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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 — et7¥ 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 — etn" in HK, from the signal and
background (atmospheric neutrino) Monte Carlo simulations (MC), the signal efficiency
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 efficiency 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 103° years after about 25 years operation. These estimated sensitivities are worse
than the official 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 effective 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)¢
symmetry. The electromagnetic and weak interactions are collectively described by the
SU(2), x U(1)y symmetry. In short, the SM is the quantum field theory with SU(3)¢ x
SU(Z)L X U(l)y

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)¢ x SU(2), x U(1)y. In SU(5)
model, fermions are represented by 10 + 5 and gauge bosons are represented by 24 as
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where the G;'»s correspond to the gluons of SU(3)q, W*, W3s, B correspond to the gauge
bosons of SU(3), x 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*7? is the dominant decay mode whose predicted
proton lifetime is about 10%*! years [5]. Figure 1.2 shows the Feynman diagrams for
p — etn®. 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 is p — VK™
whose predicted upper limit of the partial lifetime is < 2.9x10%° years [6]. This minimal
SUSY SU(5) model was also already excluded by as shown in Sec.1.3.



1.2.3 SO(10) model

The next larger GUT is SO(10) model. This model includes right-handed neutrinos and
explain the generation of the finite neutrino mass, which is not assumed in the SM. In
this model, all fermions are represented by 16. SO(10) has many patterns of symmetry
breaking as below;

SU(5) x U(1),
SU(4) X SU(Q)L X SU(Z)R,
SU(4) x SU(2), x U(1)

0

The most dominant decay mode of SO(10) model is p — e™n" as well as the minimal

SU(5) model and its predicted lifetime is 10**-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 significant 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 for p — e*7% and p — 7K T have both been
obtained by SK, with values of 2.4 x 103* years [12] and 5.9 x 103 years [13], respectively.
These results ruled out the minimal SU(5) and minimal SUSY SU(5) models. However,
there are many GUT models which predict longer lifetime of nucleons and it is difficult
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 figure.

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 fiducial volume than that of SK and nucleon decay search is one
of the main physics targets of Hyper-Kamiokande. Considering the comparison of fiducial
volume between Hyper-Kmiokande and SK, Hyper-Kamiokande can explore a lifetime of
up to about 10%® years for p — e*x. This value covers the entire range of predicted
lifetimes of models such as SUSY SO(10) as shown in Fig. 1.3.
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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 first 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 cone 6 is determined by the
velocity of the charged particle as below;

0 ! 2.1
cosf = B’ (2.1)
where the (3 is the ratio of the velocity v to speed of light in vacuum ¢ (5 = v/c) 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 wo| 7w | p

Momentum (MeV/c¢) | 0.57 | 118 | 156 | 1052

The number of Cherenkov photons emitted by a particle of charge Ze at wavelengths
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Figure 2.1. A schematic view of Cherenkov radiation. Taken from [15].

A to A + dA per unit length dN () is expressed as below;

AN()) = 2?3272 {1 _ (ﬂnl(M) }i—? (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.

10
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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 differences in the shape of the ring can be used for particle identification.
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

11



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.
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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 figure 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 effect. To detect the faint Cherenkov radiation, the PMTs need to have
high photon detection efficiency. 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).

13



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 amplified through almost a single pathway. Furthermore, the collection efficiency of
photoelectrons has also improved due to the larger size of the first stage dynode.

/Super—K PMT(Venetian blind dynod?)\ / 50 cm Box and Line PMT \
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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 efficiency is twice that of SKPMT (see Fig. 2.9).
Table 2.2 is a summary table of basic performances of HKPMT and SKPMT.

— 50cm high-QE box&line PMT

50cm Super-K PMT

Entries (a.u.)

20 15 10 5 0 5 10 15 20 25
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Figure 2.7. Transit time distribution at single photoelectron [14]. Blue solid line is
HKPMT and black dotted line is SKPMT.
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"""" 50cm Super-K PMT
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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 efficiency as a function of the position in
the photocathode, where a position angle is zero at the PMT center and +90° 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 efficiency [%]| | 30 22 At A=390 ns [20]
Collection efficiency [%] | 95 73 From [20]
Timing resolution [ns| | 2.59 6.73 FWHM of transit time spread [20]
Charge resolution [%] 30.8 60.1 o/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.

16
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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 find the
cause of the instability of the dark rate, and improvements were made. As a result of
these efforts, 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;

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

e 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 defined
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 fluctuations or
sharp increases, etc. can be observed. Moreover, if a PMT flashes due to discharge inside
the PMT (“flasher 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 amplified at the dynodes
and then output as a signal. The gain of HKPMT is set to about 1 x 107.

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 differences
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-1I, -II, -IIT 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 finished 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-off 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 five degrees Celsius.
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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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As an electronics module for DAQ, QTC-Based Electronics with Ethernet (QBEE)
[21], which is the electronics module used in SK since 2008, is used. One QBEE has 24
channels, and each channel consists of a custom charge-to-time converter (QTC) and a
multi-hit time-to-digital converter (TDC). The charge and time resolutions are 0.2 pC and
0.1 ns, respectively. The charge dynamic range is 0.2 to 2500 pC. In this measurement, the
trigger threshold voltage is set to —1 mV, which is equivalent to 1/6 of typical pulse hight
of a single photoelectron signal, —6 mV. Similarly for high voltage source (HV module),
those used in SK, EDS made by iSeg, are also used. The voltage applied to each PMT
is set to the value to achieve a gain of 1 x 107, which is determined by HPK. One HV
module has 24 channels and can supply voltage of 2.5 kV at maximum. Ten QBEEs and
ten HV modules are used, and about 20 PMTs are connected to each QBEE and HV
module. Figure 3.4 shows which PMTs in each room are connected to which QBEE and
HV modules.

Map of QBEE in room A Map of HV module in room A

y

o = N W A N D N o ©

Map of QBEE in room B

o =2 N W e O N o ©

Figure 3.4. Map indicating which PMTs in each room are connected to which QBEE and
HV modules. Top (Bottom) left is for QBEESs in room A (B) and top (bottom) right is
for HV modules in room A (B).
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The temperature of the place where the electronics modules locate is not controlled.
Figure 3.5 shows trends of temperatures of 10 QBEEs between February 2024 and October
2024 (data before February 2024 were not stored and therefore could not be checked).
From this figure, the minimum temperatures were about 15 °C in winter and the maximum
temperatures were about 35 °C, so the temperature differences were more than 20 °C in
some modules. However, the QTC of QBEE was tested to operate within an ambient
temperature range of 26 °C to 44 °C [22], and QBEE includes a temperature correction
system [21]. Therefore, it is considered that these temperature variations do not have a
significant impact on the measurement of dark rate.
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Figure 3.5. Trends of temperatures of 10 QBEEs between February 2024 and October
2024.

3.3.2 Data analysis

Dark rate of each PMT is calculated every one minute from the total number of signals
counted with QBEE. In this set up, there is no system for shielding the geomagnetic field,
and it affects the dark rate of each PMT. Taking this into account, the magnetic field at
each PMT location is measured and corrected for dark rate using that value [23|. In stable
PMTs, the dark rate is as shown in the left of Fig. 3.6. On the other hand, when the
PMT has a problem, the dark rate will fluctuate wildly as shown in the right of Fig. 3.6.
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Figure 3.6. Examples of time variation of dark rate. The left is stable PMT. The right is
unstable PMT and fails the criterion 2 and 3.

In addition, a high dark rate exceeding 10 kHz is also a problem as mentioned in
Sec.3.2.1. Therefore, the dark rate and its stability are evaluated with the criteria as
below;

1. Dark rate increases by more than 1 kHz within 1 minute and it does not go back to
normal within 5 minutes.

2. Dark rate fluctuates by more than 0.5 kHz compared to the average of past 1 hour
and it does not go back to normal within 5 minutes.

3. Dark rate increases by more than 0.5 kHz and the rate of neighboring PMT also
increases by more than 0.5 kHz at the same time and the rate of >115 p.e. charge
hit also increases in the neighboring PMT.

4. Dark rate at 6 days after turning on HV exceeds 14.4 kHz.

A PMT meeting any one of the above criteria is considered to be a problematic PMT.
The criterion 1, 2 and 3 are to detect the rate instability. The target of the criterion
1 is steep rate increases and that of the criterion 2 is more moderate rate fluctuations
including both rate increase and decrease. A PMT meeting the criterion 3 is counted as a
flasher PMT. The criterion 4 is to judge if the dark rate of a PMT is too high or not. The
value 14.4 kHz in the criterion 4 is determined taking account the effect of environmental
radiation mentioned in Sec.3.2.1.

HK requires that the fraction of problematic PMTs is below 5% and that of flasher
PMTs is below 1 %.

3.3.3 Result of mass measurement

Since July 2023, more than 2,000 PMTs have been measured. Table 3.1 and Table 3.2 are
the breakdowns of the summary of each measurement period of 1-month measurements
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and 3- or 6-month measurements, respectively. “C1-4” in the tables correspond to the
criterion 1 to 4 and “Any” means the number of PMTs which meet any of the cirteria.
“Original” and “Improved” correspond to the number of original and improved PMTs
measured in each period, respectively.

