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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(r,) 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 v, 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 v, charged current interactions without charged pions are selected with
the efficiency and purity of 17.1% and 60.5%, respectively. The efficiency 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.
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Chapter 1

Introduction

Neutrino is one of the elementary particles in the standard model with spin 1/2. It has
three different flavors: 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 flavor and mass eigenstates. The neutrino flavor eigenstates v, (o = e, u, 7)
are described by the mass eigenstates vy (k = 1,2, 3) and a lepton mixing matrix U known
as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix,

Ve 141 Uel UeQ Ue3 %1
I =U 1) = Ulﬂ ng ng vy | . (11)
Vr V3 UTl UT2 UT3 V3

The PMNS unitary matrix satisfies,

> UnUse =0ap and Y UnlUsj = 6 (1.2)
k «

(CLB = G,M,T)(k,j = 17273)

The mixing matrix has four physical parameters, three mixing angles (012, 013, f53) and
one CP violating phase dcp. A parameterization of the Dirac neutrino mixing matrix is

1 0 0 C13 0 8136_16013 C12 S12 0
U= 0 Ca3 593 0 1 0 —S12 C12 0 (13)
0 —s93 €93 _313671'6013 0 C13 0 0 1
C12C13 512C13 size”ocr
= | —S12C23 — C12513523€"C7  C1aCa3 — S12513523€"°C C13523 (1.4)
S12503 — C12513C23€"°CF  —C12823 — S12813C23€"C7 13003
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where c;; = cos0y; and si; = sin 0;. The three mixing angles take values in the range of
0 < 6;; < /2 and the CP violating phase takes a value in the range of —7 < dcp < 7.

1.1.2 Theory of neutrino oscillation

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

Vo) =D Ui lva) (a=e,p,7). (1.5)

The neutrino mass states |vg) (k = 1,2,3) are the eigenstates of the Hamiltonian with
energy eigenvalues Fj,

Ey = \/]92 + mia (17)

where p is a neutrino momentum and my is a mass eigenstate value. The time evolution
of neutrino is expressed by the Schrodinger equation,

d
i le(6) = H [a0) (18)

The propagation in vacuum is expressed as
() = e B0t ) (1.9)

Evolutions of flavor eigenstates in vacuum are expressed as

PAG) ZU* —ER 1) (1.10)
:ZZUaknge_ Bit |g) . (1.11)
kB

The neutrino oscillation probability from v, to vg in vacuum is calculated as

2

Plve = v3) = | wslva(t)) I (1.12)
For an ultrarelativistic neutrino, energy eigenvalues can be approximated as Ey ~ E+ ;n];i,
where E = |p| is the neutrino energy and ¢ ~ L where L is a flight distance. As a

consequence, the oscillation probability is expressed as

Am?. L
P(va = vg) = 0ag — 4 ) Re [UakU,;U3Usy] sin® ( 45 >
k<j

o (Ami.L
+2 " Im [UaUs;UsUs; ] sm( 5 ) (1.13)

k<j



with the difference of the mass squared Amj; = mj —m?, where + means neutrino(+)
and anti-neutrino(—) cases.
In the case of (o = f3), the survival probability is expressed as

Am%L2
Pvg—vy) =P —75)=1— 42 UaiUZ; | sin® ! (1.14)
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
between P(v, — vg) and P(7, — 7s) in the case of @ # . The difference in the
oscillation probability is

AP, s = P(vy — v3) — P(Uq — Up) (1.15)
AmZ.L
=4) 1 * US Ugi| si . 1.1
k§<jj m [UakU;U5Ug; ] sin ( 5 ) (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 v, — v, ap-
pearance using accelerator neutrinos. The difference between P(v,, — v.) and P(7, — 7¢)
is calculated as

. (Am3,L\ . (Am3 L\ . [(Am3 L
AP, .= —16Jsin (T) sin ( o e G (1.17)

where J = Im [U i UeUp2U; 2} is known as Jarlskog invariant given by

1
J = g COS 913 sin 2612 sin 2023 sin 2‘913 sin (Scp. (118)

Conditions for CP violation in neutrino oscillations are

ij 7A 0, my 7é mgj, and 5CP 7é O,ﬂ'. (119)

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.
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Figure 1.1. Muon-neutrino cross sections of neutrino-nucleus interactions in 2C. The
shaded area is the expected neutrino beam flux 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 final state,

vi+n—=1"+p, (1.20)
v+p—I1t+n. (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 final state with a nucleon and a pion, kaon, n or 7. For example,
CCRes single-pion production is

v+ NN+ >N+ +7" (1.22)

where N,N’ are a nucleon and N* 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]
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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

v+ N — 1~ + 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.

v+N—=1"+N +rxt. (1.24)

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

V[ 17
+

W T

A A

Figure 1.5. A diagram of CCcoh. 2]



CCQE-like

Experiment  CC inclusive 7w production  Target

(7 less)

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

MINERvA ; I13] . CH

NOvA [14] . . CH,
T2K 5], 16], [7] - - CH,H,0O

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

1.2.2 Nuclear effects

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

The initial momentum of the nucleon inside a nucleus can affect 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 off a bound state,
such as the 2-particle 2-hole process(2p2h) and n-particle n-hole(npnh)|3][4].

The final state particles such as pions, protons, and neutrons at neutrino interac-
tions can re-interact with the nuclear medium. These interactions are called final-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 v,-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 m 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 v, to v, oscillation and v, disappearance using v, 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.

Super-Kamiokande :

Mt. Noguchi-Goro

2,924m

Mt. Ikeno-Yama
1,360 m
I 1,700 m below sea level

Neutrino Beam e |

295 km

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. It is 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

™ = ut +u,, (2.1)
T = U+, (2.2)
In the neutrino energy region above 3 GeV, dominant contributions are from kaon
decay such as:
K" = pu +u,, (
K+_)7TO+M++VIM (
K™ —=pu +u,, (
K =+ u +7,. (
Also, a neutrino beam contains electron neutrinos via the following decay channels,
Kt =1 +et + v, (
pt— et t v+ 1y, (
K —a’+e +1, (
po = e + 7+, (2.10
Figure 2.4 shows the predicted flux 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.

11
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Figure 2.3. Left: overview of neutrino beamline.
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Neutrino Mode Flux at ND280
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Figure 2.4. The predicted flux as a function of neutrino energy at ND280 in FHC mode.|7|

2.2.3 Off-axis method

T2K adopts the off-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 off-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 flux
with on-axis(0°) and off-axis angles. The off-axis angle of 2.5° maximizes the oscillation
probability at Super-Kamiokande.

13
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Figure 2.5. The neutrino oscillation probability and muon neutrino flux in T2K neutrino
beam.[19]

2.3 Near detectors

To constrain the uncertainties on the neutrino interaction models and neutrino beam flux
of the neutrino oscillation analysis, T2K has the near detector complex so-called ND280
at the off-axis angle of 2.5° 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 field.

