] S
<3 <
o o
c E <
] E _ S
o £ L = 295km z
B E s
@2 F a
le] £ o
E,
E
Eh
E b
Lo Lo b b L b B Luay

Figure 1.4:

baseline (right).

Ne’utrino Energy [Gév]

o © © o o o o o
9 9 © o 9 o 9o o 9
BN ® & & & I & & &

LRR RN RARRN RN RN AR LRARN AR RN RN

o
=)
2

— 8., = 270° NH, v
== B, =270° NH,V
— 5, =0° NH,v
== 5, =0°NH,T

L = 810km

cc e L e 1y

)

Neuﬁrino Energy [GeV]

The transition probabilities v, — v. and 7, — 7. for T2K baseline (left) and NOvA

50F
E [l NO. T2K (L=295km, E =0.6GeV)
Q) 40:_ 10, T2K (L=295km, E,=0.6GeV)
12 =
30| NO. NOVA (L=810km, E =2GeV)
> E
Ig %20 10, NOVA (L=810km, E =2GeV)
=3 3
21210
oo F
v [+ OF
ol F
2 | =10 :
Ti TF A m2,|=2.44 x 10° V2
= 3720:— AM2E7.42 x 10 eV?
ﬂ-l o 3 OE— §in%,,=[0.41-0.62]
o E sin’28,,=0.85
<o —40F sin’28,,=0.09
_501....|....|....|.. | IR BT
0 1 2 3 4 5 6
Scp

Figure 1.5: The relative CP asymmetry as a function of ¢ p, the solid band indicates the uncertainty

of f33. The plot is taken from Ref. .



26

1.2 Introduction to some neutrino oscillation experiments

Accelerator-based long baseline and reactor-based neutrino experiments have
played a crucial role in oscillation studies. The accelerator-based experiments normally
consist of three main parts: accelerator complex, near detector(s), and far detector(s).
Because neutrinos interact weakly with matter, to have enough statistics for oscilla-
tion study, the accelerator complex is used to generate very intense neutrino beams.
Unoscillated neutrinos are measured by the near detector(s) to monitor component,
fraction and direction of the beam before sending to the far detector(s). During the
propagation, a specific flavor of neutrino may oscillate into the others and will be de-
tected at the far detector(s). The oscillation parameters are extracted by comparing
information between the near(s) and far detector(s).

The reactor-based experiments use electron antineutrino (7,) flux from nuclear
power plants to study neutrino oscillation. The 7, flux mainly comes from four isotopes
28577, 23817 239 py, and 241 Py,

In this section, we will describe the Tokai to Kamioka (T2KI), NuMI Off-axis
ve Appearance (NOvAl), and Jiangmen Underground Neutrino Observatory (JUNQ)
experiments. T2K and NOvA are the two on-going off-axis accelerator-based long

baseline neutrino oscillation experiments, while JUNO is a reactor-based experiment.

1.2.1 The T2K experiment

M2Klis located in Japan. Its muon (anti-)neutrino beam is produced by 500 kW
Japan Proton Accelerator Research Complex (J-=PARC]). T2K has three near detectors
placed at 280 m downstream from the target including INGRID, ND280, and WA-
GASCI BabyMIND. The on-axis near detector Interactive Neutrino GRID (INGRID))
controls direction, stability and profile of the neutrino beam. The ND280, which is
placed at 2.5° off-axis, will measure muon (anti-)neutrino flux, cross section and in-
trinsic electron (anti-)neutrino backgrounds. The WAter Grid SClntillator Detector —
prototype Magnetized Iron Neutrino Detector (WAGASCI BabyMIND) is located at
1.5° off-axis in the near detector hall inside J-PARC. The main goal of the WAGASCI
BabyMIND is to precisely measure neutrino interactions with water (H20) and hydro-
carbon (C'H). T2K has one far detector, Super-K, which is situated in Kamioka, 295

km from the neutrino source. The off-axis angle of 2.5° of the Super-K position is to

expose a narrow band beam of neutrinos at a 0.6 GeV maximum peak. A schematic of
the T2K experiment is described in Fig. [I.6] In the first phase of the operation from
2010 to 2021, T2K observed for the first time the appearance of electron neutrino from
the muon neutrino beam v, — v, [44] [45] and gave the first hint on CP violation in
the lepton sector [18].

T2K-II: T2K-II [46] is a proposal to extend the T2K run until 2027 before
Hyper-Kamiokande (HK) [47] starts operation. T2K originally planned to take data
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Figure 1.6: Schematic diagram of the T2K experiment.

equivalent to 7.8 x 10%! protons-on-target (POT) exposure. In Neutrino 2020 confer-
ence, T2K reported a collected data sample from 3.6 x 102! POT exposure . T2K-I1
proposes to collect 20 x 102! POT, allowing it to explore CP violation with a confidence
level of 30 or higher if dcp is close to —m/2 [46]. The main goals of T2K-II are:

e Searching for CP violation in the lepton sector.

e Searching for sterile neutrino.

e Precise measurement of the oscillation parameters Am%l and 6a3.

e Precise measurement of the neutrino-nucleus interactions on water, hydrocar-

bon and iron.

1.2.2 The NOvVA experiment

Ongoing NOvA] is also the 2nd generation of accelerator-based long baseline
neutrino experiments placed in the US with a baseline of 810 km between the produc-
tion source and the far detector. Such a long baseline allows NOvA to explore the
neutrino mass hierarchy (MH) with high sensitivity via the matter effect on the
(anti-)neutrino interactions. From Eq.[1.129] it can be estimated that the matter effect
in NOvA is ~ 28.9%, which is slightly higher than the CP violation effect. Similar to
T2K, NOvA adopts the off-axis technique such that the far detector is placed at an
angle of 14 mrad to the averaged direction of the neutrino beam. NOvrA uses a near
detector, located 1 km away from the production target, to characterize the unoscil-
lated neutrino flux. The NOvA far detector is filled with liquid scintillator contained
in PVC cells, totally weighted up to 14 ktons with 63% active materials. NOvA takes
advantage of machine learning for particle classification to enhance the event selection
performance. In 2018, NOvA provided more than 40 C.L. evidence of electron anti-
neutrino appearance from a beam of muon anti-neutrinos . At the Neutrino 2020
conference, NOvA reported a collected data sample of 2.6 x 102! POT exposure .
In Ref. [53], NOvA gives a prospect of extending the run through 2024 (NOvA-II), in
order to get 30 C.L. or higher sensitivity to the MH in case the MH is normal and dcp

is close to —m/2, and more than 20 C.L. sensitivity to CP violation.
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1.2.3 The JUNO experiment

[11] is a reactor-based medium-baseline neutrino experiment located in
China. JUNO houses a 20 kton large liquid scintillator detector for detecting the
electron anti-neutrinos (7,) from the Yangjiang (YJ) and Taishan (T'S) nuclear power
plants (NPPs) with an average baseline of 52.5 km. Each of the six cores at YJ nuclear
plant will produce a power of 2.9 GW and the four cores at TS NPP will generate
4.6 GW each. They are combined to give 36 GW thermal power. JUNO primarily aims
to determine the MH by measuring the surviving v, spectrum, which uniquely displays
the oscillation patterns driven by both solar and atmospheric neutrino mass-squared
splittings [54]. This feature can be understood via the 7, disappearance probability in
vacuum expressed in equation (|1.65]).

An averaged 52 km baseline of the JUNO experiment is to obtain the maxi-
mum oscillation corresponding to Ay = 7/2 around 3 MeV, and relatively enhances
the oscillation patterns driven by As; and Az terms. The relatively small difference
between Am%l and Am§2 make oscillation patterns in the normal and inverted MH
scenarios distinguishable. To realize practically the capability of mass hierarchy res-
olution, JUNO must achieve a very good neutrino energy resolution, which has been
demonstrated recently in Ref. [55], and collect a huge amount of data. With six years
of operation, JUNO can reach 3o C. L. or higher sensitivity to the MH and achieve bet-
ter than 1% precision on the solar neutrino parameters and the atmospheric neutrino

mass-squared splitting |Am§1 |.
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Chapter 2. Measurements at INGRID - the T2K

on-axis near detector

The INGRID is an on-axis near detector of the T2K experiment. The detector
consists of 14 identical modules arranged in a cross section of 10m x 10m as shown
in Fig. 2.1 This configuration is to ensure that the neutrino beam profile at IN-
GRID is fully covered within 1o spatial width. Each basic module is made from nine
124em x 124em x 6.5¢m iron plates and eleven 120cm x 120cm x 1.0cm scintillator
trackers of sandwich structure. The scintillator tracker has two scintillator layers placed
perpendicular to each other. Each layer includes 24 scintillator bars. In order to pre-
vent the wrong signal of charged particles coming from outside of the module, every
basic module is covered by six VETO scintillator planes, which consist of 22 scintillator
bars.

Light coming from neutrino interaction inside the detector module is collected
by scintillators and transported by wavelength shifting fibers. The light is then read
out by Multi-Pixel Photon Counter (MPPC]) which are attached at the end of the
wavelength shifting fibers.

The INGRID detector has an important role in the T2K experiment. It has
monitored the neutrino beam direction, stability, and profile. Currently, the magnetic
horn current is being upgraded from 250 kA to 320 kA. The more current is applied to
the horns, the more intense the neutrino beam will be. In this section, we will present
some results of our simulation and basic measurements at the INGRID detector. The
simulation programs are described as shown in Fig. 2.2 In which, we use JNUBEAM
[56] (version 13a v1.1) to predict neutrino flux, NEUT [57-59] (version 3.5.2) to study
neutrino interaction with matter, and GEANT4 [60] (version 9.2.01.00, physics list:
QGSP_BERT) to simulate detector response.

2.1 Neutrino flux prediction

The T2K experiment has a plan to run up to 2027 with a total exposure of 10?2
protons-on-target (POT). Base on the fact that statistical uncertainty of the flux is
about 10% [8], for further study we generate 1100 MC files with 102! POT in each file.
We investigate both neutrino mode (FHC) and anti-neutrino mode (RHC) to produce
fluxes at different configurations of horn operation:

e On-axis, OkA.

e On-axis, + 250kA.

e On-axis, + 320kA.

e Off-axis, + 320kA.

The simulation process is as follows. First, we create 1100 MC files which
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Figure 2.3: Neutrino fluxes at INGRID without horn current applied.
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contain information about the interaction of a 30 GeV proton beam with a graphite
target by FLUKA 2011.2 [61-63]. Then the products, including neutrino parents and
their decays, are simulated by JNUBEAM. The flux is finally provided after tuning
based on hadronic production data from the NA61/SHINE experiment [64-66].

JNUBEAM [56] is a neutrino beam Monte Carlo simulation package based on the
GEANTS3 tool [60]. It allows us to replicate the second beamline geometry, including
the baffle, target, three horn magnets, decay volume, beam dump, and muon monitor.
The near detectors (NDs) are positioned according to the latest survey results. The
neutrino parents (7T:t, K*, K7 and ,ui) after proton-target collision are focused by
horn magnetic fields and tracked into decay volume. These particles then decay into
neutrinos or are absorbed into the material. All the information about neutrinos and
their parents is recorded in the direction of ND and Super-K, including flavor, energy,
and tracking.

The fluxes of different configurations of horn operation are shown from Fig.
to Fig. Our study shows that without horn current applied (see Fig. ,
the neutrinos and anti-neutrinos are approximately equally produced. This means
that the backgrounds are too high, leading to a large uncertainty in measurements.
From the Fig. - 2.8 we clearly see the separations between neutrino channels.
Therefore, by applying the current to the horns, we can effectively reduce the statistical
uncertainty. The study also shows that the higher the current applied, the higher fluxes
will be achieved. For the present operation at 250 kA and future setup at 320 kA horn
configurations, the signal neutrino fluxes increase about 13-14 times and 14-15 times
at neutrino peak energy (about 1GeV at INGRID location) compared to without horn
current applied, respectively. Our investigation shows that when the horn current is
increased from 250 kA to 320 kA, the fluxes at neutrino peak energy are increased by
10% for both neutrino mode and anti-neutrino mode (see Fig. and 2.7). Fig.
shows the fluxes at 2.5° off-axis from the neutrino beam center which is in direction of
ND280 and Super-K detectors.

2.2 Event rate measurement

2.2.1 Simulation of neutrino interactions with NEUT

In accelerator-based long baseline neutrino oscillation experiments, precise mea-
surements of oscillation parameters require a precise understanding of neutrino inter-
action with the target at the detectors. Oscillation parameters are extracted from os-
cillation probabilities between flavors by analyzing the event rates at near detector and
far detector. The oscillation probabilities , says P(v, — v,,), P(vy, — ve), P(Dy — y)
and P(v, — 7,) at T2K for example are functions of baseline and neutrino energy.
Unfortunately, we don’t know much about the neutrino energy in accelerator-based

experiments like T2K since neutrinos are produced from the decay of products of the
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proton-target collision. We therefore need to better understand neutrino-nucleus in-
teractions at the detectors by which the neutrino energy can be reconstructed. There
are some simulation packages called event generator allow us to study this procedure,
such as NEUT, NUANCE, NEUGEN, GENIE, etc. T2K uses NEUT as its standard
event generator, among others.

