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Abstract

The T2K(Tokai-to-Kamioka) experiment is a long baseline neutrino oscillation experiment
in Japan. T2K aims to observe the CP violation in the lepton sector. Until now, T2K
has excluded the CP conservation with more than a 90% confidence level. In the T2K
oscillation analysis, the uncertainty on the electron neutrino( ¢) cross-section is one of
the largest systematic uncertainties.

Each component of the T2K experiment has been upgraded in order to achieve better
sensitivity. One of the major upgrades is a new detector in the near detector system
(ND280).

In this thesis, the selection of . interaction candidate events and their classification
based on the final states using the upgraded ND280 are discussed. Better understanding
and possible reduction of background events are possible by investigating each final state
separately. Also, measurement of cross-sections in specific final states may be possible in
the future. The . charged current interactions without charged pions are selected with
the e Lciehcy and purity of 17.1% and 60.5%, respectively. The e [ciehcy and purity for
events with a charged pion are 9.3% and 38.0%, respectively. Based on the results of this
study, possible improvements are discussed.



Contents

Introduction

1.1 Neutrino oscillation . . . . . . . . . . . . . . .
1.1.1 Neutrino mixing matrix . . ... ... .. ... ... .. ......
1.1.2 Theory of neutrino oscillation . . . . . . ... ... .........
1.1.3 CPuwviolation . . . . . . . . . . . . e

1.2 Neutrino interaction . . . . . . . . . . . . e
1.2.1 Neutrino interaction models . . . . . . . . ... ... ... .....
1.2.2 Nucleareledts. . . . . . . . . . . .. . . e
1.2.3 Electron neutrino interaction. . . . . . . . .. ... ... . .. ...

T2K experiment
2.1 OVEIVIEW . . . . . e e e e e e e e e
2.2 J-PARC accelerator and neutrino beamline . . . . . . .. ... ... ....
2.2.1 The J-PARC accelerator . . . . . ... . . .. . ... .. . .. ...
2.2.2 The neutrino beamline . . . . . . ... . . ... ... .. .. ....
223 Ol=akismethod . . ... .. ... . .. . .. . . .. . .. . ... ..
2.3 Neardetectors. . . . . . . . . . e
2.4 Far detector: Super-Kamiokande(SK) . . . . . ... ... ... . ... ..
25 T2Krecentresults . . . . . . . . .
2.5.1 Oscillation analysis results and systematic uncertainties . . . . . . .
2.5.2 Electron neutrino cross-section measurements . . ... ... .. ..
2.6 T2K Il . . . o e

ND280 upgrade

3.1 Limitation of current ND280 performances . . . . . ... ... ... .. ..

3.2 Detectors of upgraded ND280 . . . . . . . . . . . . ... ... .. ...
3.21 SuperFGD . . . . .
3.22 HA-TPC . . . . e
323 TOF . . e

3.3 Expected performances of the upgraded ND280 . . . . ... .. .. .. ..

3.4 Statusof ND280 upgrade . . . . . . . . . . . ...
3.4.1 Assembly of SuperFGD . . . . . . . . ... ..
3.4.2 Commissioning of SuperFGD . . . . . .. .. ... .. ...
3.4.3 Upgrade detectors. . . . . . . . .. . ... ...

3.5 Subjectsof thisthesis. . . . . . . . . . . . .. .



Monte Carlo simulation and reconstruction 30

4.1 Monte Carlo simulation. . . . ... .. .. ... ... ... ... .. .... 30
4.1.1 Simulation of neutrino beam and interaction sample . . . . . . . .. 30
4.1.2 Particlegunsample. . . .. .. ... .. ... ... 30
4.1.3 Detector response simulation. . . . . ... ... ... ... .. ... 31

4.2 Reconstruction algorithms . . . . . .. .. ... .. oo 32
4.2.1 Eventreconstruction on SuperFGD . . . . . . ... ... ... ... 32
4.2.2 HA-TPC and TOF detector . . . . .. ... ... ... ....... 33
4.2.3 Event reconstruction on other detectors . . . . . . .. ... .. ... 33

4.3 Particle identi cation by sub-detectors . . . .. ... ... ... .. L. 34
431 SuperFGDPID . . . . . . . . e 34
4.3.2 TPCPID . .. . . e 35
433 ECalPID .. ... . . . . e e 36

