Master Thesis

Development of Calibration Methods for
the New T2K Neutrino Detector SuperFGD and
Evaluation of New Wavelength Shifting Fiber
(TOKEBRIC BT BHM= 2 — b ) ) R
SuperFGD DBIEFHERSE &

R RE T 7 4 N —DMEEHIE )

January 26, 2023

Department of Physics, Graduate School of Science
The University of Tokyo

FRRFRZ B R A S R L

Shoma Kodama
B EREE



Abstract

This thesis describes the calibration method developed for the new near detector of
the T2K experiment, SuperFGD (Super Fine Grained Detector). SuperFGD consists of
about two million scintillator cubes. The scintillation light is collected and transported by
the wavelength-shifting fiber and detected at the MPPC. The precision of light yield and
timing calibration is evaluated using Monte Carlo simulations of cosmic ray events. The
achievable light yield uniformity with one day of cosmic ray data acquisition is estimated
to be 3.6%, 4.5%, and 2.7% for X, y, and z fibers, respectively. The expected precision of
timing calibration for time o [sekt and time-walk is 0.30, 0.33, and 0.29 ns for X, y, and z
fibers, respectively. They are all within requirements, and the calibration methods have
been established.

We also report the measurement of the decay time of newly released wavelength shifting
fibers, YS-2, 4, and 6. The YS series fibers are announced to have a faster response
compared to Y-11. Our measurement results are:

(Y-11) = 7:159 0:024 (stat.) 0:065 (syst.)
(YS-2) = 3:695 0:011 (stat.) 0:065 (syst.)
(YS-4) = 2:063 0:014 (stat.) 0:065 (syst.)
(YS-6) = 1:502 0:008 (stat.) 0:065 (syst.):

We confirm that the decay time of the YS series is shorter than that of Y-11.
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Chapter 1

Neutrino Oscillation and Interaction

1.1 Neutrino oscillation

This thesis is about a new detector for the T2K experiment to study neutrino oscillation.
In this chapter, we introduce the physics of neutrino oscillation and neutrino interaction
briey.

1.1.1 Neutrino mixing

Neutrino has avor and mass eigenstates. The relationship between avor eigenstatgs i
( = e;; )and mass eigenstate$ i (i =1;2;3) is
X
o= Uil (1.1)
|
where U is a unitary mixing matrix called Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix.

The number of total degrees of freedom and rotation angles of the-dimensional unitary
matrix are n? and n(n  1)=2, respectively. If neutrinos are Dirac particles,2n 1 pa-
rameters are unphysical because they can be removed by phase transformation. Remained
(n 1)(n 2)=2 parameters give rise toCP violations. The number of CP-violating phases
is one ifn = 3. If neutrinos are Majorana particles, the number of CP -violating phases is
n(n 1)=2.

The PMNS matrix can be written with three mixing angles 12; 13; 23 and oneCP-
violating phase cp:

1
Uaa Uez Ues
U=@u,; U, UZA (1.2)
U U U
teE e 10
1 0 0 Ci13 0 si3e 'cP Ci2 Si2 O
= Co3 523A @ O 1 0 A @ S12 Ci2 OA (13)
0 S»>3  Cp3 si3¢ ¢ 0 C13 0 0 1
Ci2€C13 S12C13 Sz ' °P
= @ s15Co3  C12513523€ P CiaCz  S12513S23€ P Cizsps A (1.4)

S12S23  C12513C23€ CP  C12S23  S12S13C23€ ©P C13C23

wherecj =cos j andsj =sin j.



1.1.2 Neutrino oscillation in vacuum

A free particle in a mass eigenstate propagates like
j i =exp( i(Eit piL))j i(0)i; (1.5)

wheret;L are ight time and length, and E;;p; are neutrino energy and momentum. By
taking the ultrarelativistic limit

q

2 2

1 m 1) m 0 1 .
Ei= pf+m?' pi+ ZTJI. pit gt L (1.6)
the propagation is written as
o mL .
ji)i' exp i 2IE j i(0)i: a.7)
The time evolution of a avor eigenstatej i is
X m2L
: . _ . m; S
j @i= | U; exp i E j i(O)i (1.8)
X 2
=" Ui U exp i";"‘ e (1.9)

i;
wherej (t)i is a neutrino created with a certain avor at time t = 0. The neutrino
oscillation probability from to is

P( ! )=jh j (Dij? | (1.10)
= 4XRU-UUU- ne ML
y e(Ui U; U; Uj)sin AE |
+2x Im(U; U; U; U; )sin miL . (1.11)
i<j R 2E | |

where m# = m? m?is the dierence of the mass squared. The oscillation probability

of antineutrino from to is

P( ! )=jh j (ij? | (1.12)
= 4XRU-UUU- in? m%L.
= y e(Ui U; U; Uj)sin AE |
2X Im(U; U; U, U )sin miL . (1.13)
i<j I 2E . .