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 of 184 ¢m x 0.96 ¢cm x 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 filled with water.[20]

Time projection chamber(TPC)

Three TPCs are for tracking charged particles generated from neutrino interactions in
FGDs. It is filled with the gas that is a mixture of Ar: CFy :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 field. It allows also particle identification

14
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Figure 2.6. Overview of ND280.[18§|

Y
X¢Z

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(P0D)

POD is designed to measure neutral current 7° 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(P0D,
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 filled 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 to 1.97 x 10?! protons on target(POT) in the
FHC mode and 1.63 x 10?! POT in the RHC mode.

Figure 2.10 shows the Ay? distribution in dcp and the confidence intervals. The result
indicates the CP conserving values dcp = 0, 7 are excluded at 90% confidence level.

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

Ny, (Ey) = P(vy = vu)o(E)p(E,)e(Ey) (2.11)
Ny (Ey) = P(vy = ve)o(E,)p(Ey)e(Ey) (2.12)

where ¢(E,) is neutrino cross-section in water, p(E,) is beam flux, and £(E,) is the
detection efficiency. Systematic uncertainty of the predicted relative number of v, and 7,
is shown in Table 2.1.

Neutrino event sample in Super-Kamiokande

SK events are comprised of five independent samples. For both neutrino and anti-neutrino
beam modes, there is a sample of events that contain a single muon-like ring(1x) and only
a single electron-like ring with no decay electron from pions(leOde). 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 muon(lelde)[25]. Table 2.2
shows the expected and observed number of events with FHC: 1.96 x 10?* POT and
RHC: 1.63 x 10?* POT.

Compared to other samples, the 1elde 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
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Figure 2.10. The Ax? distribution in dcp from fitting to the data with reactor con-
straint applied. The shaded confidence intervals are calculated using the Feldman-Cousins
method.|24]

. Ve Ve
Type of Uncertainty Candidate Relative Uncertainty (%)
Super-K Detector Model 1.5
Pion Final State Interaction
. 1.6
and Rescattering
Neutrino Production and Interaction Model 97
Constrained by ND280 data '
ve and 7, Interaction Model 3.0
Nucleon Removal Energy in Interaction Model 3.7
Modeling of Neutral Current Interactions
: . . 1.5
with Single v Production
Modeling of Other Neutral Current Interactions 0.2
Total Systematic Uncertainty 6.0

Table 2.1. The systematic uncertainty on predicted relative number of v, and 7, candidates
in the Super-Kamiokande with no decay electrons.|25]
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Beam mode SK sample Expected rate Observed

FHC 1p 378.693 318
FHC le 102.543 94
RHC 1u 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

Frrrr— - T T S L B |
10 + +Daa
5E —Bestfit J
oL T Ll 1y N
b— 1BG T T R T Trrr T
g 1501 4 ; - . Data
o [ L 0.3
g 120;_|_ e Best fit
Ew —f| | 02
- 60; | L . o
[ 1r . 0.1
301~ u i
Oi | I o b e b b b by 1 0
5 00 200 400 600 800 1000 1200

Lepton momentum [MeV/c]

Figure 2.11. The events for the lelde 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 classified by their final states.

2.5.2 Electron neutrino cross-section measurements

To search for CP violation, the oscillated v, and 7, are measured at Super-Kamiokande.
The uncertainty of v, interaction models has been constrained by the measurement with
the near detector since v, is the main component of the neutrino beam at the near
detector. The v, cross-section is estimated using the neutrino-nucleus interaction models.
One of the dominant uncertainties in the dcp measurement at T2K is due to v, and 7,
cross-section models. Thus, it is important to measure directly the v, cross-sections at
the near detector for the uncertainty reduction.

Measurements of v,-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 v.(7.) cross-sections are measured
with ND280 using FHC mode:11.92 x 10?° POT and RHC mode:6.29 x 10?° POT data.
The reconstructed momentum distributions of selected v,(7;) are shown in Figure 2.12.
This analysis selected 697 v, candidate events in total for FHC mode.
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Figure 2.12. The reconstructed momentum distributions of v,-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 v,-y production has large systematic
uncertainties. The purity and efficiency of v, were estimated to be 26 % and 54 %,
respectively, with simulation. The v, cross-section is measured to be

0, = 6.62 & 1.32(stat) £ 1.30(syst) /107* cm? /nucleon. (2.13)

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

2.6 T2KII

T2K 1T is the second phase of the experiment to search for CP violation with more than
3o significance level. To achieve the goal, we will collect the data of 1.0 x 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 effects of the systematic uncertainties will be more crucial to the dcp 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.
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SK-Gd

Before 2020, the Super-Kamiokande had been operated with pure water. Gadolinium(Gd)
was loaded into the water to increase the detection efficiency 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 efficiency is about 50 %. In 2022 Gd was loaded with a mass concentration
of 0.03 %, and the capture efficiency 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 configurations. 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 efficiency 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
7% 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 flight 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 47 acceptance by
detecting light from a cube. It allows short-track detection and is expected to have high
and uniform tracking efficiency. 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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Super-FGD HA-TPC

WLS fibers

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

3.2.1 SuperFGD

SuperFGD consists of 192 x 182 x 56 plastic scintillators which are 10.27 mm cubes.
Charged particles can be detected within the fiducial volume (FV) which is the space of
scintillator cubes stacked. SuperFGD has a FV of (z : 1.97) x (2 : 1.87) x (y : 0.575) m?
which is twice as large as FGD1 FV.

Each cube has three holes to pass through the wavelength shifting(WLS) fibers.
Scintillation lights are transported in WLS fibers 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 reflecting layer which is produced with a chemical etching of the
scintillator surface. The layer has the thickness within 50 to 80 um. Each cube has three
orthogonal through holes with a diameter of 1.5 mm.

WLS fiber

WLS fibers are used to collect and transport light from scintillators. Y-11(200) is a WLS
fiber 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 fibers. 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 64(8 x 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 diffuser. LGP scatters the lights as shown in Figure 3.3.
The diffuser allows lights to be inserted into WLS fibers uniformly.

3.2.2 HA-TPC

Two HA-TPCs have a size of 2.0 x 0.8 x 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 3.5. A layout of the TOF.[27]

the bars.

3.3 Expected performances of the upgraded ND280

Figure 3.6 shows muon tracking efficiency 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
efficiencies of about 90% as shown in Figure 3.7.