4.4 Proton and pionidentication . . . . .. ... ... ... ... .. ..., 36

Selection of -CC events 38

5.1 Vertexselection . . . . . . . . . . . . 39

5.2 Electron track indentication . . .. .. ... ... ... ... ... 40
521 Coneconstruction. . . . . . . . . . . . e 41
5.2.2 EMshoweridentication . . . ... ... ... ... ......... 41
523 TPCandECalPID. . ... ... .. . .. ... ... ..., 44
5.2.4 Electron/gamma separation . . . . ... ... ... ... . ... 44

5.3 Other Particle identications . . . . . .. ... .. ... .. ... ... 46

5.4 Rejection of particles from outside of the ducial volume . . ... .. ... 47

55 Selectionresult . . . .. ... 47
5,51 Selected-CC events . . . ... ... . . . i 49
5.5.2 Selected backgrounds events . . . .. ... .. ... ... ... ... 49

Classi cation of  ¢-CC events 51

6.1 Classication basedon nalstates. . . . .. ... .. ... ......... 51

6.2 Study of background reduction for .-CC inclusive event selection . . . . . 52
6.2.1 background . . . . . ... 53
6.2.2 ¢background . . . . ... 53
6.2.3 background . . . . . . ... 55

6.3 Study of the exclusive nal state selection for cross-section measurement . 55
6.3.1 TheCCO sample .. .. ... .. .. .. ... ... ... ..... 55
6.3.2 TheCCl sample . . ... ... ... . .. .. .. ... 56
6.3.3 The selected CCmulti events . .. ... .............. 56

Discussion 57

7.1 Impacts on T2K oscillation analysis . . . . . . .. ... ... ... ..... 57

7.2 Future improvements . . . . . . . . ... e 57

Summary 59



Chapter 1

Introduction

Neutrino is one of the elementary particles in the standard model with spit=2. It has
three dierent avors: electron neutrino, muon neutrino, and tau neutrino. Theories
of neutrino mixing, neutrino oscillation, and neutrino interaction are described in this
chapter.

1.1 Neutrino oscillation

1.1.1 Neutrino mixing matrix

Neutrino has avor and mass eigenstates. The neutrino avor eigenstates( = e; ; )
are described by the mass eigenstategk = 1;2; 3) and a lepton mixing matrix U known
as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix,

0 1 0 1 0 10 1
e 1 Uel Ue2 Ue3 1
@ AzU@A=Q@U, U, UAQ@A: (1.1)
3 U, U, Uj 3

The PMNS unitary matrix satis es,

Uk U = and Uk Uj = K (12)
(; =e; )kij=1;23):

The mixing matrix has four physical parameters, three mixing anglgs,; 13; 23) and
one CP violating phase cp. A parameterization of the Dirac neutrino mixing matrix is

0 10 .10 1
1 0 0 Ci3 0 sq3e Icp Cio S;2 O
U= @O Co3 Sng @ 0 1 0 A @ S12 Ci2 OA (13)
0 0 Soz Co3 S13€ fce Ci3 0 0 1
C12C13 _ S12C13 Siz€ '
= @ s150 (312513523_6l CP CraCp3  S12513S23€ i CiaSes A (1.4)
S12S23  €12S13C3€ P C12S23  S12S13Cp3€ P C13C23
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wherec; cos andsy sin . The three mixing angles take values in the range of
0 =2 and the CP violating phase takes a value in the range of cp

1.1.2 Theory of neutrino oscillation

Neutrino oscillations are described as a consequence of a neutrino mixing of avor states.
A neutrino with avor  is represented by a linear combination of avor eigenstates,

X
Joi= Ugjud (=65 ) (1.5)
k

The neutrino mass stateg i (k = 1;2;3) are the eigenstates of the Hamiltonian with
energy eigenvaluegy,

Hj «i = Exj «i; (1.6)

q
Ex= p2+ ms 2.7)

wherep is a neutrino momentum andmy is a mass eigenstate value. The time evolution
of neutrino is expressed by the Schrodinger equation,

S i = ] i (1.9
The propagation in vacuum is expressed as
j k()i =e Extj i (1.9)
Evolutions of avor eigenstates in vacuum are expressed as
j ®i= X U, e Bty i (1.10)