1.1.3 CP violation

The di erence in the oscillation probabilities between neutrino and antineutrino is

P, =P( ! ) P( ! ) . (1.14)
—4X Im(U; U; U; U )sin mﬁL. ; (1.15)
g I 2E



If and areidentical, P is 0, which means no di erence in the survival probabilities
between neutrino and antineutrino.

Let us consider ! < and ! ¢ oscillations. The di erence in the oscillation
probabilities between the two is

Pie=P( ! ¢ P( ! & (1.16)
_ : : m3,L m3,L m3,L

= 16512C12523C23513C5 SIN cp SiN B Sn —2 sin 2 (1.17)

= 2co0s 13Sin(2 12)sin(2 23)sin(2 13)sin cp
: m3L m3,L m3,L
1.1
sin AE sin AE sin AE (1.18)
Conditions for CP violation in neutrino oscillations are

i 60 (1.19)

m;j 8 m; (1.20)

cp 60;: (1.22)

1.2 Neutrino interaction

In this section, neutrino-nucleon interactions are described. Modern neutrino experiments
are performed with nuclear targets. In the energy range up to a few GeV, the main
interaction modes are charged-current quasi-elastic scattering (CCQE), charged-current
resonance scattering (CC RES), and charged-current deep inelastic scattering (CC DIS).
Figure 1.1 shows the cross-section of neutrino-nucleus interactions.

1.2.1 Charged-current quasi-elastic scattering (CCQE)

Charged-current quasi-elastic interaction
(+n! | +p (1.22)
+p! 1T +n (1.23)

is the two-body process between a neutrino and a nucleus. This is the dominant interaction
mode at the sub-GeV neutrino energy range. Figure 1.2 shows the diagram of CCQE.
Assuming a nucleon at rest, the initial neutrino energyE can be reconstructed only with
the lepton kinematics as:

_2mpE; mf+(mi m?)
" 2(mn E;+pcos)

(1.24)

where E|, p, and m; are the energy, momentum, and mass of the nal state lepton,
respectively. m, and my are the mass of neutrons and protons. is the scattering angle
of the lepton with respect to the direction of the initial neutrino.



Figure 1.1. Cross-section of neutrino-nucleus interactions for neutrino mode [1]. The shape
of the expected neutrino beam ux in T2K is shown with the shaded area.

Figure 1.2. A diagram of CCQE [1].

1.2.2 Charged-current resonance scattering (CC RES)

For the neutrino energy around a few GeV, the most dominant interaction process is
resonance scattering. A nucleon struck by a neutrino is able to become a baryon resonant
state. It decays into a nal state with a nucleon and a single pion, kaon, eta, or gamma.
Figure 1.3 shows an example of the case of decaying into a pion. The resonant pion
production process can be written as:

(FNT N +1 1 NO+ | + ; (1.25)



Figure 1.3. A diagram of CC RES pion production [1].

Figure 1.4. A diagram of CC DIS [1].

where N;N°= n;p and N is the resonant state. The possible resonant single-pion pro-
ductionvia  or  charged-current are

p! p* (1.26)
n! p © (1.27)
n! n* (1.28)
p! *p (1.29)
p! *n?© (1.30)
n! *n (1.31)

1.2.3 Charged-current deep inelastic scattering (CC DIS)

At the higher energy region around 10 GeV, the deep inelastic scattering process domi-
nantly contributes. Neutrinos are able to directly interact with quarks inside a nucleon via
weak bosons. It typically breaks the nucleon and produces a jet of hadrons as shown in
Fig. 1.4.