Table 3.1. Breakdown of the summary of each measurement period of 1-month measure-

ments
Start date | End date | Room # of measured PMT # of problematic PMT prolljlzﬁzsircl %fMT
Original | Improved | Total | C1 | C2 | C3 | C4 | Any [%]
2023/7/7 | 2023/7/14 A 0 100 100 | O] O OO 0 0
2023/7/7 | 2023/7/14 B 0 100 100 | 3| 31010 3 3.0+ 1.7
2023/7/20 | 2023/7/28 A 0 99 99 0| 0] 0/]O0 0 0
2023/7/20 | 2023/7/28 B 0 99 99 2 130 2 3 3.0+ 1.7
2023/8/4 | 2023/8/12 | B 0 99 9 |2 4]0]0] 4 41+ 2.0
2023/8/29 | 2023/9/6 B 0 99 99 6|6 |00 6 6.1 +24
2023/9/26 | 2023/10/28 B 0 97 97 3130 |1 13 13.4 £ 35
2023/11/2 | 2023/12/4 B 0 98 98 1 2 0 0 2 20+ 14
2023/12/6 | 2023/12/31 B 0 98 98 0|3 ]01]0 3 3.1+ 1.7
2024/1/10 | 2024/2/2 | B 0 98 98 |2 3]0]0] 3 31+ 1.7
2024/2/8 | 2024/3/4 B 0 99 99 0|0 0/]O0 0 0
2024/3/6 | 2024/3/27 B 0 99 99 111 ]101]0 1 1.0 £ 1.0
2024/4/10 | 2024/5/7 B 4 95 99 1 2 0 0 2 20+ 14
2024/5/15 | 2024/6/9 B 0 99 99 0| 0] 0/]O0 0 0
2024/6/11 | 2024/7/3 B 0 99 99 2131010 3 3.0+ 1.7
2024/7/10 | 2024/7/22 B 0 99 99 3151010 5 5.1+ 22
2024/8/21 | 2024/9/2 B 0 98 98 1 ) 0 0 ) 5.1 +£22
2024/9/11 | 2024/9/30 B 0 99 99 3151010 5 5.1+ 22
2024/10/2 | 2024/10/28 B 0 99 99 1 2 0 0 2 20+ 14
| Total 4 | 1873 | 1877 [31][60] 0 | 3 | 60 3.2+£04

Table 3.2. Breakdown of the summary of each measurement period of 3- or 6-month

measurements
Start date | End date | Room # of measured PMT # of problematic PMT prolP;lrerLCl‘ZEirclz (f)’fMT
Original | Improved | Total | C1 | C2 | C3 | C4 | Any [%]
2023/8/4 | 2023/10/28 A 0 99 99 0 0 0 0 0 0
2023/11/2 | 2024/2/2 A 0 99 99 0 1 0 0 1 1.0+ 1.0
2024/2/8 | 2024/7/22 A 97 0 97 3 5 0 0 5 0.2 +22
2024/8/21 | 2024/10/28 A 0 96 96 2 3 0 0 3 3.1+ 1.8
| Total 97 | 294 [ 391 [5]9]0]0] 9 23+038

For these tables, we focus on two points; difference between the two dark rooms and
difference between original and improved PMTs.
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The first point is the difference between the two dark rooms. The fraction of problem-
atic PMTs in room A, mainly used for 3- or 6-month measurements, in total is 1.5+0.5%,
while that in room B, used for 1-month measurements, is 3.6 & 0.5%. This is unnatural
because it is reasonable to assume that a longer measurement period would lead to more
problematic PMTs appearing. Therefore, it is suspected that a part of problematic PMTs
in room B are due to something originating from the measurement system. Figure 3.7
shows the position where problematic PMTs were detected. It is seen that the locations
where problematic PMTs were detected are not uniformly distributed.

Map of bad PMTs Entries = 48

4

9 8 7 6 5 4 3 2 1 0

Figure 3.7. The position where problematic PMTs were detected in room B between July
2023 and July 2024.

Figure 3.8 shows the distribution of QBEE and HV modules where problematic PMTs
connected in room B between July 2023 and July 2024. It is seen that module 5 and 7 of
both QBEE and HV have a lot of problematic PMTs. As Fig. 3.4 shows, the distribution
of QBEE and HV overlap significantly in room B, so if specific modules of either of QBEE
or HV have many problematic PMTs, specific modules of the other could have also many
problematic PMTs.
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Figure 3.8. The distribution of QBEE and HV modules where problematic PMTs con-
nected in room B between July 2023 and July 2024. Left is for QBEE and right is for HV
module.

It is difficult to conclude whether the problem is in the position where the PMT is
placed (or in the cables and connectors at that position) or in specific QBEE or HV
modules, but one or some of these could be the cause of the more problematic PMTs
in room B than in room A. Therefore, first, the module 5 and 7 of HV were exchanged
to new ones on August 2024. Figure 3.9 shows the position where problematic PMTs
were detected and Figure 3.10 shows the distribution of QBEE and HV modules where
problematic PMTs connected in room B after replacement of HV modules. Compared to
Figure 3.7 and Figure 3.8, there seems to be changes in positions where problematic PMTs
appear and in the QBEE and HV modules connected to them. However, the number of
problmatic PMTs in room B after replacement of HV modules is only 12 and statistics
are very small, so further measurements are needed.
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Figure 3.9. The position where problematic PMTs were detected in room B after replace-
ment of module 5 and 7 of HV in August 2024.
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Figure 3.10. The distribution of QBEE and HV modules where problematic PMTs con-
nected in room B after replacement of module 5 and 7 of HV on August 2024. Left is for
QBEE and right is for HV module.
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The other point is the difference between types of PMTs. As described in Sec.3.1.1,
there are two types of PMT; “original” and “improved” PMT. As Table 3.2 shows, a 6-
month measurement for 97 original PMTs was conducted from February 2024 to July 2024,
while the other 3-month measurements were with only improved PMTs. In this period
with only original PMTs, the fraction of problematic PMTs is higher than that in the other
period with improved PMTs in room A. Therefore, original PMT may be more unstable
than improve ones though both type of PMTs pass the screening test by HPK before
delivery. However, original PMTs were measured only in a 6-month measurement while
improved ones were measured only in 3-months measurement, so there is also a possibility
that more problematic PMTs appear when improved PMTs are measured for longer than
3 months. In fact, the first three month of the 6-month mesaurement with original PMTs
had two problematic PMTs and the other three problematic PMTs appeared in the latter
three months. Therefore, the fraction of problematic PMTs was around 2 % during the
first three months with original PMTs, which is similar to the 3-month measurement of the
improved PMT. To investigate wether same trend appears in improved PMTs, 6-month
measurements for improved PMTs also will be performed in future.

Although further investigation is needed about the problematic PMTs,; even including
them, the overall fraction of problematic PMTs and flasher PMTs are below 5 % and 1
%, respectively. This satisfies the requirement of HK mentioned in Sec.3.3.2.

3.3.4 Summary of mass-measurement

In order to assess PMT stability and manufactured quality with large statistics, up to 200
of the PMTs delivered each month are immediately measured. In this measurement, dark
rate and its stability are evaluated for 1 to 6 months.

While the cumulative result satisfies HK’s requirement, several factors that could po-
tentially cause issues, such as the setup and the type of PMT, have been found. Therefore,
further investigation is needed.

3.4 long-term measurement of PMT

In mass-measurement, dark rate stability of PMTs is evaluated for 6 months at maximum.
However, PMTs installed in the tank will continue to be operated for more than ten years
and it is difficult to exchange them if they are out of order while operating. Threfore,
we need to see the stability for longer term than mass-measurement. In addition, as
mentioned in Sec.3.2.2, increase tendency of gain has been observed in SKPMT while
long-term tendency of gain has not been checked so far in mass-produced HKPMT. Thus,
it is also very interesting to see if HKPMT has similar trend in gain with SKPMT.
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3.4.1 Experimental setup

Figure 3.11. The overview of the setup of long-term measurement. The left is the PMTs
and darkroom layout. The middle top is the larger dark room where 10 PMTs are set
and the middle bottom is the smaller dark room where 6 PMTs are set. The right is one
of the optical fibers fixed on each PMT for photon injection.

Figure 3.11 shows the overview of the setup for this measurement of 16 PMTs. Two dark
rooms are located in a laboratory in the Kamioka underground. To cancel the geomagnetic
field, coils are wrapped around both rooms. One of the two rooms accomodates 10 PMTs
(CHO-9) and the other accomodates 6 PMTs (CH10-15). Figure 3.12 shows the time
variation of temperature in the dark room. The temperature is approximately 24 °C and
remains almost constant throughout the year, with fluctuations of up to about 1 °C.
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Figure 3.12. Time variation of temperature in the dark room. The points where temper-
ature changes like a spike correspond to when the darkroom was opened for minor setup
changes.
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To obtain charge distributions for single photoelectron, optical fibers are fixed above
14 of the 16 PMTs and very weak light (about 0 to 1 photons/pulse) emitted from a laser
oscillator outside the darkroom enters the PMT through the fibers. The wavelength of
the laser is 405 nm and the light is injected to the PMTs at a frequency of 500 Hz. The
probability of the PMT detecting a photon is about 10 to 20 % per pulse. Though this
photon injection is continuously occurring throughout the measurement, the impact on
the dark rate is small, with a maximum effect of about 0.1 kHz. Therefore, no correction
is applied to the measured dark rate.