_X‘x

k

U, U e Bty i (1.11)

The neutrino oscillation probability from  to  in vacuum is calculated as
P( ! )=jh | @ij* (1.12)

For an ultrarelativistic neutrino, energy eigenvalues can be approximated & ' E + %
where E = |jpj is the neutrino energy andt ' L wherelL is a ight distance. As a
consequence, the oscillation probability is expressed as
P( | - X a2 Mgl
( ! ) = 4 Re Uy U; U Uj sin =
K<
X _ m3 L
2 Im Uy Uj U,U; sin =
k<j

(1.13)



with the di erence of the mass squared mg = mi m?, where means neutring+)
and anti-neutrino( ) cases.
In the case of( = ), the survival probability is expressed as

|
X Y m2 L%
P( ! )=P(C ! 7)=1 4 jUcU,jsin 4E’ (1.14)

k<j
which is the same for both neutrinos and anti-neutrinos.

1.1.3 CP violation

The charge-conjugation and parity-reversal (CP) symmetry of fundamental particles is a
symmetry between matter and antimatter. CP violation does not appear in the survival
channel since the survival probability is the same for both neutrinos and anti-neutrinos.
Thus, CP violation is only measurable in the oscillation channel with the comparison

betweenP( ! )and P(— ! 7)) in the case of 6 . The dierence in the
oscillation probability is
P, P( ! ) P! 7)) (1.15)
X m L

=4 Im Uy Uj U,U; sin
k<j

o (1.16)

As all present accelerator neutrino beamlines are dedicated to producing a muon neu-

trino beam, the CP violation can be measured in neutrino oscillations via ! ¢ ap-
pearance using accelerator neutrinos. The di erence betweBf ! ) andP(T ! )
is calculated as
_ . mi,L m3,L m3, L
P,e= 16Jsin yT= sin AE sin AE (1.17)
whereJ Im U ;UqU ,U,, is known as Jarlskog invariant given by
1 . . . ,
J écos 13SIN2 12SIN2 »3SiN2 13SiN cp: (1.18)
Conditions for CP violation in neutrino oscillations are
K 60; mc6& m;; and cp 60; : (1.19)

1.2 Neutrino interaction

1.2.1 Neutrino interaction models

Present neutrino experiments measure neutrino interaction with nuclear targets. Since
neutrinos are electrically neutral, they do not interact electromagnetically. As neutrinos
do not undergo strong interaction, they can only interact via weak interactions: charged
current(CC) and neutral current(NC) interactions.

Figure 1.1 shows cross-sections of neutrino-nucleus charged current interactions in the
sub-GeV energy range.



Figure 1.1. Muon-neutrino cross sections of neutrino-nucleus interactions ¥#C. The
shaded area is the expected neutrino beam ux in T2K.[1]

Figure 1.2. A diagram of CCQE.[2]

Charged current quasi-elastic scattering(CCQE)

CC quasi-elastic scattering is the two-body process between a neutrino and a nucleus.
This is the dominant mode in the sub-GeV energy range. Figure 1.2 shows the diagram
of CCQE. It produces a charged lepton and a nucleus in the nal state,

+n! 1+ p; (1.20)
T+p! T+ (1.21)

Charged current resonance scattering(CCRes)

CC resonance scattering is the dominant mode in a few GeV energy ranges. In the
resonance scattering process, a nucleon struck by a neutrino can become a baryon resonant
state decaying into a nal state with a nucleon and a pion, kaon, or . For example,
CCRes single-pion production is

(FNT N+ 1 NO+ T o+ (1.22)

whereN ,N%are a nucleon and\ is the resonant state. Figure 1.3 shows this diagram.
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Figure 1.3. A diagram of CCRes single pion production.[2]

Figure 1.4. A diagram of CCDIS.[2]

Charged current deep inelastic scattering(CCDIS)

In the neutrino energy range over about 3 GeV, the dominant interaction mode is CC deep
inelastic scattering. In this energy range, neutrinos can interact directly with quarks inside

a nucleon. It breaks the nucleon and produces a jet of hadrons as shown in Figure 1.4
and written by

'+ N ! | + N° hadrons: (1.23)

Charged current coherent pion production(CCcoh)

In a coherent pion production process, a neutrino interacts with the whole nucleus and
produces a pion without changing the quantum state of the nucleus shown in Figure 1.5.

