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Abstract

The T2K experiment is a long baseline neutrino oscillation experiment conducted
in Japan. The near detector ND280 and far detector Super-Kamiokande measure the
neutrino beam produced from the accelerators in J-PARC. The T2K experiment aims
to observe leptonic CP violation by precisely measuring the neutrino oscillation proba-
bilities. CP conservation in neutrino oscillation was rejected at a 90% confidence level
from the previous data analysis. The  cross-section is one of the dominant systematic
uncertainties and it must be measured precisely to improve the experiment sensitivity.
Measuring the ¢ cross-section is challenging since only about 1% of the neutrinos in the
beam are ..

T2K has upgraded ND280 to further constrain the uncertainty on neutrino interac-
tions. Measuring the . cross-section is one of the motivations of the upgrade. SuperFGD,
which is one of the new detectors, has been installed and will start collecting neutrino data
in 2024. There was a study on selecting the . components in the beam using SuperFGD.
However, it was done for events where the produced electrons stop in SuperFGD which
are only 1/3 of the ¢ events. In this thesis, the particle identification method is extended
for events where the electron escapes SuperFGD by combining the information from the
surrounding detectors. Based on the simulation, the selection e [ciehcy and purity for
all the ¢ events are estimated to be 23% and 69%, respectively. With the same data
amount, the number of selected . events is three times larger than in the previous study.
This result leads to a further reduction of the statistical error, which is crucial for the .
cross-section measurement.
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Chapter 1

Neutrino Physics

1.1 Neutrino Oscillation

In the Standard Model, quarks and leptons are the elementary particles and their inter-
actions are described with quantum field theory. The fermions are shown in Table 1.1
and they interact by exchanging bosons shown in Table 1.2. There are three interactions
in the Standard Model: strong, electromagnetic and weak.

The dilerknce between matter and antimatter, called CP violation, is not imple-
mented in the Standard Model. This is one of the keys to explain why the universe has
less antimatter than matter. The CP violation in the quark sector was first observed in
1964 [1] and many experiments have been conducted until now. Compared to quarks,
there are few studies on the CP violation in the lepton sector. Measuring neutrino oscil-
lation is currently the only way to observe leptonic CP violation.

Neutrinos are neutral leptons which only interact through the weak interaction. Neu-
trinos have three flavor eigenstates which are the election neutrino ( ¢), muon neutrino
() and tau neutrino ( ). They can also be characterized by their mass eigenstates
( 1; 2; 3). Flavor states can be described as superpositions of mass states. The mixing
matrix U is defined as

0 1 0 1 0 10 1
e 1 Uel Ue2 Ue3 1
@A:U@ZA:@Ul Uz U3A@2A, (11)
3 U; Ux Ugs 3

which is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. The widely used
parameterization of the PMNS matrix is

10 ] 10 ) 1
1 0 0 COS 13 0 sin 3 'cP COS 12 Sin 1o O

U= @0 cos,; sin »xA@ 0 1 0 A@ sin g, cosqy, OA;
0 sin ,3 COS 23 sin 3¢ 0 COS 13 0 0 1

1.2)

where 15, 13; 23(0 7 =2) are the mixing angles and c¢p( < cp ) is the

CP-violating phase.

Because of this feature, a neutrino can change its flavor by itself. This phenomenon
is known as neutrino oscillation. The oscillation probability from to ( ; =#€; ;)
when it propagates through a vacuum is calculated as
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X X m? L

P( ! = 4 Re[U; U, U; U; ]sit —2—
( ) i e[lUi U; U; Uj ]sin AE
. (1.3)
X X m2 L
2 | U.U. U lsin —1— -
. m[U; U; U; Uj ]sin = ;

where mﬁ is the squared mass di[erence m? mjz, E is the neutrino energy and L is
the flight length. The last term in Eqg. 1.3 will be positive for neutrinos and negative
for antineutrinos. Thus, the diLerkence in oscillation probabilities between neutrinos and
antineutrinos is

X3 X m2 L
P, P( ! ) P( ! )=4 Im[U; U; U; Uj ]sin 2& : (L.4)
j=1 i=1
Leptonic CP violation can be probed by measuring P , . Note that P( ! ),

which is called the survival probability, cannot be used in this study. It is because
Ui U; U; Uj = jU; Uj j?is real and the survival probability is
X3 X m2

_ _ - 5 o ik
P( ! )=P( ! )=1 4 Ui s — 2= s @)
j=1 i=1

which means P, is always 0.

