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Abstract

The T2K (Tokai to Kamioka) experiment is a long-baseline neutrino oscillation experi-
ment aiming to search for CP violation in the neutrino sector. The systematic uncertainty
on the �e and ��e cross-sections is one of the main source of systematic uncertainties in the
oscillation measurements. The near detecotor ND280 is used to measure the neutrino cross
sections. Recently, ND280 was upgraded to further reduce systematic uncertainties by
addressing limitation of the original detectors. SuperFGD, which is a plastic scintillation
tracker and a neutrino target, is one of the detectors newly installed in ND280.

In this thesis, we conducted the study to acquire and analyze data in SuperFGD.
First, we developed an online gain monitor to keep taking good-quality data. The online
gain monitor needs a new fast gain calculation method, and we developed a method that
meets both time and accuracy requirements. The developed online monitor is currently
being used in the detector operation. Next, the acquired data is used for event recon-
struction as a first step of the analysis. We evaluated the impact of bad channels on track
reconstruction. We revealed that clustered bad channels have a greater impact on track
reconstruction than discrete bad channels. Additionally, this study enables an estimation
of the effect on track reconstruction from bad channel fraction and distribution. Fi-
nally, based on the reconstructed data, the event selection is performed. We explored the
method using an artificial neural network to separate an electromagnetic shower caused
by an electron from that caused by a photon for the purpose of rejecting 
 backgrounds
in the �e event selection. The model we developed succeeded in the rejection of 95:5 % of

 background events with 80 % efficiency for electrons.
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Chapter 1

Neutrino Physics

1.1 Neutrino oscillation

1.1.1 Neutrino physics and neutrino mixing

The Standard Model (SM) is the theory describing electromagnetic, strong, and weak
interactions. Neutrinos are the elementary particles in the SM which interact only via the
weak interaction and the gravity. In the SM, there are neutrinos of three �avors: electron
neutrino (� e), muon neutrino (� � ), and tau neutrino (� � ). There are also antineutrino as
antiparticles of them, and electron, muon, and tau antineutrino are described as�� e, �� � ,
�� � , respectively.

SM is based on the mathematical framework of quantum �eld theory. Therefore, the
general state of a particle can be described as a superposition of eigenstates. In particular,
the state of neutrinoj� i can be written as a superposition of �avor eigenstates:j� ei , j� � i ,
and j� � i . Furthermore, the state of neutrino can be also written as a superposition of
mass eigenstates. If the mass eigenvalues(m1; m2; m3) are all di�erent, it can be written
as a superposition of mass eigenstates:j� 1i , j� 2i , and j� 3i . The change of basis between
these sets of eigenstates can be written using a3 � 3 unitary matrix U as

0

@
j� ei
j� � i
j� � i

1

A = U

0

@
j� 1i
j� 2i
j� 3i

1

A �

0

@
Ue;1 Ue;2 Ue;3

U�; 1 U�; 2 U�; 3

U�; 1 U�; 2 U�; 3

1

A

0

@
j� 1i
j� 2i
j� 3i

1

A :

This unitary matrix U is called as Pontecorvo�Maki�Nakagawa�Sakata matrix (PMNS)
matrix. U belongs to the unitary groupU(3), and the group has nine real degrees of
freedom. Five of those are absorbed as relative phase parameters and physically irrelevant.
U is generally written using four real parameters� 12, � 13, � 23, and � CP as

U =

0

@
1 0 0
0 c23 s23

0 � s23 c23

1

A

0

@
c13 0 s13e� i� CP

0 1 0
� s13ei� CP 0 c13

1

A

0

@
c12 s12 0

� s12 c12 0
0 0 1

1

A (1.1)

=

0

@
c12c13 s12c13 s13e� i� CP

� s12c23 � c12s13s23ei� CP c12c23 � s12s13s23ei� CP c13s23

s12s23 � c12s13c23ei� CP � c12s23 � s12s13c23ei� CP c13c23

1

A ; (1.2)
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where sij = sin � i;j and cij = cos� i;j . The range of the parameters are0 � � ij � (�= 2)
and � � � � CP � � . These� 12, � 13, and � 23 are called the mixing angles, and� CP is called
the CP-violating phase.

1.1.2 Neutrino oscillation

Neutrino oscillation is the phenomenon that the �avors of neutrino change into each
other while traveling, and it is explained by using quantum mechanics with the fact that
neutrino has non-zero mass.

First, consider the neutrino as a free particle. Since the degrees of freedom in the
mass (or �avors) are distinct from that in the spatial parameters, there are simultaneous
eigenstates of the mass and the momentum. By restricting the statement that the state of
neutrino is written as a superposition of mass eigenstates to the momentum eigenspace,
the state of the neutrino in energy eigenstates can be written as a superposition of simulta-
neous eigenstates of the mass and the momentum. The following discussion is conducted
in the momentum eigenspace with the eigenvaluesp = ( px ; py; pz). The free particle of
mass eigenstate can consider as a plane wave, and the time evolution can be written as

j� k(t)i = exp( � iE k t) j� k(0)i (k = 1; 2; 3);

whereEk =
p

p2 + m2
k with p = jpj.

Then, P(� � ! � � ), which is the probability that the neutrino produced with �avor �
at t = 0 is detected as a neutrino with �avor� at t = t0 is calculated as below.

P(� � ! � � ) = jh� � (0)j� � (t0)ij 2 (1.3)

=

�
�
�
�
�

X

j;k

U�;j U�
�;k h� k(0)j� j (t0)i

�
�
�
�
�

2

(1.4)

=

�
�
�
�
�

X

k

U�;k U�
�;k exp(� iE k t)

�
�
�
�
�

2

(1.5)

= � �;� � 4
X

j<k

Re
�
U�;j U�

�;j U�
�;k U�;k

�
sin2 (Ek � E j )t

2
(1.6)

+ 2
X

j<k

Im
�
U�;j U�

�;j U�
�;k U�;k

�
sin(Ek � E j )t: (1.7)

Under the ultra-relativistic approximations, Ek is approximated toEk =
p

p2 + m2
k '

p + m2
k

2p . SinceE1 ' E2 ' E3 ' p, by setting this value asE, this formula is written as

Ek ' E + m2
k

2E . t can be also replaced byL, which is the distance the particle traveled,
since the speed of the particle is almost equal to the speed of light.
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Then, P(� � ! � � ) is written as

P(� � ! � � ) = � �;� � 4
X

j<k

Re
�
U�;j U�

�;j U�
�;k U�;k

�
sin2 � m2

kj L

4E
(1.8)

+ 2
X

j<k

Im
�
U�;j U�

�;j U�
�;k U�;k

�
sin

� m2
kj L

2E
; (1.9)

where� m2
kj is de�ned as� m2

kj � m2
k � m2

j . The probability of the oscillation of antineu-
trino P(�� � ! �� � ) is written as

P(�� � ! �� � ) = � �;� � 4
X

j<k

Re
�
U�;j U�

�;j U�
�;k U�;k

�
sin2 � m2

kj L

4E
(1.10)

� 2
X

j<k

Im
�
U�;j U�

�;j U�
�;k U�;k

�
sin

� m2
kj L

2E
: (1.11)

When considering the e�ect of matter, the behavior is similar under the adiabatic approx-
imation.