DIS becomes dominant around 10 GeV. It has a small contribution in a few GeV
regions. There is an interaction with a small invariant mass of the hadronic system in the
nal state. For example, there is a process of a few pions in the nal state hadrons known
as the multi-pion process.



1.2.4 Nuclear e ect

In the descriptions above, we have assumed free nucleons. This assumption is not reliable
in the case of nucleus targets such as carbon or oxygen targets. We need to think of three
e ects due to the nucleus target: the initial state e ect, the correlation in the nuclear
medium, and the nal state interactions.

The initial state motion of nucleons inside the nucleus can a ect the neutrino inter-
actions. This is called the initial state e ect. In order to describe the initial state e ect,
some models are proposed such as the global relativistic Fermi gas model (RFG) [2], the
local Fermi gas model (LFG) [3], and the spectral function model (SF) [4].

Because the target nucleon is not free, neutrino-nucleus interactions should be corrected
to include scattering o a bound state of multiple nucleons inside the nucleus. Nieves [5]
and Martini [6] proposed the models describing multi-nucleon interactions. Those models
considern particles n holes excitation (npnh). In this expression, the CCQE interaction
is 1plh. Neutrino interactions with multiple nucleons are also considered, such as 2p2h
interactions. The meson exchange current (MEC) is the dominant process for the 2p2h
interaction.

The nal state particles such as proton or pion produced at the neutrino interactions
can re-interact inside the nuclear medium. Those interactions are called the nal state
interactions. Those particles can be absorbed and get their kinematics distorted or eject
additional hadrons.

10



Chapter 2

T2K Experiment

2.1 Overview

The T2K (Tokai to Kamioka) experiment is a long baseline neutrino oscillation experiment
in Japan [7]. T2K began accumulating neutrino beam data for physics analysis in January
2010. and beams are generated at Japan Proton Accelerator Research Complex
(J-PARC). Neutrinos are detected at the near detector 280 m away from the production
target and at the far detector (Super-Kamiokande) 295 km away from the target as shown
in Fig. 2.1.

Figure 2.1. Overview of the T2K experiment.

2.2 J-PARC accelerator and T2K neutrino beamline

2.2.1 J-PARC accelerator

J-PARC consists of three accelerators: a 400 MeV linear accelerator (LINAC), a 3 GeV
rapid cycling synchrotron (RCS), and a 30 GeV main ring (MR) synchrotron. AH beam
is accelerated up to 400 MeV by the LINAC and is converted to a proton beam by charge-
stripping foils at the RCS injection. The beam is accelerated up to 3 GeV by the RCS
then injected into MR and accelerated up to 30 GeV.

Each proton beam spill consists of eight proton bunches. Each bunch typically has a
timing spread of 15 ns and is separated by 580 ns.

11



Figure 2.2. Overview of the T2K neutrino beamline [7].

2.2.2 Neutrino beamline

The neutrino beamline is composed of two sequential sections: the primary and secondary
beamlines as shown in Fig. 2.2.

In the primary beamline, the extracted proton beam is transported to point toward
Kamioka. It consists of the preparation, arc, and nal focusing sections.

The secondary beamline contains a target station, a decay volume, and a beam dump
as shown in Fig. 2.3. In the target station, a graphite target with a length of 91.4 cm
and a diameter of 2.6 cm is located. The 30 GeV proton beam strikes this graphite target
to emit pions with other hadrons. There are three magnetic horns to collect and focus
the charged pions. The horn polarity is controlled to alter the beam modes. The polarity
for the neutrino beam mode is de ned as a forward horn current (FHC) and that for the
anti-neutrino beam mode is de ned as a reversed horn current (RHC).

The focused charged pions enter the decay volume. It is an about 96 m long steel
tunnel. As transferred through the decay volume, pions decay into muons and muon
neutrinos. The dominant decay modes are

ot (2.1)
! + (2.2)

The beam dump is located 109 m downstream from the target in order to stop all the
particles from the beamline except for neutrinos and high-energy muons. The high-energy
muons can penetrate the beam dump and are measured by a muon monitor (MUMON) [8].
MUMON is composed of two independent detectors: ionization chambers and silicon PIN
photodiodes. MUMON can measure the two-dimensional pro le of the muons and check
the neutrino beam direction and intensity.

12



Figure 2.3. Side view of the secondary beamline [7].