NEUT is a Monte Carlo simulation package studying interaction of neutrino
with nucleus and nucleon from tens of MeV to hundreds of TeV energy range [57-59].
At the beginning, NEUT was developed to simulate the interaction of atmospheric
neutrinos with hydrogen and oxygen nuclei in the water Cherenkov detector at the
Kamikokande experiment. The program has been continuously updated to include
more nuclear targets such as scintillators and iron in T2K near detectors. In NEUT,
the simulation is not only for the primary interaction between neutrinos and nucleus but
also for final state interaction (FSI) which describes the interaction between produced
particles inside the nucleus. To run the program, we need to provide initial information,
including neutrino source, target material, neutrino interaction models, and some other
parameters. After running, the event generator will give kinematic information about

target nucleons, outgoing leptons, all hadrons, and gamma rays.

2.2.2 Event selection

We follow the event selection procedure for INGRID data described in Ref. [67]
for neutrino mode and Ref. [68] for anti-neutrino mode. The selection follows eight
steps including:

1. Time clustering.

Number of continuous active planes selection.
Two-dimensional track reconstruction.
Three-dimensional track reconstruction.
Vertexing.

Beam timing cut.

Upstream VETO cut.

Fiducial volume cut.

S A e

Light produced by neutrino-nucleus interaction is collected by scintillators, then
transmitted by wavelength shifting fiber before being detected by MPPCs (Multi-Pixel
Photon Counters). The output charge of the signal is called ADC (Analog-to-Digital
Converter), which is proportional to the number of detected photons or the number
of PE (PhotoElectron). In our analysis, channels with ADC signals larger than 2.5PE
are defined as hit.

At first, hits are classified into a cluster if there are more than five hits within
100 ns in an INGRID module. This step is to reduce the random MPPC noise hit.

Next, the so-called “continuous active planes selection” is applied to reduce

accidental noise events. “Continuous active planes” are the neighborhood layers that
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have at least one coincident hit in both x and y layers. The events which have more
than two continuous active planes are selected.

In the third step, an algorithm called ” cellular automaton” is used to reconstruct
two-dimensional tracks (in x-z and y-z planes). The algorithm is a discrete model
consisting of a regular grid of cells. Each cell has a finite number of states. First, a
cluster is defined as adjacent hits in a layer (Fig. [2.9| (a)). Then two adjacent clusters
are connected with a line segment which is cell of the cellular automaton (Fig. 2.9[(b)).
The initial state value of cells is set to be zero (Fig. [2.9| (b)). Two cells are defined as
neighbors if they share a common cluster which y? is less than 1.5. If the upstream cell
has the same state value as the current one, the state value increases by one unit (Fig.
2.9 (c and d)). The evolution is stopped if there are no more neighboring cells with
the same state value. The downstream cluster of the last cell which has the largest
state value is called starting point of the track reconstruction procedure (Fig. [2.9/(d)).
From the starting point, the track is back upstream neighbor cells layer by layer until
the state value of one upstream cell is zero or y? is larger than two (Fig. 2.9|(e)). The
algorithm reconstructs tracks from clusters belonging to the tracked cells (Fig. [2.9|(f)).

After two-dimensional track reconstruction is done, the work continues with
three-dimensional ones. In this step, pairs of two-dimensional tracks in x track (x-z
plane) and y track (y-z plane) are selected to combine three-dimensional tracks (i) if
the difference between upstream point z of x track and y track is smaller than three
layers; (ii) if there is more than one track satisfying the above condition with another
one, the smallest difference is chosen; (iii) if there is more than one pair of tracks
having the same difference from upstream point z, the pair with the smallest different
downstream point z is selected. If they are still equal, the pair which has closest total
PE per track length is selected.

The sixth step will search for vertexes of the tracks from three-dimensional
tracks. The vertex is commonly identified as the upstream edge of each three-dimensional
track. Two three-dimensional tracks are defined as from a common vertex if they satisfy
both conditions:

(i) The sum of the z position distance between the upstream edges of the two

tracks in x view and y view is less than one
|Azg| + |Azy| <1 (plane), (2.1)

where |Az,| and |Az,| are z position distance between the upstream edges of the two
track in x view and y view.

(ii) Distance between upstream edges of the two track in xy-plane is less than

150mm
vV Az? + Ay? < 150(mm), (2.2)

where Az and Ay are x and y position distance between the upstream of the two

tracks.
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Ttem FHC mode (%) | RHC mode (%)
Iron mass 0.13 0.13
Accidental PMMC noise 0.27 0.1
Hit efficiency 0.39 0.43
Event pileup 0.14 0.19
Beam related backgrounds 0.27 0.60
Not beam related background 0.01 0.01
Track reconstruction 0.49 1.21
Track matching 0.19 0.55
Vertexing 0.43 0.25
Beam timing selection 0.01 0.01
Upstream VETO cut 0.13 0.54
Fiducial volume cut 0.09 0.26
Total 0.91 1.67

Table 2.1: Systematic errors for total number of events in all modules for neutrino mode and anti-

neutrino mode.

The beam timing cut is applied for events outside of expected on-timing interval
[-100ns, +100ns] to reduce off-timing backgrounds such as cosmic rays.
The last two steps VETO cut and fiducial volume cut are applied to exclude

events coming from outside the modules.

2.2.3 Systematic uncertainties

The systematic error of Data/MC is the INGRID detector systematic error
of the total number of events selected in all modules, not including uncertainties of
flux and neutrino interaction. The total systematic error is estimated to be 0.91%
for the neutrino mode [67] and 1.67% for the anti-neutrino mode [68]. The sources of
uncertainty are summarized in Table

2.2.4 The event rate at INGRID

Fig. shows daily event rate at INGRID detector in T2K run 10 taking
data from 7/11 - 19/12/2019 and 13/01 - 12/02/2020. These data sets are for neutrino
mode (FHC) at 250 kA horn operation. The data processing efficiencies are 99.91%
with a total of 4.7656 x 102° POT (protons-on-target). The neutrino event rate during
the whole run is stable, and the average value is measured to be 1.694 [/10'* POT]
+ 0.001(stat.) £ 0.015(sys.) with hps (horn power supply current) correction. The
data to MC ratio for run 10 is 0.969 £ 0.001(stat.) £ 0.009(sys.). Tables [2.2] and
summarize the comparison between our MC simulation and data at INGRID.

Our MC study shows that when the horn current is increased from 250 kA to
320 kA, the neutrino event rates at INGRID are increased by 26% and 18% to be
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Data MC Data/MC
[/10 POT] [/10 POT] [/10 POT)]
runl | 1.710 £ 0.002(stat.) &+ 0.015(sys.) 1.748 0.978 £ 0.001(stat.) + 0.009(sys.)
run2 | 1.746 + 0.001(stat.) £ 0.016(sys.) 1.748 0.999 + 0.001(stat.) % 0.009(sys.)
rundc | 1.739 + 0.001(stat.) £ 0.016(sys.) 1.748 0.995 + 0.001(stat.) = 0.009(sys.)
run8a | 1.700 £ 0.001(stat.) & 0.015(sys.) 1.748 0.973 £ 0.001(stat.) & 0.009(sys.)
run8b | 1.702 + 0.001(stat.) £ 0.015(sys.) 1.748 0.974 + 0.001(stat.) = 0.009(sys.)
run8c | 1.699 + 0.001(stat.) £ 0.015(sys.) 1.748 0.972 + 0.001(stat.) 4 0.009(sys.)
run9 | 1.697 £ 0.001(stat.) =+ 0.015(sys.) 1.748 0.971 = 0.001(stat.) = 0.009(sys.)
runl0 | 1.694 + 0.001(stat.) £ 0.015(sys.) 1.748 0.969 £ 0.001(stat.) = 0.009(sys.)

Table 2.2: Event rate comparison between FHC runs and MC with +250kA horn operation.

Data MC Data/MC
[/10* POT] (/10 POT] (/10" POT]
run5 | 0.560 + 0.0010(stat.) £ 0.0094(sys.) 0.565 0.991 + 0.001(stat.) + 0.017(sys.)
run6 | 0.554 + 0.0004(stat.) + 0.0093(sys.) 0.565 0.981 £ 0.001(stat.) = 0.017(sys.)
run? | 0.555 + 0.0004(stat.) + 0.0093(sys.) 0.565 0.982 + 0.001(stat.) = 0.017(sys.)

Table 2.3: Event rate comparison between RHC runs and MC with -250kA horn operation.

2.209 [/10'* POT] and 0.664 [/10'* POT) for neutrino mode and anti-neutrino mode,
respectively.

Fig. illustrates some basic MC distributions of number of events in both
neutrino mode (FHC) and anti-neutrino mode (RHC) for 320 kA horn running.

2.3 Beam profile measurement

The physics of beam profile measurement at INGRID is as follows. The beam
profiles for horizontal and vertical modules are reconstructed separately based on the
neutrino event numbers of every single module (seven in the horizontal direction and
seven in the vertical direction). Then the fitted Gaussian functions are used to specify
peak position and standard deviation, which respectively correspond to the beam center
and beam width.

For T2K run 10, the measurements of neutrino beam direction are stable with

a requirement within 1 mrad (see Fig. [2.12)):

O = —0.055+ 0.013(stat.) = 0.096(sys.) mrad, (2.3)
Oy = 0.085 £ 0.014(stat.) £ 0.106(sys.) mrad. (2.4)

Fig. and show that the beam center and beam width are stable and

within allowed variation range. The data to MC ratio of beam width is calculated for
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Horizontal center [cm] | Vertical center [cm]
FHC 250kA 2.33 £ 0.89 -0.24 £ 0.99
FHC 320kA 2.53 £ 0.67 -1.27 £ 0.72
RHC 250kA 2.93 £ 0.96 -0.56 £ 1.65
RHC 320kA 1.94 + 1.11 -0.49 £+ 1.19

Table 2.4: Summary of INGRID MC beam center with 250 kA and 320 kA horn operations.

Horizontal width [cm] | Vertical width [cm]
FHC 250kA 430.162 + 1.429 454.508 + 1.682
FHC 320kA 388.378 + 0.962 399.982 + 1.088
RHC 250kA 451.607 + 2.444 483.255 + 3.033
RHC 320kA 408.151 + 1.680 423.141 + 1.906

Table 2.5: Summary of INGRID MC beam width with 250 kA and 320 kA horn operations.

250 kA horn operation as follow:

W (Data/MC) g =
W (Data/MC)y =

016 + 0.004(stat.), (2.5)

1
1.009 £ 0.004(stat.). (2.6)

The results of the MC study on beam profile are presented. The particular values
of the beam center and beam width of the horizontal module and vertical module for
both FHC mode and RHC mode are summarized in Table 2.4 and Table 2.3 for 250

kA and 320 kA horn operations.

2.4 Conclusion

In the section, we have presented the MC study and the measurements at
the INGRID detector for different horn configurations. The comparison shows good
agreement between the MC results and the T2K data up to run 10 for 250 kA horn
operation.

We also showed the MC study at INGRID with a 320 kA horn configuration,
which can be tested with future data of T2K. At 320 kA operation, the expected event
rates are 2.209 /1014 POT] and 0.664 [/10'* POT)] for neutrino mode and anti-neutrino
mode, respectively. The expected beam directions with respect to the centers of the
neutrino mode are 0.091 £+ 0.024 mrad for horizontal and -0.046 £+ 0.026 mrad for
vertical. For anti-neutrino mode, the corresponding values are 0.070 £+ 0.040 mrad and

-0.018 £ 0.044 mrad.
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Figure 2.12: Reconstructed neutrino beam profiles for horizontal (left) and vertical (right) modules

for T2K run 10. Each point represents the number of selected events in each module.

I %12"“ W W'* i
s St

Figure 2.13: The stability of neutrino beam profiles of INGRID horizontal (left) and vertical (right)
modules for T2K run 10.
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Figure 2.14: The history of neutrino beam width for INGRID horizontal (left) and vertical (right)
modules for T2K run 10.
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Chapter 3. Testing CP and CPT invariances with
neutrino oscillation measurements in T2K experi-

ment

3.1 C, P, and T symmetries

3.1.1 Charge conjugation C

Charge conjugation is an important discrete symmetry that transforms a particle
into its antiparticle and vice versa. In particular, it converts not only the sign of
electric charge but also other quantum charges such as baryon number, lepton number,
strangeness, charm, beauty, truth, ... while leaving mass, energy, momentum, and
spin unchanged [69]. The charge conjugation operator is denoted by the letter C' and

defined as follows
Clp) = |p), (3.1)

where |p) and |p) represent particle and antiparticle states, respectively. It is obvious
that if we apply the charge conjugation twice, we get back to the initial state. That

is, C% = I, or eigenvalues of the operator C are +1.