1.1.3 CP-violation

In the probability of (anti-)neutrino oscillations, since U�;j U�
�;j U�

�;k U�;k is a real number
when � = � , P(� � ! � � ) = P(�� � ! �� � ) always stands for each� = e; �; � regardless
of parameters. Then, the di�erence of the probability of (anti-)neutrino oscillations can
be only seen in the probability of the oscillation between di�erent �avor neutrinos. The
experiment to measure the di�erence of the probability mostly uses the oscillation from� �

( �� � ) to � e ( �� e) for the reason of neutrino production process and the energy requirement
for the interaction.

The di�erence betweenP(� � ! � e) and P(�� � ! �� e) is written as

P(� � ! � e) � P(�� � ! �� e) (1.12)

= 4
X

j<k

Im
�
U�;j U�

�;j U�
�;k U�;k

�
sin

� m2
kj L

2E
(1.13)

= � 16s12c12s23c23s13c2
13 sin� CP sin

�
� m2

21L
4E

�
sin

�
� m2

31L
4E

�
sin

�
� m2

32L
4E

�
; (1.14)

whereskj , ckj is same with that de�ned in Eq. 1.1. The value is non-zero only when all
of the conditions are satis�ed.

ˆ � jk 6= 0; �
2 ,

ˆ � mkj 6= 0,

ˆ � CP 6= 0; � .

In particular, CP-symmetry is violated if the value is non-zero.
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(a) � � -CC cross sections (b) �� � -CC cross sections

Figure 1.1. The measured cross sections of� � -CC (�� � -CC) inclusive interaction and
each type of� � -CC (�� � -CC) interaction. [1] The marker displays the experiment result.
The main neutrino source in this energy region is atmospheric neutrino and accelerator
neutrino. The predictions line is by the NUANCE generator [2].

1.2 Neutrino interaction

The neutrino interacts with other particles only via weak interactions. There are two
types of weak interaction. One is neutral-current (NC) interaction, which is mediated by
the Z boson. The other is charged-current (CC) interaction, which is mediated by the W
boson. NC interaction of neutrino with a nucleon does not produce the charged lepton,
so it is impossible to determine the �avor of the interacted neutrino. In contrast to the
NC interaction, the �nal state of CC interaction includes a charged lepton corresponding
to the �avor of the neutrino in the initial state.

1.2.1 Charged-current (CC) interaction

There are some processes in the CC interaction of the neutrino with nucleus. In the
energy region from sub-GeV to a few GeV, the dominant processes are CC quasi-elastic
scattering (CCQE), CC resonance scattering (CC-RES), and CC deep inelastic scattering
(CC-DIS). The �nal state depends on the process.

CCQE interaction is an elastic interaction between a neutrino and a nucleon, which is
described as� l + n ! l � + p or �� l + p ! l+ + n, wherel = e; �; � . CCQE process have a
charged lepton and a nucleon in the �nal state. In the CC-RES interaction process, the
scattered nucleon is excited to a resonance state, and it decays to nucleons and mesons.
The baryon resonance dominantly decay to a nucleon and a (charged or neutral) pion. A
charged lepton is also included in the �nal state. In the CC-DIS interaction process, the
scattered nucleon produce hadron jets. Then, the �nal state includes a charged lepton
and several hadrons.

The dominant process depends on the energy of neutrino. The measured cross-section
of � � and �� � with each process are summarized in Fig. 1.1. The� � -CC (�� � -CC) inclusive
cross-section, which is the sum of the cross-sections with the processes of CC interaction,
is also shown in Fig. 1.1.
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1.2.2 Electron neutrino cross section

In the experiment that measure the neutrino oscillation of� � ! � e ( �� � ! �� e) to search
for CP-violation, the uncertainty in the cross-section of� e-CC interactions contributes to
the uncertainties in the measurement of neutrino oscillation. This oscillation is mainly
measured by using neutrino produced by accelerators, and the accelerator neutrino has
the energy of about1 GeV. Thus, the precise� e-CC cross-section measurement in the
momentum range around1 GeV is necessary to measure the� � ! � e oscillation precisely.

Currently, the interaction of the neutrino in the energy region from sub-GeV to several
GeV is investigated by using accelerator neutrino. Due to the production process, neutrino
beam from accelerator is dominated by� � and �� � , and � e and �� e account for only a small
part of the neutrino beam �ux. Thus, along with the small cross-section of neutrino, the
� e cross-section measurement in the energy region is limited by small statistics. Therefore,
high intensity neutrino beam and massive target is necessary for the measurement.

Additionally, the contamination of the background including photons causes a large
uncertainty in the � e cross-section measurement. Hence, the� e event selection with high
e�ciency and purity is also necessary.
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Chapter 2

T2K Experiment

2.1 Overview

The T2K (Tokai to Kamioka) experiment [3] is a long baseline neutrino oscillation ex-
periment. The T2K experiment has a goal of determining CP-violation in the neutrino
sector with more than3� con�dence level by measuring the� � ! � e ( �� � ! �� e) oscillations
precisely.

The overview of the T2K experiment is shown in Fig. 2.1. In the T2K experiment,
� � ( �� � ) beam produced in the Japan Proton Accelerator Research Complex (J-PARC)
at Tokai, Ibaraki is used as a neutrino source. The neutrinos are detected at detectors
located in two di�erent places: near detectors and the far detector. Near detectors are
located280m downstream from the neutrino production target. The far detector, Super-
Kamiokande (SK) at Kamioka, Gifu, is located295km downstream from the target.

