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Abstract

Hyper-Kamiokande (HK), which is the successor to Super-Kamiokande (SK), is a
gigantic water Cherenkov detector that will use 20,000 newly developed 50 cm-diameter
photomultiplier tubes (HKPMT). One of the main physics targets of HK is nucleon decay.
In preparation for the search for nucleon decay in HK, this thesis first evaluates the
stability of the PMTs, which are key to the performance of HK. Then, the sensitivity of
HK to the decay mode of p ¥ e* O is also evaluated through simulations as the first
attempt using software developed for HK.

As for the stability evaluation of HKPMT, two types of measurement were conducted;
measurement of dark rate for large number of PMTs (mass-measurement) and measure-
ment of dark rate and gain for more than one year (long-term measurement).

In mass-measurement, up to 200 of the PMTs delivered each month are measured for
1 to 6 months to assess the stability of dark rate of PMTs and production quality with
large statistics. More than 2,000 PMTs have been measured since July 2023 in mass-
measurement and the cummulative result satisfies HK’s requirement. However, several
factors that could potentially cause issues in a long term operation are identified and fur-
ther investigation is needed. In addition, more consideration is required when considering
a 10- or 20-year operation of HK.

In long-term measurement, dark rate and gain of 16 PMTs have been monitored since
July 2023 and October 2023, respectively. Dark rates have remained stable over a year.
For gain, an increasing trend of 1.3 0.4 %/year has been observed and this is a similar
trend with SKPMT.

As for the evaluation of the sensitivity to p ¥ e* 0 in HK, from the signal and
background (atmospheric neutrino) Monte Carlo simulations (MC), the signal e [ciehcy
and the background rate in HK are estimated to be 36.76  0.24 % and 1:62 0:40
events/(Mt year), respectively, while the signal e [ciehcy and the background rate were
about 42 % and 1.83 events/(Mt year), respectively, in the previous analysis in SK. As-
suming the performances estimated in this study, the search sensitivity in HK with only
the statistical uncertainty exceeds the current life time limit after 3 years operation and
reaches 10% years after about 25 years operation. These estimated sensitivities are worse
than the o Lcial sensitivity of HK estimated with software for SK, but they can be im-
proved if tuning of software for HK is completed and additional analysis techniques such
as neutron tagging are applied.
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Chapter 1

Physics Background

Through the various experiments in the 20th and 21st centuries, particle physics has
developed dramatically. The discovery of the Higgs boson by the ATLAS [1] and the
CMS [2] experiments in 2012 has verified the correctness of the beautiful theory known
as the standard model (SM), which can explain most of the results from previous particle
physics experiments. However, a more fundamental theory beyond the SM is believed to
exist. In fact, for example, the Super-Kamiokande (SK), which has been operated since
1996, observed neutrino oscillation in 1998 and this phenomenon cannot be explained by
the SM.

Nucleon decay is one of e [edtive phenomena for testing theories beyond the SM. Many
experiments including SK have searched for nucleon decay, but none of them has observed
it so far.

1.1 Standard model and its limitation

In the SM, there are 17 elementary particles as shown in Fig. 1.1. Gauge bosons mediate
fundamental interactions; electromagnetic, weak, and strong interactions (gravitational
interaction is not considered in the SM). Quarks are the fermions which interact via all
interactions and compose of hadrons such as proton. Leptons are also fermions but they
do not interact via the strong interaction. In particular, neutrinos interact via only the
weak interaction. Higgs boson gives mass to particles. One of the most important points
in the SM is that all fundamental interactions except for the gravitational interaction
are generated from gauge symmetry. The strong interaction is described by the SU(3)c
symmetry. The electromagnetic and weak interactions are collectively described by the
SU(@). U()y symmetry. In short, the SM is the quantum field theory with SU(3)¢
SU@)L U@)v.

While the SM is consistent with the results of most past particle physics experiments,
it cannot explain some things such as the gravitational interaction, dark matter, neutrino
masses, etc. Moreover, many parameters in the SM can only be determined experimen-
tally. For example, it cannot be derived from the SM that the number of generations of
quarks and leptons is three.
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Figure 1.1. Elementary particles in the SM. Taken from [3]

1.2 Grand Unified Theories

Theories which describe the strong, electromagnetic, and weak interactions with single
gauge symmetry are called Grand Unified Theories (GUTs) and many problems in the SM
are expected to be solved by GUTs. Since the first GUT was proposed by H. Georgi and
S. Glashow in 1974 [4], many GUT models have been proposed. GUT models generically
predict proton decay. In this section, we focus on SU(5), SUSY SU(5), and SO(10)
models.