Neutrino oscillation is measured by detecting neutrinos far from the neutrino source.
There are mainly four kinds of neutrino sources that are used for oscillation measurements:
The sun, secondary cosmic rays, accelerators and reactors. The energy of the . produced
by the sun is around 10 MeV or less and is much smaller than the muon mass of 106
MeV/c2. This means that when a . changes into , it does not have the energy to
produce a muon and can no longer be detected. The . from reactors have energy of
few MeV and cannot be detected when they turn into  for the same reason. These
neutrinos cannot be used to measure P( ¢ ! )or P( ¢! ). P( ! ¢ and
P( ! ) of neutrinos from secondary cosmic rays, called atmospheric neutrinos, has
been studied in experiments such as the Super-Kamiokande experiment [2]. To measure
neutrino oscillation in diLerknt conditions, neutrino beam from accelerators is also used
in experiments such as the T2K experiment [3] and the NOVA experiment [4]. Although
there are some ideas proposed to design beamlines for ¢( ) such as neutrino factories [5],
so far only a () beam has been developed. P( ! ) is di Ccult to measure since
the neutrino energy threshold for producing is 3.5 GeV which is di Ccult to achieve.
In addition, cannot be directly detected because of its extremely short lifetime ( 300
fs). Therefore, P | ¢ is currently the only measurable value to investigate CP violation
using accelerator neutrinos. This is calculated as

P,e= 2sin cp COS 135in2125in2135in223
m2 2 2 1.6
sin b g Mk g, _Masb . (1.6)
4B 1B 4E



From this, the condition for P, .60 is

i 60, m6m;; cp60;: a.7)

The ordering of the mass eigenstates is also important. It must be determined
to further understand the properties of neutrinos. Also, the mixing angles and CP-
violating phase depends on the mass hierarchy. The past experiments determined that

m2, > 0[6] andj m3,j > m3,; [3]. From this, there are two possible orderings which
arem; < m, < mj called normal hierarchy andmz; < m; <m, called inverted hierarchy.

Table 1.1. Fermions in the Standard Model and their EM charge.

EM charge particle
uark 213 u (up) ¢ (charm) t (top)
g 1=3 d (down) s (strange) b (bottom)
lepton . ©
Y 0 .

Table 1.2. Bosons in the Standard Model and the interaction they produce.

particle interaction
g strong
W ;Z weak

electromagnetic

1.2 Neutrino Interaction and Detection

Oscillation measurement is done by detecting neutrino interaction. A neutrino interacts
with an atom through the weak interaction. There are two types of interactions: The
Charged Current (CC) interaction which exchanges a charged W boson and the Neutral
Current (NC) interaction which exchanges a neutral Z boson. The main di erence is
that the CC interaction produces a charged lepton corresponding to the avor of the
neutrino while NC does not. These interactions can be sub-categorized with the particles
they produce and their cross section depends on the neutrino energy. CC interactions
have three common interactions around a few GeV which the energy range in which
accelerator neutrinos are currently produced. The rst is CC quasi-elastic scattering
(CCQE) which results in a charged lepton and a nucleon. The second is known as resonant
pion production (RES) in which a lepton and a (1232) baryon are produced. (1232)
immediately decays into a pion and nucleon. The last is deep inelastic scattering (DIS)
where the neutrino interacts with a quark in the target nucleus and causes a jet that
produces multiple hadrons such as pions. Figure 1.1 shows the interaction diagram and
Fig. 1.2 shows the cross section of each interaction.