Clp) = £lp) = |p). (3.2)

Because they differ only by a sign, equation shows that |p) and |p) represent the
same physical state. This means that only particles that are their own antiparticles
can be eigenstates of C. They are called Majorana particles. Charge conjugation
symmetry is conserved in strong and electromagnetic interactions but not in weak
interaction. When we apply C to left-handed neutrino, it will give the left-handed

antineutrino, which doesn’t exist in the SM.
C|I/L> = ‘EL>- (3.3)

C' is an hermitian unitary operator C' = C~! = CT which has explicit form in Dirac

representation
0 i(TQ
C =ir0?2 = : (3.4)
109 0
The Dirac v matrices satisfy
Ciye=t =, (3.5)
c(y)ret =47 (3.6)

C(y*y°)T O™ = —AtaS. (3.7)
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The operation of C' on scalar field ¢(z), vector field A(z), and Dirac spinor field ¢ (z)

operators are

Cox)C™ = (), (3.8)
CAu(z)C™t = —Al(a), (3.9)
Cih(x)C™1 = iy h(2)" = CY(a)" = —in(x)", (3.10)
C(x)C™" = ip(2)Ty*" = —(2) (1"9?) = —p(@)TC™. (3.11)

We can take an example to see how it works for the Dirac spinor field. Consider
the Dirac equation of a particle with charge ¢ and mass m coupled to an external
electromagnetic field A, [38].

iV (O +iqAu)Y —myp = 0. (3.12)
By taking complex conjugate of equation (3.12)) and multiplying left-handed with —i~?
gives (note that for v matrices, (79)* =19, (v1)* =71, (43)* =- 2, (+*)* =73, and
V= —yty? for p # 2)
(=iv*) (=) (B — iq A 0™ — m(—iy?)y"
& —i"(Ou — igA}) (YY) + m(in*PT) =0 (3.13)
& (O —iqA;) (YY) — m(in*y*) =
This is the Dirac equation of a particle with the same mass as the original particle

but with opposite charge —g which is coupled to an external electromagnetic field AZ.

We refer to it as an antiparticle of the original one and its wave function is defined as
¢C — i,}/z@z)*'

We now can check for each Lorentz invariant terms in the free Dirac Lagrangian

£ =97 0p — i) (3.14)

under C' transformation with the help of equations (3.10) and (3.11) (note fermion
fields are anticommutative 17) = —i1), and J@lﬂb = —Q/JBME). For the mass term

G = OO~ = GO\ Y0 = —TCTOY =~ =Py, (3.15)
For kinematic term

Yy — Cyyro, et = Cyc-ieyre e, ot eyt
= (47O (—4#T)Ce,07H(CT)
= (WTC (" )as(COLT )
= Y (CTC)ars (0u1)
= Yo (—7 )B’a’( u@/f)ﬂ’
= g (1) pra (0pt)ar
= Yo, (3.16)
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Therefore, the free Dirac Lagrangian is invariant under the charge conjugation trans-

formation

L—Ooce !t

iCYy 9, C ™ — mOYpC !
Wy Oup — mipp = L.

Similarly, we can derive the transformation of vector current j{j = Yy*) and axial-

(3.17)

vector current j'y = yFy5 as follows
= CYyC™h =~ = —jy,
= Oy O™t = gyy®y = jiy.

(3.18)
(3.19)

v

T
3.1.2 Parity inversion P

The second discrete symmetry we now discuss is parity transformation, which

is associated to spatial inversion through the origin

ot = (tx,y,2) = vy = (t, —x, —y, —2). (3.20)

It is well known that parity is conserved in[QED]and [QCD], but not in weak interaction.
The parity operator is denoted as P such that

Ply(t, x)) = [¢(t, —x)). (3.21)
Apparently, if P is applied twice, the original state is recovered
P2ly(t,x)) = Pl(t, —x)) = [¥(t,z)). (3.22)

Therefore, parity is a hermitian and unitary operator with eigenvalues +1. The parity

transformation applied for scalar field ¢(x), vector field A, () and Dirac field ¢(x) are

as follows
Po(x)P~! = ¢(-w), (3.23)
PA¥(z) Pt = Au(—z), (3.24)
Py(x)P~h = A%%(—x), (3.25)
Py(x) P~ = (=), (3.26)

The matrix 7" is called intrinsic parity of the Dirac field. The transformation of a

vector and an axial vector currents under parity are

iy = Pyt P!
i = Py P!

We then can easily check that

PYPT PP Py P! = 091y
PYP~ Py PPy P PY P! = 4y 9y 0y

(3.27)

(=070, +7'Y) = (=i, +i4) = —(ja)u. (3:28)
Jy-dve = Jydvi (3.29)
ji-jA,u — ji-jA,ua (3'30)
jfjl.jvu — —ji.jvu. (3.31)
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The result of equation (3.31)) provides a mechanism to explain violation of parity in the
weak interaction. In particular, the weak interaction current should be a combination

of vector and axial vector of the form V - A.

3.1.3 Time reversal T
Time reversal is a transformation that takes the sign of time to be opposite
(t,z,y,2z) = (—t,z,y,2). (3.32)

Time reversal operator is denoted by the letter T'. It is hermitian and unitary: 7' =
T—' =T1. For a field ¥ (t, z), we have

Tli(t, ) = [(=t, @), (3.33)

T is called anti-linear operator since it converts imaginary number ¢ to —¢. Time

reversal transformation for scalar field ¢(t,z), vector field A, (¢, z), and Dirac field
Y(t,x) are

To(t,x)T™! = ¢(—t,z), (3.34)
TA,(t,x)T™' = A¥(—t,z), (3.35)
TY(t,o)T = A% (—t,2), (3.36)
Tyt )Tt = (=t z)y3h (3.37)

The transformation of a vector and an axial vector currents under time reversal are

g = TyypT™! = TYTITAHTITYT ™ = Pydylyi*ylady

= ("0, —7"Y) = (V. =) = v s (3.38)
4 = Ty YT = TYT I TAHT T T YT = gy 997y 1y
= ("0, =) = (as —3%) = () (3.39)

3.2 The CPT theorem

CPT symmetry is a fundamental symmetry of Nature which simultaneously
transforms the charge conjugation C, parity inversion P, and time reversal T. The CPT
theorem states that all interactions described by an unitary, local, Lorentz-invariant
quantum field theory in a flat Minkowski space must be invariant under the combined
CPT transformation. Here we denote the combined CPT transformation as an antiu-

nitary operator

©=CPT, 0 l=0 (3.40)

By applying the CPT operator O, a particle state transforms into an anti-particle state

as follows

olp) = Ip). (3.41)
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We present here the proofs of the CPT theorem based on Lagrangian and ax-
iomatic quantum field theories. The work is comprehensibly summarized by Ralf Lehn-
ert in Ref. [70]. A physical state in the Hilbert space and a quantum operator transform

under CPT conjugation as follow:

) — [0Y) =6) = [¢), (3.42)
A = Acpr =046 (3.43)

3.2.1 Proof of CPT theorem based on Lagrangian quantum field theory

The CPT theorem was studied for the first time and formulated in the context
of Lagrangian quantum field theory by Schwinger [71] [72], Luders [73], Pauli [74], and
Bell [75]. Therefore this theorem is also called Lagrangian CPT theorem. This formal-
ism simply means all terms that appear in Lagrangian must be CPT invariant. The

CPT transformation of field operators, ordinary derivative and tensor are as follows:

d(x) — O¢(x)0" = ¢'(-a), (3.44)

U(z) = OY(x)Of = - (—a), (3.45)

d(x) — Og(x)0f = =y (—2)y*", (3.46)

Au(z) = O4,(2)0" = —Al(-2), (3.47)

9, — ©9,01=09, (3.48)
Tspizseeogin (@) = OTp i ()07 = (D" TL L (—2). (3.49)

Here we denote the general spacetime coordinates x = (¢, x,y, z). It is straightforward

to check that following terms in the Lagrangian are CPT invariant

E% Eryuaﬂwu E’YHAlﬂvZ% EW“V%DWM ) EO-MV@Z}FMV .

For example under single C, P and T transformation

— . C . P . T .

vy = g = =i = —0v)e — i,
— . (O P . T .
vy = S = =), — =i

A, S a4, b oan g,
Then
VYA = AL — gy A — (Jv)u At — JvAu, (3.50)
— . C . C . T .
PPAYW, = AW, = =AW, = (a) W = GEW,. (3.51)
We now proof the theorem through three steps as follows:
(1) Lorentz invariance: All possible terms in the Lagrangian must be Lorentz
scalars. Therefore, Lorentz indices must come in pairs in such terms, or equivalently,

the total number of Lorentz indices in such terms must be even. The Lagrangian then

transforms under CPT as

OL(x)07 ! = (—1)* LI (—z) = LT(—x). (3.52)
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(2) Unitarity: The Lagrangian must be hermitian in order to preserve proba-

bility conservation
OL(x)07 ! = LT(—z) = L(—x). (3.53)

(3) Locality: This requires quantum fields to interact locally or they must be
point interactions. If the theory satisfies this property, then the action is invariant
under CPT

050! = / dizL(—z) = / dtzL(z) = S. (3.54)

In the last step, we note that all terms in the Lagrangian are Lorentz invariant, so
it is straightforward to change the integration variable and eliminate the minus sign.
We have just shown that every quantum field theory that respects Lorentz symmetry,

unitarity, and locality must be CPT invariant.

3.2.2 Proof of CPT theorem based on axiomatic quantum field theory

Later, R. Jost [76] (English version by Greenberg [77]) completed a general
proof based on axiomatic quantum field theory, which is known as azxiomatic CPT
theorem. Jost’s version is more abstract and mathematically rigorous because it can
perform a CPT transformation of any relativistic field without using individual dis-
crete transformations C, P, and T separately. Jost’s approaching method is to admit
necessary axioms as follows:

(1) Enlargement of Lorentz group:
In order to prove the CPT theorem, we need to enlarge proper Lorentz group to
complex Lorentz group. We will now see why it should be so. We have already known

that spacetime coordinates z# change sign under CPT operation

oGP
This means that the CPT transformation can be interpreted by multiplying with — 44
matrix. Proper Lorentz group L , however does not contain this entity. An extension
from the proper Lorentz group to complex Lorentz group, luckily satisfies our require-

ment. For example, consider a complex Lorentz group A

( cos¢ ising 0

)

0
ising cos ¢ 0 0
A= (3.55)
0 0 cos¢p —sing
0 0 sing  cos¢
It can be obviously seen that A = —1I4 if we choose ¢ = 7. This requirement shows a

closed relationship between the CPT transformation and the Lorentz transformation.

(2) Poincare invariance of vacuum state:
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The vacuum state is assumed to be invariant under the Poincare transformation,

which consists of complex Lorentz and translation transformations.

U(A, a)|0) = |0)

More clearly, the vacuum should have zero momentum and angular momentum.
(3) Assumptions about domain and continuity of the field:
The domain of analyticity needs to be enlarged in order to contain real points

(also called Jost’s points). Under Poincare symmetry, a general field transforms as

U(A, a)gy(x) F=>"S5(A es(Az + a). (3.56)

+ Scalar field: U(A, a)¢(x)U (A, a)t = ¢(Az + a).

+ Vector field: U(A, a)A,(z)U (A a)f =AY (A )A (A:c + a).

+ Dirac field: U(A, a)q(2)U(A Zﬂ . Dasts(Az + a).

(4) Energy positivity:

Except for the zero energy level of vacuum, all physical states are required to
have positive energy. This means that four-momenta p* must have a light-like nature,
or in other words, lie in or on the forward light cone.

(5) Microscopic causality or local commutativity:

Microscopic causality requires that commutators or anti-commutators must van-

ish for all space-like point (z — y)

[9i(2), ¢ (y)]+ =0, if (z—y)*<0.

We now use the above axioms to prove the CPT theorem. The Wightman
reconstruction theorem states that a quantum field theory is uniquely determined by its

Wightman function W which is defined as vacuum expectation values of field operators
W(Axy, Az, -+, Axy) = (0|d(z0)d(z1) - - - P(x)]0), (3.57)

where Azx; = x;_1 — x;, x; are physical spacetime points. With the light of Wightman
reconstruction theorem, we do not directly works with field operators but rather with
ordinary function W only. If W is conserved under CPT, so will the corresponding

quantum field theory. With the help of equations (3.44) and (3.49)), the CPT operator
applied for Wightman function corresponding to scalar fields ¢(z) is

W(Axy, Azg, -+, Axy,) = (0[¢(x0)9(71) - - - d(20)[0)

(
Ly (0]¢T (~w0)ot (—a1) - oF (—n)|0)*
= (0l[¢(~2n)p(—Tp—1) - - P(—0)]T]0)*
(0]¢(—2n)d(—2n—1) - - - (—0)|0)
=  W(Az,, Azp_q,- -, Axq). (3.58)

This is what we need to prove. The Wightman function associated to scalar fields
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under axiom (2) and (3) transforms as

W(Azy, -+ Azn) = (0]¢(xo)d(x1) - - - d(2n)[0)

= (UM @)U (A, a)d(z0)o (1) - $(en) UT(A, @)U (A, ) 0)
(0|¢p(Azo + a)p(Azy + a) - - - (Azy + a)|0)
= W(AAzy,--- ,AAxy,), forreal mz;, A. (3.59)

By requiring positivity of energy, we can expand above expression applied for complex

Az; in extended tube which is a set of complex Lorentz transformations

W(Az, -+, Azy) = W(AAz, - AAzy)
= W(—Az, -+ ,—Az,), for complex z,A.. (3.60)

Now complex Lorentz transformations A. can also acts on complex Az; to give real
four vector called Jost points Ay; = A:Az;. The equation (3.60) can be rewritten for
physical Jost points Ay; as

W(Ay1, -+, Ayp) = W(=Ayp, -+, —Ayp). (3.61)

Therefore at Jost points we have

W(Ay1, -+ Ayn) = (0d(yo)o(y1) - - - ¢(yn)[0)
= (0lo(=yo)o(=y1) - - &(=yn)|0)
= (016" (=yn)o (~yn-1) -+ &' (~0)[0)*
= (01T (—y0)o' (—y1) - - - &' (—yn)|0)*  (for scalar fields)
= (0[(=yn)P(=yn—1) - - H(—10)]T]0)"
= (0[¢(=yn)o(—yn—1) - ¢(—40)|0)

= W(Ayp, -+, Ayp). (3.62)
This result can be generalized for any physical spacetime position Az;, that is

W(Azy, -, Axy) = W(Axy, -+, Axy). (3.63)

3.3 Testing CP invariance with neutrino oscillation experi-

ments

3.3.1 Testing CP invariance in neutrino oscillation

As we already know in the SM, neutrinos are left-handed particles, while an-
tineutrinos are right-handed. If CP symmetry is conserved in the lepton sector, the
oscillation probabilities of the neutrino and antineutrino must be identical if the CPT
symmetry holds

P(va — vg) = P(Va — 7). (3.64)
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From (1.41) and (1.42)), the CP asymmetry is defined as the difference between the
neutrino and antineutrino oscillation probabilities

Acp = P(va — vg) — P(Va — 1p)

2
= 4 Im [ULUsiUa;U;] sin wily (3.65)
= aiVBiVaj Bj ok . .