N T+ NO+ (1.24)

It is not a dominant process which corresponds to a few percent of a CCQE process.

Figure 1.5. A diagram of CCcoh.[2]



CCOE-like

Experiment CC inclusive production  Target

( less)

ArgoNeuT [8] - - Ar
COHERENT [9] - - I
MicroBooNE [10], [11] [12] - Ar

MINER A - [13] - CH

NOVA [14] - - CH,
T2K [5], [6], [7] - - CH,H,0

Table 1.1. Published measurements of electron neutrino and antineutrino cross sections
from modern accelerator-based neutrino experiments.[15]

1.2.2 Nuclear e ects

In Section 1.2.1, the interaction between neutrinos and nucleons is considered. In addition,
because nucleons are bound inside a nucleus, various e ects due to the nucleus (nuclear
e ects) need to be taken into account.

The initial momentum of the nucleon inside a nucleus can a ect the neutrino interac-
tions. The target nucleon is not free but bound in the nucleus. Then it is necessary to
take into account the multi-nucleon interaction to include scattering o a bound state,
such as the 2-particle 2-hole process(2p2h) and n-particle n-hole(npnh)[3][4].

The nal state particles such as pions, protons, and neutrons at neutrino interac-
tions can re-interact with the nuclear medium. These interactions are called nal-state
interactions. Such particles can be absorbed and get their kinematics distorted or eject
additional hadrons.

1.2.3 Electron neutrino interaction

Since all present accelerator neutrino beamlines are dedicated to producing a muon neu-
trino beam, muon neutrino cross-sections have been measured with high statistics, and
the electron neutrino cross-section has been measured with small statistics and large un-
certainty. Measurements of -CC interaction cross sections at a few GeV regions have
been performed by some experiments as shown in Table 1.1. Also, the electron neutrino
cross-section of production has not been measured with an accelerator neutrino beam.

In T2K, the cross section was measured in 2014[5], 2015[6] and 2020[7]. The result in
2020 will be shown in Chapter 2.



Chapter 2

T2K experiment

2.1 Overview

The T2K(Tokai to Kamioka) experiment is a long baseline neutrino oscillation experiment
in Japan. T2K has acquired neutrino beam data since January 2010.

It measures to  oscillation and disappearance using beam generated at
the Japan Proton Accelerator Research Complex(J-PARC). Neutrinos are detected at
the near detector(ND280) located at 280 m from the beam target and the far detector
Super-Kamiokande located 295 km from the target as shown in Figure 2.1.

Figure 2.1. A T2K overview.[16]
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2.2 J-PARC accelerator and neutrino beamline

2.2.1 The J-PARC accelerator

The J-PARC accelerator consists of three accelerators as shown in Figure 2.2: a 400 MeV
linear accelerator(LINAC), a 3 GeV rapid cycling synchrotron(RCS), and a 30 GeV main
ring(MR) synchrotron. Protons are accelerated to 30 GeV by MR and extracted to the
neutrino beamline. A proton spill consists of eight bunches separated at intervals of 580
ns. Itis produced every 1.36 s with a power of 760 KW at the last physics run in December
2023.

2.2.2 The neutrino beamline

Neutrino beamline is composed of two sections: the primary beamline and the secondary
beamline. In the primary beamline, the extracted proton beam is transported to the
production target of the secondary beamline. The secondary beamline consists of a target
station, a decay volume, and a beam dump as shown in Figure 2.3. Protons strike a
graphite target and generate secondary pions and other hadrons. Secondary pions are
focused by three magnetic horns and decay into muons and muon neutrinos in the decay
volume.