2.2.3 0O -axis method
In the case of a two-body decay of a pion, the neutrino energig is calculated as:

m2 m?2

E :2(E p cos );

(2.3)

wherem and m are the masses of a pion and muorp is the momentum of a pion, and

is the angle between the initial pion and the neutrino. The energy of neutrino is related
to the angle. T2K adopts the o -axis 2.5 to set the peak energy of the neutrino beam
to be around 600 MeV, which maximizes the neutrino oscillation probabilities at 295 km
and to generate the narrow-band neutrino beam [9]. Figure 2.4 shows the muon neutrino
survival probability at 295 km and neutrino uxes for di erent o -axis angles.

13



Figure 2.4. Muon neutrino survival probability at 295 km and neutrino uxes for di erent
0 -axis angles [9].

2.3 Near detectors

2.3.1 ND280

In a long baseline experiment, the role of the near detector is to reduce the ux and cross-
section uncertainties associated with neutrino production and interactions and allow a
prediction of the expected spectra at the far detector. The ND280 is a complex of several
sub-detectors. It is 280 m downstream from the neutrino beam target. The schematic
view of the current ND280 is shown in Fig. 2.5. Two Fine Grained Detectors (FGDs)
and three Time Projection Chambers (TPCs) are the main tracking detectors in ND280.
FGDs are also the active target of neutrino interactions. In the analysis, we mainly use
neutrino interaction in one of the FGDs whose nal-state leptons enter one of the TPCs.
The © detector (POD) is placed at the most upstream part of the detectors. It aims
at measuring the neutral current interactions. FGDs, TPCs, and POD are surrounded
by electromagnetic calorimeters (ECals). Sub-detectors are contained inside the magnet
recycled from the UA1 experiment at CERN. It also serves as a side muon range detector
(SMRD) with plastic bars inserted at gaps between the magnet yokes.

FGD

Each FGD has plastic scintillator tracking planes, which also work as the main target of
neutrino interactions [11]. The FGD module at the upstream (FGD1) is fully composed of
the scintillators, while the downstream one (FGDZ2) contains water target parts sandwiched
between the scintillator layers. FGDs consist of scintillator bars with the size ofLl84 0:96
0:96 cm?® as shown in Fig. 2.6. FGD1 has 15 sub-modules and FGD2 has 7 sub-modules.

14



Figure 2.5. The current ND280 [10].

Figure 2.6. One sub-module structure of FGD [12].

2.3.2 INGRID

In order to monitor the neutrino beam intensity, the INGRID modules are placed on the
neutrino beam axis. An INGRID module consists of an alternating layer structure of 9 iron
target plates and 11 plastic tracking scintillator planes, surrounded by four veto scintillator
planes.

2.4 Far detector (Super-Kamiokande)

T2K experiment uses Super-Kamiokande (SK) as the far detector placed 295 km away from
the target. It is a 50 kton water Cherenkov detector with a cylindrical stainless-steel tank,
with 39.3 m in diameter and 41.4 m in height. The detector is separated into optically
isolated two volumes: the inner detector (ID) and the outer detector (OD). The inner wall
of the water tank is covered by 11,200 20-inch photomultiplier tubes (PMTs) and the outer
wall is covered by 1,185 8-inch PMTs for the purpose of veto.

15



2.5 Latest results on cp

T2K published the latest results [13] based on the data collected up to the end of May
2018. This corresponds to an exposure df494 10?! protons on target (POT) in FHC
mode and1:635 10?! POT in RHC mode.

Figure 2.7 shows the 2 and obtained 3 intervals of ¢p for both mass orderings. In
both mass orderings, the twoCP-conserving values oD and are outside the 2 con dence
intervals. We exclude the conservation ofCP symmetry in neutrino oscillation at the 2
level. For the inverted mass ordering, bothCP-conserving values are outside of the 3
con dence intervals. For the normal mass ordering, cp = 0 is outside the 3 con dence
interval, while cp = s inside.

Figure 2.7. 2 and obtained 3 Feldman-Cousins (FC) con dence intervals [13].

2.6 Limitation of the current ND280

Though the current ND280 shows good performance, it has limitations. When we use large
statistics for future precise measurements, systematic uncertainties will become dominant.