1>]

If CP is violated, Acp must be nonzero, or equivalently UZ.Ug;Un;U E i has to contain

an imaginary component. For a = y and = e, then

Acp = Py, = ve) — P(Uy — V)

Am?,
= 42]771 [U;iUeiUﬂjU:j] sin ( ;2” L)

i>j

Am2,.L . Am3,L . Am3,L
= 166128120%3813623823Sin(SCpSin Z%l sin Ti}l sin ng . (3.66)

In equation (3.66|), Jarlskog invariant J, a quantity for evaluating CP violation that is

independent of parameterization, is defined as

J o= Y Im|UsUsUaUs;]

>

= 6128126%3813623823 sin 5CP- (3.67)
In the quark sector, Jarlskog invariant is measured precisely [12]
Jguark = 3.087913 x 1077, (3.68)

In the lepton sector, by inserting values of mixing angles measured by neutrino oscil-
lation experiments from Table in equation (3.67)), we can calculate the Jarlskog

invariant
Jepton = —2.25 x 1072, (3.69)

From Fig. [3.1} we can see that CP violation in the quark sector is too small to explain
the matter-antimatter asymmetry of the universe, while CP violation in the lepton
sector (if confirmed, at least with current values of oscillation parameters) could well

do so.

3.3.2 Testing CP invariance with T2K experiment

T2K is able to measure simultaneously the disappearance of muon (anti-)neutrinos
and the appearance of electron (anti-)neutrinos from the flux of almost pure muon
(anti-)neutrinos. While the data samples of the v, (7)) disappearance provide a pre-
cise measurement of the atmospheric neutrino parameters, sin? 2623 and Am%l, the
ve(Ve) appearance rates are driven by sin® 2613 and sensitive to dcp and mass hier-

archy (MH). T2K made an observation of electron neutrinos appearing from a muon
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Parameter Value
sin? 61, 0.304
sin? 03 0.0212
sin? a3 0.528
Am3, 2.509 x 10~3eV?
Am3, 7.53 x 107%eV?
Sop -2.14

Mass hierarchy

Normal (NH)

Table 3.1: Values of oscillation parameters used in calculating Jarlskog invariant.
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Figure 3.1:

The Jarlskog invariant versus the baryon asymmetry varying dcp = [0, 27] (cyan). The

red region denotes the 20 range for the baryon asymmetry. The magenta and blue lines indicate values

of Jarlskog invariant in the quark and lepton sectors. The plot is taken from Ref. ﬂgﬂ
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Figure 3.2: The Ax? distribution as a function of

dcp for T2K, with and without reactor constraint.
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1R, v mode | 1R, 7 mode | 1R, + 1lde v mode
Vy — Ve 59.0 3.0 5.4
Uy = Ve 0.4 7.5 0.0
Background 13.8 6.4 1.5
Total predicted 73.2 16.9 6.9
Systematic uncertainty 8.8% 7.1% 18.4%
Data 75 15 15
Table 3.2: The predicted number of events for ocp = —7/2 and the measured number of events in

the three electron-like samples at Super-K.

neutrino beam [78] and presented an indication of CP violation in the neutrino oscil-
lation [1§]. In this section, we will investigate the T2K ability to explore CP violation
in the lepton sector by using neutrino oscillation measurements.

In 2020, T2K published a paper on Nature indicating CP violation in lepton
sector [1§]. In this analysis, T2K used data collected from 2009 to 2018 with a total
exposure of 3.13 x 10*! POT in both neutrino mode (1.49 x 10*! POT) and antineu-
trino mode (1.64 x 10?!). Neutrinos are detected at the far detector Super-K via their
weak interactions with target material (water). At a peak energy of 0.6 GeV, the dom-
inant neutrino-nucleus interaction is charged current quasi-elastic (CCQE) scattering.
CCQE interaction of neutrino (antineutrino) will produce charged lepton (antilepton)
of the same flavour. Super-K can detect charged leptons (muons, electrons) with high
precision, it is able to identify the flavour of incoming neutrinos. Table summa-
rizes the number of predicted events for cp = —n/2 and number of observed events
at Super-K. The analysis indicates that dcp is near the maximal CP violating value
—m/2. The CP conserving values dcp = 0 and dop = 7 are disfavoured at 95% C. L.

Recently, in 2021, the T2K experiment reported the updated measurements of
neutrino and antineutrino oscillation using both appearance and disappearance chan-
nels [79]. This analysis used the same data-set collected at Super-K as the previous
analysis reported in |1§]. In the updated analysis, the event reconstruction algorithm is
improved to match directly with the pattern of light observed in Super-K. This provides
more information about the event, makes it easier to discriminate between the event
categories, and improves the resolution of the lepton momentum and vertex location.
The fiducial volume, therefore, can be significantly expanded, leading to more statis-
tics, roughly equivalent to a 20% increase in statistics for the v, samples and a 40%
reduction in the background contamination in the v, samples. The new analysis also
improves the theory of neutrino interaction models. The models of dominant CCQE
and subdominant processes have been updated. The new analysis therefore provides
more results than the previous one. Fig. shows the distribution of Ay? function
versus ¢ p, with and without constraint from reactor, for both neutrino mass hierarchy

cases. The best-fit values and 1o confidence intervals for dcp in both mass hierarchy
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Parameters NH 1H
Scp (T2K only) | —2.14%020  —1.26705)
dop (T2K+reactor) —1.89"_’8:23 _1'38t8:§§

Table 3.3: The best fit and best fit 10 intervals of dop for T2K only and T2K+reactor for normal
(NH) and inverted (IH) hierarchies. The +1c interval corresponds to the values for which Ay? < 1.

Parameter Best fit+1o
sin? 05 0.31015-915
sin 013(x1072) 2.24170-967
sin? B3 0.55810-929
dep(°) 222133
Am3,(107%eV?/c) 7.3970-20
Am3,(1073eV?/ct) | 2.52370.932

Table 3.4: Nominal values of oscillation parameters used for study in Section Normal mass

hierarchy is assumed.

scenarios are summarized in Table with and without constraint from sin® 613 from

reactors.

3.3.3 Sensitivity to CP violation with a joint fit of T2K-II, NOvA-II, and
JUNO

The content of this section is based on some parts of our study in the paper [30].
Accordingly, we will present the sensitivity to CP violation by combining the data from
the three experiments, T2K-II, NOvA-II, and JUNO. The study in this section is done
with the oscillation parameters available in Ref. [2,81], which is briefly summarized in
Table [3.4

Searching for CP violation and measuring the value of dcp depend on the abil-
ity to resolve the parameter degeneracies among dcop, the sign of |Am§1|, f13, and
23 [82]. Combining the data samples of the accelerator-based long baseline experi-
ments (T2K-II and NOvA-II) and JUNO would enhance the CP violation search and
MH determination since the JUNO sensitivity to MH has no ambiguity to dop. To fur-
ther enhance the CP violation search, one can break the dop-013 degeneracy by using
the constraint of ¢13 from reactor-based short-baseline (R-SBL) neutrino experiments
such as Daya Bay [83], Double Chooz [84], and RENO [85]. This combination also

helps to solve the 023 octant in the case of non-maximal mixing.

GLoBES setup for simulating T2K-II, NOvA-II, and JUNO experiments

General Long Baseline Experiment Simulator (GLoBES) [86,87] is a software

package used to simulate neutrino oscillation phenomenon in accelerator-based long
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baseline and reactor-based experiments. In GLoBES, the experiments are described
by Abstract Experiment Definition Language (AEDI) files which contain information
of the experiments including fluxes, cross sections, efficiencies, oscillation channels,
backgrounds, energy resolutions, energy ranges and bin widths, detector setup, as well
as source power. The output information including oscillation probabilities, event rates,
and y? values can be extracted by a C-library.

The [AEDI] allows to incorporate different experiment setups within
one data structure. The experiment setup is implemented into the experiment defini-
tion by three abstraction levels (Fig. [3.3)): channel, rule, and experiment. A channel
specifies the link between a specific neutrino flavor produced at the source and a recon-
structed neutrino flavor detected at the detector. A rule consists of several channels
which are defined as "signal” and ”"background” oscillation channels. Number of events
of each rule is the sum of all channels in the rule. The x? value of each rule is then
calculated and the total x? of one experiment is the sum of all x?’s of all rule.

x? is a function of all oscillation parameters which is used to measure the differ-
ence between the spectral of test parameters and the spectral of true parameters. The
smaller y? is, the better matching between the two spectra. The GLoBES built-in y?
function is defined by a Gaussian statistics

# of bin

(0; — T;)?
X2 = Z T) (3.70)
where O; is the event rate for the i-th bin at far detector, calculated for the assumed
true values of the oscillation parameters, 7T; is the event rate for the test values of the
oscillation parameters.

In some experiments which have multi-detector setup such as reactor-based
experiment JUNO or RENO, the GLoBES built-in x? function is not sufficient to handle
the systematical errors that are correlated between different detectors. In this cases,
user-defined systematics can be used to replace the default y? function of GLoBES

Og;,— 1+ap+ag)Ty; a a a
¢= 3 % (Odi — ( OR d)Ta) T (3.71)
i d=N,F i " N F

where, N and F are corresponding to near and far detectors. ar, an, and ap are the
uncertainties in the reactor flux and the fiducial mass of the two detectors. og, on,
and o are the standard deviations of the central values which are assumed to be zero.

In each specific situation, the Ax? is defined accordingly. For example, in
searching for CP violation, Ax? = x%(6cp = 0,£m) — x%(true dcp) to exclude CP
conservation. The statistical significane of a measurement is defined as the squared

root of the Ax? in terms of o C. L. value
o=/ Ax2 (3.72)

In our study in this section and the following sections, we use GLoBES to

simulate experiments and calculating the statistical significance. We describe the ex-
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Characteristics T2K-1T [10,46] NOvA-IT [511[53]

Baseline 295 km 7 810 km 7

Matter density [8§] 2.6 g/cm? 2.84 g/em?

Total Exposure 20 x 10%! POT 72 x 10%° POT

Detector fiducial mass 22.5 kton 14 kton

Systematics 3% (0.01%) 5% (2.5%)

Energy resolution 0.03 x 4/E(GeV) x X v/E(GeV)

Energy window APP (DIS) | 0.1-1.3 GeV (0.2-5.05 GeV) 0.0-4.0 GeV (0.0-5.0 GeV)
Bin Width APP (DIS) 0.125 GeV /bin (0.1 GeV/bin) 0.5 GeV/bin (0.1 GeV /bin)

Table 3.5: Experimental specifications of T2K-II and NOvrA-II in GLoBES.

vy —=ve V,—v. v,CC p,CC vr.,CC v, CC NC

T2K-II v mode 65.5 46.2 0.02 0.02 19.8 19.8 0.41
v mode 45.8 70.7 0.01 0.01 17.5 175 045

NOvA-II | v mode 62.0 38.0 0.15 - 79.0 69.0 0.87
v mode 25.0 67.0 0.14 0.05 20.7 40.7  0.51

Table 3.6: Detection efficiencies(%) of v./P. events in appearance samples. Normal hierarchy and

dcp = 0 are assumed.

periments using updated information on fluxes, signal and background efficiencies, and
systematic errors. Remaining differences between the energy spectra of the simulated
data sample at the reconstruction level obtained by GLoBES and the real experiment
simulation can be due to the effects of the neutrino interaction model, the detector
acceptance, detection efficiency variation as a function of energy, etc... These differ-
ences are then treated quantitatively using post-smearing efficiencies, allowing us to
match our simulation with the published spectra of each simulated sample from each
experiment. Each experimental setup is validated at the event rate level and sensitivity
level to ensure that the physics reaches of the simulated data samples we obtain are in
relatively good agreement with the real experimental setup.

For each of T2K-IT and NOvA-II, four simulated data samples per each exper-
iment are used: v,(7,) disappearance and v.(7.) appearance in both v mode and 7
mode. The experimental specifications of these two experiments are shown in Table|3.5]
in which APP and DIS are shortened for the appearance sample and the disappearance
sample, respectively. The values of x for NOvA-II are defined as x = 0.107, 0.091, 0.088
and 0.081 for v, v, Ve and 7, respectively. The systematics indicates normalization
(calibration) error for both signals and backgrounds. Detection efﬁcienciesﬂ of ve/Te
events in appearance samples and v, /7, events in disappearance samples are listed in

Table [3.6 and Table [3.7], respectively.

ldefined per each interaction channel as the ratio of selected events in the data sample to the totally simulated

interaction supposed to happen in the detector
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vy Yy Uy Uy (Ve + 7e) NC v, =1,
CCQE CCnon-QE | CCQE CC non-QE CC NC
T2K-II v mode | 71.2 204 71.8 204 0.84 2.7 0.84
v mode | 65.8 245 77.5 245 0.58 2.5 0.58
NOvA-IT | v mode 31.2 27.0 - 0.44 -
v mode | 33.9 20.5 - 0.33 -

Table 3.7: Detection efficiencies(%) of v, /v, events in disappearance samples. Normal hierarchy is

assumed.