The two beam modes can be switched by controlling the polarity of the horn. Each
mode is forward horn current(FHC) or reverse horn current(RHC) with producing beams
In neutrino or anti-neutrino enhanced mode, respectively. The dominant decay channels
of a pion are

Yoty (2.1)
I+ (2.2)

In the neutrino energy region above 3 GeV, dominant contributions are from kaon
decay such as:

G R (2.3)

KTt %+ *+ (2.4)

K | + (2.5)

K 1 % +— (2.6)

Also, a neutrino beam contains electron neutrinos via the following decay channels,

K 1 %+¢ + (2.7)

TLoet+ o+ (2.8)

K I %+e +; (2.9)

I e + o+ (2.10)

Figure 2.4 shows the predicted ux as a function of neutrino energy at the near detector
in FHC. Electron neutrinos comprise only about 1% of the T2K neutrino beam. Hadrons
are stopped by the beam dump located 109m from the target. High-energy muons can
penetrate the beam dump and can be detected by the muon monitor(MUMON) used for
monitoring a neutrino beam.
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Figure 2.2. Overview of J-PARC accelerators.[17]

Figure 2.3. Left: overview of neutrino beamline. Right: side view of the secondary
beamline.[18]
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Figure 2.4. The predicted ux as a function of neutrino energy at ND280 in FHC mode.[7]

2.2.3 0O -axis method

T2K adopts the o -axis method to generate the narrow-band neutrino beam. The neutrino
beam is directed at an angle with respect to the far detector direction. The o -axis angle
Is set at 2.5, and the muon neutrino beam is generated to have peak energy at about
0.6 GeV.

Figure 2.5 shows the neutrino oscillation probability and the simulated neutrino ux
with on-axis(0 ) and o -axis angles. The o -axis angle of2.5 maximizes the oscillation
probability at Super-Kamiokande.

13



Figure 2.5. The neutrino oscillation probability and muon neutrino ux in T2K neutrino
beam.[19]

2.3 Near detectors

To constrain the uncertainties on the neutrino interaction models and neutrino beam ux
of the neutrino oscillation analysis, T2K has the near detector complex so-called ND280
at the o -axis angle of 25 and 280 m downstream from the target. A schematic view
of ND280 is shown in Figure 2.6. ND280 consists of several sub-detectors and the UA1
magnet which provides a 0.2 T magnetic eld.

Each sub-detector is introduced in the following.

Fine grained detector(FGD)

Two FGDs provide target mass for neutrino interaction and track charged particles. They
are sandwiched by three TPCs. They have some scintillator sub-modules, each sub-module
consists of an x-layer and a y-layer which each has 192 scintillator bars as shown in
Figure 2.7. Each scintillator bar has the size di84 cm 0:96 cm 0:96 cm Scintillator
bars are aligned in either x or y direction perpendicular to the beam direction. The
upstream FGD called FGD1 has 15 sub-modules and the downstream FGD called FGD2
consists of 7 sub-modules and 6 water sub-modules lled with water.[20]

Time projection chamber(TPC)

Three TPCs are for tracking charged particles generated from neutrino interactions in

FGDs. Itis lled with the gas that is a mixture of Ar: CF4 :iC4H10(95% : 3% : 2%[22].
The TPCs can reconstruct tracks in three dimensions and measure the charge and mo-

mentum for charged particles with the magnetic eld. It allows also particle identi cation

14



Figure 2.6. Overview of ND280.[18]

Figure 2.7. A structure of FGD sub-module.[21]
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by measuring the energy loss and the momentum.

Pi zero detector(POD)

POD is designed to measure neutral current® production. The central module of the
detector consists of scintillator bars, water bags, and sheets of lead and brass. POD is
replaced with upgrade detectors described in Chapter 3.

Electromagnetic calorimeter(ECal)

The ECal is a sampling electromagnetic calorimeter surrounding the inner detectors(POD,
FGDs, TPCs). It has layers of plastic scintillator bars with lead absorber sheets[18]. There
are 13 independent ECal modules in ND280: POD ECal with 6 modules that surrounds
POD, Barrel ECal with 6 modules that surrounds FGDs and TPCs, and 1 Downstream

ECal.

2.4 Far detector: Super-Kamiokande(SK)

Figure 2.8 shows a schematic view of Super-Kamiokande which is the far detector of
the T2K to detect neutrinos after traveling 295 km. It is a cylindrical water Cherenkov
detector lled with 50 kton of water. The detector is separated into two volumes: the
inner detector and the outer detector. The inner wall of the inner detector is covered
by 11200 20-inch photomultiplier tubes (PMTs) and the outer wall is covered by 1185
8-inch PMTs. They detect Cherenkov light of charged particles generated from neutrino
interactions. The outer detector is used for external background rejection. Events of
Cherenkov rings with a muon-like and an electron-like are shown in Figure 2.9.