As a HV module, EDS made by iSeg are used as well as mass-measurement. The
voltage applied to each PMT is set to the value to achieve a gain of 1 x 107, which is
determined by HPK.

Figure 3.13 shows the DAQ system. Signals from PMTs are amplified with the ampli-
fier by the factor of 10 and the amplified signal is divided into two. One of two is converted
to a logic signal with the width of 1 us with the VME and NIM discriminators if the pulse
height of a signal (signal has negative polarity) is higher than threshold. The VME dis-
criminator is used to remotely and freely adjust the threshold and the NIM discriminator
is used to widen the narrow (about 80 ns) output pulse by the VME discriminator to 1
us, which is of the order of the time window for a single event in HK. The threshold is
set to —10 mV, which is equivalent to 1/6 of typical pulse hight of a single photoelectron
signal, —60 mV (this is value after amplified by the factor of 10). Then, number of pulses
is counted with scalers for dark rate measurement. The other of the divided signal goes
into the ADC and integrated charge of the signal is measured for gain measurement. The
gate width of integration is 200 ns. From the start of measurement of gain to July 2024,
ADC boards made by LeCroy (1182) were used, but they broke in July 2024. Therefore,
CAEN’s desktop digitizer (DT5730) has been used as a new ADC since August 2024. In
December 2023, AC couplers were added to remove the offset voltage of the output of the
amplifier. Table 3.3 is the list of equipments used for this measurement.
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Figure 3.13. DAQ system. The left is the flowchart of how signals are processed. The
right is the electric rack.

Table 3.3. List of equipment used for measurements

Use Manufacture Serial
Amplifier (for large room) REPIC RPN-092
Amplifier (for small room) REPIC RPN-093
Discriminator (VME) CAEN V814
Discriminator (NIM) Kaizu Works KN247A
Level shifter (ECL to NIM) | Kaizu Works KN1840
ADC (until July 2024) LeCroy 1182
ADC (since Aug 2024) CAEN DT5730
Scaler REPIC RPV-100
Gate generator Kaizu Works KN1500
Level adapter (TTL to NIM) | Kaizu Works KN200
Laser oscilator Hamamatsu Photonics | PLP-10 405 nm

3.4.2 Dark rate measurement

Data analysis

Dark rate of each PMT is calculated every one minute from the total number of signals
counted with the scaler. The stability of dark rate is evaluated with the same criteria as
mass measurement (see Sec.3.3.2) except for the criterion for flasher PMTs because the
setup for this measurement does not take information of charge of each dark count.
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Figure 3.14. Time variation of dark rate. The top is dark rates of 10 PMTs in the larger
dark room and the bottom is that of 6 PMTs in the smaller dark room.

Figure 3.14 shows the time variation of dark rate of each PMT from July 2023 to November
2024. There are some periods when large dark rate increase seen at the same time in all
PMTs. These correspond to the periods immediately after dark rooms were opened for
minor setup changes. As a result of applying the criteria to the time variation of dark
rates, no PMTs are judged as problematic PMTs except CH15.

In CH15, rate jumps occurred sometimes in November and December 2023. During
these rate jumps, dark rate became about 14 kHz and almost was constant. In normal
time, dark rate of CH15 was about 7 kHz, so dark rate during rate jumps was almost
exactly doubled compared with dark rate in normal time. To investigate the cause of
this problem, CH14 and CH15 of the VME discriminator were swapped since December
25th. However, no similar events have appeared after CH14 and CH15 were swapped.
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Except for those double rate, no problem has been observed. Given these circumstances,
these rate instabilities in CH15 are not considered as a problem of PMT but a problem of
electronics modules such as double pulse occurred in the discriminator or double counts
in the scaler. Therefore, it is concluded that all PMTs work stably over a year in this
setup.

While no PMTs are judged as problematic PMTs with the criteria, there seems grad-
ual rate increase or decrease. These variations may be related with the environmental
radiation by radon. Figure 3.15 shows the time variation of the radon concentration in
the laboratory. The radon concentration in Kamioka underground is high and it has sea-
sonal variations. Figure 3.16 shows the scatter plot of the average dark rate of 16 PMTs
against the radon concentration. The correlation coefficient between the average dark
rate and the radon concentration is 0.66. Therefore, the gradual variations in dark rates
are considered to be due to fluctuations in radon concentrations.
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Figure 3.15. Time variation of radon concentration at the entrance of the laboratory.
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Figure 3.16. Scatter plot of the average dark rate of 16 PMTs against the radon concen-
tration.

3.4.3 Gain measurement

Data analysis

Gain is obtained every day using the charge distribution. The flow to obtain the gain is
as below;

1. Obtain charge distribution by the ADC for each PMT.
2. Smear the charge distribution and fit it with a function.
3. Judge wether the fit is successful or not.

4. If the fit is successful, calculate gain.

The charge information of photons injected from the optical fiber is obtained for each
PMT every day by the ADC. The photon injection is conducted throughout the day,
but only data for approximately 1.5 hours (3 million events) are collected to reduce data
volume and computational resources.

The signal and the baseline of the ADC fluctuate due to the influence of noise from
the electronics modules and the rack as shown in Fig. 3.17. These fluctuations distort
the charge distribution, create multiple peaks, and make it difficult to capture the true
single-photoelectron peak as shown in Fig. 3.18.
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Figure 3.18. An example of a charge distribution distorted by noise. The pink, green,
and light blue dotted lines show the fist, second, and third term of Eq. (3.1), respectively.
The red dotted curve shows the summation of the second and third term of Eq. (3.1).

Therefore, the obtained charge distribution is smeared by convoluting a Gaussian o of
which is 0.25 pC to reduce the effect of noise (see Fig. 3.19).

36



10* i

10°

10?

10

I\IHIIl T I\HI|T| T IHHII‘ T I\IHII‘ T

[RARLE SRR AL o AL AL B

Wi ! Il
6 8
Charge [pC]

o
\N]
»

Figure 3.19. Smearing of charge distribution by Gaussian convolution. o of the Gaus-
sian is 0.25 pC. It can be seen that before smearing, the fitting described below failed
due to distortion of the charge distribution caused by noise, and that smearing enables
proper fitting. The pink, green, and light blue dotted lines in both distributions show the
fist, second, and third term of Eq. (3.1), respectively. The red dotted curve shows the
summation of the second and third term of Eq. (3.1).

Charge distribution after smeared is fitted with a function as below;
z—p\’
Fitting function = pyexp { — < 1)
V2p2
2
L — P4 3.1)
+ p3exp{ — ( ) (3.
{ V2ps
PeD3 T —p1 L —Pq
e () - ()
2 V2p, V2ps
The first term is a Gaussian corresponding to the pedestal and the second term is a
Gaussian corresponding to one photoelectron (1 p.e.) peak. The third term is a function

that takes into account incomplete amplification due to inelastic scattering at the dynode,
etc. Figure 3.20 shows how to obtain gain from charge distribution.
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Figure 3.20. How to obtain gain from charge distribution. The pink, green, and light
blue dotted lines show the fist, second, and third term of Eq. (3.1), respectively. The red
dotted curve shows the summation of the second and third term of Eq. (3.1).

Then, gain is calculated from

Ps—P1

G = 1602 x 1019

(3.2)

To exclude cases where fitting was unsuccessful due to the influence of noise or other
factors, a fitting result is excluded if the value of x? falls outside the 0.5% to 99.5% confi-
dence interval of the chi-squared distribution with n degrees of freedom. The probability
that the fitting is unsuccessful depends on the noise in each channel, but it is about 0 to
10 %.

The above process is carried out daily, and the gains has been measured over a year.

As mentioned in Sec.3.4.1, ADCs for gain measurement were replaced on August
2024 and new one and previous ones are not same. To calibrate the difference between
the different ADCs, the average of the data taken from August 7th to 10th is used for
correction. That data is compared with the predicted gain on that dates by extrapolating
the data with previous ADCs. Figure 3.21 shows how to obtain the correction factors and
Table 3.4 is the calculated correction factors.
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Table 3.4. List of correction factors

CH | Correction factor
0 x 1.029
1 x 1.032
2 x 1.044
3 x 1.035
4 x 1.044
5 x 1.034
6 x 1.040
7 x 1.058
10 | x 1.022
11 | x 1.013
12 x 1.015
13 x 1.020
14 x 1.010
15 x 1.019
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Figure 3.22. Time variation of gain. The left top shows the gain of 8 PMTs in the larger
dark room and the left bottom shows the gain of 6 PMTs in the smaller dark room. The
right is the distribution of change rate of gain per year when the gain of each PMT at the
beginning of the measurement is set to 1. In CH6, data from November 11** to November
28" (red circle) were rejected when calculating the variation of the gain due to a clear
abnormal gain caused by a cable connection problem.