Figure 2.1. Overview of the T2K experiment.
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2.2 Neutrino Beamline at J-PARC

2.2.1 Neutrino Beamline

J-PARC accelerator complex consists of three accelearators: the400 MeV linear accel-
erator (LINAC), the 3 GeV Rapid-Cycling Synchrotron (RCS), and the30 GeV Main
Ring (MR). The overview of J-PARC accelerator complex is shown in Fig. 2.2 (a). The
Hydrogen anions are accelerated up to400MeV by the LINAC, and converted to proton
beam at the injection point to RCS. The protons are accelerated up to3 GeV by the
RCS, and �nally, are accelerated up to30 GeV by the MR. The protons are accelerated
as bunches. There are eight bunches of the protons in a cycle (called �spill�) in the MR,
and the bunches in a cycle are extracted to the neutrino beamline at intervals of around
580ns. The next spill is injected from RCS after extract previous spill. The spill cycle is
1:36 s since2023.

The protons from MR are injected into the neutrino beamline. The neutrino beamline
consists of two parts: the primary beamline and the secondary beamline. In the primary
beamline, the proton beam is bent and focused on the target. In the secondary beamline,
the beam interacts with the target. The produced charged pions are focused by electro-
magnetic horns, and �nally, the neutrino beam is produced by decaying charged pions.
The overview of neutrino beamline is shown in Fig. 2.2 (b).

The target of the beam in the neutrino beamline is a graphite rod with2:6 cm diameter
and 91:4 cm long, which corresponds to1:9 interaction length. As a result of the hadron
interaction between the proton beam and graphite target, secondary pions are produced.
Some amount of kaons are also produced.

The electromagnetic horns collect and focus the charged mesons to increase the neu-
trino �ux at detectors. The electromagnetic horns can collect only positive or negative
mesons, depending on the operation current. The charge of the meson decides whether
the meson decays into neutrino or antineutrino, as described below. Thus, the neutrino
beam can be either neutrino-dominant (called �Forward Horn Current� (FHC) or neutrino
mode) or antineutrino-dominant (called �Reversed Horn Current� (RHC) or antineutrino
mode) depending on the operation current of the horns.

The focused mesons decay in the decay volume and produce the neutrino beam. The
major decay modes of charged pions and kaons are:

ˆ � + ! � + + � � , � � ! � � + �� � ,

ˆ K + ! � + + � � , K � ! � � + �� � ,

ˆ K + ! � + + � 0, K � ! � � + � 0.

Third mode also produce neutrinos in the end through charged pions. These modes all
produce muon (anti-)neutrino, then, the neutrino beam is dominated by� � (in FHC) or
�� � (in RHC). Additionally, some amounts of electron (anti-)neutrino exists in the neutrino
beam. The major decay modes producing� e or �� e are:

ˆ K + ! � 0 + e+ + � e, K � ! � 0 + e� + �� e,

ˆ � + ! e+ + � e + �� � , � � ! e� + �� e + � � .
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(a) J-PARC accelerator complex. [4] (b) neutrino beamline. [3]

Figure 2.2. (a) is the overview of the J-PARC accelerator complex. (b) is the overview of
the neutrino beamline at J-PARC. Neutrino beamline is also shown in the center of (a)
without notation.

The �uxes of � � , �� � , � e, and �� e at ND280 in FHC and RHC mode are shown in Fig. 2.3.
The �ux of � e ( �� e) is less than1 % of the �ux of � � ( �� � ) in the neutrino (antineutrino)
mode.

The number of protons shot to the target is called �protons on target� (POT). Under
the assumption that the operation current of the horn is constant, the �ux of the neutrino
beam is in proportion to the number of charged mesons, and the number of charged
mesons is in proportion to the number of protons shot to the target. Thus, the value
of POT is used as a indicator of the statistics in T2K experiment. The accumulation
of POT in the run is shown in Fig. 2.4. The data of2:80 � 1021 POT with FHC mode
and 1:77� 1021 POT with RHC mode (the POTs with di�erent horn current are simply
summed up) has been acquired.

2.2.2 Beam upgrade

The beam power of MR reached to515kW in 2019. To increase the beam power further,
the upgrade of MR aim to a beam power of1:3 MW is underway. The plan to upgrade
MR beam power is shown in Fig. 2.5.

Indeed, the beam power reached to750kW in 2023, and increased to820kW by the
end of 2024. In addition to the upgrade of MR, the current applied to the electromagnetic
horn was increased from� 250 kA to � 320 kA in 2023. The sign depends on the beam
mode. The neutrino beam intensity was increased by about10 % by the increase of the
horn current.

The data acquisition in the T2K with upgraded beam is described in Section 2.6.

2.2.3 O�-axis method

In the T2K experiment, the neutrino beam is directed at an angle of2:5 degree with
respect to the baseline connecting between the proton target and SK. By doing this, the
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(a) neutrino mode (b) anti-neutrino mode

Figure 2.3. The �uxes of� � , �� � , � e, and �� e at near detectors. [5]

Figure 2.4. The accumulation of POT over time in the T2K experiment. The plot is
produced by T2K beam group.
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Figure 2.5. The plan to upgrade MR beam power. [4]

energy distribution of the neutrino delivered to the detectors becomes narrow and has a
peak near the value, which maximizes the probability of the appearance of electron (anti-)
neutrinos at SK, as shown in Fig. 2.6. This is called the o�-axis method.
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Figure 2.6. The estimated muon neutrino survival probability at the far detector and
neutrino �uxes for di�erent o�-axis angles. [6]

2.3 Near Detectors

Near detectors consist of three detectors: INGRID, WAGASCI-BabyMIND detector, and
ND280. Near detectors are all located280 m downstream from the proton target while
the angle from the beam direction is di�erent.

INGRID is an on-axis detector located in the center of the beam. The detector is
composed of an array of modules, and each module has iron target plates and tracking
scintillator planes. The detector measures the pro�le and stability of the neutrino beam.

WAGASCI-BabyMIND detector is an o�-axis detector with an angle of1:5 degree. The
detector consists of the neutrino detector with water and scintillator bars at the front and
muon range detectors at the rear. The detector is designed to study neutrino-nucleus
interactions.

The details of the ND280 are described below.

2.3.1 Components of classic ND280

ND280 is an o�-axis detector with an angle of2:5 degree, which is equal to the angle of
SK. It is placed to constrain the uncertainties on the neutrino �ux and interactions. It
is surrounded by a dipole magnet, which produces a uniform horizontal magnetic �eld of
0:2 T.

ND280 was upgraded in 2024. However, most of the subdetectors before the upgrade
are still used after the upgrade. The detector before the upgrade is called �classic ND280�.
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(a) Overview of near detectors. [3] (b) Overview of ND280. [3]

Figure 2.7. (a) is an illust of the near detectors in the pit. ND280 and INGRID are shown
in the top and middle of the �gure,respectively. (b) is an exploded view of the ND280.
the magnet is closed when acquiring the data.
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Figure 2.8. Overview of Fine grained detector (FGD). [7]

The components of the classic ND280 are below:

Fine grained detector (FGD)

Fine grained detector (FGD) is a neutrino target and scintillation tracker to reconstruct
the trajectory of charged particle emitted by neutrino interaction. There are two FGDs
in the ND280 as shown in Fig. 2.7 (b).