1.2.1 SU(5) model

SU(5) is the minimum gauge group which contains SU(3)c SU(2). U(1)y. In SU(5)
model, fermions are represented by 10 + 5 and gauge bosons are represented by 24 as



Figure 1.2. Feynman diagrams for p ¥ e* © via X and Y bosons
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where the G}s correspond to the gluons of SU(3)c, W , W3s, B correspond to the gauge
bosons of SU(3). U(1)y,and X and Y are 12 new gauge bosons which exchange quarks
and leptons.

In the minimal SU(5) model, p ¥ e* © is the dominant decay mode whose predicted
proton lifetime is about 103! ! years [5]. Figure 1.2 shows the Feynman diagrams for
p ¥ e* % However, this model was already excluded by the previous experiments as
shown in Sec.1.3.

1.2.2 SUSY SU(5) model

SU(5) model is saved by introducing a symmetry between fermions and bosons, so-called
“super-symmetry(SUSY)”. SUSY makes the number of both fermions and bosons double.

In the minimal SUSY SU(5) model, the most dominant decay mode isp ¥ K™
whose predicted upper limit of the partial lifetime is < 2.9 10% years [6]. This minimal
SUSY SU(5) model was also already excluded by as shown in Sec.1.3.



1.2.3 S0O(10) model

The next larger GUT is SO(10) model. This model includes right-handed neutrinos and
explain the generation of the nite neutrino mass, which is not assumed in the SM. In
this model, all fermions are represented b$6. SO(10) has many patterns of symmetry
breaking as below;

g SU() U();

SU@4) SU@)L SU(@2)r;
3SURB) SU@)L SU@RR U(Q);
" SU@) SU@Q)L. UQ)

SO(10) ! I SUB)e SU@)L. U@)y (1.3)

The most dominant decay mode o50O(10) model isp! €' ° as well as the minimal
SU(5) model and its predicted lifetime is10**-10*°years [7][8].

1.3 Search for nucleon decay

Various experiments, such as IMB [9], Kamiokande [10], and SK [11], have searched for
nucleon decay, but no signi cant signal exceeding background has been observed so far.
In particular, SK has determined the lower limits of the lifetime for many decay modes.
For example, the lower limits on the lifetimes fop! e* ®andp! K * have both been
obtained by SK, with values of2:4 10 years [12] andb:9 103 years [13], respectively.
These results ruled out the minimalSU(5) and minimal SUSY SU(5) models. However,
there are many GUT models which predict longer lifetime of nucleons and it is di cult

to validate such models in SK. Figure 1.3 shows a comparison of historical experimental
limits on the nucleon lifetime for several key modes and ranges of theoretical prediction
as of 2018. Expected limits obtained by some future experiments are also included in the
same gure.

An idea to search to longer lifetimes than the current lower limits is to use larger
detectors. Roughly speaking, if the number of nucleons in the detector is 10 times greater,
the lifetime that can be searched for in the same observation time will also be 10 times
longer. The successor to SK explained in Chapter 2, Hyper-Kamiokande, will have an
about eight times larger ducial volume than that of SK and nucleon decay search is one
of the main physics targets of Hyper-Kamiokande. Considering the comparison of ducial
volume between Hyper-Kmiokande and SK, Hyper-Kamiokande can explore a lifetime of
up to about 10*® years forp! €' °. This value covers the entire range of predicted
lifetimes of models such as SUS$0(10) as shown in Fig. 1.3.



Figure 1.3. A comparison of historical experimental limits on the nucleon lifetime for
several key modes and ranges of theoretical prediction as of 2018. Expected limits by
some future measurements are also included. Taken from [14].

1.4 Overview of this thesis

In Chapter 2, the overview of Hyper-Kamiokande is explained. Then in Chapter 3,

the stability of the photomultiplier tubes, which are key to the performance of Hyper-
Kamiokande, is evaluated in preparation for the search for proton decay in Hyper-Kamiokande.
Finally in Chapter 4, the sensitivity of Hyper-Kamiokande to proton decay is also eval-
uated through simulations. This sensitivity study is the rst attempt using software
developed for Hyper-Kamiokande.



Chapter 2

Hyper-Kamiokande Experiment

Hyper-Kamiokande (HK) is the successor to SK. HK is a gigantic water Cherenkov detec-
tor that uses 260 kt of ultrapure water and about 20,000 50 cm diameter photomultiplier
tubes (PMTs) to detect Cherenkov light. The construction of HK began in 2020 in
Kamioka-cho, Hida City, Gifu Prefecture and the operation will be started in 2027. This
chapter provides an overview of HK.