The left figures (top, bottom) of Fig. 3.22 shows time variation of gain of each PMT
from October 2023 to November 2024. In CH6, data from November 11th to November
28th (red circle in the left top figure) were clearly abnormal. This was due to bad cable
attachment and was recovered after reconnecting cables. This abnormal period of CH6
was rejected when calculating gain variations. The right figure is the distribution of change
rate of gain per year when the gain of each PMT at the beginning of the measurement is
set to one. As this distribution shows, most PMTs measured in this measurement have
increase tendency of gain and the average of the change rate of gain is

Average of gain change = 1.3 + 0.4 %/year. (3.3)

A trend of increasing gain is observed in mass produced HKPMTs as well as SKPMT.

The gain of one PMT (CH12) has decreasing tendency. As explained in Sec.3.2.2,
the variation of gain is thought to be due to the change of the amount of cesium in the
dynode during operation and there are individual differences. In fact, some SKPMTs have
decreasing tendency of gain.

3.4.4 Summary of long-term measurement

In long-term measurement, dark rate and gain of 16 PMTs have been monitored since
July 2023 and October 2023, respectively.
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Dark rates have remained stable over a year. Although the number of PMTs measured
is small and the statistics are limited, based on this result, it is unlikely that the number
of PMTs that become unstable during operation will drastically increase within one year.

For gain, increasing tendency of 1.3 + 0.4 %/year has been observed and this is a
similar trend with SKPMT. Therefore, regular gain measurements will be required during
operation of HK to apply corrections during analysis.

3.5 Summary and discussion of stability evaluation of
PMT

After mass production of HKPMT began in 2020, problems about the stability of the
dark rate were identified and actions have been taken such as improving the PMTs and
performing pre-shipping screening tests by HPK. In addition, a long-term increase in
gain has been observed in SKPMTs, and it was necessary to check whether the same
phenomenon occurs in HKPMTs. Based on these backgrounds, two types of measurements
have been conducted since July 2023; mass-measurement of dark rate and long-term
measurement of dark rate and gain.

As for the evaluation of the gain change in long-term measurement, increasing tendency
has been observed. This is a similar trend with SKPMT.

As for the evaluation of dark rate and its stability in both mass-measurement and long-
term measurement, the cumulative result of mass-measurement and the result of long-term
measurement satisfy HK’s requirement. However, more consideration is required when
considering a 10- or 20-year operation of HK. Even if the fraction of problematic PMTs
is within 5 % over measurements conducted for 1 to 6 months, this does not guarantee
that the fraction will not change significantly over 20 years of operation. In long-term
measurement, no problematic PMTs were found, but that was still only a year. Since
it is impossible to conduct a 20-year measurement, fundamentally solving this issue is
difficult, but it may be possible to reduce the risk by additional evaluation criteria or
measurement methods. For example, the current HK’s requirement only considers the
number of problematic PMTs, but a PMT that was unstable for a very short time differs
in operational impacts for HK from one that remained unstable from the moment the
problem occurred until the end of the measurement. Additionally, measuring at a voltage
higher than the specification may serve as an accelerated test.
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Chapter 4

Evaluation of proton decay search
sensitivity for Hyper-Kamiokande

Nucleon decay is one of the main physics targets of HK. In particular, the mode that a
proton decays into a positron and a neutral pion (p — e™7%) is one of the main decay
modes predicted in many GUTs and have been searched by various experiments. The
mode of p — et7¥ is good for experimental search because the signal of this mode is
simple and distinctive.

In this chapter, the sensitivity to p — e*7% in HK is evaluated. The sensitivity to
p — et in HK was also estimated in [14], but it was based on the software used in
SK. This thesis represents the first attempt using software developed for HK. There are
some incomplete aspects in the tuning and development, and those points are mentioned
in each section.

4.1 Monte Carlo Simulation

The Monte Carlo simulation (MC) of the proton decay and background events in HK is
carried out in the following order; the decay and interactions inside the nucleus, propaga-
tion of particles inside the detector, and the detector response when Cherenkov photons
are observed by the PMTs.

4.1.1 Event generation

Proton decay simulation

In this analysis, it is assumed that proton decay equally happens in each proton of H,O
which contains two proton in hydrogen nuclei and eight protons in oxygen nuclei.

Protons in hydrogen are called “free protons” and assumed to be at rest. Since free
protons are at rest and do not interact with other particles, the electron and neutral pion
are emitted back to back when a free proton decays and each of them has a monochro-
matic momentum of 459.43 MeV /c. A 7° decays into two gamma rays immediately after
generated.
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On the other hand, protons in oxygen are called “bound protons”. On bound protons,
there are effects of the Fermi momentum, nuclear binding energy, and collisions with
other surrounding nucleons. The ratio of protons in s-state to those in p-state is set to
1:3 based on the nuclear shell model [24]. The Fermi momentum of a nucleon in 'O is
distributed based on electron-'2C scattering data [25]. The binding energy is distributed
as a Gaussian with a mean of 39.0 MeV (10.2 MeV) and a sigma of 15.5 MeV (3.82 MeV)
for s-state (p-state) protons. The effective proton mass is calculated by subtracting the
binding energy from the proton mass. When the wave function of a proton is overlapping
with that of the other surrounding nucleon during the decay, this decay becomes a two-
body system decay, named “correlated decay”. The probability of correlated decay in
bound proton decays is predicted to be about 10 % based on [26]. Figure 4.1 shows the
distributions of the simulated momentum and effective mass of protons [15].
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Figure 4.1. Distributions of simulated initial momentum (left) and effective invariant
mass (right) of protons. The cyan, black, green, red and purple histograms correspond to
free, bound, s-state, p-state and correlated decay protons, respectively. Taken from [15].

The interactions with the nucleons in an oxygen are also considered for the particles
emitted from a decayed proton. While a positron generated in '°O escapes from nucleus
without any interaction, a 7° interacts hadronically with nucleons. These interactions
are called the pion final state interactions (7-FSI) and simulated in NEUT [27]. NEUT
is a neutrino-nucleus interaction simulation program library. NEUT is used for not only
simulation of neutrino-nucleus interactions but also nucleon decay simulations because it
can extensively simulate the interactions between nucleons and hadrons generated within
the nucleus. In NEUT, a custom semi-classical intranuclear cascade model [28] is used to
simulate 7m-FSI. The interaction positions are determined using a Woods—Saxon nucleon
density function [29]. Table 4.1 shows the breakdown of the fraction of the types of 7-FSI
in the sample of proton decay used in this analysis.

Table 4.1. Breakdown of the fraction of the types of w-FSI

No interaction

Charge exchange

Scattering

Absorption

34.6 £ 0.2 %

149 £ 02 %

2224+ 0.2 %

283+ 0.2 %
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Background simulation

For the background events of p —e* 7, only atmospheric neutrinos are assumed because
there are no other considerable backgrounds. In this analysis, the atmospheric neutrino
flux at SK calculated based on the Honda model [30][31], called “Honda flux” is used
because the flux at HK has not been calculated yet. Figure 4.2 shows the Honda flux.
The flux by other models from the FLUKA [32]| and the Bartol [33] are plotted together.
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Figure 4.2. Direction-averaged atmospheric neutrino flux at SK by the Honda flux (red)
and other models (blue, black, and green). The absolute flux is on the left and the the
flux ratio is on the right. Taken from [30].

The interactions of neutrinos with water are simulated by NEUT [27]. In the atmo-
spheric neutrino MC, the interactions of neutrinos with electrons are neglected because
the cross section for neutrino-electron interaction is three orders of magnitude smaller
than that for neutrino-hadron interactions. The neutrino interactions include two types;
Charged Current (CC) interactions mediated by the W boson and NC interactions me-
diated by the Z boson. In both CC and NC interactions, there are three main types of
reactions; Quasi-Elastic (QE) scattering, resonant productions, and Deep Inelastic Scat-
tering (DIS). Figure 4.3 shows the distributions of the CC v, and v, cross sections per
nucleon as a function of neutrino energy simulated in NEUT and the experimental data
[34].
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Figure 4.3. Distributions of CC v, (left) and v, (right) cross sections per nucleon as a
function of neutrino energy simulated in NEUT (solid lines) and the experimental data
(dots). Taken from [34],

CCQE and NCQE are the dominant interactions in the region of the neutrino energy
below 1 GeV. CCQE is described as below;

CCQE:v+ N — 1+ N', (4.1)
and NCQE is as below;
NCQE:v+ N = v+ N, (4.2)

where N and N’ are the initial and final nucleons, and [ is the lepton. The scattering
with multiple nucleons as below also exists;

v+ NN =1+ NN, (4.3)

where NN’ and N'N” are the combinations of initial and final nucleons, respectively.
In the resonant production, a single meson or photon is produced by the barion reso-
nance through neutrino interactions as follows;

v+ N =1+ N +(r, K, v, n). (4.4)

The coherent pion production, where a neutrino interacts with the entire atomic nucleus
and produces pions, also occurs;

v+90 = 14+1°0 + 7. (4.5)

v,CC events with 1 7° become the dominant backgrounds for p — e*7” because the

particles generated in v,CC17?, an electron and a 7°, are same as those in p — e*7°.
DIS is the dominant process in a high energy region above around 10 GeV. Such a

high energy neutrino interacts with quarks and gluons and generate hadrons as below;

v+ N — 1+ N' + hadrons. (4.6)
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4.1.2 Propagation of particles in water

How the detector works when particles are emitted by proton decay and neutrino reactions
in HK is simulated by a simulator named WCSim [35]. WCSim is a Geant4-based Monte
Carlo simulation tool for developing and simulating large water Cherenkov detectors. The
Geant4 is a simulation package widely used in high-energy physics that can accurately
simulate the interaction of particles as they pass through matter [36].