The overview of FGD 1 (located upstream in FGDs) is shown in Fig. 2.8. FGD1
consists of30 layers with 192 plastic scintillator bars per layer. FGD 2 (located down-
stream in FGDs) consists of14 plastic layers of plastic scintillator bars and six water
target modules. The water modules are inserted every two layers. There are two types
of the layer depending on the direction of the scintillator bars. Every layer is in perpen-
dicular to the beam direction, and di�erent types of layers are lined up alternately. The
bar is vertical direction in the layers of one type while horizontal direction in the layers
of another type. The scintillation light from the bar is read by MPPC. The size of each
FGD is 2300 mm� 2300 mm� 365 mm.

Time projection chamber (TPC)

Time projection chamber (TPC) is a tracker using the ionization of gas molecules by
charged particles along the track. The precise tracking enables precise momentum recon-
struction of the charged particle, and the distribution of the amount of ionization can be
used to the particle identi�cation. There are three TPCs in ND280. The active volume
of TPC is �lled by argon-based drift gas. Charged particles passing through the TPC
produce ionization electrons and ionize gas molecules, and the electrons move to anode
(readout) planes along the electric drift �eld. Anode plane is segmented with pads of
7:0 mm � 9:8 mm, and the drift electrons are ampli�ed and sampled in every pads. By
combining timing information of the signal, TPC enables 3D tracking of charged particles.
The relative momentum resolution for the direction in perpendicular to the magnetic �eld
is less than10 % in the momentum region below1 GeV.
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Pi-zero detector (PØD)

Pi-zero detector (PØD) is located at the most front part of the classic ND280. PØD aims
to study about the neutral current process� � + N ! � � + N + � 0 + X in the water. PØD
consists of the two water target modules sandwiched by two electromagnetic calorimeters.
Water target modules are composed of interleaved layers of scintillator bars, �llable water
target bag, and brass, while calorimeter modules are composed of interleaved layers of
scintillator bars and lead.

PØD detector was removed to install upgrade detectors as described in the next sec-
tion. However, only the upstream electromagnetic calorimeter in PØD (called Upstream
ECal) remains in the ND280 upgrade.

Electromagnetic calorimeter (ECal)

The electromagnetic calorimeter (ECal) is a sampling electromagnetic calorimeter that
surrounds FGD, TPC, and PØD. ECal is used to complement event reconstruction by
the detection and reconstruction of photons and by providing reconstruction information
on charged particles.

Side muon range detector (SMRD)

Side muon range detector (SMRD) consists of the modules of plastic scintillation counters
and they are inserted between the iron plates of the magnet surrounding ND280. SMRD
has three roles in ND280: the measurement of the muon escaping to high angle with
respect to the beam direction, the trigger for the cosmic muon event, and the detection
of the interaction at the magnet and outside of the magnet.

2.3.2 ND280 Upgrade

Classic ND280 contributed to reduce systematic uncertainties. However, there were some
limitations in the measurement due to structural reasons.

The �rst limitation is the low e�ciency for the events with relatively large scattering
angles with respect to the beam direction. This is caused by the poor reconstruction
e�ciency in FGD for the track of particles scattered to large angles. Even if the track
is reconstructed, if the particle does not go through TPC, the particle is likely to be
misidenti�ed since the reconstruction information from TPC is largely contributed to the
particle identi�cation in ND280.

The second limitation is the low e�ciency in the reconstruction and identi�cation of
the short tracks by low energy hadrons. The di�cult point is that the track is short, so
the track needs to be reconstructed in the detector, which is also a massive target.

To overcome these limitations, new detectors were installed where there was PØD
central part. Upgrade detector consists of three detectors: SuperFGD, High-Angle TPC
(HA-TPC), and Time-of-Flight Detector (TOF). The overview of upgraded ND280 is
shown in Fig. 2.9. SuperFGD is located in the middle of the upgrade detector, and HA-
TPCs are located in the above and below SuperFGD. These are surrounded by six ToF
layers.
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Figure 2.9. Overview of ND280 upgrade. [8]

SuperFGD

SuperFGD is a neutrino target and plastic scintillation tracker. The detail is described in
Chapter 3.

HA-TPC

The design of HA-TPC is almost the same with TPC in classic ND280, but some points
were updated to reduce the cost without performance degradation and increase active
volume. The direction of HA-TPC is horizontal to reconstruct the tracks of particles
scattered at high angles while it is vertical for the TPC in classic ND280. The purpose of
HA-TPC is same with TPC in classic ND280, that is precise track reconstruction for the
charge and momentum reconstruction and particle identi�cation based on the distribution
od the amount of ionization along the track.

ToF

ToF is a plate made by arranging plastic scintillator bars. It is designed to measure the
precise time when the charged particle passes. It is used to reject backgrounds originating
in the areas surrounding the detector, to improve particle identi�cation, and to trigger
cosmic muons.

2.4 Far Detector

Super-Kamiokande (SK) is used as the far detector in the T2K experiment. SK is a
water Cherenkov detector located295km downstream from the neutrino production point
and used to detect muon and electron (anti-)neutrinos. The overview of SK is shown in
Fig. 2.10. SK consists of two major volumes: an inner detector (ID) and an outer detector
(OD). ID has a cylindrical shape with33:8 m in diameter and36:2 m in height, and11129
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Figure 2.10. Overview of Super-Kamiokande. [3]

inward-facing 50 cm diameter PMTs are arranged on the inner walls. OD surrounds ID
with about 2 m thickness, and1885outward-facing20cm diameter PMTs are arranged on
the inner walls. Both were �lled with pure water until 2019, and gadolinium was dissolved
in the water to improve neutron detection e�ciency in 2020. SK detects the ring of light
on the wall as an intersection with the cone of Cherenkov radiation by charged particles.
ID detects and identi�es the leptons produced by the CC interactions of muon and electron
neutrinos in water. OD is used to veto cosmic ray muons and other backgrounds.

2.5 Recent results

2.5.1 Measurement of neutrino oscillations

The latest measurement of neutrino oscillations [9] was published in 2023 with the data
corresponding to1:97 � 1021 POT in FHC mode and 1:63 � 1021 POT in RHC mode
accumulated by 2020. As shown in Fig. 2.11,� CP = 0; � , which conserve CP-symmetry,
are excluded at90 % con�dence level. The statistical uncertainty is currently dominant.
However, the signi�cance of systematic uncertainties increases as the statistics increase.