2.1 Particle detection

2.1.1 Cherenkov radiation

HK observes physics events such as neutrino interactions and nucleon decays by detecting
the Cherenkov light emitted by charged particles produced by the events.

Cherenkov radiation is electromagnetic radiation emitted when a charged particle
moves through a medium at a speed greater than the phase velocity of light in that
medium. Figure 2.1 shows a schematic view of Cherenkov radiation. The Cherenkov
light is emitted in a conical shape. The opening angle of the conds determined by the
velocity of the charged patrticle as below;

1
= —: 2.1
cos = (2.1)

where the is the ratio of the velocity v to speed of light in vacuumc ( = v=9g and n

is the refractive index of the medium. The momentum threshold for Cherenkov radiation
is derived from the condition of > 1=n. Table 2.1 summarizes the Cherenkov threshold
for various charged particles in water.

Table 2.1. Momentum thresholds of the Cherenkov radiation in water for various charged
particles in water (n = 1:34)

e * p
Momentum (MeV/c) | 0.57| 118 | 156 | 1052

The number of Cherenkov photons emitted by a particle of chargée at wavelengths



Figure 2.1. A schematic view of Cherenkov radiation. Taken from [15].

to + d perunitlength dN( ) is expressed as below;

( )
222 1 % d

dNC)= 757 n() 2

(2.2)

The shorter the wavelength, the more photons are emitted. The 50 cm PMT installed in
the inner tank is sensitive to wavelengths of 300 to 600 nm, and in this region, a charged
particle with 1 emits about 350 photons/cm.

2.1.2 Observation of Cherenkov light

Cherenkov light is detected by PMTs placed on the surface of the detector as shown
in Fig. 2.2. Since Cherenkov light is emitted in a conical shape, the PMTs detecting
Cherenkov light are distributed in a ring shape.
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Figure 2.2. Cherenkov radiation and PMTs which detect those light. Taken from [16].

As explained in Sec.2.1.1, the number of photons emitted and the opening angle of
the cone is determined by the velocity of the particle. Therefore, the momentum and the
direction of the particle can be reconstructed using the information such as the detected
charge, the time of light detection, and the distribution of PMTs that detected the light.

In addition, electrons and gamma rays make a fuzzier ring than muons or charged pions
because electrons and gamma rays generate electromagnetic shower when propagating in
the water. Such di erences in the shape of the ring can be used for particle identi cation.
The detail of the event reconstruction is explained in Sec.4.2.

2.2 \Water tank

The water tank of HK is a stainless steel cylindrical tank with a diameter of 68 m, a
height of 71 m, and it will contain about 260 kt water. This tank is constructed 600
meters underground in the Kamioka mine to reduce cosmic ray muons. Figure 2.3 shows
a schematic view of HK. The tank has two layers as in SK; the inner detector (ID) and
the outer detector (OD). The ID is the main detector, which detects Cherenkov light
generated in neutrino events or nucleon decay. About 20,000 50 cm diameter PMTs will
be installed on the inner side of the ID in a checkerboard pattern (see Fig. 2.4), with a
photocathode coverage in the ID wall of 20 %. The OD surrounds the ID with a water
thickness of 1 m at the sides and 2 m at the top and bottom. The OD is used to remove
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cosmic rays as background for observations and to shield the ID from radiation from the
bedrock surrounding HK. About 3,600 8 cm PMTs will be installed on the inner wall of
the OD facing outward.

Figure 2.3. A schematic view of HK [17]
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Figure 2.4. The arrangement of PMTs on the ID wall. The circle (left) represents the top
(bottom) of a cylindrical tank. The rectangle (right) represents the side of the cylindrical
tank. Pink dots in the gure represent PMTs. PMTs are placed in a checkerboard pattern.
Taken from [16].

2.3 50 cm PMT for Hyper-Kamiokande

PMT is a photodetector that detects photons by converting them into electrons through
the photoelectric e ect. To detect the faint Cherenkov radiation, the PMTs need to have
high photon detection e ciency. In addition, since the event reconstruction uses the time
and number of photons detected by each PMT, time resolution and charge resolution are
important. Other than performance related to photon detection, high pressure resistance
and waterproof performance are also required to withstand operation at depths of several
tens of meters.