The lepton from a CC interaction is mainly used to tag neutrino events. By iden-
tifying which lepton was produced, it is possible to determine the avor of the neutrino.



For the CCQE interaction, the neutrino energy can be reconstructed as a classical two-
body scattering. Ignoring nuclear binding energy, the neutrino energy with a given lepton
momentum is

m;  mi  mf+2m,E
2(m, Ej+ picos )
where m,, m, and m, are the mass of proton, neutron and lepton respectively anfd,,

p and | are lepton energy, momentum and scattering angle with respect to the neutrino
direction.

ECF =

(1.8)

Figure 1.1. The diagrams of muon neutrino CCQE (left), CC RES (middle) and CC
DIS (right).



Figure 1.2. The muon neutrino-water cross section for various interactions [7]. The
interaction of each curve is as follows: All the CC interactions summed up (black), all NC
interactions (dashed black), CCQE (blue), CC 2p2h which is a scattering of correlated
nucleon pairs (dashed blue), CC RES (red) and CC interactions which produce multiple
pions (purple). These cross sections (,o) are predicted in NEUT, which is a neutrino
interaction simulation library. The gray region shows the energy of the muon neutrino
ux produced in the T2K experiment ( 1, ), and the white line is the ux with the
survival probability multiplied.



Chapter 2

T2K Experiment

The T2K (Tokai to Kamioka) experiment is a long baseline neutrino oscillation experiment
conducted in Japan. The accelerators in Japan Proton Accelerator Research Complex
(J-PARC) generate and beams. The near detector ND280 and far detector Super-
Kamiokande (SK) detect those neutrinos at distances of 280 m and 295 km from the beam
production point, respectively. The main goal is to precisely measure the mixing angles,
squared mass di erence and CP-violating phase by observing the oscillation channels.
Channels ( )! ¢( ¢) are sensitive to ;3 and cp while ( )! () are sensitive

to ,sand mi,.

2.1 J-PARC Accelerator and Neutrino Beamline

J-PARC is located in Ibaraki prefecture and consists of three accelerators: The linear
accelerator (LINAC), the rapid cycling synchrotron (RCS) and the main ring synchrotron
(MR). LINAC, RCS and MR gradually accelerate protons to 400 MeV, 3 GeV and 30
GeV, respectively. With these accelerators, a proton spill is produced every 2.48 #
consists of eight bunches with 580 ns intervals (Fig. 2.1). These protons are oriented
towards SK with magnets and sent to a graphite target. Hadrons, mainly charged pions,
are produced when the proton beam strikes the target. Three magnetic horns focus the
pions and send them to a decay volume to let them decay into neutrinos. The schematic
view of the neutrino beamline is shown in Fig. 2.2. The neutrino beam mode is selected
by changing the horn current: Forward horn current (FHC) for neutrinos and reversed
horn current (RHC) for antineutrinos. The dominant pion decay channels for FHC and
RHC modes are

+ + .
; | ey
Kaon decays are dominant at an energy range higher than 3 GeV:
K*1 "+ KL % T+
0 (2.2)
K ! + ;K ! + o+

" This spill interval is shortened after the beam upgrade discussed in Sec. 2.5.
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A beam dump located downstream of the decay volume stops hadrons and muons. A
muon monitor called MUMON is placed behind the dump. It provides information on the
beam position by measuring energetic muons penetrating the dump.

Figure 2.1. Beam spills and their bunch structure.

Figure 2.2. Overview of the neutrino beamline [8].
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The neutrino beam direction is shifted2:5 away from SK. This narrows the energy
spectrum of neutrinos ying towards SK because of the kinematic limitation. This is
known as the o -axis method which is used to adjust the energy peak to maximize the
oscillation probability and to also reduce high energy neutrino background. With this
0 -axis angle, the neutrino energy peak is at 0.6 GeV. The oscillation probability and
neutrino energy are shown in Fig. 2.3.