25



0.9

0.8

efficiency

0.7

0.6

0.5

0.4

0.3

0.2

|

e

t

i

0.

v b b b b b P P P Ly uy

-1 -08 -06

-0.4

-0.2 0 0.2

0.4

1
true cos 6

Figure 3.6. The muon tracking efficiency as a function of the cosine of the angle with
respect to the z axis (f). The purple line is the original ND280 configuration. The blue
line is the upgraded configuration with muons in TPC only, also the green line includes
the muons stopping SuperFGD.|32]

e

Efficiency

0.8

0.6

0.4

0.2

5

—— SFGD (All)

SFGD (noY2)
SFGD (noXZ)
— — SFGD (noXY)

==

Ll
200 400

True Pion Momentum (MeV/c)

L I A
600 800 1000 1200 1400 1600 1800 2000

=

Efficiency

0.8

0.6

0.4

0.2

Z
!
A
\\‘\

1
d

—— SFGD (All)

SFGD (noY 2)
SFGD (noXZ)
— — SFGD (noXY)

=]

]
200

400

P I R L
600 800 1000 1200 1400 1600 1800 2000
True Proton Momentum (MeV/c)

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

26



3.4 Status of ND280 upgrade

3.4.1 Assembly of SuperFGD

SuperFGD was assembled in J-PARC from October 2022 to April 2023. Figure 3.8 shows
the construction progress described in the following.

e Making a SuperFGD box to put the cubes, and stacking cubes(October to Decem-
ber). Cubes are stacked one layer at a time vertically aligning each layer. The layer
consists of 192 x 182 cubes held by fishing lines.

e Inserting WLS fibers and attaching MPPC(January to February). A total of 55888
fibers were passed through the box hole into the cube, one by one. After fiber
insertion, MPPC-PCBs were attached to the surface. We implemented and used
a database system that can register the attached position and a serial number of
MPPC-PCB with a network device. Figure 3.9 shows the situation of MPPC at-
tachment using the database system.

e Attaching LED calibration module and light shielding by dark sheets(March).

e Attaching cables to MPPCs, and testing of light shielding and cable connectiv-
ity (April).

3.4.2 Commissioning of SuperFGD

Towards neutrino beam data taking, the response of SuperFGD was tested with front-
end electronics from April 2023 to December 2023. Commissioning aims to check detector
response and calibrate detector settings which were done using the LED calibration system
and taking cosmic muon data. Also, network settings and cable connections were done at
the same time.

From April to September, those responses were checked on the ground before installing
into ND280-pit underground. In October, SuperFGD was installed into the ND280-pit
and checked in the pit until December.

In December 2023, T2K took neutrino beam data. SuperFGD was operated with
about 3/4 of the readout channels because not all the front-end electronics were ready
for installation. The data taking was considered as a part of technical commissioning and
useful to establish the operation of the new detector. The full operation is expected in
spring 2024 after the installation of the remaining electronics.

3.4.3 Upgrade detectors

The bottom HA-TPC was installed in ND280, and the top HA-TPC is planned to be
installed in spring 2024. TOFs were installed except for those to the left and right of the
beam. The left and right ones will be installed in spring 2024.

In December 2023, neutrino beam data were taken with these upgrade detectors and
original ND280 detectors. The full upgrade is scheduled to be completed and beam data
will be acquired in the spring 2024.
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Figure 3.9. A display of the database system(Left) and the situation to register MPPC
to the database system with iPad[33](Right).

28



3.5 Subjects of this thesis

The uncertainty of electron neutrino cross-section is one of the systematic sources of the
predicted number of v, interactions in Super-Kamiokande for dcp measurements. Electron
neutrino cross-section measurement with current ND280 has large uncertainties due to a
significant gamma background contamination.

Algorithms for electron reconstruction and v,.-CC event selection using the upgraded
ND280 have been developed in the past [17]. It assumed the true vertex position because
the vertex finding algorithm for the v, events was not ready.

In this thesis, we attempt to further understand the background by classifying the
electron neutrino candidate events based on their final states using the upgraded ND280.
A new vertex finding algorithm has been established to provide a more realistic estimate
of performance.

Such classification may also lead to the measurement of cross-sections in specific fi-
nal states. Since the electron neutrino CClz cross-section measurement has not been
measured with all present accelerator neutrino beamlines, understanding neutrino cross-
sections in exclusive final states helps to investigate the possible systematics in oscillation
analysis, e.g., the excess electron neutrino CClw event in SK.
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Chapter 4

Monte Carlo simulation and
reconstruction

4.1 Monte Carlo simulation

The analysis in this thesis uses two types of samples: a neutrino interaction sample and
a particle gun sample, generated by a Monte Carlo simulation(MC).

4.1.1 Simulation of neutrino beam and interaction sample

A neutrino interaction sample is generated by a neutrino beam simulation and a neutrino
interaction simulation. In the T2K ND280 analysis, the MC simulation begins with
generating neutrino flux. The proton-nucleus interactions inside the graphite target and
the decay and interaction of generated particles in the secondary beamline are simulated.
The hadron production cross-section is tuned based on the external measurements.

The neutrino beam flux is the input for NEUT 5.6.0[34| to simulate neutrino inter-
actions on the materials of ND280 and the magnet. This study uses a neutrino inter-
action MC sample with 9.89225 x 10?° POT of FHC mode. The number of simulated
neutrino events for each of the v,(1,)-CC, v.(7.)-CC, and NC interactions are shown in
Table 4.1. They are separately shown for events inside and outside the SuperFGD fiducial
volume(FV).

The number of simulated v,-CC events classified by the number of charged pions and
protons leaving the target nucleus is shown in Table 4.2. Protons are required to have
energies above 200 MeV, while no energy threshold is applied to pions.

4.1.2 Particle gun sample

Particle gun samples are generated to study the behavior of each particle in the detector.
They are also used for the training of multivariate analysis such as particle identification.
The five types of particle gun samples were generated with different particles: e*, u*, 7™,
p and ~. Each event contains a single primary particle starting inside the SuperFGD FV.

Particle gun samples are generated with the weighted momentum distribution based on
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Interaction Inside FV  Out of FV

v,-CC 144633 2442605
v,-CC 4568 82297
v.-CC 2701 57357
U.-CC 240 5095
NC 47927 645612
Total 200069 3232966

Table 4.1. Number of simulated neutrino interaction events.

Final state CCOxT Op CCOxT 1p CCOx* multi-p

Events 18 1025 492
CClzr® 0p CClz* 1p CCla*t multi-p CCmultin™
240 480 116 330

Table 4.2. Number of events for v,-CC interaction types categorized by the number of
pions and protons in the final state. The multi-p requires two or more protons, the multi-
7+ requires a total of two or more 7% and 7.

the neutrino interaction on ND280 and the magnet of the MC sample. The characteristics
of the particle gun samples are summarized in Table 4.3.

4.1.3 Detector response simulation

The passage of particles through the detector material is simulated based on a Geant4[35].
Figure 4.1 shows the geometry of ND280 detectors as well as the magnet which is imple-
mented using the Geant4 package.

The response of the SuperFGD detector is simulated following the flow as shown in
Figure 4.2. As a first step, the number of generated photons is calculated based on the
hit timing and energy deposits in the scintillator cubes. In this step, the light leakage into
adjacent cubes, which is called crosstalk, is simulated. The response of the scintillator
cube is tuned based on the results of the beam test|36].