In T2K(-II), neutrino events are dominated by the Charged Current Quasi-
Elastic (CCQE) interactions. Thus, for appearance (disappearance) in v mode and
v mode, the signal events are obtained from the v, — v, (v, — v,) CCQE events
and 7, = 7. (7, = v,) CCQE events, respectively. In the appearance samples, the
intrinsic v, /v, contamination from the beam, the wrong-sign components i.e Uy — Ve
(vy = ve) in v (7) mode respectively, and the neutral current (NC) events constitute
the backgrounds. In the disappearance samples, the backgrounds come from v, v, CC
interaction excluding CCQE, hereby called CC-nonQE, and NC interactions. We use
the updated T2K flux released along with Ref. [89]. In simulation, the cross section for
low and high energy regions are taken from Ref. [90] and Ref. [91] respectively. In our

T2K-II set-up, an exposure of 20 x 102!

POT equally divided among the » mode and
7 mode is considered along with a 50% effectively statistic improvement as presented
in Ref. [46]. The signal and background efficiencies and the spectral information for
T2K-IT are obtained by scaling the T2K analysis reported in Ref. [10] to same expo-
sure as the T2K-II proposal. In Fig. [3.4] the T2K-II expected spectra of the signal
and background events as a function of reconstructed neutrino energy obtained with
GLoBES are compared to those of the Monte-Carlo simulation scaled from Ref. [46]. A
3% error is assigned for both the energy resolution and the normalization uncertainties
of the signal and background in all simulated samples.

For NOvA-II, we consider a total exposure of 72 x 10?Y POT equally divided
among v mode and 7 mode [53]. We predict the neutrino fluxes at the NOvA far
detector by using the flux information from the near detector given in Ref. [92] and
normalizing it with the square of their baseline ratio. A 5% systematic error for all
samples and 8-10% sample-dependent energy resolution are assigned. Significant back-
ground events in the appearance samples stem from the intrinsic beam v, /v, NC
components, and cosmic muons. In the appearance sample of the 7 mode, wrong-sign
events from v, appearance events are included as the backgrounds in the simulation.
We use the reconstructed energy spectra of the NOvA far detector simulated sam-
ple reported in Ref. [93] to tune our GLoBES simulation. The low- and high-particle
identification (PID) score samples are used but not the peripheral samples since the

reconstructed energy information is not available. In the disappearance samples of
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Figure 3.4: Expected event spectra of the signal and background as a function of reconstructed

neutrino energy for T2K-I1. The top (bottom) spectra are for the appearance (disappearance) samples

and the left (right) spectra are for v (7) mode. Same oscillation parameters as Ref. are used.

Number of events

Number of events

Appearance v mode

90; — V-V,
80 — V-V,
70 E —v,CC
E —v,cC
60 )
E — NC + Cosmic
50 E — Beam v +V,
40
30
20
10p- :i::&=._|:|_
0:‘ Lk | L L PR
0 0.5 1 15 2 2.5 3 3.5 4 4.5
Reconstructed Energy [GeV]
Disappearance v mode
30— —v,
251 %
C —NC + Cosmic
20
15
10
5
0: R | TE—
0 05 1 15 2 25 3 35 4 45 5

Reconstructed Energy [GeV]

Number of events

Appearance V mode

E — V-V
25; — vV,
%) C —v,CC
g 20 —v,cc
L — NC + Cosmic
> 151~ —— Beam v +V,
o [
_g |-
S 10—
z
5
g o
Oi‘ ol | I i PR
0 0.5 1 1.5 2 2.5 5 4

3 3.
Reconstructed Energy [GeV]
Disappearance V mode

14

12

10 — NC + Cosmic

o]
TTT [T T [T T [ TT [T [ TT T[T Tt

I

15 2 25 3 35 4 45
Reconstructed Energy [GeV]

5
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parameters given in Tab. are assumed.
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Characteristics Inputs
Baseline 52.5 km
Density 2.6 g/cm? |95]

Detector type Liquid Scintillator

Detector mass 20 kton

7, Detection Efficiency 73%

Running time 6 years

Thermal power 36 GW

Energy resolution 3% /\/E (MeV)
Energy window 1.8-9 MeV
Number of bins 200

Table 3.8: JUNO simulated specifications in GLoBES.

both ¥ mode and 7 mode, events from both CC v, and 7, interactions are considered
as signal events, which is tuned to match with the NOvA far detector simulated signal
given an identical exposure. Background from the NC v, (7,,) interactions is taken into
consideration and weighted such that the rate at a predefined exposure is matched to
a combination of the reported NC and cosmic muon backgrounds in Ref. [93]. Fig.[3.5
shows the simulated NOvA-II event spectra as a function of reconstructed neutrino
energy, for v, appearance and v, disappearance channels in both » mode and 7 mode,
where normal MH is assumed, dcp is fixed at 0°, and other parameters are given in
Table 3.1

In JUNO, the electron anti-neutrino v, flux, which is produced mainly from four
radioactive isotopes 23°U, 233U, 239Py, and 2*'Pu [94], is simulated with an assumed
detection efficiency of 73%. The backgrounds, which have a marginal effect on the
MH sensitivity, are not included in our simulation. In our setup, to speed up the
calculation, we consider one core of 36 GW thermal power with an average baseline
of 52.5 km instead of the true distribution of the reactor cores, baselines, and powers.
The simulated JUNO specification is listed in Table [3.8] The contribution of the event
rate of four isotopes as a function of the neutrino energy is shown in Fig. [3.6, For
systematic errors, we use 1% commonly for the errors associated with the uncertainties
of the normalization of the 7, flux produced from the reactor core, the normalization
of the detector mass, the spectral normalization of the signal, the detector response
to the energy scale, the isotopic abundance, and the bin-to-bin reconstructed energy
shape.

Besides T2K-II, NOvA-II, and JUNO, we implement a R-SBL neutrino ex-
periment to constrain sin® 613 at 3% uncertainty, which is reachable as prospected in
Ref. [96]. This constraint is important to break the parameter degeneracy between
dop-th3, which is inherent from the measurement with the electron (anti-)neutrino

appearance samples in the A-LBL experiments.
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To calculate the sensitivity, a joint x? is formulated by summing over all in-
dividual experiments under consideration without taking into account any systematic
correlation among experiments. For T2K-II and NOvA-II, we use a built-in x? function
(equation from GLoBES for taking the signal and background normalization sys-
tematics with the spectral distortion into account. For JUNO, an user-defined formula
for x? (equation is used. For a given true value of the oscillation parameters,
Otruth = (012, 013, 023, Scp; Am3y, Am3, )iruth, at a test set of oscillation parameters,
étest, and systematic variations Sy, a measure X2(étruth|étes‘m Seyst.) s calculated.
It is then minimized over the nuisance parameters (both systematic parameters and
marginalized oscillation parameters) to obtain the statistical significance on the hyper-

plane of parameters of interest.

CP violation sensitivity with the joint fit of T2K-II, NOvA-II, and JUNO

The statistical significance \/A_X2 to exclude the CP-conserving values (dcp =
0, m) or sensitivity to CP violation is evaluated for any true value of dcp with the
normal MH assumed. For the minimization of y? over the MH options, we consider
two cases: (i) MH is known and normal, same as the truth value or (ii) MH is unknown.
Fig. shows the CP violation sensitivity as a function of the true value of dcp for
both MH options obtained by different analyses: (i) T2K-II only; (ii) a joint T2K-II
and R-SBL experiments; (iii) a joint of T2K-II, NOvA-IT and R-SBL experiments; and
(iv) a joint of T2K-II, NOvA-II, JUNO and R-SBL experiments. The result shows
that whether the MH is known or unknown affects the first three analyses, but not the
fourth. This is because, as concluded in the above section, the MH can be determined
conclusively with a joint analysis of all considered experiments. It can be seen that
the sensitivity to CP violation is driven by T2K-II and NOvA-II. Contribution of the
R-SBL neutrino experiment is significant only at the region where dcp is between
0 and 7 and when the MH is not determined conclusively. JUNO further enhances
the CP violation sensitivity by lifting up the overall MH sensitivity and consequently
breaking the MH-dop degeneracy. At dop close to —m /2, which is indicated by recent
T2K data [18], the sensitivity of the joint analysis with all considered experiments can
reach approximately the 50 C.L. We also calculate the statistical significance of the
CP violation sensitivity as a function of true dcp at different values of 23, as shown
in Fig. 3.8, When inverted MH is assumed, although Acp amplitude fluctuates in

the same range as when normal MH, that the probability and rate of v, appearance

stat.

oo, lower.  In sum, sensitivity to CP

becomes smaller make the statistic error, o
violation, which is proportional to Acp/ oizat', is slightly higher if the inverted MH is
assumed to be true as shown at the right of the Fig.

Table [3.9] shows the fractional region of all possible true dcp values for which
we can exclude CP conserving values of dcp to at least the 30 C.L., obtained by the

joint analysis of all considered experiments. Due to the fact that the MH is resolved
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Value of sin? f3 043 0.50 0.60
Fraction of true dcp values (%), NH | 61.6 54.6 53.3
Fraction of true dcp values (%), IH | 61.7 57.2 54.2

Table 3.9: Fractional region of dcp, depending on sin? fa3, can be explored with 3¢ or higher signifi-

cance.

completely with the joint analysis, the CP violation sensitivities are quantitatively

identical no matter whether the MH is assumed to be known or unknown.

3.4 Testing CPT invariance with neutrino oscillation experi-

ments

3.4.1 Testing CPT invariance in neutrino oscillation

We consider an unitary, local, Lorentz-invariant quantum field theory with

Hamiltonian H. The CPT transformation reads
CPT _ _ _ 1 o —
(p|H|p) = (p|©~'0HO"'O)p) = (P|lOHO ') = (P|H D). (3.73)

The result in equation shows that if the CPT symmetry is conserved, the particle
and its anti-particle must have the same energy spectra. This is an important conse-
quence of the CPT theorem that opens a possibility for direct testing CPT invariance
by comparing the mass spectra, or other properties such as lifetime or magnetic mo-
ment of a particle and its antiparticle. In terms of relative precision, the most stringent

constraint on the CPT violation was achieved on the neutral kaon system [12]

<6x 107" at 90% C.L. (3.74)

‘m(K") - m(K)

mg

The bound on the K° — K system seems so strong that there is very little room for
CPT violation. However, it is pointed out in Ref. [27] that this may be misleading.
The terms that appear in the Lagrangian and Einstein’s mass-energy relation are mass

squared instead of mass itself. In terms of mass squared difference, the bound in
Eq.(3.74) becomes much weaker

Im?(K°) —m?(K")| < 0.3 eV2. (3.75)

From neutrino oscillation experiments, the mass-squared differences of neutrinos have
been measured to be of order @(1073) eV? and O(107°) eV? [97]. We can see that
in terms of the mass-squared difference, measurements on neutrino provide the best
limit on the CPT violation but not neutral kaon [26,27]. It is worth noting that the
neutrino mass spectrum cannot be calculated solely from neutrino oscillations, but
must be combined with cosmological constraints and beta decay, as recently discussed

in Ref. [7]. Neutrinos, unlike neutral kaon mesons, are neutral elementary particles
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and it is intriguing that this particle could be a Majorana particle, where neutrino
and antineutrino are indistinguishable in the conventional sense of the CPT invariant
paradigm. The neutrino nature under the CPT-violating scenario has been explored
in Ref. [98]. Here we focus on the phenomenological consequence of the CPT violation
in the observable neutrino oscillation.

In context of three-flavor PMNS framework [29,/99], neutrino oscillation is de-
scribed by an unitary 3 x 3 matrix with six oscillation parameters including three mixing
angles 612, 013, 023, one Dirac phase ¢, and two mass squared differences Am%l, Am%l.
Under CPT symmetry, the oscillation probabilities of neutrino and antineutrino are re-

lated as follows:
CPT _ _
P(vo = vg) —— P(Vg = Uy) = P(vq — vp). (3.76)

Although the T2K result is expected as a hint of CP violation [18], this is,
however, with the assumption of CPT conservation. There is a CP-conserving CPT-
violating scenario that can also explain the observation at T2K [100]. It is also stressed
in Ref. [100] that before we can make a certain claim about CP violation at any level, we
must rule out the CPT violation possibility at the same level first. If CPT is violated,

the two sets of parameters are different for neutrinos and antineutrinos. Let’s assume
P(ve — vg) = f(bra, 013, Oas, 6, Am3;, Amjy), (3.77)
for neutrino, and
P(T — ) = f(012, br3, 023, 0, A3y, Ag), (3.78)

for antineutrino. The differences between the parameters of the two sets indicate CPT
violation in the lepton sector. The CPT violation was triggered to explain the anomaly
in the short-baseline neutrino experiment, in Ref. [27]. It is provided in Ref. [100] the

most recent update at 30 on the bounds of CPT violation with neutrino experiment

analysis.
0,5(sin? 012)] < 0.14,
0,5(sin? 013)] < 0.029,
6,5(sin? Aa3)| < 0.19, (3.79)
16,5(Am3y)| < 4.7x107° eV,
16,5(Am3,)| < 2.5 x107% eV,

where |6,7(X)| = |X — X for the X oscillation parameter. The future long baseline
neutrino oscillation experiment DUNE may exclude CPT conservation at 30 C. L.
and improve the bound on 6,7(Am3;) to at least one order compared to its current
value [101]

6,5(Am3;)] < 8.1 x 107° eV? at 30 C. L. (3.80)
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Figure 3.9: CPT asymmetries in disappearance channels at T2K baseline L = 295 km (left) and
NOvA baseline L = 810 km (right). The differences in solid lines and dashed lines indicate extrinsic
CPT effect caused by matter.