2.5.2 � e-CC cross-sections measurement

The systematic uncertainty on the� e and �� e cross-sections is one of the main source of sys-
tematic uncertainties in the oscillations measurement. Currently, the value theoretically
calculated based on the measured� � ( �� � ) cross-section is used as a� e ( �� e) cross-section,
and it has systematic uncertainty of3:0 % due to possible cross-section model di�er-
ences. The direct measurement of� e ( �� e) cross-section is performed with ND280. The
latest result of � e ( �� e) cross-sections [5] was published in 2020 with the data correspond-
ing to 11:9 � 1020 POT in FHC mode and 6:3 � 1020 POT in RHC mode accumulated
by 2017. These data are all collected by classic ND280. In this result,� e-CC (�� e-CC)
inclusive cross-sections were measured. �� e-CC inclusive� interaction consists of all type
of charged-current interactions (e.g. CCQE, CC-Res) of electron neutrino. The result is
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Figure 2.11. The� � 2 distribution and the con�dence intervals in � CP from �tting to the
data. [9]. The result depends on the mass ordering.

shown in Fig. 2.12 (a). The cross-section was measured for the� e in FHC mode and� e; �� e

in RHC mode. The results has about20 % of statistical uncertainties and systematic
uncertainties. This is caused by the limited statistics and the performance of the event
selection.

Additionally, the measurement is conducted with the events of limited phase space. In
particular, the electron (positron) produced in the interaction required that its momentum
is larger than 300 MeV and its scattering angle is less than45� . However, a part of� e

events observed at SK, which is used to measure� � ! � e oscillations, produces an electron
(positron) being out of the phase space, as shown in Fig. 2.13. Therefore,� e cross-section
measurements in the low momentum region and large scattering angle region are necessary.

The e�ciency and purity of the event selection are about30 % and 50 %, respec-
tively. The photon is a dominant background source, particularly in the low momentum
region. This is critical since the cross-section measurement in the low momentum region
is essential, as discussed above.
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(a) � e-C event selection results with the
neutrino mode beam. [5]

(b) � e-CC cross-section results. [5]

Figure 2.12. (a) is the results of� e-CC events selection with the actual data by neutrino
mode beam and the simulation data of the beam. The result with simulation data is
scaled based on the value of POT. (b) is the results of the CC-crosssection of the� e in
neutrino mode beam and the� e; �� e in anti-neutrino mode beam.

Figure 2.13. The distribution of the reconstructed momentum and scattered angle of
the one electron-like ring events observed at SK in neutrino mode beam. Black points
are observed events and the drawing is predicted distribution by the model with tuned
parameters using real data. The top and left plots are the projection of the histogram.
The black histogram and red line are data and predicted distribution, respectively. [9]
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2.6 Upgrade and Operation Status of ND280 Upgrade

PØD detector was removed in 2022, and upgrade detectors were installed gradually from
2023 to 2024.

The assembly and commissioning were conducted prior to the installation of each
upgrade detector. After the commissioning, the bottom TPC, SuperFGD, and four out of
six TOF panels were installed. Only about80 % of SuperFGD electronics were installed
because the full electronics were not ready.

Partially installed upgrade detectors as described above took data of two continuous
beam runs from Nov. 2023 to Feb. 2024. The summary of the beam runs are shown in
Table 2.1. The operation of SuperFGD in these beam run was unstable. In particular,
there were many issues in data acquisition and transfer.

After these beam runs, the maintenance of the detector with the feedback in the
beam run and the installation of remaining detectors were conducted. The installation
of upgrade detectors was completed in May 2024. First beam data with full upgraded
ND280 was acquired in Jun. 2024. The operation of SuperFGD in this beam run was
relatively stable. After the maintenance in the summer, upgraded ND280 took more data
from Nov. 2024 to Dec. 2024. The beam mode was changed from FHC to RHC in the
middle of run, while it was constantly FHC mode in other three runs. The summary of
these beam runs are also shown in Table 2.1.

Table 2.1. The beam runs with upgrade detectors

Period Upgrade POT in FHC POT in RHC
Nov. 23rd-Dec. 25th, 2023 partial 2:04� 1020 0
Jan. 16th-Feb. 23rd, 2024 partial 1:07� 1020 0
Jun. 6th-Jun. 28th, 2024 full 2:08� 1020 0

Nov. 25th-Dec. 23rd, 2024 full 1:04� 1020 1:23� 1020
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Chapter 3

SuperFGD

3.1 Overview

SuperFGD is one of the ND280 upgrade detectors, which is a plastic scintillation tracker
and also a neutrino target. Conceptual sketch of SuperFGD is shown in Fig. 3.1. It
consists of1 � 1 � 1 cm3 plastic-scintillator cubes, wavelength-shifting (WLS) optical
�bers, and silicon multi-pixel photon counters (MPPCs).

When a charged particle passes through the scintillator cube, it produces scintillation
light. The number of photons of scintillation light is in proportion to the energy deposit
of the particle in the cube, which depends on the type and energy of the particle and
path length of the track in the cube. The light produced in the cube is propagated in
three orthogonal directions by three WLS �bers which go through the cube. Finally, the
propagated light is read out by an MPPC.

SuperFGD has192, 56, and 182cubes inx, y, and z directions, respectively, where the
y direction is the vertical direction, the z direction is the direction derived by projecting
the beam direction onto the horizontal plane, and thex direction is the horizontal direc-
tion, which is perpendicular to thez direction. Thus, SuperFGD has192� 56� 182 =
1; 956; 864 cubes, and(192� 56) + (192 � 182) + (56 � 182) = 55888�bers and MPPC

Figure 3.1. Conceptual sketch of SuperFGD. [8]
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channels.

3.2 Scintillators, WLS �bers, and MPPCs

Scintillator cubes are made of polystyrene doped with1:5 % of paraterphenyl and0:01 %
of POPOP. The surface of the cube was etched with a chemical agent to form a re�ecting
layer covering the cube. Three orthogonal holes of1:5 mm diameter are drilled in the
cubes to pass through the �bers.

As a WLS �ber, Y-11 (200) produced by KURARAY Co., Ltd. [10], which is also used
in the other scintillator detectors in ND280, is used. The diameter of the �ber is1 mm.
The absorption wavelength has a peak around430nm, and it is in good agreement with
the wavelength of the scintillation light by the scintillator cubes. The emission wavelength
of the �ber has a peak around476 nm, and the light with the wavelength repeats the
total internal re�ection in the �ber and travels to MPPC .