In SK, 50 cm PMT (SKPMT, R3600 [18]) made by Hamamatsu Photonics (HPK) has
been used. In HK, 50 cm PMT improved from SKPMT (HKPMT, R12860) will be used
(Fig. 2.5).
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Figure 2.5. HKPMT

One of the main changes from SKPMT is that the structure of the dynode has changed
from a Venetian blind type to a Box & Line type (Fig. 2.6). Unlike the venetian
blind type, the Box&Line type has a much higher time resolution because the electrons
are ampli ed through almost a single pathway. Furthermore, the collection e ciency of
photoelectrons has also improved due to the larger size of the rst stage dynode.

Figure 2.6. Venetian blind type dynode in SKPMT (left) and Box & Line type dynode
in HKPMT (Right) [19]

Other than the structure of dynode, the photocathode has a higher QE. As a result
of these improvement, the single photoelectron time and charge resolutions of HKPMT
represent a factor of two improvement over SKPMT (see Fig. 2.7, Fig. 2.8). In addition,
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the relative single photon detection e ciency is twice that of SKPMT (see Fig. 2.9).
Table 2.2 is a summary table of basic performances of HKPMT and SKPMT.

Figure 2.7. Transit time distribution at single photoelectron [14]. Blue solid line is
HKPMT and black dotted line is SKPMT.

Figure 2.8. Single photoelectron distribution with pedestal [14]. Blue solid line is HKPMT
and black dotted line is SKPMT.
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Figure 2.9. Relative single photon detection e ciency as a function of the position in
the photocathode, where a position angle is zero at the PMT center and90 at the
edges [14]. The dashed line is the result of a scan along the line of symmetry of the
Box&Line dynode structure, and the solid line is the result of a scan along the direction
orthogonal to the line of symmetry.

Table 2.2. Summary of the basic performances of HKPMT and SKPMT

HKPMT | SKPMT | Remarks
Quantum e ciency [%] | 30 22 At =390 ns [20]
Collection e ciency [%] | 95 73 From [20]
Timing resolution [ns] | 2.59 6.73 FWHM of transit time spread [20]
Charge resolution [%] | 30.8 60.1 =mean of 1 p.e. peak [20]

Since the hight of HK is about twice of that of SK, pressure resistance and waterproof
performance of HKPMT are also improved from SKPMT. Figure 2.10 shows a side view
of HKPMT. The shape of HKPMT is similar with that of SKPMT, but the curvature of
the neck and photocathode is more relaxed.

The mass production of HKPMT began in 2020 and approximately 12,000 PMTs have
been delivered to Kamioka by November 2024. The mass production will continue until

2026.
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Figure 2.10. Side view of HKPMT [14]
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Chapter 3
Stability evaluation of HKPMT

3.1 Necessity of stability evaluation

3.1.1 Problem about dark rate stability of HKPMT

The mass production of PMTs began in 2020. Since 2021, a sample of the delivered PMTs
had been tested for quality assurance, including basic performance measurements such
as dark rate, time resolution, and charge resolution, over a period of about a week. It
was found that about 10-20 % of the PMTs exhibited unstable dark rates and some of
them became unstable several days after the start of the measurements. As a result, the
delivery of PMTs was stopped in May 2022. Investigations were carried out to nd the
cause of the instability of the dark rate, and improvements were made. As a result of
these e orts, the deliveries of PMTs resumed in May 2023.

In this thesis, PMTs produced before and after the improvements were made are called
original PMTs and improved PMTs , respectively.

3.1.2 Screening test before delivery

In addition to the improvements explained in Sec.3.1.1, a screening test to evaluate dark
rate and its stability lasting one week has been imposed on produced PMTs before delivery
by the manufacturer (HPK) in order to reduce unstable PMTs since the delivery was
restarted. This test is imposed not only on improved PMTs but also on original PMTs
because there are PMTs among the original PMTs that are not problematic and we want
to use them. Only PMTs that pass this test have been delivered.

3.1.3 Necessity of stability evaluation

As mentioned in Sec.3.1.1, there are PMTs that become unstable during operation. Al-
though all delivered PMTs passed the one week screening test by HPK, it is possible that
dark rate instability appears with longer term operation. Therefore, measurements to
evaluate dark rate stability of PMTs are needed in addition to the screening test. More-
over, an increasing trend of gain has been observed in SKPMT, so whether a similar trend
is present in HKPMT is also needed to be evaluated at this stage.