Figure 2.4 shows the predicted FHC ux at the near detector. There is contami-
nation with approximately 10% of the amount of . This is because negative and positive
hadrons cannot be completely selected with the magnetic horn. Also, there argand
produced from kaon and muon decays which are

+ 0 + .+ + .
K™ 1 +e + ! +e + o

(2.3)

0 . .
K | +e + g ! +e + .

The . uxis about 1% of that of  and the mean energy is 1.28 GeV.

Figure 2.3. The predicted neutrino survival probability and T2K neutrino ux at dis-
tance 295 km from the proton target [8]. OA is the o -axis angle.
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Figure 2.4. Predicted FHC mode ux at the near detector [9]. The unit p.o.t is the
number of protons hitting the target (proton-on-target).

2.2 Near Detector

ND280 is an o -axis near detector placed in the same direction as SK, 280 m away
from the beam target. Figure 2.5 shows the overview of ND280. ND280 contributes to
oscillation analysis by constraining the uncertainties of neutrino ux and the neutrino
interaction model. It is composed of several sub-detectors. Fine-Grained-Detector (FGD)
IS a neutrino interaction point detector with a high resolution. Time projection chambers
(TPCs) are set in front of and behind FGD to track particles from FGD. Pi-zero detector
(POD) is placed at the upstream side of ND280 to measure NC interactions that produce

. Electromagnetic calorimeters (ECals) surround these detectors to detect outgoing
particles. A magnet that was used in the UA1 experiment covers all of these sub-detectors
and applies a 0.2 T magnetic eld.

2.2.1 Fine-Grained-Detector (FGD)

FGD [10] is a high-resolution scintillator tracker which works as a neutrino target. It is
used to detect the neutrino interaction point and track particles produced from the inter-
action. There are two FGDs, and from the upstream, they are named FGD1 and FGD2.
184 cm 0.96 cm 0.96 cm scintillator bars are aligned to make a layer perpendicular
to the beam. Each layer consists of 192 bars and the direction of the bars in the odd and
even layers are perpendicular to each other (Fig. 2.6). FGD1 has 30 layers. On the other
hand, FGD2 has 14 layers and 6 water layers to measure neutrino-water interaction.
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Figure 2.5. Overview of the current ND280.

Figure 2.6. The scintillator bars in FGD.

2.2.2 Time Projection Chamber (TPC)

TPC [11] tracks particles from FGD and measures their momentum and charge from their
curvature caused by the magnetic eld. It is also capable of identifying particles such as
muons, protons and electrons by measuring the energy loss per length. Figure 2.7 shows
the schismatic view of TPC. Three TPCs are placed so that each FGD is sandwiched in
TPCs. From the upstream, these TPCs are named TPC1, TPC2 and TPC3. Each TPC

13



Figure 2.7. The basic structure of TPC [11].

contains gas which is a mixture of Ar(95%).CF4(3%) and isoC4H10(2%). The gas is
sealed in a gas-tight box, and the box is separated with a central cathode which applies
high-voltage. The overall size of the TPC i2:3 2:4 1:0 m®. When a charged particle
goes into TPC, it ionizes the gas molecules on its way. An electric eld is applied to
make the ionized electrons drift to the MicroMEGAS modules which detect them. Each
module has48 36 channels to cover 86 34 cn? sensitive area, and Each TPC hag 6
modules on both sides. The drift length can be calculated from the timing information
given by FGD. 3D tracking is done by combining the hit position and drift length.

2.2.3 Pi-Zero Detector (POD)

POD [12] consists of layers of scintillator bars and lead sheets to detect NC interaction
which emits © such as

+p!  +p+ O (2.4)
It also has water layers to measure the cross section of water-neutrino NC interaction
which produces °.