Figure 2.8. A schematic view of Super-Kamiokande.[23]
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Figure 2.9. Event displays of Cherenkov rings. Left: muon-like, right: electron-like.[18]

2.5 T2K recent results

2.5.1 Oscillation analysis results and systematic uncertainties

The main goal of the T2K experiment is to search for CP violation in lepton by measuring
the neutrino oscillation. T2K has published the latest results using the data collected from
2010 to 2020[24]. The data-set corresponds 1®7 10?! protons on target(POT) in the
FHC mode and1:63 10?! POT in the RHC mode.

Figure 2.10 shows the 2 distribution in ¢p and the con dence intervals. The result
indicates the CP conserving valuescp = 0; are excluded at90% con dence level.

The predicted neutrino event rate in the far detector is calculated by,

N (E)=P(C ! ) (E)(E)E) (2.11)
N.(E)=P( ! ¢ (E)(E)(E) (2.12)

where (E ) is neutrino cross-section in water, (E ) is beam ux, and "(E ) is the
detection e ciency. Systematic uncertainty of the predicted relative number of . and
Is shown in Table 2.1.

Neutrino event sample in Super-Kamiokande

SK events are comprised of ve independent samples. For both neutrino and anti-neutrino
beam modes, there is a sample of events that contain a single muon-like ring(and only
a single electron-like ring with no decay electron from pions0de). These single lepton
samples are dominated by CCQE interactions. In the neutrino beam mode there is a
sample containing an electron-like ring as well as the signature of an additional delayed
electron from the decay of a charged pion and subsequent mubeif(de)[25]. Table 2.2
shows the expected and observed number of events with FHC96 1C?* POT and
RHC: 1:63 10?! POT.

Compared to other samples, thédelde sample has an excess in the observed number of
events compared to the expectation. In particular, it is noticeable in the low energy range
of electrons under 200 MeV/c as shown in Figure 2.11. Similar excess is also reported

17



Figure 2.10. The 2 distribution in ¢p from tting to the data with reactor con-
straint applied. The shaded con dence intervals are calculated using the Feldman-Cousins

method.[24]

Type of Uncertainty

e~ e
Candidate Relative Uncertainty (%)

Super-K Detector Model
Pion Final State Interaction
and Rescattering
Neutrino Production and Interaction Model
Constrained by ND280 data
e and ¢ Interaction Model
Nucleon Removal Energy in Interaction Model
Modeling of Neutral Current Interactions
with Single  Production
Modeling of Other Neutral Current Interactions

15
1.6

2.7

3.0
3.7

15
0.2

Total Systematic Uncertainty

6.0

Table 2.1. The systematic uncertainty on predicted relative number ot and —¢ candidates
in the Super-Kamiokande with no decay electrons.[25]
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Beam mode SK sample Expected rate Observed

FHC 1 378.693 318
FHC le 102.543 94
RHC 1 144.749 137
RHC le 17.330 16
FHC lelde 10.024 14

Table 2.2. Expected and observed number of neutrino-events at SK

Figure 2.11. The events for thelelde SK samples, shown in reconstructed electron mo-
mentum and the angle between the neutrino beam and the lepton in the lab frame. The
insets show the events projected onto each single dimension, and the red line is the ex-
pected number of events.[24]

from the joint analysis [26] with the SK atmospheric neutrinos sample which has higher
statistics than T2K beam neutrinos. One possible reason for this excess is due to the
neutrino-nucleus interaction model. To investigate this in more detail, it will be useful to
measure electron-neutrino interactions with samples classi ed by their nal states.

2.5.2 Electron neutrino cross-section measurements

To search for CP violation, the oscillated ¢ and —¢ are measured at Super-Kamiokande.
The uncertainty of  interaction models has been constrained by the measurement with
the near detector since is the main component of the neutrino beam at the near
detector. The , cross-section is estimated using the neutrino-nucleus interaction models.
One of the dominant uncertainties in the cp measurement at T2K is due to . and .
cross-section models. Thus, it is important to measure directly the, cross-sections at
the near detector for the uncertainty reduction.