18



3.2 Stability evaluation

To evaluate the stability of PMT, the following two types of PMT measurements have
been conducted after the resumption of PMT deliveries;

" Mass-measurement : measurement of dark rate of 200 PMTs per month

" long-term measurement : measurement of dark rate and gain of 16 PMTs over a
year

This thesis describes these two types of measurements. The following two sections (Sec.3.2.1
and Sec.3.2.2) are explanations of measured quantities in both measurements.

3.2.1 Dark rate

Even when a PMT is set in the dark, signals occur because of thermal electron from
its photocathode, scintillation light caused by the radio isotopes in the glass of PMT,
environmental radiation, etc. Such signal is called dark count, and dark rate is de ned
as the number of the dark counts per one second. In this thesis, the dark rate is evaluated
as the average value over one minute. For HKPMT, typical dark rate is about 4 kHz with a
threshold voltage of 1 mV, but actual measured value at the location where measurement
setups described in this thesis exist is about 7 or 8 kHz due to high concentrations of
environmental radiation in those places.

In HK, if the dark rate exceeds 10 kHz, it can interfere event triggering and transferring
data. Therefore, PMTs which have a high rate over 10 kHz are unacceptable. In addition,
if there are problems such as insulation failures in the PMT, dark rate uctuations or
sharp increases, etc. can be observed. Moreover, if a PMT ashes due to discharge inside
the PMT ( asher PMT ), dark rates of surrounding PMTs can also be unstable. The
value of dark rate is used for correction of number of hit PMTs to estimate the true number
of PMTs which detect Cherenkov light, so the stability of dark rate is also important for
the detector performance.

3.2.2 Gain

The electrons emitted from the photocathode of the PMT are ampli ed at the dynodes
and then output as a signal. The gain of HKPMT is set to aboutl.  10’.

In SK, a trend of about 2 percent increase per year in gain has been observed [15]
(Fig. 3.1). It is speculated that the cause of this change is that the amount of cesium in
the dynode changes during operation. In detail, as the cesium in the dynode decreases
with operation, the gain increases until a certain level, and after it decreases beyond the
level, the gain starts to decrease in the opposite direction. There are individual di erences
in gain variation and there are PMTs which have a decreasing tendency of gain.

HKPMT also uses cesium, so the same phenomenon that occurs with SKPMT can
also happen. However, whether a similar trend exists in mass produced HKPMT has not
yet been tested. Therefore, we have measured long-term trends in the gain of HKPMT.
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Figure 3.1. Time variation of the averaged PMT gain measured by using the PMTs in
the bottom of the SK tank [15]. The colors show the detector periods; black, red, green
and blue are for SK-I, -II, -1l and -1V, respectively.

3.3 Mass-measurement of PMT

About 500 PMTs are delivered to Kamioka every month. In mass-measurement, 100 to
200 of those delivered PMTs are sampled and measured for 1 to 6 months immediately.
This allows for the early detection of any changes in quality during mass production. In
this measurement, dark rate and its stability are monitored for large numbers of PMTs.
More than 20 % of all PMTs will be tested by the end of PMT delivery. Therefore, dark
rate stability of PMTs and change in quality can be evaluated through large statistics.

3.3.1 Experimental setup

There are two dark rooms in Kamioka and each of them can accomodate 100 PMTs
(Fig. 3.2). One room (room B) is used for measurement for one month (1-month measure-
ment), and the other room (room A) is basically used for longer-term measurement such
as 3 months or 6 months (3- or 6-month measurement). PMTs are delivered to Kamioka
every month, and at that timing, one period of 1-month measurements is nished and
the PMTs are replaced with delivered ones. After the replacement, next measurement
Is started. For 3- or 6-month measurements, the measured PMTs are replaced at the
timing of delivery as well as 1-month measurements, but the frequency is once every 3 or
6 deliveries. One PMT in each room is used as a reference and is not exchanged. The
reference PMT is not counted as eveluated PMT. In addition, there are instances where
some PMTs cannot be measured due to malfunctions in the measurement equipment such
as a sudden power-o of the high voltage.
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Figure 3.2. A view of the darkroom where PMTs are installed (left) and PMTs arrange-
ment (right). There is another darkroom next to this room.

Figure 3.3 shows the time variation of temperature inside the dark room. The temper-
ature inside the dark rooms is almost stable during the measurement because the rooms
are well insulated and air conditioners work. Seasonal temperature changes are also within
a range of about ve degrees Celsius.

Figure 3.3. Time variation of temperature inside the dark room. The points where
temperature changes like a spike correspond to when the darkroom was opened for PMT
replacement. There are no data between November 2023 and March 2024 due to the
problem of the thermometer.
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