2.2.4 Electromagnetic Calorimeter (ECal)

ECals [13] surround the sub-detectors and measure the energy of outgoing electrons and
gamma rays by detecting their shower. This ability is also used to distinguish electrons
and muons. There are three ECals based on their region: POD-ECal which surrounds
POD, barrel-ECal which surrounds FGDs and TPCs, and Ds-ECal which is placed at the
most downstream part of ND280. Since barrel-ECal and Ds-ECal surround the tracking
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detectors in ND280, the two are referred to as tracker-ECal. ECals have a similar structure
to FGDs with layers of scintillator bars. The dierence is that there are lead sheets
between layers. The thickness of the lead sheets of the tracker-ECal (POD-ECal) is 1.75
mm (4.00 mm). The cross-section of the scintillator bars is 40 10 mm, and there

is a 2 mm diameter hole along the bar to insert a wavelength shifting (WLS) ber.
The scintillation light is collected and propagated through the bers and detected with
multi-pixel photon counters (MPPCs) attached at the end of the bers. There are 31
scintillator-lead layers in barrel-ECal and 34 in Ds-ECal, which are 10 radiation length
(Xo) and 11X, respectively. POD-ECal has only 6 layers which is 438, since POD itself
does the shower detection.

2.3 Far Detector

Super-Kamiokande (SK) is the far detector of T2K located in Gifu prefecture, 295 km away
from the beam target. Same as ND280, SK detects neutrinos from J-PARC. However,
the detection method is quite di erent. SK is a cylindrical water tank with a diameter of
39.3 m and height of 41.4 m, lled with 50 kton of water. There is an inner tank with a
diameter of 33.8 m and a height of 36.2 m. 20-inch photo-multiplier tubes cover the tank
wall to detect Cherenkov radiation caused by charged particles from neutrino interaction.
The ring-like structure of the signals from the Cherenkov radiation provides information
on the particles' direction, energy and avor. The outer tank is used to veto cosmic-ray
muons.

2.4 Recent Results

T2K has collected data from 2009 to 2018 in neutrino (antineutrino) mode with beam
exposure atl:97 10?*(1:63 10*) proton-on-target (POT). T2K concluded that the 90%
con dence interval of cp is[ 3:0L 0:52 for normal mass hierarchy and [1:74;, 1.07)
for inverted mass hierarchy [3]. The statistical error is the dominant uncertainty in this
result. Furthermore, there is a 6.0% systematic uncertainty on the.= . event rate ratio.
This factor is important since the objective is to measure P, ¢ by detecting «( &)
turned from (). The largest fraction of this uncertainty is the uncertainty of the

o= e interaction model. T2K uses =  cross section estimated from that of = . This
estimation has a 3.0% uncertainty, and a precise measurement QE o cross section is
needed.

T2K has attempted to measure  cross section by detecting. components in the
neutrino beam with ND280 [9]. Data 0f11:92 10?° POT in FHC mode was analyzed.
Using NEUT 5.3.2, which is a neutrino interaction simulation library, the  selection
e ciency and purity were estimated to be 26% and 54%, respectively. The measuregd
cross-section in FHC mode was

. =6:62 1:32(stat) 1:30(syst) 10 *° cm?=nucleon (2.5)

in the limited phase space which wap > 300 MeV/ c, 45 . The result is not used in
oscillation analysis because the statistical and systematic errors are both around 20%. As
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Figure 2.8. The momentum distribution of selected electron candidates [9].

shown in Fig. 2.8, there is a large background contribution caused by photons, especially
at the momentum range below 600 MeW. This energy region is important because T2K
measures the neutrino oscillation at energy 600 MeV, and a more e cient way to reject
the photon background is needed. Also, electrons can be emitted in a phase space outside
of this analysis. Since SK has a 4acceptance, . cross section must be measured in the
same phase space. Particle identi cation methods for detecting high angle electrons and
rejecting gamma background are needed to precisely measug€C cross-section.