The propagation of particles in water is simulated with the FTFP _BERT package [36]
of the Geant4. The propagation of Cherenkov photons in water is simulated considering
the attenuation and scattering in the water.

4.1.3 Detector response

When Cherenkov photons reach the PMTs, a part of them are registered as hits, taking
into account the detection efficiency of the PMTs. The hits are digitized based on the
electronics scheme used in SK until 2001 [37], because the electronics module for HK and
the QBEE (see 3.3.1) are not implemented in WCSim now. The disadvantage of this old
scheme is its inability to tag neutrons. In SK, while the difference in the electronics had
little impact on the detection efficiency of the signal events of p — e™n", the number
of backgrounds with the old electronics scheme is about twice as large compared to that
with QBEE, which is capable of neutron tagging [12]. Since neutron tagging is not used
in this analysis, there is still room for improvement in the number of backgrounds.

The event trigger is issued when the number of digitized hits exceeds 37 in a slid-
ing time window of 200 ns. Charge and time information of hits in a time window of
—450 ns < Tirigger < 950 ns are saved, where T}igge is the time when the trriger is
issued. In this thesis, the dark rate is assumed to be 4.2 kHz, the same level as SKPMT,
and random hits are added to each PMT within the time window so that the average
becomes 4.2 kHz.

Figure 4.4 is the event display of a p — e*n® event. The white-bordered circle and
rectangle represent the unfolded view of the cylindrical tank of HK. The colorful dots in
the figure represent the PMTs, and the color of each dot indicates the amount of charge
detected by each PMT. Three Cherenkov rings formed by the positron and two gamma
rays from the 7 are visible.
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Figure 4.4. Event display of a p — e*7¥ event.

4.2 Event Reconstruction with fiTQun

When an event occurs in HK, the recorded information of detected charge and timing of
each PMT is used to reconstruct the vertex, particle momentum, and particle type for
that event. In this analysis, a reconstruction tool called “ATQun” is used. fiTQun is a
package for event reconstruction in water Cherenkov detectors and was initially developed
for SK and T2K experiments based on the reconstruction method used in the MiniBooNE
experiment [38]. The old reconstruction tool named “APfit” [39] was used in the previous
analysis of p — e"7® in SK, while iTQun was used for the mode of p — utK° in SK
[40].

fiTQun is a maximum likelihood fitter and the reconstruction is performed as following
steps;

1. Vertex pre-fitter
2. Single-ring fitter
3. Multi-ring fitter

In this section, overviews of the likelihood function and each step of reconstruction are
explained. The more detail information about fiTQun is discussed in [41].
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4.2.1 Likelihood

The strategy of fiTQun is to search for the values of various variables to maximize the
following likelihood function,

unhit hit

L(r) = [ Pitunbitluy) [T{1 = Pi(unbitlpg}fy ) fo(6]D).

where p is is predicted charge (explained in Sec.4.2.2) as a function of I', and T is a set of
parameters including vertex position = (z,v, z), time t, zenith angle 6, azimuth angle
¢, and momentum p. In this equation, the index j runs over all PMTs which did not
register a hit (“unhit” PMTs) and the index ¢ runs over all PMTs which registered a hit
(“hit” PMTs). P;(unhit|y;) is the probability that the PMT does not register a hit and
1 — P;(unhit|y;) is the probability that the PMT registers a hit. f,(¢;|p:) and fi(t;|x) are
the probability density functions of the observed charge and time, respectively. f,(g:|w)
and f;(t;|x) are based on detector simulations of electron, muon, and pion events in HK
with WCSim.

4.2.2 Predicted charge

When a single particle hypothesis with parameters I is given, the predicted charge each
PMT observes is estimated for the direct light (u4"), indirect light due to scattering
with water (u°¢!), and charge due to dark count (ud*™*), separately. In the case of a
multi-particle (n particles) hypothesis, the predicted charge is independently calculated
for n-th particle hypothesis and summed for all particle hypotheses as follows.

peo= > (i ) + pet (4.7)

n

In this analysis, the dark count rate is assumed to be 4.2 kHz, the same level as SKPMT.

pde® takes into account this value. u%" and p** are given as below:
p = @(p) [ dsglp.s.cos6)2ARIT(R)eln) (1.9
and
it = 0lp) [ dsyplp IURT(RIA) (1.9)

where s is the distance the particle has traveled from the point where it began to emit
Cherenkov light, and p is the momentum of the particle at the position where it started to
emit Cherenkov light. R, €, and 7 are variables to indicate the relative position between
the PMT and the particle as shown in Fig. 4.5.

48



*
. 9 1
Al
.\ 1
. 1
1
. 1
fy
‘ 1
. 1
1y
1
\ 1
.
. 1
. 1
R 1
y
. 1
Al
. 1
. 1
/ ; 1
.
. 1
e
‘
A
*
A |
.
]

Figure 4.5. Schematic diagram illustrating the relationship between the variables for the
predicted charge, with the particle’s vertex position marked as a white dot. Taken from
[41].

In Eq.4.8 and Eq.4.9, ® is the photon yield, g is the Cherenkov emission profile, €2 is
the PMT solid angle factor, T is the light transmission factor, € is the PMT angular
acceptance, p is the photo emission fraction and A is the ratio of charge generated by
direct light to that generate by indirect light.

fiTQun used in this thesis is under development and does not take into account the
scattering of Cherenkov photons in water.

4.2.3 Vertex pre-fitter

The vertex position of an event is determined by minimizing — In L(T"). To ensure that the
—In L(T") converges, proper initial parameters are needed. The vertex pre-fitter roughly
estimates the vertex position & and time ¢ using information of hit timing of each PMT
in a time window of (-100 ns, +400 ns) around the event trigger. « and ¢ are estimated
by maximizing the goodness function defined as below;

hit

G(e,t) = Zexp(—(Tfes/U)z/QL (4.10)

where

T!., = ti—t—|Rsp —x|/(c/n). (4.11)

res

t; and R%,,; are hit time and position of the i-th PMT. When t and x get close to the

true time and position of the event, 7" . get close to 0 and G(z,t) becomes larger. The
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pre-fitter first maximizes the goodness by performing a rough iterative grid search in time,
shrinking the grid size and o. After the grid search is done, —G(x,t) is minimized with
o = 4 ns and obtained values are given as the seeds of minimization of —In L(x).

If there are multiple hit clusters by the secondary reactions such as Michel electrons
from muon decay near one event trigger, they are counted as subevents as the following
procedure. First, the goodness G(x,t) discussed in Eq.4.10 is scanned from —200 ns to
15000 ns around the event trigger, while varying the time ¢ by fixing the & the vertex
pre-fitter provided. Figure 4.6 is an example of the distribution of goodness as a function
of t. In this figure, the goodness has several peaks at different times.
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Figure 4.6. Distribution of goodness as a function of ¢ for an event with a parent muon
and a Michel electron. The vertical dashed lines indicate true particle time. The black
dots are the scanned goodness points. The blue and green lines indicate the threshold
which are used to search peaks. The red vertical lines indicate the time of the subevents
found by the algorithm. Taken from [41].

After the peaks are searched, a time window of —180 ns < T" < 800 ns is set around
each peak, where T is the peak position. If the time windows for different peaks are
overlapped, they are merged. In each time window, T/, is re-evaluated.

Finally, the vertex pre-fit and the peak search are conducted again. The final time
windows are fixed for each remaining peak, and the maximum likelihood reconstruction

is done in each of them.

4.2.4 Single-ring fitter

After the vertex position and time of each subevent are roughly determined by the vertex
pre-fitter, the single-ring fit is performed to determine the direction, momentum, vertex
position and time of the particle for each subevent with single-ring hypothesis. The single-
ring fitter considers the particle that gave rise to the ring to be an electron, a muon, or a
charged pion.
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First, single-ring electron fit is performed by minimizing the —In L. Second, single-
ring muon fit is performed by using the value obtained in the single-ring electron fit as
the seed. As for charged pion hypothesis, a charged pion can interact with nucleus of
water hadronically and make two rings. A ring made before such interaction is defined as
“upstream ring” and one after the interaction is defined as “downstream ring”. Therefore,
single-ring charge pion fitter is performed considering both the upstream and downstream
ring.

For the first subevent, the result of the single-ring fit above is used as the seed of the
multi-ring fitter explained in Sec.4.2.5 and the particle type is identified by the multi-ring
fitter. For the subsequent subevents, the particle identification (PID) is done based on
the result of the single-ring fit because the multi-ring fitter is performed only for the
first subevent. However, the parameters for the PID for those subsequent subevents have
not tuned yet for HK. In this thesis, only the first subevent is used for analysis, so this
incompletion is not a problem.