The second step simulates light transport by the WLS fiber. In this step, the number
of photons at the MPPC is calculated taking into account the attenuation of light in the
fiber and the reflection of light at the opposite end of the fiber to the MPPC.

As a third step, signals from the MPPC are simulated. In each MPPC channel,
photons are converted to pixel hits. Dark noise, inter-pixel crosstalk, and afterpulses are
simulated for each pixel.

In the last step, the response of the front-end electronics is simulated, and the timing

Particle et ut ot op oy
Momentum [0, 3.5 GeV| [0, 2.5 GeV]| [0, 1.5 GeV| [0, 1.5 GeV]| [0, 1.5 GeV]|
Angle Isotopic in 47
Position Uniform in the fiducial volume of SuperFGD

Table 4.3. The characteristics of the particle gun samples
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Figure 4.2. The flow of detector response simulation for SuperFGD.

and charge information from each channel are stored.

4.2 Reconstruction algorithms

Each sub-detector reconstruction is applied to the neutrino interaction samples. The
reconstructed hits and tracks of each sub-detector are grouped and matched by the timing
and distance of each reconstructed object.

4.2.1 Event reconstruction on SuperFGD

A brief overview of SuperFGD reconstruction is given here, and the detail is described
in [17]. The flow of reconstruction algorithms for SuperFGD is shown in Figure 4.3. To
separate hits from different interactions in a spill, MPPC hits are divided into groups
separated by time gaps. If there is a gap of more than 100 ns between hits, the hits are
divided into separate clusters.

Two-dimensional MPPC hits in three directions are converted into three-dimensional
cube hits by considering every possible combination of fiber cross points as hits. The
charge is assigned to each cube based on the event topology to minimize x? of charge hit
given by

Clad) =3 - %quc})]? (1)
¥ f

where ¢, is the light generated in the cube, Q)¢ is the charge measured on the fiber f and
Q¢({g.}) is the expected charge for fiber f as a function of the set of light yields in the
cubes. The hit timing is calculated with an average of the three two-dimensional MPPC
hit timing within 2.5 ns.
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Figure 4.3. The flow of reconstruction algorithms for SuperFGD.
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Figure 4.4. Kink finding method. The green squares are sub-sequence hits scanned. The
orange line is the distance of the middle hit from the line between the two end hits.[17]

The three-dimensional hits are clustered by using the DBSCAN method[37]. Starting
from an arbitrary hit, neighboring hits within a 1.6 cm radius are clustered. The clustering
is repeated over connected hits until no more neighboring hits can be found. Then, starting
from another unconnected hit, we repeat the same process for all the left hits. Also, each
cluster is separated at the branching point found by Prim’s algorithm to make a minimum
spanning tree(MST)[38].

Clusters are separated at a kink defined as the point where a cluster is bent. A kink
is searched for to scan over every eight sub-sequence hits in a cluster. If the distance of
the middle hit from the line between the two end hits is over 2.0 cm, the middle hit is
defined to be a kink (see Figure 4.4). The kink and cluster edges can be candidates of
neutrino interaction vertex.

A particle track is built as a result of fitting the clusters that have more than four hits.
After track fitting, the cube hits are replaced with node objects of the time dependent
with ordered in a certain direction. Also, this step can merge cross-talk to nodes. The
not-fitted clusters are stored as cluster objects.

4.2.2 HA-TPC and TOF detector

HA-TPC and TOF detectors readout hits and detect particle tracks, but these recon-
struction algorithms are not implemented yet at this time. Therefore in this study, tracks
entering HA-TPC and TOF are not analyzed.

4.2.3 FEvent reconstruction on other detectors

For TPC reconstruction, two-dimensional hits are collected in a field cage and three-
dimensional hits are reconstructed with the calculation of the drift speed of an ionized
electron.

ECals readout 2D hits from two directions alternately and 3D hits are reconstructed.
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Type of variable variable description
Track length -
Total track energy deposition -
Node distance Distance between each node and its nearest node
Node deposition Energy deposition of each node
Node energy deposition fluctuation -

Table 4.4. Input variables for GBDT to identify particles based on track in SuperFGD.

4.3 Particle identification by sub-detectors

Particle identification(PID) algorithms are applied to reconstructed tracks for identifying
particle types: muons, pions, protons, and electrons. Since identifying electrons needs
electromagnetic(EM) shower reconstruction, the reconstruction needs a dedicated algo-
rithm that is important for this study and it is described in Chapter 5.

4.3.1 SuperFGD PID

When particles lose energy and finally stop in the detector, the energy deposit is increased
significantly, which is also referred to as Bragg peak. Particles passing through the Super-
FGD are identified by the reconstructed node energy pattern with Bragg peak as shown in
Figure 4.5. The particle identification with the Gradient-Boosting Decision Tree(GBDT)
method with TMVA[39] framework, developed for the selection of v, events|40], is used.
Using the input variables listed in Table 4.4, the probability that a particle is of each
type is calculated. The results of the GBDT for each particle gun sample are shown in
Figure 4.6. The particle type with the highest probability is selected.
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Figure 4.7. Energy loss in the TPC of tracks starting from FGD1 in real data. Left: neg-
atively charged tracks. Right: positively charged tracks. Each curve shows the expected
energy loss curves for electrons, muons, pions, and protons.|7]

4.3.2 TPC PID

The TPCs provide track reconstruction with a momentum resolution of about 8% for
1 GeV/c particles and measurement of energy loss per unit length with a resolution of
7.8 +0.2% for minimum ionizing particles. The measured energy loss per unit length and
momentum are used to calculate the difference between the measured mean ionization and
the expected one divided by the resolution. The standard deviation of the calculated value
becomes the likelihood of each particle: proton, pion, muon, and electron|[22|. Figure 4.7
shows the relationships between the energy loss and the momentum in TPC.
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Figure 4.8. Performance of the ECal PID using samples of cosmic and through-going
muons, electrons, positrons from gamma conversions, and protons from neutrino interac-
tions. Left: Log-likelihood ratio of the ECal track-shower (Rasrp/pa) PID. Right: Log-
likelihood ratio of the ECal electron-proton (Rgas/urp) PID for showers with Rarrp/ea >
0 and the momentum larger than 600 MeV /c. Plots are normalized to unity.|7]

4.3.3 ECal PID

ECal PID can separate electrons from other particles such as muons, pions, and protons
with the likelihood ratio which is calculated by comparing the TPC momentum with
the ECal energy deposit based on each type of particle hypothesis: minimum ionization
particle(MIP) track, EM-shower, and highly ionizing stopping particle(HIP) like a proton.
The ECal PID performance is shown in Figure 4.8. In both cases, electrons are identified
with a threshold of 0.

4.4 Proton and pion identification

For the particles stopping inside SuperFGD FV, protons and pions are identified only by
SuperFGD PID. For the particles entering TPC after SuperFGD, they are identified if
they are recognized by either PID. Applying these PIDs, protons are reconstructed over
the 300 MeV /c region, pions are reconstructed over the 100 MeV /c region as shown in
Figure 4.9.