2.5 T2K-II

Because statistical uncertainty is dominant in cp measurement, the accelerator and neu-
trino beamline are being upgraded for more data. T2K plans to increase the beam power
up to 1.3 MW with a spill interval of 1.16 s. The magnetic horns will be also upgraded
to separate neutrinos and antineutrinos more e ciently.

While gaining statistics, the systematic uncertainty must also be reduced. By up-
grading ND280 and measuring neutrino interaction more precisely, T2K aims to reduce
the systematic uncertainty from 6.0% to 4.0% which is needed to achieve 8on dence
in the CP violation measurement. Details of the upgraded ND280 are discussed in the
next chapter.
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Chapter 3
ND280 Upgrade

3.1 Limitations of the Current ND280

T2K has been measuring neutrino-nucleus interaction with ND280 to constrain the un-
certainties in oscillation analysis. Using FGD, TPC and ECal, interactions with various
nal states can be measured. TPC plays a key role in particle identi cation and momen-
tum reconstruction with its 1 mm spatial resolution and 10% momentum resolution for
particles with 1 GeV/c momentum.

However, particles with large emission angles with respect to the beam direction leave
only a short track in TPC, or do not even enter TPC. Analyzing these events is challenging
since there is little or no information available from TPC. Furthermore, since scintillator
bars are used in FGD, particles ying along the direction of the bars are di cult to track.
These limitations cause an e ciency decrease in the high-angle region.

The limitation on the sensitivity to low momentum particles is also a problem. Re-
constructing a track in FGD requires 3 points (6 hits). This means a charged patrticle
must travel at least 6 cm to be detected. This length corresponds to protons with mo-
mentum of 600 MeV/c. However it is predicted that there are many events with protons
with less momentum. To further constrain the uncertainty of the neutrino interaction
model, lowering the threshold is needed.

Moreover, ND280 cannot distinguish ¢ CC interaction from ! e €' conversion in
the low energy region. This makes gamma the dominant background ig detection. As
discussed in Sec. 2.4, precisgcross-section measurement is crucial to oscillation analysis.

3.2 New Detectors

To deal with these limitations, the upgraded ND280 [14] was designed to satisfy the
following conditions:

" Tracking ability with 4 acceptance.
" High e ciency in reconstructing low momentum patrticles.

" Capability of distinguishing . interaction from gamma conversion.

17



Figure 3.1. The overview of the ND280 after upgrade.

After the upgrade, POD was replaced with a scintillator tracker SuperFGD with 2 TPCs
above and below it. These TPCs are called High Angle TPCs (HATs). These three
detectors are covered with six Time-of-Flight (ToF) scintillator layers. The upstream
calorimeter of POD is reused as Us-ECal (4X,), which is set in the most upstream of
ND280. Figure 3.1 shows the overview of the upgraded ND280.

3.2.1 SuperFGD

SuperFGD is a neutrino target in the upgraded ND280 (Fig. 3.2). It is composed of 192
56 182 scintillator cubes with the size of 1 1 1 cm®, produced by UNIPLAST

Co. in Russia. Cubes are made of polystyrene doped with 1.5% paraterphenyl and 0.01%

POPOP. White re ecting layers are formed by chemical etching to prevent light from

spreading to neighboring cubes. Three holes perpendicular to each other are made and

wavelength shifting (WLS) bers are inserted to collect scintillation light. These WLS

bers are Y-11 (200) produced by KURARAY CO., LTD.

WLS bers are connected to multi-pixel photon counters (MPPCs) to detect the
light. The MPPC type used in SuperFGD is S13360-1325PE produced by Hamamatsu
Photonics K.K. The sensitive area of each MPPC i¢:3 1.3 mnm?. 8 8 MPPCs are
mounted on printed circuit boards (PCBs) shown in Fig. 3.3. The total number of readout
channels is 55,888.