4.2.5 Multi-ring fitter

fiTQun also deals with multi-particle events by the multi-ring fitter for the first subevent.
The multi-ring fitter searches up to 6-rings. Subsequent subevents are not considered as
multi-particle events because they usually do not contain multi-particles.

The ring counting procedure is shown in Fig. 4.7.

IR e
/\
2R
O\ PN
3R C=)
< ™\ ¥ ™\ ¥\ ¥ "\

4R (eefee) ( ee‘err) ( ee:l'l'e) (ee1-'r1'r) ( eT'l'ee) (err'err) (erfne) (eTl'-Tl'Tl')

Figure 4.7. Tree diagram illustrating the ring counting algorithm. In this figure, the
process starts from single electron ring hypothesis. Taken from [41].

The multi-ring fitter uses the results of the single-ring fitter as a starting point as
mentioned in Sec.4.2.4. In addition, all rings are once fitted as either electrons or pions.
The muon hypothesis is only considered at the end of the sequence of steps. The basic
flow is,

1. Add one ring to the current number of rings (n-ring hypothesis) and perform fitting
as (n + 1)-ring hypothesis. As the additional ring, both electron and 7 are tested.

2. Compare the likelihood L, of n-ring hypothesis and the likelihood L;,41)r of n+1-
ring hypothesis, and determine whether the added ring is a true ring or a fake using
the following criteria.
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e In(Lsr/Lig) > 180 (when n =1 and the added second ring is electron.)
e In(Lyr/Lig) > 117 (when n =1 and the added second ring is 7.)
o In(Li1yr/Lnr) > 105 (when n > 1)

These cut values (180, 117, and 105) are tuned for HK using MC.

3. If the L¢,11)r meets the criteria above, the added ring is judged to be true. If so,
the ring is accepted and the process is repeated from 1 to 3. If the ring is judged to
be fake, the ring is rejected and the process stops at the n-ring hypothesis.

Figure 4.7 shows only the case where the first ring is e-like, but same procedure is per-
formed for the case where the first ring is 7 -like. After all the branches of the multi-ring
hypothesis tree are terminated, the hypothesis with the smallest -InL is chosen as the seed
hypothesis and the others are rejected. For the seed hypothesis, if there are two rings with
an angle of less than 20 degree between them, they are combined into a single ring with
the total energy of the two rings. After this ring merging, first, the most energetic ring
is refitted with both electron and 7 hypotheses while the other rings are fixed. If the
following criterion is met for the ring, it is identified as e-like and the original hypothesis
is replaced.

In(Le/Ly+) > —10 (4.12)

If not, the ring is identified as w+-like. These re-fitting and re-identified process as above
are performed for all the remaining rings in the descending order of the visible energy.

As mentioned earlier, in the multi-ring fitter, only e/7" separation is considered until
the number of ring and the type of each ring (e-like or 7t-like) are determined in the
procedure above. However, in case the ring is judged as 7" -like and it is the most energetic
ring, the ring is always considered as a muon, while it is always considered as 7 if it is
a lower energy ring.

4.2.6 Dependence of fiTQun performance on distance from wall

When the true vertex position is near the wall of the detector, the number of PMTs that
receive Cherenkov light may be small compared with that when the vertex is far from the
wall. Since iTQun uses the information of PMTs for reconstruction, such a small number
of hits makes it difficult to reconstruct the event accurately. Therefore, the performance
of fiTQun depends on the distance between the vertex position and the wall. Here, the
dependence of the momentum resolution and the performance of the particle identification
(PID) on the distance from the vertex position to the nearest wall are discussed using
samples of electrons and muons with a kinetic energy of 500 MeV.

The momentum resolution is defined as the ratio of the sigma of the Gaussian fitted
to the distribution of the reconstructed momentum to the true momentum (see Fig. 4.8).
Figure 4.9 shows the momentum resolution plotted as a function of the distance from
the true vertex points to the nearest wall for elactrons and muons. From Fig. 4.9, the
momentum resolution becomes worse as the vertex position gets closer to the wall. In
particular, in the region of the distance below 100 ~ 200 cm, the resolution is clearly
worse than in the other region.
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Figure 4.8. Definition of the momentum resolution. The blue histograms shows a distribu-
tion of reconstructed momentum. The red line shows a Gaussian fitted to the histogram.
The momentum resolution is defined as the ratio of the sigma of the Gaussian to the true
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Figure 4.9. Momentum resolution plotted as a function of the distance from the true
vertex points to the nearest wall for elactrons (left) and muons (right).

As mentioned in Sec.4.2.5, PID is performed using In(L./L.+). Figure 4.10 shows the
distributions of In(L./L,+) for electrons and muons in the region where the distance from
the nearest wall is greater than 200 cm. In Figure 4.10, electrons and muons are well
separated.
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Figure 4.10. The distributions of In(L./L,+) for electrons and muons in the region where
the distance from the nearest wall is greater than 200 cm.

Figure 4.11 shows the accuracy of the PID as a function of the distance from the true
vertex position to the nearest wall for electrons and muons. From Fig. 4.11, the PID
accuracy also becomes worse as the vertex position gets closer to the wall. In particular,
the PID accuracy for muons is clearly worse in the region of the distance below 100 ~
200 cm.
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Figure 4.11. PID accuracy plotted as a function of the distance from the true vertex
position to the nearest wall for electrons (left) and muons (right).

In addition to the above, when cosmic muons come from the outside of the detector,
their vertex position will be reconstructed near the wall surface. From these reasons, the
region near the wall should not be used for the analysis. The official fiducial volume of
HK is defined as the region where the distance from the nearest wall is greater than 150
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cm. With this definition, the fiducial volume of HK is 188 kt. In SK, fiTQun was actually
tuned so that the performance remains consistent up to a distance of 150 cm from the
nearest wall [15]. However, considering the imperfections in tuning of iTQun and the
fact that the veto against cosmic ray muons is still undeveloped and it is unclear how
well it will perform, the fiducial volume of HK in this thesis is conservatively defined as
the region where the distance from the nearest wall is greater than 200 cm. With this
definition, the fiducial volume of HK is 183.3 kt and 5 kt smaller than the official value.
Whether the fiducial volume can actually be extended up to a region of 150 cm from the
nearest wall is a future task.

4.3 Proton decay analysis

4.3.1 Event selection

In this analysis, the signal of p —e*7¥ is selected by the criteria as below :
1. The reconstructed vertex is inside the fiducial volume
2. The number of reconstructed rings is two or three
3. All rings should be identified as e-like
4. No Michel electron
5. 85 MeV/c? < invariant mass of two gamma rays < 185 MeV /c? for 3-ring events
6. 800 MeV/c? < total invariant mass < 1050 MeV /c?
7. Total momentum < 250 MeV /c

To compare this analysis and the analysis in SK, these criteria are the same as those used
in the latest analysis in SK [12|. However, an additional criterion that the number of
tagged neutron is zero is imposed after the criterion 7 in SK because almost no neutrons
appear in p —e* 7. This criterion for tagged neutrons reduced the backgrounds by half
while reducing the signal efficiency very little in SK [12|. However, this criterion is not
used here because neutron tagging algorithm is not applied in this analysis due to the
old electronics scheme implemented in WCSim as mentioned in Sec.4.1.3. The criterion
1 to 7 mentioned above are discussed below using 50000 signal events and 0.917 Mt-year
worth (corresponding to 5 years operation in HK) atmospheric MC.

For the criterion 1, the distance from the wall to the reconstructed vertex is called
“dwall”. As discussed in Sec.4.2.6, the fiducial volume of HK is defined as the region
where the distance from the nearest wall is greater than 2 m in this thesis. Therefore,
only events with dwall > 200 cm are selected.

For the criterion 2, in the mode of p —e* 7%, a positron and a neutral pion are emitted
back-to-back from a proton at the rest frame of the proton. The neutral pion decays
immediately into two gamma rays because life time of a neutral pion is about 10710 s.
Those two gamma rays create two e-like rings by the electromagnetic shower process.
However, those two gamma rays cannot be reconstructed correctly when one of them has
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very low momentum due to the Lorentz-boost. Moreover, when there is overlap between
three rings, some of the rings may not be able to be reconstructed correctly. Taking
into account such effects, the 2- or 3-ring events are selected by the criterion 2. As
for atmospheric neutrino events, most single electron or muon events from the CCQE
interaction are rejected with this criterion. Figure 4.12 shows the distribution of the
number of rings in the signal and atmospheric neutrino MC after applying the criterion
1. About 30 % of signal events are counted as 1-ring due to the absorption of 7° in the
nucleus.
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Figure 4.12. The distribution of the number of rings in the signal (right) and atmospheric
neutrino (left) MC after applying the criterion 1. In the right plot, the black histogram
is for all protons and the blue one is for free protons. The black vertical lines and arrow
symbols show the selected region for the criterion 2.