The difference in oscillation probabilities of neutrino and antineutrino can be

evaluated as the CPT asymmetry

ASET = P(vo — vg) — P(U — Ta). (3.81)

The asymmetry Agg T in Eq. (3.81) may consist of two parts: intrinsic or true CPT

asymmetry and extrinsic or fake CPT asymmetry caused by matter effect [102] [103]
[104] [105] [106]. Fig.|3.9 demonstrates the CPT asymmetries in disappearance chan-
nels at T2K baseline (L = 295 km) and NOvA baseline (L = 810 km). The differences
in solid lines and dashed lines indicate extrinsic CPT effect caused by matter. We can
see from the plots that the matter effect is very small in disappearance channels. The
extrinsic CPT asymmetry, therefore, can be neglected in the disappearance measure-
ments. Current long-baseline neutrino oscillation experiments such as T2K and NOvA
focus on four channels, including two appearance channels (v, — ve, 7, — 7,), and
two disappearance channels (v, — v, 7,, = 7,). It can be seen from Eq. that
T2K and NOvA alone can test CPT invariance via their measurements of the disap-
pearance channels which are sensitive to the atmospheric parameters Am%l, Am%l, Oo3,
and f23. These experiments, therefore, are sensitive to the CPT asymmetric quantities
Ang(sin2 f93) and ASET(Amgl).

In this section, we will investigate the possibility of testing CPT invariance with
T2K and with the synergy of T2K-II, NOvA-II, and JUNO experiments. In which we
focus only on the disappearance channels of T2K, T2K-II, and NOvA-II. Constraint
on Am§1 from JUNO experiment can help to improve the sensitivity. We will show
that the current T2K data indicates no CPT violation, while the combined analysis of
T2K-1I, NOvA-II, and JUNO can achieve the sensitivity levels of DUNE even before
its starting by 2028.
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3.4.2 GLoBES setup for simulating T2K-II, NOvA-II, and JUNO exper-

iments

GLoBES [86,87] is a flexible framework to simulate neutrino experiments. By
default, GLoBES assumes that CPT symmetry holds. This means that the framework
sets identical definitions and values of the oscillation parameters for neutrinos and anti-
neutrinos in Eq. and Eq. (3.78). We can modify or update the software in order
to meet our needs or the realistic setup of the experiments. In our study, the oscillation
framework was modified to include oscillation parameters for antineutrinos. For the
oscillation probability formula, we follow Barger et. al. [L07]. Neutrino (anti-neutrino)
oscillation in matter now depends on nine variables, including six parameters listed
in Eq. for neutrino and Eq. for antineutrino, as well as three additional
parameters E,, L and p. Where E,,, L and p respectively represent neutrino energy,
distance travelled, and the matter density.

The similarity in configuration and operating principle of T2K and NOvA makes
it interesting for joint fit. Both experiments use intense muon (anti-)neutrino beams
created by accelerators to study oscillation phenomena. The off-axis technique can op-
timize the probabilities with a narrow-band beam of neutrinos at a defined low energy.
The ability to focus positive or negative particles (mainly pion and kaon) makes them
unique for operating in both neutrino-mode and anti-neutrino-mode. This important
feature enables the testing of CPT invariance in accelerator-based neutrino oscillation
experiments. JUNO [11] is a reactor-based medium baseline neutrino oscillation exper-
iment which studies electron antineutrino disappearance (V. — 7). The experiment
uses electron anti-neutrino flux produced from nuclear reactors to study neutrino os-
cillation. With rich statistics, advanced improvements in electronics and calibration
system, JUNO is able to reach energy resolution below 3% and better than 0.5% preci-
sion on sin? 012, Ams; and |Ammz| [108]. Tt also can break neutrino mass hierarchy at
30 after six years of operation, thus significantly contribute to the constraint on Am?ﬂ.

We basically follow the GLoBES setup for T2K-1I, NOrvA-II, and JUNO in the
Ref. [80], which was described in detail in the Section [3.3.3] except for some modifica-
tions in T2K-IT and JUNO. T2K is expected to operate until 2027, exposing 20 x 10!
protons-on-target (POT) in original proposal [46]. According to the latest plan, the
statistics may be reduced to only one half of the primary plan [109]. We also updated
the T2K flux, which was released in 2020 [110]. For JUNO, a total thermal of 26.6
GWth [108] is used instead of 36 GWth as in the previous report. Also, as mentioned
above, the energy resolution is set at 2.9% [108] to reflect closely the JUNO’s prospect.
In our simulation, for T2K-IT and NOvA-II, we used the disappearance channels only,
with statistics equally divided for ¥ mode and 7 mode. For JUNO, 7, disappearance
data is used. We assume neutrino masses are in normal ordering throughout the study
in Sec. [3.4.4l The studies are done with the values of nominal parameters listed in Ta-
ble in which we follow the measurements of T2K [1] for atmospheric parameters
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Parameter Value

sin? O3 0.51

sin? 03 0.43

Am? 2.55 x 10~%eV?
A3, 2.58 x 1073eV?

sin 012, sin®015 | 0.318

sin’ 013, sin®013 | 0.022

5, 6 1.087 rad
Am3,, Am2, 7.5 x 107%eV?

Table 3.10: Values of nominal parameters used for the study in Section taken from Ref. [1] and
Ref. [2].

and global fit [2] for the rest.

The sensitivity to rule out CPT invariance hypothesis with d,7(X) for X pa-
rameter is explored. The x? of individual experiment is calculated for given true values
of X and X, where X can be sin?6a3 or Am%l. We use a GLoBES built-in x? func-
tion (equation for T2K-II and NOvA-II, while an user-defined formula is used
for JUNO (equation as mentioned in the previous section. The calculation of
x? is then minimized over the nuisance parameters except for X and X. The two-
dimensional distributions of Ax? which is the sum of all individual ones of the three
experiments, are obtained (see Fig.[3.13). The minimum of Ax? as a function of &, (X)
is then found. The statistical significance of excluding CPT conservation is expressed

as the squared root of the minimum joint Ay?2.

3.4.3 Testing CPT invariance with T2K experiment

In 2017, T2K announced its measurements on €93 and Am%3 using 1.5 x 102!
POT [111] [112] in both neutrino mode (7.482 x 10?® POT) and antineutrino mode
(7.471 x 102V POT)

sin?(fa3) = 0.517008 v mode,

sin(fa3) = 042102 ¥ mode, (3.82)
Am3, = 2.53f8:%gx10_3 eV v mode,
Am3, = 2.557033 x 1073 eV? ¥ mode.

In this analysis, v, and 7, oscillations are treated independently such that fg # a3
and Am%Q =+ Am§2 while keeping other parameters the same. An updated analysis
using 3.13 x 102! POT was done in Ref. [1]. This update analyzes disappearance
channels using 1.49 x 102! POT in neutrino mode and 1.64 x 102! POT in antineutrino
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mode with assuming normal mass hierarchy (NH).

sin?(fy3) = 0.51f8:8$ v mode,

sin(fe3) = 043702 ¥ mode, (3.83)
Am3, = 2477008 x107% eV? v mode,
Am3, = 2507018 x 107 eV? ¥ mode.

For NH of neutrinos, we have Am%l = Amg2 + Am%l. From equation 1)

we can derive the values of Am%l and Am§1 as follows:

Amj = 255008 x 107% eV? v mode, (3.84)

Am3, = 2587018 x 107 eV? ¥ mode.

The following results are done with GLoBES simulation using 3.13 x 10! POT.
Fig. shows the distributions of Ax? as a function of Am2, (left) and sin® fa3
(right). The v, parameters (red lines) and 7, parameters (blue lines) are treated
independently. The right plot shows that the antineutrino mode of current T2K data
alone can not resolve the 623 octant degeneracy. Fig. represents 3o region of Ay?
values of Am3, versus A3, (left) and sin? fa3 versus sin? fa3 (right). The red points
represent T2K best fits, which are listed in Table [3.10] The statistical significance to
exclude CPT conservation hypothesis is shown in Fig. [3.12in terms of o values versus
S,(Am3;) (left) and §,5(sin? fa3) (right). The results show no CPT violation signature
with current T2K data. The expression summarizes the CPT violation bounds
at 30 C. L. with |d,7(Am2,)| and |, (sin? 623)]

16,5(Am2,)| < 6.35 x 1074V, (3.85)
‘51,3(81112 923)| < 0.19.

3.4.4 Sensitivity to CPT violation with a joint fit of T2K-II, NOvA-II, and
JUNO

Bounds on CPT violation

In this study, assuming that CPT is exactly conserved, we estimate the expected
bound of the two sensitive parameters, asymmetry in the mass-squared differences
5yp(Am§1) and asymmetry in the leptonic mixing angles 6,5 (sin” fa3), on the possible
CPT violation. In particular, Am%l = Am%l = 255 x 1073 eV? and sin®fy =
sin®fa3 = 0.51, which are the T2K’s best-fit points with recent measurement [1], are
assumed to be true. To compute the allowed region of the (5,,;(Am§1) and (5W(sin2 623)
parameters, we build up the x? profiles on a two-dimensional grid points of neutrino
and anti-neutrino corresponding parameters (Am%l, Amgl) and (sin? o3, sin®fa3),

respectively. The x? profiles take into account the correlations among the oscillation
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3o C. L. upper limits
Experiments 16,5(Am3,)| | |05 (sin? Oa3)]
T2K-1I 2.0 x 1074 eV? 0.14
T2K-1T+NOvA-II 1.2 x 10~* eV? 0.10
T2K-II4+NOvA-II+JUNO | 5.3 x 10~ eV? 0.10

Table 3.11:  The bounds on CPT violation with atmospheric mass-squared difference and mixing
angle at 30 C. L. for three analyses: T2K-II only, a joint of T2K-IT and NOvA-II, a joint of T2K-II,
NOwvA-II, and JUNO.

parameters. The Ax? profiles are attained by subtracting to the minimum value of the
according y?2, which is essentially located at the true values.

Fig. shows 30 C. L. allowed regions of pairs of parameters (Am%l, Amgl)
and (sin” a3, sin®fa3) under the assumption that CPT is conserved. Three dif-
ferent analyses are presented: (i) T2K-IT only, (ii) a joint of T2K-II and NOvA-
I, and (iii) a joint of T2K-II, NOvA-II, and JUNO. It is expected that a joint
analysis of T2K-II and NOvA-II improves significantly the precision of four involved
(Am%l, Amgl, sin? A3, sin? f23) parameters while JUNO mainly contribute to the
precision of Amgl.

To answer for the question about the allowed parameter magnitudes in the mass-
squared difference 5V9(Am§1) and the leptonic mixing angle (5,,;(81112 f93), projections
of Ax? profiles on these two variables are constructed and depicted in Fig. . The
upper limits of these two CPT-sensitive variables at 30 C. L. are extracted and sum-
marized in Table . With total exposure of 10 x 10?Y POT, T2K-II alone can set
more stringent limits on the CPT violation search, if it will be not found, both with
atmospheric mass-squared splitting \(5,,;(Am§1)\ < 2.0 x 1074 €V? and leptonic mixing
angles 5W(sin2 093) < 0.14, than the combined data of current neutrino experiments.
By adding NOvA-II, the 3¢ C. L. limit on |d,5(sin? f3)| for CPT violation is reduced
to 0.10, a 47% improvement over the current limit. Meanwhile, if no evidence of CPT
violation is found, the potential bound on |§,5(Am3;)| at 30 C. L. will be expected to
be 5.3 x 107° eV? for the combined analysis of the three experiments. This prospec-
tive bound on the possible CPT violation search is slightly better than the DUNE
sensitivity [101], [0,7(Am2,)| < 8.1 x 107° eV? at 30 C. L.

Sensitivities to CPT violation

Apparently if the analyses with real data shows the asymmetries of |6,5(Am3,)|
or |6,5(sin? fa3)| larger than the corresponding upper limits presented in Table , it
would imply the CPT violation in the lepton sector. However, one raised question is
whether these anticipated limits are affected by the true values of the underlying param-
eters, which can fluctuate from the current best-fit values. To investigate this issue, we
performed the full joint analysis of T2K-II, NOrvA-II, and JUNO under various assump-

tions of the involved parameters. In particular, for the potential effect on 5Vp(Am§1), we
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Shared values of sin? 0y3, sin? 03
0.44 0.51 0.57
2.46 x 1073 | 5.96 x 107° | 5.36 x 10~° 5.80 x 1075
2.55 x 1073 | 5.95 x 107 | 5.39 x 1075 5.77 x 107
2.63 x 1073 | 5.99 x 107> | 5.46 x 1075 5.79 x 107
8z(Am3)) limit to exclude CPT at 3 o C. L.