MPPCs are mounted onto881 printed circuit boards (PCBs). Each PCB accommo-
dates64 MPPCs and MPPCs are arranged on a grid of8 � 8. The number of MPPCs is
larger than the number of �bers, and some of MPPCs are not used.

3.3 Electronics

SuperFGD uses the Cherenkov Imaging Telescope Integrated Readout Chip (CITIROC [11])
ASIC to process signals from MPPCs. The block scheme of CITIROC is shown in
Fig. 3.2 (a). Each CITIROC chip has 32 channels. The signal is split and ampli�ed
with two di�erent gains: high gain (HG) and low gain (LG), to handle a wide range of
signal. The analog signal is then sent to an external ADC. In addition, a fast (15 ns)
shaper and a constant-threshold discriminator generate timing signals corresponding to
the rising and falling edges of the pulse, allowing for the measurement of timing and
time over threshold information. Eight CITIROC chips are mounted on a frontend board
(FEB), which controls and reads out signals from 256 MPPCs.

The overview of the readout electronics is shown in Fig. 3.2 (b). Fourteen FEBs
and one Optical Concentrator Board (OCB) are housed in a crate. The OCB manages
the communication of clock and slow control signals between the FEBs and the data
acquisition (DAQ) system. It also performs local event building for the FEBs within
the crate. There are 16 crates in total, with eight located on each side of the detector.
Synchronization within the SuperFGD electronics and with other detector systems is
managed by a Master Clock Board (MCB).

Usually, the data is sent from OCB to DAQ-PC event by event. However, in some
cases, such as LED data taking for the calibration, a high event rate causes a data transfer
issue. Since calibration is performed channel by channel, there is no need to consider
correlations between hits within the same event or to record timing information. Another
method for sending data from OCB to DAQ-PC was developed using this characteristic.
In the method, a histogram is prepared in the OCB for each channel that belongs to
the OCB. For each event, only the value of HG-ADC at each channel is �lled in the
histogram, and other information is discarded. (The value of LG-ADC is not used for the
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(a) Block scheme of CITIROC. [11]
(b) Overview of electronics.

Figure 3.2. (a) is a block scheme of CITIROC located in FEBs. (b) is an overview of
readout electronics of SuperFGD.

calibration.) The data is not sent to DAQ-PC event by event, and only the histograms
are sent periodically. This method is called the �histogramming� system.

3.4 Calibration System

The calibration of MPPCs is conducted using LED light. The LED calibration system [12]
is also used for the channel checks in the commissioning and monitoring of the stability
of MPPC in regular operation.

The LED calibration system needs to distribute the light by LED to every channel.
However, due to spatial limitation and experimental requirements, it had to achieve in the
con�ned space with minimal material. Then, Light Guide Plates (LGPs) were used to dis-
tribute light instead of arranging LED channel by channel. The picture and conceptional
sketch is shown in Fig. 3.3.

LGP modules are installed on the surface of SuperFGD, and LGP has notches at the
position corresponding to the endpoint of �bers. The light from LEDs enter to the LGP
from the side and travel in the LGP. While the light travels through the LGP, it scatters

Figure 3.3. The picuture and Conceptual sketch of Light Guide Plate (LGP). [12]
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by a notch and reaches a WLS �ber. The light is propagated by the �ber and reach
an MPPC. In this way, the LED �ash for the calibration is derivered to MPPCs and an
MPPCs are calibrated with the signals for the light.

There are two sizes of LGP modules. One is the module with the notches on a grid
of 56� 8. 47 modules of this size are installed on the surface on thexy-side andyz-side.
The other is the module with the notches on a grid of96� 8. 46 modules of this size are
installed on the surface on thexz-side. There are47 + 46 = 93 LGP modules in total.

For the LED data taking, MCB send LED trigger signals to OCBs, and also send
signals to the another electronics board called �LED driver�. LED driver control LEDs
by generating the signal. When LED driver receive the signal from MCB, the FPGA in
the LED driver makes digital signal. The signal is ampli�ed by an operational ampli�er
(also in LED driver) and sent to LEDs to �ash them. The pulse height and width are
programmable by changing the con�guration of FPGA.

3.5 Commissioning, Installation, and Operation

The timeline of SuperFGD is summarized in Table 3.1.
The SuperFGD was assembled from October 2022 to April 2023. After the assembly,

the commissioning was conducted before the installation on ND280. Since access to the
detector is limited after installation, every MPPC channel was checked with LED and
cosmic rays in the commissioning. During this commissioning period, only a part of the
electronics was delivered at that time, so the entire DAQ system could not be tested.
Therefore, the check of all MPPC channels with limited electronics was conducted by
reconnecting the cables between the MPPC-PCB and the FEB.

After the commissioning, SuperFGD was installed to ND280 on October 12th, 2023.
Since the electronics was still incomplete at that time, the electronics of10 crates out of
16 crates were installed, and the �rst operation with the beam was conducted with those
electronics. SuperFGD had taken data of two continuous beam time from November 2023
to February 2024.

Full electronics was �nally installed in March 2024. The �rst data acquisition of
SuperFGD with full electronics started in June 2024, and beam data was taken for around
two months by the end of 2024.

Table 3.1. The timeline of the SuperFGD installation and operation

Period
Oct. 2022-Apr. 2023 Assembly

Apr.-Oct. 2023 Commissioning on the ground
Oct. 12th, 2023 Installation

Nov. 23rd-Dec. 25th, 2023 Beam time
Jan. 16th-Feb. 23rd, 2024 Beam time

Mar. 2024 Electronics Full installation
Jun. 6th-Jun. 28th, 2024 Beam time

Nov. 25th-Dec. 23rd, 2024 Beam time
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3.6 Motivation of this thesis

This thesis presents research on the SuperFGD detector. In the experiment, ensuring the
acquisition of high-quality data is the �rst critical step. To this end, the development of
an online gain monitor is described in Chapter 4. Then, event reconstruction plays a key
role in data analysis. Chapter 5 evaluates the impact of bad channels on reconstruction
performance. Finally, Chapter 6 explores the use of an arti�cial neural network to reject
photon background in preparation for measurement of electron neutrino interactions.
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Chapter 4

Online Monitoring

4.1 Online Monitoring System for ND280

During the detector operation, it is important to detect and �x anomalies as soon as
possible to keep taking good-quality data as long as possible. Even if it is di�cult to �x
immediately, it is essential to know when the issue occurred precisely. The status of the
hardware, including temperature and voltage, is monitored by the slow control system.
However, some anomalies can be detected only after analyzing the acquired data.