36



entries

20000

18000

16000

—true

—recon

Entries

14000

12000

10000

8000

6000

4000

2000

T[T T[T T[T T[T [T T TIT]TTT

S

DCI 200

5558 o sooac
1400 1600 1800
true proton momentum{MeV/c]

600 800 1000 1200

400

(a) Proton

2000

9000

8000

7000

6000

5000

—true

—recon

4000

3000

2000

1000

o

TTTTTT[TTITT]TTTT[TTTT HH‘HII‘HH'IH\‘HI

200

'ﬁ—;
400 600 800 1000 1200 1400 1600 1800 2000
true pion momentum[MeV/c]
(b) Pion

Figure 4.9. Momentum distribution of MC true and reconstructed particles. Red his-
togram shows the momentum distribution of the MC true, green histogram shows the
momentum distribution of the reconstructed particle whose type is correctly identified.
This distribution does not include misidentified types of particles.
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Chapter 5

Selection of v.-CC events

This chapter describes the selection of v,-CC events. The inclusive v.-CC sample, which
includes all v,-CC events in SuperFGD, is selected. The classification into exclusive event
samples is discussed in the next chapter.

The v.-CC inclusive selection flow is shown in Figure 5.1. First, the following two
conditions (pre-selection) are applied.

e The relevant ND280 sub-detector has good data quality and beam spill. This step
is not necessary for MC samples.

e Events have at least one reconstructed track in SuperFGD.

After the pre-selection step, the following algorithms are applied to each event.
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Figure 5.1. Algorithm flows of v,.-CC inclusive selection.

5.1 Vertex selection

As neutrinos can interact anywhere in the sub-detectors, a neutrino interaction vertex
has to be identified. A neutrino interaction vertex is identified as a muon starting point
for the selection of muon neutrino events. A vertex cannot be selected from the lepton
starting point for an electron neutrino event, since an EM-shower is generated by a high
energy electron in the electron neutrino events.

The previous analysis uses the true vertex of MC. For realistic estimation of the se-
lection performance, this analysis uses the reconstructed vertex selected from candidates
reconstructed with the pattern recognition algorithm as described in Chapter 4. A neu-
trino interaction vertex is chosen from vertex candidates with track shape and proton-like
track starting position. The vertex selection flow is as follows:

1. The following conditions are required as a pre-vertex selection to reject vertex lo-
cated on intersection or EM-shower.
(i) A vertex candidate is not located at the middle point of any track.

(ii) For tracks longer than 30 cm, a vertex candidate is not at the endpoint based
on the direction determined from time information.

(iii) The time of a vertex is not more than 2 nsec after the earliest timing of vertex
candidates.

2. Vertex identification with two methods.

(a) Choose the vertex to which the longest track is connected. The longest track
is assumed to be a lepton-track or a charged pion track.
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Detection ratio 30 mm-ratio
2-(a) only 94.7% 82.8%
Combined 2-(a) and 2-(b) 95.7% 85.6%

Table 5.1. The performance of the vertex selection in v.-CCQE mode by methods of only
2-(a), and combined 2-(a) and 2-(b). The detection ratio is the ratio of detecting vertex
inside SuperFGD. The 30 mm-ratio is the ratio that a vertex is selected within 30 mm
from the position of the MC true vertex.
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entries

500

400

300

200

100

M T bt et bt Lo

0 10 20 30 40 50 60 70 80 90 100
distance between true and reconstructed vertex[mm]

Figure 5.2. Distribution of the distance between true and selected vertex. The red area is
v.-CCQE events and the blue area is not v.-CCQE events. The histograms are stacked.

(b) Apply proton PID which is described in Section 4.3 to each track connected to
vertex candidates. Then, choose the vertex connected to the starting point of
a proton-like track.

3. Identify the vertex by comparing two vertices chosen in Step 2-(a) and 2-(b)
(a) In the case of a proton-like track escaping to other sub-detectors or having a
length longer than 20 cm, the vertex is identified by Step 2-(b).
(b) If the vertex is not identified by Step 3-(a), the vertex is identified by Step 2-(a).
Finally, a vertex is required to be inside F'V.
The method in Step 2-(a) was developed after the previous analysis[17]. Combining
the method in Step 2-(b), the efficiency with which vertex of the v,-CC interaction inside
FV is found, and the ratio that a vertex is selected within 30 mm from the position of

the MC true vertex are increased as shown in Table 5.1. Figure 5.2 shows the distance
between a selected vertex and the position of MC true vertex in 1v,.-CC interaction.

5.2 Electron track indentification

For the electron track reconstruction, EM-shower reconstruction and, TPC and ECal PID
are applied to a reconstructed track. As EM-shower reconstruction and cone construc-
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Figure 5.4. A schematic view of a cone object. Blue: primary track, purple: connected
tracks, light green: distant tracks, and light blue: cone.

tion were developed in the previous study[17], this study uses in combination of the two
algorithms with the algorithm flow as shown in Figure. 5.3.

5.2.1 Cone construction

To reconstruct the EM-shower, the reconstructed tracks, and clusters are grouped in this
step with the objects-shaped cone as shown in Figure 5.4.

A cone object has three types of track: primary, connected, and distant track. Tracks
connected to the vertex are the primary tracks. A connected track or cluster has a
minimum distance between the primary or other connected tracks is less than 30 mm.
Any tracks whose first node is located inside of 60° from the direction of the primary
track are distant tracks. The EM-shower reconstruction is processed based on the cone
object.

5.2.2 EM shower identification

As SuperFGD has a 1.9 m length in beam direction, many electrons generate EM-shower
flying in the volume. The shower reconstruction is necessary to identify an electron
track and it is performed by the Gradient Boosted Decision Tree(GBDT) method[17].
GBDT input variables for EM-shower reconstruction are in Table 5.2 and each input
value distribution of the particle gun sample is shown in Figure 5.5. GBDT training
results of EM-shower versus protons, pions, and muons are shown in Figure 5.6.
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Type of variable variable description
Number of connected tracks -
Number of distant tracks -
Number of distant clusters -
Length of the primary track -
dE/dz of the primary track -
Total energy deposit in cone -

Axis max ratio A half of the cone apex angle
Truncated max ratio A charge distribution along the cone axis
Q root mean square A root mean square of hit charge
Front back ratio A energy deposit ratio at the front and back of the cone
Maximum hit position A relative position of the largest charge hit

Table 5.2. Cone variables for EM-shower reconstruction.|17]
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Figure 5.6. GBDT result of EM-shower reconstruction for other particles with particle
gun samples|41]. The blue region is EM-shower and the red region is other particles. The
blue arrow is the threshold to identify electrons.
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Identified by

Particle Entries EM-shower Identified by Identified as

TPC&ECal PID an electron

reconstruction
P 241345 52 5 a7
Tt 58694 50 3 93
T 20506 28 2 30
ur 6017 4 3 7
w- 147614 101 14 115
et 36926 355 8 362
e~ 92804 753 215 958
¥ 7776 72 12 84
ve-CC-e 2483 400 128 521

Table 5.3. The numbers of particles identified by EM-shower reconstruction, TPC and
ECal PID, and the two methods combined. The number of v.-CC-e contains only v.-
CC signals in FV. Numbers of e™ and e~ contain gamma conversion events and external
electrons from OOFV. Some particles are identified as electrons by both methods.