Am2, [eVz]

Table 3.12:  Lower limits for the true |3, (Am3;)| amplitude to exclude CPT at 30 C. L. are computed

at different ¢rue values of the involved parameters.

examine the CPT sensitivity at three points (2.46 x 1073, 2.55x 1073, 2.63 x 10_3€V2)
of Am%l, taken as the T2K best-fit and 1o shifted values, in combination with a
variation of A3, such that [§,7(Am3,)| < 0.15 x 1073eV? In this case of study,
sin? fy3 = sin® O3 = 0.51 is assumed to be true. In addition, we check the sensitivities
of CPT violation on the d,(Am3;) parameter at three shared values (0.44, 0.51, 0.57)
of (sim2 Oy3, sin’ ?23). For each case, the statistical significance to exclude the corre-
sponding form of the CPT invariance is extracted as function of d,7(Am3;) and the
results are shown in Fig. [3.15] It is observed that the CPT violation sensitivity mani-
fested on the 5W(Am§1) parameter depends marginally on the central value of Am%l
and Amgl in the current allowed range of this parameter. Also the dependence of the
S,7(Am3;) sensitivity on the true values of the mixing parameters (sin? a3, sin®fa3)
is relatively small. Apparently, due to the octant degeneracy of (sin2 023, sin’ 523) pre-
sented in the disappearance probabilities of muon (anti-)neutrinos, the significance of
the CPT test is slightly worse than the case where (sim2 093, sin’ fa3) is exactly equal
or near the maximal mixing. The lower limit of true d,7(Am3,) amplitude to exclude
the CPT at 30 C. L. or higher significance is presented in Table [3.12]

We find that if the amplitude of §,7(Am3,) is greater than 6.0 x 107°eV? the
CPT invariance will be excluded at 30 C. L. for almost the entire currently-allowed
range of the involved parameters. The range of possible 51,9(Am§1) asymmetry to
be explored significantly is slightly extended ([5.36,5.46] x 10_5e\/2) if the mixing
angle is near the maximal mixing. Due to the aforementioned octant degeneracy of
the (anti-)neutrino oscillation probabilities in the disappearance samples, the ampli-
tude of §,(Am3,) must be moderately greater ([5.77,5.99] x 107°eV?) for attaining
a same level of significance to exclude the CPT invariance. To see how impressive
the improvement in the CPT test sensitivity from this three-experiment combined
analysis is, we project the statistical significance from the current measurements. Ta-
ble summarize the measurements of the (Am%l, Am%l, Oo3, 523) parameters with
the first generation of the A-LBL experiment MINOS [3,4], on-going second gener-
ation T2K [1], NOvA [5], and precise constraint of the Am3,; parameter from the
R-SBL experiment Daya Bay [6]. From the Table , we see that the difference in
mass-squared splitting at the best-fit values of (Am%l, Am%l) measured by T2K |[1]
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MINOS(+) T2K NOvA | Daya Bay

Am3,/1073eV? | 2481098 | 2.55F0-08 | 2.56+0-07 -

A2, /1073eV? | 2551023 | 2587018 | 2.637013 | 2.5370-08
sin? 6y 0.437020 | 0.5175:05 | 0.5119-08 -

sin” 03 0.417505 | 0.437021 | 0.417053 -

Table 3.13: Measurements of the (Am2,, Am3,, 623, f23) parameters, which govern the muon neutrino
and muon antineutrino disappearances, from different experiments: MINOS(+) [3}/4], T2K [1], NOvA

[5], Daya Bay [6]. Normal neutrino mass hierarchy is assumed.

is |0,7(Am2,)| = 3 x 107°eV?, well consistent within 1o uncertainty of 20 x 10~2eVZ.
However, if this asymmetry persists as the true, it will correspond to 1.7¢ C. L. exclu-
sion of CPT conservation by the combined analysis of T2K-II, NOvA-II, and JUNO. If
the level of asymmetrical §,7(Am3;) in the neutrino and anti-neutrino best-fit values
of NOvA and MINOS(+), which is 7.0 x 107° eV2, are assumed to be persisted as the
true, the synergy of the three experiments can exclude CPT conservation at 40 C. L.

Regarding the sensitivity of 6,5 (sin? f23) on the CPT test, we examine and find
that their dependence on the fluctuation of the (Am%l, Amgl) parameters is relatively
small while the dependence on the true value of (sin2 Oo3, sin? 523) is significant, as
shown in Fig. When the true value of sin?fa3 belongs to an octant, there ex-
ists a degenerated solution in the other octant. For example, when sin? 623=0.44, the
extrinsic CPT-invariant solution of sin? f23=0.58 (along with the genuine solution of
sin? 52320.44). Similar behavior is observed when sin® 693 values in the higher octant.
The behavior is well-understood due to the dependence of muon (anti-) neutrino dis-
appearance probabilities on the sin? 203 (sin? 2053) rather than sin® A3 (sin? fa3). As
summarized in Table to attain the same significance level to exclude the CPT,
compared to the maximal case sin? 023=0.51, the amplitude of true 5W(sin2 0O93) asym-
metry in the non-maximal cases (sin?f23=0.44 and sin®fo3=0.57) is required to be
larger or smaller depending on whether the 623 and f23 belong to the different or same
octants, respectively. In particular, for sin? f93=0.51 as indicated by both T2K [1] and
NOvA [5], the amplitude of 6,5 (sin? fa3) asymmetry must be between [0.076, 0.084] to
be discovered with 30 C. L. T2K (NOvA) measured 4, (sin f23)=0.08 (0.10) respec-
tively, and if it remains as true the CPT invariance will be excluded at 3o or higher C.
L. If f95 and 693 are in the same octant and relatively far off from the maximal values,
the amplitude of 6,,g(sin2 f23) must be greater than 0.051 in order to rule out CPT
invariance at 30 C. L.. If 63 and 023 are in different octants, fa3 in lower octant and
fa3 in higher octant or vice versa, the amplitude of (SVp(sin2 023) must be significantly
higher, varying in the (0.165,0.190) range, to exclude CPT at the same 3o statistical
significance. The sensitivity to detect CPT violation via the d,5(sin? f23) asymmetry
is not good due to the aforementioned octant degeneracy in the muon (anti-) neu-

trino disappearance samples. The sensitivity can be improved by adding the electron
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Figure 3.17: Statistical significance to exclude CPT is computed as a function of true 5l,g(sin2 023)
under various scenarios of the involved parameters. Both muon (anti-)neutrino disappearance samples
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is examined at three different true values of sin? fy3 values while Am3, = A7z, = 2.55 x 10~%eV? is

assumed to be true.

Shared values of Am3,, A3, [eV?]
2.46 x 1073 2.55 x 1073 2.63 x 1073
0.44 | -0.051 (4+0.190) | -0.049 (+0.187) | -0.048 (+0.186)
0.51 | -0.084 (+0.082) | -0.080 (+0.078) | -0.078 (-+0.076)
0.57 | -0.169 (+:0.047) | -0.166 (+0.044) | -0.165 (+0.043)
5l,g(sin2 f23) limit to exclude CPT at 3 o C. L.

SiIl2 923

Table 3.14:  Lower limits for the true |6,5(sin fa3)| amplitude to exclude CPT at 3¢ C. L. are
computed at different true values of involved parameters. The -(4) signs in each cell correspond to

the negative (positive) value of 6,5 (sin? fa3).
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(anti-)neutrino appearance samples from the A-LBL experiments. Fig. shows the
sensitivity of 6,,;(51112 f23) on the CPT exclusion with a combination of both disappear-
ance and appearance samples. It is observed that by adding the electron (anti-)neutrino
appearance samples, the statistical significance to exclude the extrinsic CPT-invariant
solution is enhanced notably. Consequently, the sensitivity of 6,,g(sin2 23) to the CPT
violation has improved. However, one must consider carefully when adding the electron
(anti-)neutrino appearance samples. The reason is that the probabilities of v.(7,) from
v,(7,) depend not only on fa3(f23) but also on two known unknowns, CP-violating
phase and mass hierarchy, which will complicate the interpretation of the experimental

observation.
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Conclusions

In the thesis, we have presented the simulations and measurements in the T2K
experiment that we have directly contributed. The results come into two main parts,
neutrino beam profile study at INGRID, and testing CP and CPT invariances with
T2K and with the combined analysis of T2K-II, NOvA-II, and JUNO.

We presented our MC study and the measurements at the INGRID detector for
different horn configurations in the Chapter [2. Our study shows that the event rates,
neutrino beam directions, and beam widths are stable and in good agreement between
the MC study and the data of T2K run 10. We also showed the MC study at INGRID
with a 320 kA horn configuration, which can be tested with future data of T2K.

In the Appendix [A] we showed some preliminary results of the neutrino cross
section measurements at WAGASCI BabyMIND experiment which we have currently
involved in the analysis.

In Chapter 3] the CP and CPT violation searches with the T2K experiment are
presented. The current data of T2K rules out CP conserving hypothesis at more than
95%. With T2K data only, the CP violating phase d¢p is measured to be —2.141’8:28
in case of normal mass ordering and —1.26Jj8:gé in case of inverted mass ordering.
When T2K is combined with short baseline reactor experiments, the best fits and best
fits 10 values of dop are —1.891“8:;2 for normal ordering and —1.384_'8245% for inverted
ordering. We also show that if T2K-II data is combined with NOvA-IT and JUNO
experiments, we will be able to discover CP violation at around 50 C. L. by 2028.

The study shows there is no signature of CPT violation with current data of
T2K. The synergy of T2K-II, NOvA-II, and JUNO will improve the sensitivity and
bounds on CPT violation to unprecedented levels of precision. If the recent T2K
(NOvA) results on mass squared splittings (Am2,, Am3,) and mixing angles (623, 6a3)
are presumed to be true values, the combined data of the three experiments is able to
exclude CPT symmetry at 1.70 (40) and 30 (40) C. L., respectively. By 2028, before
the next generation neutrino experiments DUNE and Hyper-K begin their operations,
the synergy of T2K-II, NOvA-IT and JUNO can improve the bound on |§(Am2,)] to the
world’s best value, 5.3 x 107%eV2 at 30 C. L. The sensitivity to CPT violation basically
does not depend on the true values of Am%l and Amgl, and the 623 octant degeneracy.
The mixing angle CPT violation sensitivity, otherwise significantly depends on the true
values of fo3 and a3 as well as their differences.

Next step, we will try to make a real data fit with T2K, NOvA, and MINOS.
Also, a preliminary study of the Hyper-K sensitivity shows that it will provide the best
constraint on CPT violation ever. We will make more investigation on this exciting

study.
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Appendix A. Neutrino cross section measurements

at WAGASCI BabyMIND

In the T2K analysis, large sources of systematic uncertainty come from flux and
cross section model, which are strongly constrained by the near detector measurements.
The large cross section uncertainty is mainly caused by the difference in the target
material between the near and far detectors, and by the limited acceptance of ND280
as well. The target material of the ND280 detector is mostly hydrocarbons (CH), while
the Super-K detector is water (H20). In order to reduce this systematic error, the new
water grid scintillator detector (WAGASCI) is constructed at the B2 floor of the J-
PARC neutrino hall at 1.5° off-axis angle. The primary goals of WAGASCI-BabyMIND
are

e to measure the charge current cross section ratio between water and scintillator
targets with 3% accuracy.

e to measure different charged current neutrino interaction channels with high
precision and large acceptance.

In this section, we will present the current status and recent measurements of
neutrino cross sections on water and on hydrocarbons by using WAGASCI-BabyMIND

detectors.

A.0.1 WAGASCI BabyMIND

The WAGASCI BabyMIND consists of several modules classified into the central
detectors and muon range detector (MRD). Fig. left shows the configuration
of the WAGASCI modules. Along the neutrino flux direction, the central part is
three neutrino interaction targets including water-out WAGASCI, Proton Module, and
water-in WAGASCI detectors. These detectors are surrounded by two Wall-MRDs and

one downstream muon range detector called Baby MIND.

WAGASCI detectors

The WAGASCI central module includes two sub-detectors which are mainly
made from plastic scintillators. The total of 1280 plastic scintillator bars are con-
structed in a hollow cuboid lattice structure which can have 47 angular acceptance
for charged particles as illustrated in Fig. [A.2] Scintillator bars are fixed in plane
with 40 parallel bars which are perpendicular to the beam and another 40 lattice bars
which are parallel to the beam. One WAGASCI detector consists of 16 scintillator
tracking planes. The whole structure is protected by a stainless steel tank of size
460mm x 1250mm x 1250 mm, and weighs 0.5 tonne (Fig. left). Each plastic scin-
tillator bar used in the WAGASCI experiment has a size of 1020mm x25mm x3 mm.
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The scintillators are made from polystyrene material and covered by a thin reflector
which is made from TiO?. The bars in which one half of them have slits every 50mm
cross each other to form the 3-D grid structure of the detector (Fig. [A.2). The WA-
GASCI module can operate with two conditions. The water-in option is the condition
in which the detector is fully filled with pure water. In this case, the water mass inside
fiducical volume is 188 kg and is equal to 80% of the total target mass. The 20% left
is the mass of scintillator. The water-out WAGASCI module doesn’t have water inside
the detector. The water-out detector has a total mass of 47 kg and it is 100% of the
scintillator.

The signal produced by neutrino interaction with the target is collected by Y-
11 wave length shifting fibers. The fibers are gathered in groups of 32 fibers each and
read-out by 32-channel MPPC array (S13660(ES1)) produced by Hamamatsu company.