In order to monitor the detector performance in real time, we have developed the
ND280 Online Monitor system. It analyzes the acquired data immediately and summa-
rizes information about the detector performance. The detector status is then monitored
by the experimental shifters.

Online monitor receives the data from the global DAQ system and makes plots to be
checked by shift persons. A period during which the data acquisition continues is called
DAQ run. Typically, DAQ run continues for from a few hours to a few days. The plots are
reset at the beginning of each run and every two hours, and they are updated regularly
using the data received since the last reset. The update times can be set for each plot.
While data accumulation is necessary for the right decision, the online monitor needs to
detect anomalies as soon as possible, so it is requested that the update time for each plot
be set to no longer than10 minutes.

4.2 SuperFGD Online Monitor

The plots for the online monitor should be designed to detect potential anomalies in the
detector. Moreover, they should be prepared in a way that allows the shifter to identify
anomalies easily with minimal instructions, even if they are not experts.

For SuperFGD Online Monitor, the following possible anomalies are considered:

ˆ The anomalies in the electronics.

ˆ The anomalies in timing synchronization.

ˆ The anomalies in the gain of MPPC.
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First, the anomalies in the electronics can be caused by either the issues in DAQ system
or hardware issue including cable connections. When this anomaly occurs, the signal
from a speci�c channel or channels that belong to the speci�c DAQ unit can be lost.
It can also happen that the derived data from the speci�c channel is broken and the
value of hit information is unnatural. Second, when some issue was occurred in timing
synchronization, timing information will be a�ected. For example, the recorded hit time
in the same event can be widely di�erent depending on the clock board to which the
channel belongs. Finally, the anomalies in the gain of MPPC are considered to be caused
by hardware or environmental issues in most cases. However, some analysis is needed to
calculate the gain value of each channel, so the gain value cannot be directly monitored
by the slow control system. Then, the online monitor is used to monitor gain values. To
detect these anomalies, the following plots are prepared.

4.2.1 Hit Summary

The ADC value of HG, LG, and timing information at each channel is recorded when the
value is above the channel's threshold and the event trigger signal (e.g. beam, cosmic,
and LED trigger) is issued. The number of hits and the sum of the acquired value during
the run at each channel are plotted on the channel 2D map for each item. The map of
the number of hits is shown in Fig. 4.1 (a).

These plots are mainly for the detection of anomalies in the electronics. These plots
can be used to �nd dead and noisy channels by monitoring channels that have no (few)
events or many more events than other channels. A sum of the item's value over the events
during the run at each channel has no physical meaning. However, strange behavior at
speci�c channels and breakage or loss of binary data can be found by comparing them
with other channels.

There is a histogram for each crate, which records the number of hits against the
channel index in the crate. This information can be used to check the details.

4.2.2 ADC Spectra

The ADC spectra of HG and LG recorded at the channel level are also prepared. There
are so many channels that it is not the histogram for each channel but 2D histograms
summarizing the spectra of the channels belonging to each crate, as shown in Fig. 4.1 (b).
The x and y axes of the histogram represent the channel index in the crate and ADC
bins, respectively, and the 2D bins are colored according to the number of events in each
bin.

These plots are also for the detection of anomalies in the electronics. These spectra
plots can be used to check the problematic channels further. It is possible to estimate the
cause of the issue to some degree from the characteristics of the spectrum. For example,
if there are many events with a speci�c amplitude value, it is likely an issue in the DAQ
system. On the other hand, if the histograms totally shift to the larger value, it is likely
due to a large gain and an issue in the hardware like MPPC or the environment, including
temperature.
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4.2.3 Event Summary

The distribution of event data size is recorded for each trigger type as shown in Fig. 4.1 (c).
The distribution of the number of hits in each event is also recorded.

These plots are also for the detection of anomalies in the electronics. However, in
contrast to the above two types of plots, these plots are for the monitoring of the events
overall but not the monitoring of each channel. These plots has a sensitivity for the
probabilistic anomalies.

4.2.4 Hit Timing Summary

The hit time distribution throughout events is recorded as shown in Fig. 4.1 (d). Hit time
is de�ned by the elapsed time since the external trigger is received until the signal at the
channel exceeds the threshold. Each beam spill has eight bunches, and a trigger is sent
for each spill. Therefore, the hit time distribution is expected to have eight equidistant
peaks. This plot is to monitor the anomalies in the timing synchronization.

4.2.5 Gain monitor

The gain of MPPC can be estimated from the interval between the photoelectron peaks of
signal. The gain value varies per channel, and it is a good indicator to monitor the channel
status. The map of gain value for the HG channels is monitored as shown in Fig. 4.1 (e).
The plot of averaged gain value in each ASIC is also recorded. For calculating the gain
during beam time, the LED calibration system injects light between beam spills. The
gain of each channel is calculated from these data, and anomalies are detected from the
change of the value. The following sections in this chapter describe the study for the
development of HG monitor.
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(a) Hit Summary. (b) Spectra.

(c) Event Summary. (d) Hit time distribution.

(e) Gain monitor

Figure 4.1. Examples of the plots for SuperFGD Online Monitor. (a) is a map of the
number of hits at each channel. (b) is a spectra of ADC values with HG at each of channel
in crate 0 � 7. The histogram for each crate is lined up. (c) is a distribution of event
data size with each trigger type. (d) is the hit time distribution throughout events (e) is
a map of Gain value of each channel.
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4.3 Requirements for the online gain monitor

4.3.1 LED data for the gain monitoring

LED data for the gain monitoring is recorded by using histogramming system (see Sec. 3.3).
LED trigger rate for SuperFGD is � 1 Hz, and the data is taken at every channel. The
histograms are sent sequentially at a rate of about82 histograms per second, then a his-
togram of each channel is sent every� 680seconds. Since only the events which cross the
threshold is recorded at each channel, the histogram typically contains around500events
(out of � 680triggered events) in total. The received histograms of the same channel are
accumulated on the monitoring system until monitoring plots are reset (every two hours).

4.3.2 General method for gain calculation

LED intensity for gain calibration is adjusted so that several photons reach an MPPC. For
most channels, around �ve photons are delivered on average. The ADC value distribution
with LED trigger has several discrete peaks corresponding to di�erent number of detected
photons, as shown in Fig. 4.2. Typical ADC value by a certain number of photons, which
is the center of the peak is considered linear to the number of photons. The gain value
is calculated by the slope coe�cient of the typical ADC value against the number of
photons.

The threshold for recording events at each channel is set to the ADC value correspond-
ing to 3:5 photons based on the gain and pedestal obtained by calibration. Therefore, the
derived ADC distribution should have no peak corresponding to less than four photons,
and the four-photon peak is considered to be distorted. Therefore, the gain is calculated
with the peaks corresponding to more than four photons.