For the criterion 3, in p — e™n%, visible particles are one electron and two s except

when a charged pion is produced by charge exchange in the nucleus. Since both an electron
and a gamma generate e-like ring, the criterion 3 requires that all rings are e-like. As for
backgrounds, many of events such as primary neutrinos are v, (v,) are removed. About
60-70 % of backgrounds can be rejected with this criterion because the ratio of electron
neutrinos to muon neutrinos in atmospheric neutrinos is 1:2 when ignoring the neutrino
oscillations. Atmospheric neutrino events where charged pions or secondary muons are
generated are also rejected. Figure 4.13 shows the distribution of all e-like or not in the
signal and atmospheric neutrino MC after applying the criterion 1 and 2.
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Figure 4.13. The distribution of all e-like or not in the signal (right) and atmospheric
neutrino (left) MC after applying the criterion 1 and 2. In each histogram, 1 of the
horizontal axis means all e-like (accepted) and 0 means the other (rejected). In the right
plot, the black is for all protons and the blue is for free protons. The black vertical lines
and arrow symbols show the selected region for the criterion 3.

For the criterion 4, in p —e™7", no muons appear except when a charged pion is
produced by charge exchange in the nucleus. Therefore, the criterion 4 requires that the
number of Michel electrons is zero. Though the criterion 3 also removes events containing
p-like particles, this selection can reject atmospheric neutrino events where muons which
have lower momentum than the Cherenkov threshold or long life mesons are generated.
Figure 4.14 shows the distribution of the number of Michel electrons in the signal and
atmospheric neutrino MC after applying the criterion 1-3.
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Figure 4.14. The distribution of the number of Michel electrons in the signal (right) and
atmospheric neutrino (left) MC after applying the criterion 1-3. In the right plot, the
black histogram is for all protons and the blue one is for free protons. The black vertical
lines and arrow symbols show the selected region for the criterion 4.
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For the criterion 5, when the number of rings is determined to be three in the criterion
2, the invariant mass of 7° (M,,) can be reconstructed because both of the two gamma
rays from 7° are reconstructed. In this analysis, two of the three rings are chosen and
the invariant mass is calculated in each combination. The one closest to 135 MeV/c? is
chosen as M,,. Figure 4.15 shows the distribution of the reconstructed 7° mass in the
signal and atmospheric neutrino MC after applying the criterion 1-4.
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Figure 4.15. The distribution of M, in the signal (right) and atmospheric neutrino (left)
MC after applying the criterion 1-4. In the right plot, the black histogram shows the
all protons and the blue one shows the free protons. The black vertical lines and arrow
symbols show the selected region for the criterion 5.

In the distribution for signal events, there is a clear peak around 135 MeV /c?. Thus,
events satisfying 85 MeV /c? < M,, < 185 MeV/c? are selected. In the distribution for
the atmospheric neutrino events, there is also a peak around 135 MeV /c? because many
events with three e-like rings include a 7° such as CC17® events. However, some other
mesons such as n also have a decay mode with two vs and those events are removed.

For the criterion 6, the invariant proton mass M, can be calculated from the ob-
served momentum and energy of all of the two or three rings. Figure 4.16 shows the
distribution of M;, in the signal and background events after applying the criterion 1-5.
In the distribution of signal events, especially for free protons, there is a clear peak of the
distribution in signal events is around true proton mass (938 MeV /c?). Thus, events sat-
isfying 800 MeV /c? < M,, < 1050 MeV /c? are selected. On the other hand, the number
of background events is small in the region of 800 MeV /c* < M, < 1050 MeV /c?.
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Figure 4.16. The distribution of reconstructed proton mass in the signal (right) and
atmospheric neutrino MC (left) events after applying the criterion 1-5. In the right plot,
the black histogram shows the all protons and the blue one shows the free protons. The
black vertical lines and arrow symbols show the selected region for the criterion 6.

For the criterion 7, the total momentum P,,; is the sum of the observed momentum
of all of the 2 or 3 rings. Figure 4.17 shows the distribution of P, in the signal and
atmospheric MC after applying the criterion 1-6. From Fig. 4.17, it can be seen that
many signal events exist in the region of P,,; < 250 MeV /¢, especially for free protons.
Thus, events satisfied P,y < 250 MeV /c are selected. This selection is very effective to
reject backgrounds because most particles generated by atmospheric neutrinos are emitted
to the forward region.
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Figure 4.17. The distribution of total momentum in the signal (right) and atmospheric
neutrino(left) MC after applying the criterion 1-5. In the right plot, the black histogram
shows the all protons and the blue one shows the free protons. The black vertical lines
and arrow symbols show the selected region for the criterion 7.

The breakdown of the signal efficiency and the number of the remaining atmospheric
neutrino MC after applying each selection criterion are shown in Fig. 4.18 and Table 4.2.
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The signal efficiency is defined as the ratio of remaining signal events after applying each
criterion to the total number of signal events true vertices of which are inside the fiducial
volume (dwall > 200 cm). The atmospheric MC is 0.917 Mt-year worth (corresponding
to 5 years operation in HK). The breakdown in the latest analysis in SK is also shown in
Figure 4.19 [12].
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Figure 4.18. Signal efficiency (right) and remaining 5 years atmospheric neutrino MC
(left) after applying each criterion. C1 to C7 in the horizontal axis correspond to the
criterion 1 to 7, respectively.

Table 4.2. Signal efficiency and remaining 5 years atmospheric neutrino MC after applying

each criterion.

Selection Signal efficiency [%)| Signal efficiency [%)| Remaining
(all protons) (free protons) backgrounds [events]
FV 99.73+0.03 99.26 + 0.09 203968 + 452
2- or 3-ring 70.4140.22 97.06 £0.19 50465 £ 225
e-like 63.87+0.23 91.71 +£0.30 19020 + 138
No Michel e 63.26+0.24 91.50 +£0.31 13998 = 118
70 mass 59.84+0.24 85.96 +0.38 12014 + 110
Total mass 40.91 £0.24 82.37 £0.42 514 £ 23
Total momentum 36.76 £0.24 82.26 £0.42 2+14
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Figure 4.19. The breakdown of the signal efficiency and remaining backgrounds in the
latest analysis in SK. C1-7 correspond to the criterion 1 to 7. C8 is ignored because it is
the criterion for number of tagged neutrons and not applied in this analysis. Taken from
[12].

Table 4.3 is the summary of the signal efficiency after applying all criteria and the
background rate. The background rate is calculated as the number of remaining atmo-
spheric neutrino events per Mt-year after applying all criteria, assuming that the fiducial
volume is 183.31 kt.

Table 4.3. Signal efficiency after applying all criteria and background rate

Signal efficiency (all protons) 36.76 £ 0.24 %
Signal efficiency (free protons) 82.26 £ 0.42 %
Background rate 2.2 + 1.5 events/(Mt-year)

In the latest analysis of p —e*7® in SK, the signal efficiency with the same criteria
as this analysis is approximately 42 % for all protons. Therefore, the signal efficiency
obtained in this analysis is about 5 % worse than in SK. Comparing Table 4.2 and Fig. 4.19,
while the efficiencies at the criterion 1-4 (until the criterion for the Michel electrons)
are similar between this analysis and the SK one, the efficiencies at the criterion 5-7
(the criterion for masses and momenta) in this analysis are lower than in SK. This is
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due to worse resolution of fiTQun used in this analysis. For example, in this analysis,
the Gaussian fitted 7° mass peak and sigma are 141.0 & 0.2 MeV/c? and 23.5 4+ 0.2
MeV /c? respectively for all protons (the distribution of reconstructed 7° mass is shown
in Fig. 4.15). On the other hand, the 7° mass peak and sigma are 135.0 MeV /c? and 17.4
MeV /c? respectively in SK [12]. Therefore, the sigma of reconstructed 7 mass in this
analysis is about 30 % larger than that in SK analysis. It is speculated that this worse
resolution is due to the fact that the tuning of fiTQun is incomplete at this time. For
example, fiTQun used in this analysis does not take into account scattering of Cherenkov
light in water as mentioned in Sec.4.2.2. Therefore, the signal efficiency can be improved
if fiTQun is sufficiently tuned in the future.

In the 11.25 Mt-year worth atmospheric neutrino MC study in the latest SK analysis,
the background rate is 1.83 events/(Mt-year) [12| and it is consistent with the value
in this analysis, 2.2 + 1.5 events/(Mt-year). However, the MC used in this analysis is
only 0.917 Mt-year worth (corresponding to 5 years operation in HK) and it is not a
sufficient statistic. To increase statistics of backgrounds, additional atmospheric MC was
generated. The energies of primary neutrinos of the 0.917 Mt-year worth background MC
remaining after applying the criterion 6 (total mass cut) are distributed within 1 GeV to
100 GeV (see Fig. 4.20). Also, most backgrounds for the p — e™7¥ analysis have a parent
neutrino energy from 1 GeV to 10 GeV in the previous analysis in SK (see Fig. 4.21).
In iTQun, the time required for event reconstruction increases as the number of rings
increases (sometimes taking more than 10 minutes per event). Therefore, high-energy
events with a large number of generated particles take longer to reconstruct. On the
other hand, low-energy events below 1 GeV take less time to reconstruct, but the number
of events is large in such a low energy region. From these reasons, to save time, the energy
of a primary neutrinos of the additional atmospheric MC is restricted from 0.8 GeV to
100 GeV. As a result of this restriction, the time required to generate and reconstruct the
atmospheric neutrino MC for the same number of years has been reduced to less than
half.