5.2.3 TPC and ECal PID

Since the radiation length is about 0.4 m in carbon|[15], some electron tracks escape to
other detectors from SuperFGD without occurring in an EM shower. Those shower-less
tracks whose primary track escapes to other detectors, are identified using TPCs and
ECals. The PID likelihood values calculated for each detector are combined TPC and
ECal PID likelihood to select an electron-like track as described in Section 4.3.

The result of electron reconstruction is shown in Table 5.3.

5.2.4 Electron/gamma separation

After electron identification, it is necessary to separate whether an electron track and an
EM-shower are not produced by gammas.

As a pair track 7 — e~ + e has an overlap region, dF/dx around the starting point
should be twice as large as for a single electron. Therefore electron is separated from
gamma with four types of input variables: Energy deposit at first 15 nodes, Distance and
average dFE /dx between the primary and second vertex, and Number of connected tracks
to the primary track shown as Figure 5.7. The distributions of these input variables for
electron/gamma separation are shown in Figure 5.8.

The response of the GBDT method for electron/gamma separation is shown in Fig-
ure 5.9. The numbers of electrons identified by electron/gamma separation with GBDT
are shown in Table 5.4.
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Identified as an electron by

Particle Entries .
e/7 separation

e~ 958 683
ol 84 43
r.CC-e 521 485

Table 5.4. The electron/gamma separation result with NEUT FHC sample.
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5.3 Other Particle identifications

TPC muon cut

Since some muon neutrino events remain after electron identification, this step is to reject
those events by identifying muons. It is difficult to distinguish these particles by TPC
PID, as muons and pions have a similar relationship between momentum and energy loss
in TPC. However, rejection muons by TPC PID is effective, since about 85.7% of MIP
that escape to TPC are muons and about 37% of muons escape each for TPC as shown
in Table 5.5. Table 5.6 shows the numbers of neutrino events remaining after applying
the TPC muon cut.

e o=
SuperFGD 21281 (13.6%) 53741(67.5%)
TPC1 58049 (37.0%)  9719(12.2%)
HA-TPC 53738 (34.2%) 11023(13.8%)

Upstream ECal 4371 (2.8%) 2335(2.9%)
Side POD ECal ~ 2809(10.6%)  1323(1.7%)
Other detectors  16674(10.6%)  1450(1.8%)

Table 5.5. The percentage of muons and pions in which detectors they stopped. These
particles are produced by neutrino interaction in FV.
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Neutrino type TPC muon cut entries After muon cut

Ve-CC 528 483
7,-CC 56 51
v,-CC 455 191
v,-CC 12 6

Table 5.6. The number of neutrino events inside FV cut by TPC muon cut. TPC muon
cut is applied to the events that pass the electron/gamma PID.

5.4 Rejection of particles from outside of the fiducial
volume

This step is performed to reject events to produce gammas that come from the ECal up-
stream of SuperFGD. Particles coming from the outside of SuperFGD fiducial volume are
rejected by using time information. In particular, neutral particles entering the SuperFGD
and interacting inside the fiducial volume become a background.

The timing of the earliest hit in SuperFGD is compared with the timing of the first
hit in ECal upstream of SuperFGD. The event is rejected if there is a hit earlier than
SuperFGD. By applying this cut, the number of events that interact in upstream ECal is
decreased from 50 to 16. Also, since the ECal has 5.0 ns of time resolution and SuperFGD
has 1.5 ns of time resolution in MC, about 1% of v.-CC events are lost in this step.

5.5 Selection result

The inclusive selection performs with a signal purity of 64.1% and an efficiency of 16.7%.
The purity is the ratio of the selected v.-CC events that interact in SuperFGD FV over
the total selected events.

Nl/e—CC

urit — selected 5.1
purity,, cc N7eCC — pwe-CO (5.1)

selected background

The efficiency is the ratio of the selected v.-CC events over the v,.-CC events with no cuts.

v.-CC
: _ selected
efﬁClencyye_CC = W (52)
total

The selected v.-CC and total events which pass each selection are shown in Table 5.7.
Figure 5.10 shows the transitions of efficiency and purity. A signal efficiency of 75% is lost
in the electron PID step since this step requires strict conditions, such as an EM-shower
produced within SuperFGD, and an electron entering TPC without an EM-shower. As
a result of electron PID, signal purity is increased 45 times more than before this step.
Figure 5.11 shows the momentum distribution of selected events.

The selected v.-CC inclusive events are 698 events including 449 signal events. As
T2K plans to take the neutrino beam data corresponding to 4.0 x 10*! POT data on
FHC modes in the next 3 years, the selected v.-CC inclusive events will be 2812 events
including 1816 signal events. This selection allows us to measure the cross-section on 1816
signal events with 1/2812/1816 = 2.9% statistical error.
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Cut Selection cut ve-CC  17,-CC v, (v,)-CC NC  Out of FV  Total events
- No cut 2701 259 161458 51717 3241775 3458124

0 Pre-cut 2700 257 160966 45218 791231 1000612

1 Vertex selection 2589 235 143080 36146 190625 372708

2 Electron identification 539 63 415 194 431 1650

3 electron/gamma PID 499 49 362 63 163 1141

4 TPC p cut 454 44 122 46 125 791

5 Rejection of OOFV 449 44 114 44 47 698

Table 5.7. Summary of v,.-CC selection showing the numbers of v.-CC, backgrounds and

total events which pass each selection cut.
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Figure 5.12. The event displays of selected as v.-CC events(SuperFGD side view). The
red rectangle is the SuperFGD area. Each color-coded line represents a reconstructed
track, and the blue star is a selected vertex.

5.5.1 Selected v.-CC events

The numbers of v,-CC interaction modes are in Table 5.8. The most dominant mode
is v,-CCQE interaction which accounts for 43.6% of the total v,-CC events. The second
most dominant mode is v.-CCRes interaction which accounts for 34.5% of the total v.-CC
events. The event displays of the selected events whose modes are CCQE and CCRes are
shown in Figure 5.12.

5.5.2 Selected backgrounds events

The number of background events categories are shown in Table 5.9. The dominant
backgrounds are the gamma, v,-CC DIS, and 7, background. Gamma backgrounds are
separated by where gamma is produced: in FV(v-FV) and out of FV(y-OOFV). About
80.9% of the gamma background comes from 7° decay as shown in Table 5.10. The
gamma background corresponds to 45.8% of the background events since an EM-shower
generated from the gamma-ray is misidentified as an electron EM-shower.