Proton module

The INGRID proton module is installed between two WAGASCI modules (see
Fig. on the B2 floor of the T2K near detector hall. It is a fully-active neutrino
detector developed by T2K to measure neutrino cross section with a 100% scintillator
target. Fig. right illustrates the schematic view of the proton podule. The total
mass of the hydrocarbon target inside the fiducial volume is 302 kg. The module is
surrounded by veto planes to prevent wrong sign signals coming from outside detec-
tors. The main part of the detector is assembled from 36 tracking planes, which are
made from two types of scintillator strips. The inner region has 16 strips with dimen-
sions of 25mmx13mmx1200mm. The outer region has 16 strips with dimensions of
50mm x 10mmx 1200mm. The signals in the form of scintillation lights are guided by
wave length shifting fibers and read out by MPPCs as for the WAGASCI modules.

Wall-MRD detectors

There are two Wall-MRD modules, which are on the left side and on the right
side of the central WAGASCI module. They are used for muon identification and
muon momenta measurements. One module is composed of 11 steel plates and 10
plastic scintillator layers, with a total weight of about 8.5 tons. Each steel plate has
a size of 1610 mm x 1800 mm x 30 mm. Each scintillator layer consists of eight
scintillator bars, in which every bar has a size of 200 mm x 1800 mm x 7 mm (Fig.
right). The wavelength shifting fibers and the MPPC readout are the same as for
WAGASCI detectors and the INGRID proton module.

Baby MIND detector

Baby MIND is a downstream muon range detector which also works as a magnet
with a minimum magnetic field of 1.5 T (Fig. (left)). It is a magnetized iron
neutrino detector used to measure muon momentum and charge identification. The

(anti-)muons produced by neutrino interactions with the WAGASCI targets will be
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Figure A.1: Left: The configuration of WAGASCI-BabyMIND detectors; Right: The flux at WA-
GASCI (1.5° off-axis, red line) and ND280 (2.5° off-axis, back line).
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Figure A.4: Wall-MRD module (left) and scintillator bar of the module (right).
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Figure A.5: Magnetic field inside the magnet module (left) and scintillator module (right) of Baby
MIND.

bent in curvatures by the magnetic field in opposite directions and therefore can be
identified very precisely. The detector consists of 33 magnet modules and 18 scintillator
planes. Each magnet module has one 30 mm thick iron plate and weighs 2 tons. The
total size of one magnet module is 3500 mm x 2000 mm x 50 mm. On one half of the
scintillator module there are 95 horizontal bars of size 3000 mm x 31 mm x 7.5 mm
each and 8 vertical bars of size 1950 mm x 210 mm x 7.5 mm each (Fig. [A.5] (right)).
The wavelength shifting fibers and the MPPC readout are same as for WAGASCI
detectors and the INGRID proton module. There are two YASU trakers which have
recently been integrated into the upstream part of the Baby MIND module to detect

low momentum muons.

A.0.2 Neutrino-nucleus interaction cross section models

The neutrino-nucleus interaction cross section is predicted by NEUT, which is
a Monte Carlo simulation package officially used in the T2K experiment to simulate
neutrino-nucleus and nucleon interactions in a wide range of energy from MeV to TeV.

The neutrino interaction with matter depends on its energy.



Quasi-elastic scatterings

At low energy region (below 1 GeV), quasi-elastic scattering processes dominate:
+ Charged current (CCQE):

vi+n—1" +p, (A.1)

v+p—1T+n. (A.2)
+ Neutral current (NCQE):

v+ N — v+ N, (A.3)

v+ N — v+ N. (A.4)

in which [ is charged lepton and N is nucleon (proton p or neutron n). In NEUT,
CCQE process is modeled by Llewellyn-Smith [113] or Nieves 1plh [114].

Single meson (7,7, K,n) production via baryon resonances

At a few GeV, a neutrino is able to excite the nucleus to a baryon resonant state

and consequently produce a meson. The dominating process is via A(1232) resonance:

+ CClr:
+N—=I"+A—=1"+N+m, (A.5)
B+ N—=IT+A—=IT+ N+ (A.6)
+ NCln:
V5+N—>VZ+A%I/Z+N/—|—7T, (A.7)
n+N—-p+A—=p+ N+ (A.8)

There are 14 reactions of this kind (6 for CC17 and 8 for NC17). These processes
were considered by Rein-Sehgal [115] with the assumption that lepton mass m; = 0. In
this model, the resonance region is up to 2 GeV in terms of the relativistic quark model
of Feynman, Kislinger and Ravndal (FKR model [116]). Experimental data indicates
that the Rein-Sehgal model overestimates the cross section in the low Q? region. Recent
Graczyk-Sobcezyk model [117] has been used since NEUT 5.3.2. In this model Graczyk
and Sobczyk used the same hadronic current as in the Rein-Sehgal model and included
additional correction from m; # 0 effects by appropriate substituting hadronic weak
current matrix elements and adding a new term in the axial current based on partially
conserved axial vector current theorem [118] .

Coherent pion productions

In addition to the above resonant processes in this medium energy range, neu-
trinos can interact coherently with nucleus A, producing pion and leaving the nucleus

unchanged in the final state. This is known as coherent pion production process

+ CCcohlmr:

n+A—=I1"+A+at, (A.9)
n+A=IT AT, (A.10)
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T2K run Period Accumulated POT
Run 10 November to December 2019 | 2.65 x10%° POT
Run 10 January to February 2020 2.12 x10%° POT
Run 11 March to April 2021 1.78 x10%° POT

Table A.1: Summary of data taking at WAGASCI-BabyMIND.

+NCcohlr:

v+ A=+ A+ (A.11)
DZ+A—>I7[+A+7TO. (A.12)

There are some models describing these processes, including [PCAC| based mod-
els and microscopic models. In this essay, we will present in detail the PCAC based
models of Rein-Sehgal [119], [120] and Berger-Sehgal [121], which describe the early
high energy data connection between coherent reaction and 7 elastic scattering with
target nucleus. These models, however, overestimate at low energy, so they need to
be implemented with corrections to fit the data. The Rein-Sehgal model assumes the
collision is forward-scattering (small scattering angle of out-going lepton) and takes
an approximation of m; = 0 and Q%> = 0. The Berger-Sehgal model is an updated
version of Rein-Sehgal model in order to valid for all Q? values. The total cross sec-
tion predicted by the Berger-Sehgal model is reduced by a factor of 2 compared to
the Rein-Sehgal model. The Berger-Sehgal model is implemented in NEUT since the
version v5.4.0.

Deep inelastic scatterings

At a high energy of above 5GeV, the interaction is dominated by deep inelastic
scattering (DIS) processes. In these processes, neutrino has enough energy to enter

inside nucleus, interacts with quarks and produces hadrons in the final states:

+ CCDIS:

v+ N — 1~ + N’ + hadrons,
7+ N — 1" 4+ N’ + hadrons. (A.13)

+ NCDIS:

v+ N — v+ N’ + hadrons,
v+ N — i+ N’ + hadrons. (A.14)

A.0.3 Data set

WAGASCI-BabyMIND has started taking date since 2019. It collected 6.55 x
1029 POT in total. The accumulated data is summarized in Table [A.1]
A.0.4 Monte Carlo simulation

The simulation process is similar to INGRID. First, neutrino beam flux at B2
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floor is simulated by JNUBEAM. Then the interactions between neutrinos and target
materials are described by NEUT. Finally, a GEANT4-based package will simulate the
detector response.

In our study we focus on the analysis of CCl7 interaction which contains one
pion in the final state. The interaction can be CClz resonance or CClm coherent
(Eq.(A.5) and Eq.(A.9)). We can see that a CClxw event has at least two tracks,
including muon track and the pion track. An event is defined as signal if vertex of
the interaction is in a target detector (called vertex detector) and the vertex has
more than two tracks, in which at least one track matches with other modules. There
are three vertex detectors, including upstream wagasci (UWG), downstream wagasci
(DWG), and Proton Module (PM), and three muon range detectors (called Wall-MRD)
including North-MRD, South-MRD, and BabyMIND. In this study, we generated 984
MC files of muon neutrino and antineutrino beams in which each MC file is equivalent
to 102! POT. The MC fake data is then normalized to 5x 10?0 POT. The event selection
follows similar steps as for the INGRID study in the section [2.2;

1. Time clustering: The signal is collected by scintillators, transmitted by
WLS (wavelength shifting) fibers and detected by MPPCs. The signal is detected in
terms of ADC counts or number of PE. Channels with ADC signals larger than 2.5 PE
are defined as hits. A cluster is formed if there are more than three hits in which the
difference between any two adjacent hits is less than 100 ns.

2. Two dimensional track reconstruction: The tracks in the X7 and YZ
planes (see Fig. for coordinate system definition) are reconstructed by using the
“cellular automaton” algorithm, which is described in Fig. and Section [2.2.2]

3. Three-dimensional track reconstruction: The tracks are matched from
vertex detector to BabyMIND or Wall-MRDs. The algorithm looks for clusters in either
BabyMIND or WallMRD, then matches them with clusters in vertex detectors under
matching conditions. Matching conditions are mainly divided into two parts: the angle
between two clusters (see Table[A.2)), and the position difference between a cluster in an
upstream detector and a cluster in a downstream detector (see Table[A.3). If an event
has clusters that satisfy matching conditions, it will proceed with three-dimensional
track matching. The algorithm ensures that there is at least one pair of track matching
in both views. It will check if both upstream edge position differences and downstream
edge position differences satisfy a three-dimensional matching condition shown in Table
A4

4. Vertexing: The vertex in the target detector will be reconstructed after
three-dimensional track matching is finished. The positions of vertexes X and Y are
taken from the start positions of the three-dimensional matching track, while the po-
sition of vertex Z is the minimum value of matching tracks in both views. Assume

AZ and AXY respectively are differences in positions of Z vertex and X/Y vertexes
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Upstream detector | Downstream detector View Threshold angle (°)
Vertex detector BabyMIND XZ 30
Vertex detector BabyMIND YZ 25
Vertex detector WallMRD X7 25
Vertex detector Vertex detector XZ and YZ 25

Table A.2: Threshold angles for matching tracks between detectors.

Upstream detector | Downstream detector View Threshold distance (mm)
UWG BabyMIND X7 300
PM and DWG BabyMIND X7 300
UWG BabyMIND YZ 300
PM and DWG BabyMIND YZ 250
Vertex detector WallMRD XZ 500
UWG PM XZ and YZ 200
UWG DWG XZ and YZ 300
PM DWG XZ and YZ 200
Table A.3: Threshold distancs for matching tracks between detectors.
Detector Threshold distance (mm)

Upstream edge vertex detector

150

Downstream edge vertex detector

200 (WallMRD) and 350 (BabyMIND)

Table A.4: Three dimensional track matching conditions.
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between clusters, the conditions for them to have the same vertex are
AZ <80 mm, AXY <80 mm. (A.15)

5. Fiducial volume cut: The fiducial volume cut is applied to remove back-
grounds from outside detectors. The fiducial volume of a WAGASCI module is a cubic
volume dimension 400mm x 400mm x 150mm. For Proton Module the fiducial volume
is of dimension 500mm x 500mm x 300mm.

6. Charge identification and muon momentum determination: The
charge of a particle is defined by Baby MIND. The particle will be bent upward or
downward depending on its electric charge when it flies into the magnetic field region
of Baby MIND. Muon produced by neutrino interaction with target nuclei will travel
to Wall-MRD modules or Baby MIND. To select muon tracks and reject backgrounds
from neutral current events, the longest track is required to penetrate more than one
and five iron plates in Wall-MRD modules and Baby MIND, respectively. The muon
momentum is then determined by requiring the longest track to stop in Wall-MRD
modules or Baby MIND or penetrate all iron plates. The materials that the muon
may penetrate are iron, scintillator, and water with corresponding densitites: p =
7.874 g/em3, p = 1.032 g/em3, and p = 1.002 g/cm3. The energy loss is normalized
to iron by the density ratio of iron to scintillator and water. The reconstructed muon
momentum is calculated using the relationship between the mean energy loss rate in
iron and muon momentum as shown in Fig. [A.7]

In the following plots, the vertex detector is Upstream WAGASCI. Fig.
displays the matching tracks with sub-detectors which vertexes are in the fiducial vol-
ume. The left plots correspond to track distribution versus track angle, while the right
plots are versus track momentum. We can see that the track matching with Proton
Module is less than 80°, while matching with Downstream WAGASCI or BabyMIND
is less than 40°. The angles of track matching with Wall-MRD are mostly between 20°
and 80°. For momentum distribution, we can see the energy peaks at Proton Module,
Downstream WAGASCI, and BabyMIND are around 1 GeV, while at Wall-MRD they
are around 0.5 GeV.

A.0.5 Conclusion

The section has provided a description of the WAGASCI BabyMIND experi-
ment, neutrino cross section models, and how the cross section is measured at WA-
GASCI BabyMIND. The preliminary result is reported with 5 x 102° POT, which is
equivalent to the data taken in T2K run 10 with 4.77 x 10?° POT.



Figure A.6: Definition of XYZ coordinate system at WAGASCI-BabyMIND experiment. 7 axis
is along the neutrino beam, Y axis is perpendicular to the ground and pointed upward, X axis is

perpendicular to both Y and Z axis.
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Figure A.7: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous helium, carbon,

aluminum, iron, tin, and lead. The plot is taken from Ref. .
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