2.6.1 High angle scattered particles

The main limitation of the current ND280 is that most leptons are selected at the TPC
downstream of the FGD in which the neutrino interaction occurred. The e ciency in
the forward region is good but it decreases considerably for the higher scattered regions
compared to the beam direction.

On the other hand, Super-Kamiokande has 4 acceptance and the e ciency is at with
respect to the beam direction. To extrapolate the expected spectra obtained at the near
detector to the far detector, we need interaction models to describe the dependency on the
kinematics such as momentum and angle. Figure 2.8 shows reconstructed charged lepton
angle distributions at ND280 and SK.

16



Figure 2.8. Reconstructed momentum and angle for muons selected at ND280 (left) and
electrons selected at SK (right) [14].

2.6.2 Low momentum particles

We use FGDs as target detectors and they are composed of two orthogonal layers. To
reconstruct a track, we need three points in each plane and this is about 6 cm for FGDs.
In the case of the proton, this length corresponds to about 600 MeW. We need to detect
protons with momentum below 600 MeV/c to understand the details of neutrino-nucleon
interactions.

2.6.3 Electron neutrino interactions

Another limitation of the current near detector is its low e ciency in selecting electron
neutrino interactions below 1 GeV. It is related to contaminations of gammas generating
electromagnetic showers in the detector. The method used in T2K to constrain ux and
cross-section systematic uncertainties relies on the selection of muon neutrinos at ND280
for both and .. We need the cross-section model to describe electron neutrino interac-
tions. The model has 3% uncertainty and it is included in the oscillation analysis. ND280
has already measured ¢ interactions but it is able to constraint the <= cross-section
di erence at only 10% level.

2.7 T2K-II

The T2K oscillation parameter measurements are limited by statistics now. T2K needs to
collect more data in both neutrino and antineutrino modes by continuous data-taking and
upgrading the beamline. As the statistics increase, the e ect of the systematic uncertainties
will become more crucial to the cp measurement. The present con guration of ND280
leads to systematic errors of the order of 6%. We need to bring this number down to 4% to
achieve the observation ofCP violation at the 3 level. Also, SK is upgraded by dissolving
the gadolinium to detect the neutron with a higher e ciency.

17



year | power (KW) | number of protons per spill | repetition time (s)

2021 515 2:66 104 2.48
2023 750 2.1 10¢ 1.32
by 2027 1300 33 10* 1.16

Table 2.1. Accelerator upgrade summary.

2.7.1 Beam Upgrade

The J-PARC Main Ring accelerated protons every 2.48 s with a power of 515 kKW until the
last T2K physics run. The accelerator upgrade aims to improve the beam power towards
750 KW in 2023 and 1.3 MW until the start of the Hyper-Kamiokande experiment. The
repetition time will be 1.32 s in 2023 and 1.16 s in the future. The beam power, the number
of protons per pulse, and the repetition time are summarized in Table 2.1.

The neutrino beamline is also upgraded. The power supply of the horn is from 250 kA
to 320 kA to focus more charged pions. Cooling systems for the horn and target are
improved.

2.7.2 SK-Gd

For most of the operation time of SK, it is lled with ultrapure water. However, we added
gadolinium (Gd) to the water. Some of the neutrons produced with the neutrino interaction
such as the inversed beta decay

et p! € +n (2.4)

are captured by Gd. Excited Gd nuclei emit photons when they de-excite. We use the
presence of the neutron as event selection.

In 2020, we loaded Gd to 0.01%, and the capture e ciency was about 50%. In 2022,
we loaded an additional Gd to 0.03%, and the neutron capture e ciency became 75%.

2.7.3 ND280 Upgrade

To reduce systematic uncertainties related to the limitation of the current near detectors,
we are working on upgrading the near detector. Because the current ND280 has proven the
combination of active targets and TPCs as a successful con guration, we keep the basic
concept. The requirements for the upgraded near detector are as follows.

~

Full polar angle acceptance with similar performance in terms of momentum resolu-
tion, energy loss, and charge measurement as the current ND280.

Fiducial mass of at least a few tons (each of the two FDGs has a ducial mass of
about one ton).

High-e ciency 4 tracking for low energy pions and protons stopping inside the
active target detector in order to determine the event topology with proton-pion
identi cation.

Good timing resolution for tracking in order to determine the direction to reject
particles from the outside the detectors.
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