Measurements of .-CC interaction cross-sections at a few GeV regions have been
performed by some experiments. In T2K, the cross-section was measured in 2014[5],
2015[6], and 2020[7]. For the T2K result in 2020, the,("¢) cross-sections are measured
with ND280 using FHC mode1192 10?°° POT and RHC mode6:29 10?° POT data.
The reconstructed momentum distributions of selectede(™e) are shown in Figure 2.12.
This analysis selected 697, candidate events in total for FHC mode.
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Figure 2.12. The reconstructed momentum distributions of,-CC candidates for FHC
mode(Left) and RHC mode(Right).[7]

There are large amounts of gamma background coming from neutrino interactions. In
particular, the gamma background remains in the low momentum region which gives large
systematic uncertainties since the cross-section of- production has large systematic
uncertainties. The purity and e ciency of . were estimated to be26 % and 54 %
respectively, with simulation. The . cross-section is measured to be

. =6:62 1:32(stat) 1:30(syst) =10 3 cmP=nucleon (2.13)

Statistical and systematic uncertainties are larger than systematic errors of predicted
cross-section. Therefore, it is necessary to achieve the selection with more statistics and
less background to reduce both of the uncertainties.

26 T2K I

T2K Il is the second phase of the experiment to search for CP violation with more than
3 signicance level. To achieve the goal, we will collect the data df0 10?2 POT
by 2027 when the Hyper-Kamiokande experiment starts. Toward increasing the neutrino
data, the J-PARC MR and the neutrino beamline will be upgraded. As statistics increase,
the e ects of the systematic uncertainties will be more crucial to thecp measurement.
Thus, the ND280 and the Super-Kamiokande are upgraded.

Beam upgrade

The J-PARC MR were upgraded shortening the time of the beam cycle from 2.48 s to
1.36 s in 2023, and achieved a power of 760 KW at the last physics run in December 2023.
The MR upgrade aims to shorten the time of the beam cycle from 1.36 s to 1.16 s and
to increase the beam power up to 1.3 MW in the future. To focus secondary pions, the
power supply of the horn was increased from 250 kA to 320 kA. Also cooling systems for
the horn and the graphite target were upgraded.

20



SK-Gd

Before 2020, the Super-Kamiokande had been operated with pure water. Gadolinium(Gd)
was loaded into the water to increase the detection e ciency of neutrons. Neutrons are
captured by Gd and excited Gd nuclei emit photons which have a total energy of 8 MeV.
In 2020 Gd was loaded with a mass concentration of 0.01 % to the Super-Kamiokande, and
the capture e ciency is about 50 %. In 2022 Gd was loaded with a mass concentration
of 0.03 %, and the capture e ciency is 75 %.

ND280 upgrade

Since this study is performed with the upgraded near detector, the ND280 upgrade is
described in detail in Chapter 3.
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Chapter 3
ND280 upgrade

3.1 Limitation of current ND280 performances

To constrain the uncertainties on the neutrino interaction models of the neutrino oscilla-
tion analysis, T2K measures neutrino interactions on ND280: FGDs, TPCs, and ECals.

However, those detectors have acceptance only around beam direction due to the
detector con gurations. Since TPCs are located in the front and back of each FGD to
detect particles going through the beam direction, the ND280 has a lower e ciency to
detect particles scattering to large angles.

In addition, ND280 has a weakness in detecting low-momentum particles. Each sub-
module of FGD is composed of two orthogonal layers aligned in the vertical and horizontal
directions. It requires three hits in each direction to reconstruct a track. The shortest
reconstructable track length is about 6 cm, which corresponds to about 600 MeV/c in the
case of a proton track. Moreover, ND280 has a low sensitivity in detecting low-momentum
electrons. To select electron neutrino interactions, the conversion of gamma decayed from

Y is the large background and makes uncertainty described in Chapter 2.5.2.

3.2 Detectors of upgraded ND280

To reduce the systematic uncertainties with neutrino measurement in those limited spaces
inside the UA1 magnet, T2K is in the process of ND280 upgrade to replace POD with
SuperFGD, two high-angle TPCs(HA-TPC) which sandwich SuperFGD from above and
below, and the Time of ight detector(TOF) surrounding SuperFGD and HA-TPC as
shown in Figure 3.1.