Also, the structure of particle jets generated by v,-CC DIS interaction mimics EM-
shower and is misidentified as an electron EM-shower.

49



Interaction mode

CCQE 193
2p2h 32
Res 155
DIS 67
Coh 2
total 449

Table 5.8. The number of events divided by interaction mode for signal events

Background

v,-CCQE 4
v,-2p2h 0
v,-Res 9
v,-DIS 39
v,-Coh 0
v,-NC 15
Ve 42

vy, 3
v-FV 84
v-O0OFV 30
Out of FV 23
total 249

Table 5.9. The number of

background events.

Gamma source FV OOFV
CC- 9 8
NC-v 4 1

CC-N7° 49 15
NC-N7° 22 6

Table 5.10. The number of events by gamma background source. CC and NC-v produce
gammas from interaction without 7%, CC/NC-N7° produces 7° which decay to gammas.
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Chapter 6

Classification of v.-CC events

6.1 Classification based on final states

The v,-CC candidate events selected in Chapter 5 are classified based on the numbers
of charged pions and protons as shown in Figure 6.1. First, events are categorized into
CCOr*, CCla*, and CCmulti-7* samples based on the number of reconstructed charged
pions. Then, based on the number of reconstructed protons, CCOr* events are further
divided into CCOn*0p, CCOn*lp, and CCOr*Tmulti-p samples, and CClx* are divided
into CC1a*0p, CCla*1lp and CClr*multi-p samples. Pions are identified by applying
pion PID described in Chapter 4. Among proton-like tracks found in vertex selection,
those starting positions within 30 mm from the vertex are counted as protons. The
numbers of protons and pions are shown in Table 6.1. The 52.3% of protons and 51.3%
of pions are reconstructed.

Number of true particle Selected events Correct Miss-identified
Proton PID 736 436 390 46
Pion PID 337 342 173 171

Table 6.1. Number of particles identified as protons and pions. This shows the total
selected events: selected events correctly and incorrectly (miss-identified).
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Figure 6.1. Event sample classification flow of v.-CC interaction based on the final states.

6.2 Study of background reduction for v.-CC inclusive
event selection

The classification result is shown in Table 6.2. Momentum distributions of CCOr* and
CCl7* samples are shown in Figure 6.3. Comparing the three samples, the CCOr™
samples are selected with higher purity than other samples. In particular, the set of
CCOr*1p and CCOrTmulti-p samples is selected with a purity of 79.6%. Since the other
samples are selected with a purity lower than the inclusive ones, the background reduction
in CCOr*0p, CCln*, and CCmultir™ samples is important to achieve a higher purity
inclusive selection.

Figure 6.2 shows three types of major background: 7, 7, and v, background. The
details of these backgrounds for each sample are followings.

Total Total

Sample ve-CC  ~v v wv,(v,) OOFV bke. events Efficiency Purity
CC-inclusive 449 114 42 70 23 249 698 16.7%  64.1%
CCor* 308 52 33 31 11 127 433 11.4%  71.1%
CCOon*0p 117 37 19 13 8 77 192 - 60.9%
CCont1p 150 13 11 16 2 42 192 - 78.1%
CCOn*multi-p 41 2 3 2 1 8 49 - 83.7%
CClr* 119 44 8 28 7 87 205 4.4% 58.0%
CCln*0p 64 23 7 19 5 54 119 - 53.7%
CCln*lp 40 18 1 4 2 25 63 - 60.3%
CCla*multi-p 15 1 0 5 0 8 23 - 63.5%
CCmultir® 22 18 1 11 5 35 60 - 36.7%

Table 6.2. The number of v.-CC events and background(bkg.), the signal efficiency, and
the signal purity for each sample.
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Figure 6.2. The momentum distribution of selected electron-neutrino events with a
charged pion for stacked each category which is defined by the number of MC true parti-
cles.

6.2.1 ~ background

Gamma background is the dominant background in all of CCOr*0p, CCl7*, and CCmultir™
samples. In CCOn* samples, as the fraction of background decreases when proton tracks
are required, the improvement of proton detection efficiency leads to gamma background
rejection in the CCOr*0p sample. On the contrary, the fraction of background does not
change significantly if protons are required in the CCl7* sample. This no-change is due
to two conditions as follows in CC1lr* and CCmultin® samples.

e A gamma and a muon generated by v,-CC interaction are misidentified as an elec-
tron and a charged pion, respectively.

e Most v,-CC gamma productions generate a proton via CCRes and CCDIS interac-
tion modes.

Also, there are many backgrounds in the low momentum region of lepton in the CClx™
sample as shown in Figure 6.3. Thus, the following two approaches are considered to be
effective in reducing gamma background.

o Identification of low momentum muon tracks to reject v,-y productions. It requires
discrimination of muons from pions with SuperFGD PID because low-momentum
muons tend to stop inside SuperFGD.

e Improvement of electron/gamma separation in low momentum region.

6.2.2 1, background

The 61.9% of 7, background which generates a positron is classified into CCOr*0p and
CC17*0p samples because most 77, interactions do not produce protons. The background
is due to the lack of identification of particle charges in the EM shower reconstruction.
To reduce this background, it is necessary to identify the charge of the EM shower to
discriminate between an electron and a positron.
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Figure 6.3. The event displays of the major background events (SuperFGD side view).
The red rectangle is the SuperFGD area. Each color-coded line represents a reconstructed
track, and the blue star is a selected vertex.

o4



v, interaction mode CCOr* CClzr* CCmultin™®
v,-CCQE 4 0 0
v,-CCRes 6 3 9
v,-CCDIS 11 19 2

v,-NC 2 5 0
Total v, events 31 28 11

Table 6.3. The number of v, background which are categorized by interaction mode for
each sample.

6.2.3 v, background

In the CCln® and CCmultir® samples, the v, event without gammas identified as elec-
trons in the final state. In particular, these backgrounds come from the v,-CCRes and
v,-CCDIS interaction mode as shown in Table 6.3. Since these interactions produce mul-
tiple particles in addition to a lepton and a proton, this background is mainly caused by
the multiple particles reconstructed as an EM-shower. In addition to the improvement
of muon identification, improvement of cone construction can reduce such background.
While multiple tracks are produced near the vertex in the v,-CCRes and v,-CCDIS modes,
EM-showers occur in the middle of the electron tracks. It may be possible to discriminate
them by checking whether the tracks within a cone originate from near the vertex.

6.3 Study of the exclusive final state selection for cross-
section measurement

For the measurement of exclusive mode, the classification results are evaluated as the
sample for the MC true signals which are categorized by the number of MC true particles.
For instance, the purity and efficiency of CCOn* are defined as,

NCCOTrisignal

. CCont _ selected
pumty o NCCOﬂisignal + ]Vbackground7 (61)
selected selected
N CCOn*tsignal
: CCOn*™ __ selected
efficiency = yCComEsigmal (6.2)
no cut

The summary of the selection for v.-CC exclusive event samples is shown in Table 6.4.
The result of each selected event is explained in the following.