The additional atmospheric MC is 9.51 Mt-years worth (51.9 years operation in HK)
and the number of remaining events after applying all the selection criteria is 15. There-
fore, the background rate becomes 1.62 + 0.40 events/(Mt-year) by merging the 5 years
MC with the full energy region and the 51.9 years MC with the energy region from 0.8
GeV to 100 GeV. This value is also consistent with that in the previous analysis in SK.
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Two box analysis

To improve the sensitivity by taking advantage of the characteristic of water having free
protons, the remaining events in the region of the total momentum < 250 MeV /¢ is further
divided into two regions; a lower momentum region (P, < 100 MeV/c) and a higher
momentum region (100 MeV /¢ < Py, < 250 MeV /¢). In the lower momentum region, free
proton decay events is concentrated while almost no atmospheric neutrino background
events exist. On the other hand, in the higher momentum region, bound proton decay
events are dominant while larger contamination from neutrino events can be seen. In the
lower momentum region, a nearly background-free search can be performed. Therefore,
we can achieve higher sensitivity by analyzing these two signal boxes separately. This
method was used in the latest search for p — e*7? in SK [12]. Table 4.4 is the summary
of the signal efficiencies and background rates in the lower and higher momentum regions.
Figure 4.22 shows the total mass (M;,;) and momentum (P, ) scatter plots for the 5451.9
year atmospheric neutrino MC and for the signal MC after applying the criteria 1 to 5.
From Fig. 4.22, it can be seen that in the lower momentum region, many free proton
events remain, whereas atmospheric neutrino events are extremely rare.

Table 4.4. Signal efficiencies and background rates in the lower and higher momentum
regions

Signal efficiency |%]| | Background rate [/(Mt-yr)]
Lower momentum 15.48 £ 0.18 0.38 £ 0.19
Higher momentum 21.28 £ 0.20 1.25 £ 0.35
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Figure 4.22. Total mass (M;,) and momentum (P;,;) scatter plots for the 5+51.9 years
atmospheric neutrino MC (left) and for the signal MC (right) after applying the criteria
1 to 5. For the right figure, the light (dark) blue shows free (bound) proton decay events.
The two boxes in both figures correspond to the P,; < 100MeV/c (lower momentum)
region and the 100 < P, < 250MeV /¢ (higher momentum) region.
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4.3.2 Sensitivity

Here, the search sensitivity (expected lifetime limit at 90 % confidence level (CL)) to the
mode of p — e*7® in HK is discussed. The search sensitivity is calculated as follows;

S e ). 13)
exp 90%CL\T0, 11, 0o, 01 .
ng=0n1=0
1
Texp/B — F_ (4.14)
exp

where I'cy, is the expected decay rate, the subscripts 0 and 1 represent the lower-momentum
and higher-momentum regions respectively, b; is the expected number of background
events in each momentum region, n; is the number of candidate events in each momen-
tum region, and B is the branching ratio of a particular decay mode. I'ggzcr (10, 121, bo, b1)
is an upper limit of the decay rate with a candidate of (ng, n;) and a background of (bg, b;)
at 90 % CL. T'ggncr, is derived by the following procedure.

The probability of detecting n; events is given by a Poisson statistics as below if the
decay rate I', the exposure \;, the signal efficiency ¢;, and the number of background
b; are known (i = 0 and ¢ = 1 correspond to the lower and higher momentum region,
respectively);

67<F}\i6i+bi) (F/\zez + bz)n’

n;:
Applying Bayes’ theorem to this probability, the following formulas are obtained;

Here, the decay rate, the exposure, the signal efficiency, and the number of background
are assumed to be independent. With this assumption, Eq.4.16 is transformed as below;

P(DAeibini) P(ni) = P(ni|Dhieid;) P(T)P(A) P(e;) P(by). (4.17)

Then, the probability density function of the decay rate is given as follows;

(e FA€r+b)  Ple) P(b)desdbid
P(T|n;) = / / / P(D)P(\)P(e) P(b)desdbid;,  (4.18)

where A is defined as;

A= / P(T|n;)dT (4.19)
The probability of the decay rate is assumed to be uniform;

P(T") = const. (4.20)
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The probabilities P()\;) and P(¢;) are defined as a Gaussian;

P(\;) ox e~ Q28 (4.21)

P(e;) oc e (cimci0)*/208, (4.22)

where \;y (0,) and € (o,) are the estimations (systematic errors) of the signal efficiency
and the exposure, respectively. The statistical uncertainty of the estimation of the back-
ground events cannot be considered as the sigma of a Gaussian because the number of
the remaining atmospheric neutrino MC after all the selection criteria is small (below 20
events). Therefore, to take into account the statistical uncertainty of the number of back-
ground, the probability P(b) is expressed as the convolution of a Poisson and a Gaussian
distribution as below;

nb.!

K3

o0 =B pny, ) 20 2
P(b) / € 2 OB g (4.23)
0

where ny, is the number of background events in the atmospheric neutrino MC in each
momentum region, C'is a constant to normalize the MC live time to the observation time,
and the oy, is the systematic error of the number of background. In this thesis, only the
statistical uncertainties of the signal efficiency and the number of background events are
considered. Therefore, Eq.4.18 is expressed as below;

00 oo ,—(LAiei+b;) T)\e; + b;)™ —Cb; Cb;)™i
P(T|n;) :/ / ‘ (CAiei + bi) e_(fi_ﬁio)Q/Qazudeidbi (4.24)
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Then, gy, is given by

Pyo%cL
0.9 :/ [ P(Tjni)ar. (4.25)
r

=0 =01

Figure 4.23 shows the sensitivity as a function of the operation time of HK. The
sensitivity for each operation time is calculated using the values of the signal efficiency
and its statistical uncertainty, the background rate by merging the 5 years MC with the
full energy region and the 51.9 years MC with the energy region from 0.8 GeV to 100
GeV, and the fiducial volume of HK discussed in Sec.4.3.1.
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Figure 4.23. Sensitivity in HK as a function of the operation time. Black curve shows the
sensitivity in HK and red horizontal line shows the Current life time limit [12].

From this figure, the sensitivity in HK exceeds the current limit after about 3 years
operation and reaches 10% years after about 25 years operation without systematic errors.
If we consider systematic errors, the sensitivity becomes worse.

The official sensitivity of HK [14] was estimated based on signal efficiency of 38 %,
a background rate of 0.68 events/(Mt-year) (using neutron tagging), an fiducial volume
of 186 kt, and systematic errors on the same level as SK. Under these conditions, it
was estimated that the sensitivity would reach the current lower limit after about 3
years operation and would reach 103° years after about 14 years operation. Therefore,
the sensitivity estimated in this study is worse than the official value. However, the
sensitivity in this study can be improved as the tuning and development of software for
HK is completed, leading to a better signal efficiency, a larger fiducial volume, and a lower
background rate with neutron tagging.

4.4 Summary

The search sensitivity to the mode of p — et is evaluated. This study represents the first
attempt using software developed for HK. From the signal and background (atmospheric
neutrino) MC study, the signal efficiency 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 efficiency
and the background rate were about 42 % and 1.83 events/(Mt-year) respectively in the
previous analysis in SK. The search sensitivity in HK with only statistic errors exceeds
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the current life time limit after 3 years operation and reaches 10*° years after about 25
years operation. These results are worse than the official sensitivity of HK with software
for SK, but they can be improved if tuning of software for HK is completed and additional
analysis techniques such as neutron tagging are applied.
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Chapter 5

Summary

HK is a gigantic water Cherenkov detector that is the successor to SK. HK is under
construction and the operation will be started in 2027. Proton decay, which is an effective
phenomenon to test the theory beyond SM, is one of the main physics target of HK.

In preparation for the search for proton decay in HK, this thesis first evaluates the sta-
bility of HKPMT, which are key to the performance of HK, through two types of measure-
ments; “mass-measurement” and “long-term measurement”. In mass-measurement, dark
rate and its stability for 1 to 6 months are evaluated and the quality stability throughout
the mass production are also monitored. In long-term measurement, dark rate and gain
of 16 PMTs have been monitored over a year. For the dark rate, while the results of both
measurements basically satisfies the HK’s requirement, further investigation is needed to
understand the intrinsic characteristics of PMTs espcially for mass-measurement. In ad-
dition, more consideration is required when considering a 10- or 20-year operation of HK.
For gain, increasing tendency of 1.3 + 0.4 %/year has been observed. This is a similar
trend with SKPMT.

The sensitivity of HK to proton decay (p — e*n?) is also evaluated. This thesis
represents the first attempt using software developed for HK. Compared to the analysis
in SK, the signal efficiency is reduced by a few percent. However, this is thought to
be due to the fact that the event reconstruction tool does not account for Cherenkov
light scattering in water, and there is room for improvement through future tuning. The
amount of background is similar to that of SK without neutron tagging. Assuming 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 103°
years after about 25 years operation. These results are worse than the official sensitivity
of HK with software for SK, but they can be improved if tuning of software for HK is
completed and additional analysis techniques such as neutron tagging are applied.
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