SuperFGD consists of 1 cm cube of plastic scintillators to give a 4acceptance by
detecting light from a cube. It allows short-track detection and is expected to have high
and uniform tracking e ciency. There are capabilities to separate electrons from gamma
conversion. HA-TPCs are expected to detect particles scattered at a large angle coming
from SuperFGD.
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Figure 3.1. A schematic view of the upgraded ND280 and coordinate axis.[27]

Figure 3.2. A schematic view of the SuperFGD.[27]

3.2.1 SuperFGD

SuperFGD consists 0fl92 182 56 plastic scintillators which are 10.27 mm cubes.
Charged particles can be detected within the ducial volume (FV) which is the space of
scintillator cubes stacked. SuperFGD has a FV dfx : 1:.97) (z: 1.87) (y:0.575) n?
which is twice as large as FGD1 FV.

Each cube has three holes to pass through the wavelength shifting(WLS) bers.
Scintillation lights are transported in WLS bers and detected by multi-pixel-photon-
counters(MPPC) on one side. A schematic view of the SuperFGD is shown in Figure 3.2.

Scintillator cube

The scintillator cubes are made by UNIPLAST Co. (Vladimir, Russia). They are mainly
made of polystyrene doped with 1.5% of paraterphenyl(PTP) and 0.01% of POPOP.
They are covered with a re ecting layer which is produced with a chemical etching of the
scintillator surface. The layer has the thickness within 50 to 80m. Each cube has three
orthogonal through holes with a diameter of 1.5 mm.

WLS ber

WLS bers are used to collect and transport light from scintillators. Y-11(200) is a WLS
ber produced by KURARAY Co.[28], also used in the ND280. It has a multi-cladding
structure with a 1.0 mm diameter.
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Figure 3.3. The conceptual drawing of the light injection method for a large number of
channels and a picture of the LGP prototype.[31]

MPPC

The MPPCs which are produced by Hamamatsu Photonics K.K., are single photon
avalanche diode(SiPM) devices to detect the lights from WLS bers. MPPC type S13360-
1325PE[29] is equipped on SuperFGD. It has advantages over that of ND280, such as a
lower dark noise rate, crosstalk probability between pixels, and afterpulse probability. A
set of 648 8) MPPCs are mounted on a single PCB(MPPC-PCB) and the PCB is
attached to SuperFGD.

Electronics

The Cherenkov imaging telescope integrated read out chip(CITIROC)[30] is a front-end
ASIC developed by Omega laboratory at Ecole Polytechnique. It can readout 32 channel
of SiPM outputs at the same time.

LED calibration system

To measure and check signal gain and pedestal, the LED calibration system is attached
on the opposite side of MPPC[31]. LED lights are transported by two sub-modules: the
light-guide-plate(LGP) and the di user. LGP scatters the lights as shown in Figure 3.3.
The di user allows lights to be inserted into WLS bers uniformly.

3.2.2 HA-TPC

Two HA-TPCs have a size of20 0:8 1:8 m and are similar to TPCs described in
Section 2.3. It consists of a gas-tight rectangular box sub-divided by a common high-
voltage electronic cathode located in the middle and supporting the eight micromegas
readout modules as shown in Figure 3.4.

3.2.3 TOF

Six TOF detectors surrounding SuperFGD and HA-TPC are shown in Figure 3.5. Each
module consists of scintillator bars and the light is detected by MPPCs on both sides of
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Figure 3.4. A schematic view of the HA-TPC.[27]

Figure 3.5. A layout of the TOF.[27]

the bars.

3.3 Expected performances of the upgraded ND280

Figure 3.6 shows muon tracking e ciency with the original and upgraded ND280. Super-
FGD and HA-TPCs are expected to have the capability to track particles scattered at
large angles from the beam direction.

Also, there are capabilities to reconstruct low-momentum protons and pions with
e ciencies of about 90% as shown in Figure 3.7.
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Figure 3.6. The muon tracking e ciency as a function of the cosine of the angle with
respect to thez axis ( ). The purple line is the original ND280 con guration. The blue
line is the upgraded con guration with muons in TPC only, also the green line includes
the muons stopping SuperFGD.[32]

Figure 3.7. Expected track reconstruction e ciencies for pions(left) and protons(right) in
SuperFGD with three readout views or with only two readout views.[27]
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