For readout electronics, Cherenkov Imaging Telescope Integrated Read Out Chip
(CITIROC) is adopted. This is a frontend ASIC capable of reading 32 MPPC channels
at the same time. In CITIROC, the signal is processed in two ways which are high
gain and low gain. It also gives the information on how long the signal was over the
threshold which is called the Time-over-Threshold. Eight CITIROC chips are mounted
on a frontend board (FEB) and fourteen FEBs are connected to an optical concentrator
board (OCB). Sixteen OCBs are connected to a master clock board.

The light from WLS bers is measured from one side. There are LED calibration
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modules attached on the opposite side from the side with the MPPCs. These modules
inject LED light into each channel for calibration (Fig. 3.4). The modules were de-
signed to inject light in multiple channels at once since there are about 60,000 channels
in SuperFGD.

3.2.2 High Angle TPC (HAT)

There are two HATs placed over and under SuperFGD. Their role is to track and identify
particles with large emission angles from SuperFGD. The basic structure and contained
gas are the same as TPCs in the current ND280. The main di erence is that the overall
size is20 0:8 1:8 m and there are4 2 MicroMEGAS modules on both sides.

3.2.3 Time-of-Flight Detector (ToF)

Shown in Fig. 3.5, six Time-of-Flight (ToF) detectors cover SuperFGD and HATs. They
are capable of precisely measuring the crossing time of particles to reject charged parti-
cles from outside. Each ToF plane is composed of scintillator bars with MPPC directly
attached on both ends with no light guide. The size of the bars along the beam direction
is200 1 12 cn? while the bars perpendicular to the beam ar@30 1 12 cn¥. By
reading out the signal from both ends, the timing resolution is around 150 ps.

Figure 3.2. The schematic view of the SuperFGD structure [14].
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Figure 3.3. 8 8 MPPCs mounted on a PCB.

Figure 3.4. The overview of the LED calibration module [15].

Figure 3.5. The schematic view of the ToF with SuperFGD and HAT inside [14].
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Figure 3.6. Left: Muon tracking e ciency as a function of the muon emission angle
[17]. Right: The proton tracking e ciency in SuperFGD as a function of the proton
momentum with readouts for three or two directions [14].

3.3 Expected Performance

Figure 3.6 shows the muon and proton tracking e ciency after the upgrade. Because of
the two HATs above and under SuperFGD and the ne granularity of SuperFGD itself,
the e ciency for events with muon emission angle around¢os < 0:5 has dramatically
improved. For proton track reconstruction, the momentum threshold has been lowered to
300 MeV/c.

Figure 3.7 shows a simulated .CC interaction event display in SuperFGD. Super-
FGD is capable of precisely reconstructing showers. Discrimination for electron and other
particles including gammas has been studied with this ability [16]. It is capable of rejecting
99% of gamma while maintaining the electron e ciency at 80%.
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Figure 3.7. A simulated (CC interaction event display in SuperFGD seen from three
directions. The red star is the neutrino interaction point. The colored lines show the
reconstructed tracks.

3.4 Construction of SuperFGD

The construction of SuperFGD started in October 2022. During the assembly, the scin-
tillator cubes were aligned inside the SuperFGD box. Fishing lines were used to hold
the cubes in place. The shing lines were pulled out and WLS bers were inserted one
by one. WLS bers were checked by injecting LED light and measuring them from the
opposite side so that they do not have cracks that cause light decrease. After the bers
were checked, the PCBs were attached. In parallel, the LED calibration modules were
also constructed and a quality check was done for each module. With all PCBs and LED
modules attached, the SuperFGD box was covered with black sheets to prevent light from
coming in. Cables were attached after the sheets were secured. The light tightness and
dead channels were checked for each PCB. No light leakage was found in this inspection.
Some dead channels were found but solved by replacing the PCBs, and all 55,888 channels
were alive. The construction ended in April 2023. Figure 3.8 shows some photos taken
during the construction.

After constructing SuperFGD, the commissioning before installation started. Al-
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