4.3.3 Gain calculation for calibration and time constraint for the
monitor

The method for gain calibration (hereinafter, this is called �o�ine method�) is performed
with:

1. Estimating the center of peaks by �tting the histogram by multiple Gaussian dis-
tributions.

2. Fitting the derived center position of the peak against the number of photons by a
linear function. Gain is derived as a �tted value of the slope.

Since this o�ine method provides a precise gain value, it is always used when the time
restriction is loose enough. However, it takes� 50 minutes to calculate the gain for all
channels due to the time-consuming �tting process.

The time constraint in the gain calculation for the online monitor depends on the
timing when to calculate the gain value. There are two choices for that: to calculate the
gain for all channels when the online monitor plots are updated, and to calculate the gain
for each channel when receiving histograms of the channel. Under the current situation,
the latter choice provides a looser time restriction. In the latter case, the requirement is
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Figure 4.2. Typical distribution of ADC value with LED trigger. There are peaks by the
events of a certain number of photons. The peaks are more evident than in the histogram
for the online monitor because this is a histogram for calibration.

that the gain need to be calculated in the time shorter than the histogram receiving cycle.
In other words, the gain calculation for all channels needs to be processed in680seconds
in total, which is the time it takes for the histogramming system to send the histograms
of all channels. The o�ine method does not meet this condition.

Online monitor is used to detect anomaly channels, so the accurate gain value is not
necessary. As one of the criteria to detect anomaly channels, in the (o�ine) data quality
check, the channels are considered anomaly when the gain value is out of3� of the gain
distribution. The typical mean and standard deviation of the distribution is around15
and 1:5. Therefore, a deviation of about30 % from the mean value is allowed to the gain
value in the anomaly channel detection. Then, it is important to calculate gain within
less than30 % relative error from true value. When using the calibration value as a true
value, typically about 96 % of channels achieve less than30 % relative error in the data
quality check. The accuracy in the gain monitor should not get worse so much than that
in the data quality check. Thus, the requirement is set to calculate gain within less than
30 % relative error from calibration value for more than95 % of channels in good runs,
which are judged based on the data quality check.

In conclusion, the requirements for the gain calculation method for the online monitor
are below.

ˆ Calculate the gain for all channels in680seconds.

ˆ Calculate the gain for more than95 % of channels within less than30 % relative
error from calibration value (in the good run).
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4.4 Gain calculation for Online Monitor

4.4.1 Ideas for the method

Peak positions in the histograms can be determined without �tting by identifying the local
maximum bins. However, in the online monitor histograms, each bin typically contains at
most 50 events, leading to signi�cant statistical �uctuations. This could result in many
local maxima that do not correspond to true peak positions. Thus, additional techniques
to reduce statistical uncertainties and eliminate false peaks are necessary.

4.4.2 Procedure of online gain calculation

The new method (hereinafter, this is called �online method�) for gain calculation consists
of seven steps.

1. Take the moving average of the bin contents.

2. Set the bin range for the calculation.

3. Select local maximum bins.

4. Reject suspicious peaks.

5. Calculate the precise position for each peak.

6. Extract peaks that are approximately equidistant.

7. Calculate the gain value.

The example illustration of the method is shown in Fig. 4.3. Fig. 4.3 (a) is an example
of original histogram used to calculate the gain, and (b)-(h) are corresponding to each
step.

(b) First step is to take the moving average of the bin's contents. This is the step
to reduce the e�ect of statistical �uctuations. The average is taken in seven consecutive
bins. In other words, the contents of bini of the histogram before the process wasx i , and
the contents of bini change to 1

7

P 3
j = � 3 x i + j in this step.

(c) Next, the range of bins for the gain calculation is set to exclude the peaks by noise
apart from the typical signal size. This is the step to reduce the time for calculation
and to prevent the results from being a�ected by accidental entries. The leftmost and
rightmost bins whose heights are more than1=100of the highest bin are picked, and only
the bins between these bins are used in the following steps.

(d) After these preparation steps, we pick up all of the local maximum bins. The local
maximum bin is de�ned as the bin whose height equals or exceeds both the previous and
next bin. If the local maximum bin is consecutive, which can occur when the bins of the
same height are in a row, we only pick the middle bin of the consecutive local maximum
bin. If the number of consecutive local maximum bins is even, we pick the left bin of the
two middle bins. The peak position is adjusted in the following step, so this choice has
no e�ect when the number of consecutive local maximum bins is less than four. If four or

34




	Neutrino Physics
	Neutrino oscillation
	Neutrino physics and neutrino mixing
	Neutrino oscillation
	CP-violation

	Neutrino interaction
	Charged-current (CC) interaction
	Electron neutrino cross section


	T2K Experiment
	Overview
	Neutrino Beamline at J-PARC
	Neutrino Beamline
	Beam upgrade
	Off-axis method

	Near Detectors
	Components of classic ND280
	ND280 Upgrade

	Far Detector
	Recent results
	Measurement of neutrino oscillations
	e-CC cross-sections measurement

	Upgrade and Operation Status of ND280 Upgrade

	SuperFGD
	Overview
	Scintillators, WLS fibers, and MPPCs
	Electronics
	Calibration System
	Commissioning, Installation, and Operation
	Motivation of this thesis

	Online Monitoring
	Online Monitoring System for ND280
	SuperFGD Online Monitor
	Hit Summary
	ADC Spectra
	Event Summary
	Hit Timing Summary
	Gain monitor

	Requirements for the online gain monitor
	LED data for the gain monitoring
	General method for gain calculation
	Gain calculation for calibration and time constraint for the monitor

	Gain calculation for Online Monitor
	Ideas for the method
	Procedure of online gain calculation
	Validation by the comparison with offline method
	Test with histogramming data

	Operation of SuperFGD Online Monitor in the beam run

	Evaluation of the effect of bad channels on track reconstruction
	Bad channels during the beam run
	Simulation and reconstruction
	Monte Carlo simulation
	Track reconstruction

	Evaluation method
	2D hit distributions with bad channels
	3D hit reconstruction with bad channels
	Track reconstruction with bad channels
	Efficiency in the track reconstruction
	Discussion


	Separation of electrons from gamma background
	e/ separation
	e/ separation in the current e event selection steps
	 backgrounds
	Motivation

	Convolutional Neural Networks
	e/ separation with CNN
	Models
	MC samples for the training, validation, and test
	Training

	Results
	Discussion

	Summary
	Track Reconstruction
	3D hit reconstruction
	track reconstruction