6.3.1 The CCOn* sample

The selected CCOn™ events are 433 events including 262 signals and the selection performs
with a signal purity of 60.5% and an efficiency of 17.1%. This sample contains the 90.7%
of CCOn* signals before the classification.
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Seleted Selected CCOor* CClr® CCmultir® Other . .
Efficiency Purity

sample events (True) (True) (True) bkg.
CCOn= 433 262 41 5 125 17.1% 60.5%
CClr* 205 23 78 18 86 9.3% 38.0%
CCmultir® 60 4 10 8 38 2.4% 13.3%

Total 698 289 129 31 249

Table 6.4. The number of classified events categorized by v.-CC samples and the other
background and signal efficiency /purity for v.-CC exclusive events. "(True)" means the
number of events categorized by the MC true number of pions. The numbers in bold are
the number matches between sample and true

This selection can collect 1751 events including 1059 signal events in the next three
years. It has the capability of cross-section measurement with 1/1751/1059 = 4.0% sta-
tistical uncertainty.

The 26.9% of the backgrounds is the v,-CC pion production with no reconstructed
charged pions. To get the higher purity value, it is necessary to increase the reconstruction
efficiency of pions in 1v,.-CC events.

6.3.2 The CCln* sample

The selected CC17r* events are 205 events including 78 signals and the selection performs
with a signal purity of 38.0% and an efficiency of 9.3%. This sample contains the 60.5% of
CC17* signals before the classification. This selection can collect 829 events including 315
signal events in the next three years. It has the capability of cross-section measurement
with /829 /315 = 9.1% statistical uncertainty. Also, this selection can collect 263 events
including 65 signal events with v/263/65 = 24.9% statistical uncertainty in the energy
range of leptons under the 1 GeV /c as measured in SK.

The gamma is the large background in the low momentum range as shown in Fig-
ure 6.3. The gamma rejection needs to be improved as described in Section 6.2. Also, the
improvement of the pions reconstruction in the low momentum region is necessary to get
higher efficiency.

6.3.3 The selected CCmultir® events

The 60 events are selected as CCmultir™ events, but this is a small statistic to measure
this sample.

96



Chapter 7

Discussion

7.1 Impacts on T2K oscillation analysis

In the T2K oscillation analysis, the cross-section of the v,-CC interaction has 3.0% sys-
tematic uncertainties. This thesis describes the 1v,-CC inclusive cross-section that can
be measured with 2.9% of the statistical uncertainty using T2K neutrino beam data in
the next three years. Since this result does not consider the systematic uncertainties in
the cross-section measurement, this does not significant impact on reducing the v, CC
cross-section uncertainties. However, this result indicates that upgraded ND280 has the
potential to measure v,-CC cross-sections towards the reduction of the systematic uncer-
tainty. Also, this thesis shows the background composition and the improvements for the
background events reduction and indicates the possibility of the selection of v.-CC events
with higher purity.

In the v.-CC exclusive selection, the CCOn* sample can be measured with 4.0% sta-
tistical uncertainty, and the CC17* sample can be measured with 9.1% statistical uncer-
tainty. Thus, the upgraded ND280 has the capability of the cross-section measurement
of the exclusive samples. In the energy range of leptons under the 1 GeV /c, the CCla*
sample can be measured with 24.9% statistical uncertainty. This uncertainty is smaller
than the CClm excess amount of 40% in SK. However, since the uncertainty of the num-
ber of background events is large, background rejection in this energy region is needed to
investigate CClm excess in ND280. Reducing the background in this result allows com-
parison between MC samples and real data and verifies the MC simulation which is also
used in the oscillation analysis.

7.2 Future improvements

Gamma rejection

Improvement of proton reconstruction and electron/gamma separation in the low-momentum
range can further reduce the gamma background. In the current selection algorithm, four
nodes around the interaction vertex are ignored to avoid overlap effects from multiple
tracks. The energy deposit around the vertex needs to be used for the reconstruction of
protons and the electron/gamma separation with a short track. Also, gamma may be
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rejected by calculating the invariant mass of e~ +e™ pair track as it was performed in the
original ND280 analysis|7].

Particle charge identification to reject positron

To reduce the positron background, the charge identification of the EM-shower is necessary
using a cone object such as comparing the primary track and center of the shower.
Muon identification

In this thesis, muons are rejected by only TPC PID. Since there are muons not to enter
the TPC, they have to be rejected by SuperFGD PID. However, energy deposit patterns
of muons are similar to that of pions. The algorithm to reject only muons needs to be
developed. Also, HA-TPC PID should be developed and implemented.

Cone construction

To reduce the background of multiple tracks mimicking EM-shower, the cone reconstruc-
tion can be improved by checking whether the tracks within a cone originate from near
the vertex.

Charged pion identification

To reconstruct low-momentum CCl7* samples, the pions identification method needs to
be improved with additional information, such as Michel electron.

Selection with HA-TPCs and TOF

This thesis does not use the reconstructed HA-TPC and TOF tracks. The development
of the selection with HA-TPCs and TOF is necessary to evaluate realistic performance
and it will improve performances such as particle identification.
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Chapter 8

Summary

The T2K(Tokai-to-Kamioka) experiment is a long baseline neutrino oscillation experiment
in Japan. T2K aims to observe CP violation in the lepton sector. Until now, T2K has
excluded CP conservation in neutrino oscillations with more than a 90% confidence level.
The uncertainty on the v, cross-section is 3.0% of the predicted number of v,-CC events
in the Super-Kamiokande. To achieve higher precision, we are upgrading each component
and are about to start the T2K-II phase. To reduce the systematic uncertainties in the
oscillation analysis, ND280 is upgraded and we have developed selection algorithms with
upgraded ND280 for the electron neutrino interactions using Monte Carlo simulation.

At the present in 2024, the v,-CC events can be selected with an efficiency of 16.7%
and a purity of 64.1%. The result demonstrates the capability to collect the 2812 candi-
date events including 1816 signal events in the next three years which allows the v,-CC
measurement with 1/2812/1816 = 2.9% statistical uncertainty. As a result of the clas-
sification of the electron neutrino events based on their final states, CCOr*0p, CCln™,
and CCmulti-7* samples had large background contamination. This thesis searched for
the improvement in reducing the background for each event sample. This improvement
is expected to increase the capability of the impact on oscillation analysis.

Also, measurement of cross-sections in specific final states may be possible in the
future. The CCOn* events are selected with the efficiency and purity of 17.1% and
60.5%, respectively. The efficiency and purity for the CCln* events are 9.3% and 38.0%,
respectively. Based on the results of this study, possible improvements were discussed.
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