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Abstract

Hyper-Kamiokande is the next-generation experiment that aims to measure
the leptonic CP violation, determine neutrino mass ordering, observe astrophysi-
cal neutrinos, and search for proton decay. Hyper-Kamiokande, scheduled to start
operation in 2027, will have approximately 20,000 newly developed 50-cm photo-
multiplier tubes (PMTs). Hyper-Kamiokande requires high-precision calibration
to reduce systematic errors. In order to calibrate the Hyper-Kamiokande detector,
it is necessary to understand the PMTs' response and establish a method to eval-
uate their performance before the installation. This pre-calibration is performed
in air at room temperature, while the actual operation of the 50-cm PMT is in
water at around 13 � C. Therefore, it is necessary to evaluate the e�ect of these
di�erences in the environment around the PMT on the performance of the PMT in
advance. We made the �rst underwater measurement of the temperature depen-
dence of gain, relative quantum e�ciency (QE), and dark rate of the 50-cm PMT
for the Hyper-Kamiokande experiment. In the temperature range of 13 to 23°C,
we found that both gain and relative QE remained constant with an accuracy of
� 1%, and the dark rate variation was within 5%. In addition, a comparison of
gain in air and water was made. These results provide an important guideline for
the pre-calibration measurement for the Hyper-Kamiokande experiment.
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Chapter 1

Physics Background

The Super-Kamiokande (Super-K, SK) [1], which began observations in 1996, has
been studying neutrinos and nucleon decay. The discovery of atmospheric neutrino
oscillations by the Super-Kamiokande experiment in 1998 [2] revealed that neutri-
nos have mass and was the evidence of the physics beyond the Standard Model.
However, there are still many unresolved questions on neutrinos and proton decay
has not been observed yet. The Hyper-Kamiokande (Hyper-K, HK) [3] experiment
is a newly launched next-generation project which aims to answer these questions.

This chapter begins with an explanation of neutrinos, followed by some neutrino
measurements that can be signi�cantly improved at Hyper-K thanks to its large
data set.

1.1 Neutrino

In the Standard Model of particle physics, neutrinos are a type of elementary
particle that have no electric charge and interact with other particles only through
weak interactions and gravitational interactions. Neutrinos are massless and come
in three �avors, � e, � � and � � . Neutrinos were �rst proposed by W. Pauli in
1930 as unknown neutral particles to explain the missing energy of beta decay.
The existence of neutrinos was then established experimentally in 1954 when C.
Cowan and F. Reines succeeded in directly detecting electron-antineutrino from
a nuclear reactor using a 300-liter liquid scintillator [4]. Although neutrinos had
been considered massless particles in the Standard Model, the discovery of neutrino
oscillations by the Super-K in 1998 suggested that neutrinos have a �nite mass,
suggesting the existence of a new theory beyond the Standard Model.

1.2 Neutrino Oscillation

Neutrinos are known to have three �avor eigenstates and they take on these
eigenstates during reactions due to weak interactions. On the other hand, mass
eigenstates are di�erent from �avor eigenstates, and the �avor eigenstatesj� � i
(� = e; �; � ) are expressed using the mass eigenstatesj� i i (i = 1; 2; 3) and the
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Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix as follows.

j� � i =
X

i =0

U�i j� i i (1.1)

The PMNS matrix U is a 3 � 3 unitary matrix, represented by the three mixing
angles� 12 , � 13 , � 23 and the CP phase in the lepton sector� CP as follows.

U =

0

@
1 0 0
0 cos� 23 sin� 23

0 � sin� 23 cos� 23

1

A

0

@
cos� 13 0 sin� 13e� i� CP

0 1 0
� sin� 13ei� CP 0 cos� 13

1

A

0

@
cos� 12 sin� 12 0

� sin� 12 cos� 12 0
0 0 1

1

A

(1.2)
In the Standard Model framework, only two mass-squared di�erences are indepen-
dent. Here, the mass-squared di�erence is de�ned as� m2

ij � m2
i � m2

j . For a
given energyE and baselineL, the neutrino oscillation probability (� � ! � � ) in
vacuum is expressed as follows.

P(� � ! � � ) = � �� � 4
X

i<j

Re[U�i Uy
�i U�j Uy

�j ] sin2

�
� m2

ij

4E
L

�

+ 2
X

i<j

Im[U�i Uy
�i U�j Uy

�j ] sin
�

� m2
ij

2E
L

� (1.3)

Similarly, the oscillation probability of the antineutrino is

P(�� � ! �� � ) = � �� � 4
X

i<j

Re[U�i Uy
�i U�j Uy

�j ] sin2

�
� m2

ij

4E
L

�

� 2
X

i<j

Im[U�i Uy
�i U�j Uy

�j ] sin
�

� m2
ij

2E
L

�
:

(1.4)

Neutrino oscillations can be explained by the following six parameters; three
mixing angles (� 12,� 23,� 13), one CP phase (� CP ), and two mass squared di�erences.
Measurements of these mixing parameters have been performed using multiple
neutrino sources over a wide range of energies.� 12 and � m2

21 have been measured
by solar and reactor neutrino experiments, and� 13 has been measured by experi-
ments of reactor neutrino and accelerator neutrino which are arti�cially generated
neutrinos by the decay of hadrons using an accelerator.� 23 and �m 2

32 have been
measured by atmospheric neutrino and accelerator neutrino experiments. Among
these six parameters,� CP is the only parameter whose �nite value is not discovered
yet.

1.2.1 Neutrino Mass Ordering

With the discovery of neutrino oscillations, neutrinos are known to have masses
and their mass-squared di�erence has been measured. In contrast, the order of
the masses of the three types of neutrinos has not yet been clari�ed (the mass
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ordering). The casem1 < m 2 � m3 is called normal ordering, and the case
m3 � m1 < m 2 is called inverted ordering.

The matter e�ect (the Mikheyev�Smirnov�Wolfenstein e�ect, MSW e�ect [5,
6]) can be used to determine mass hierarchy. Neutrinos may interact with matter
in �ight, but the electrons in matter cause reactions that only electron neutrinos
undergo. The e�ect of the enhanced or suppressed oscillation probability due to
the di�erent interactions of the three types of neutrinos is called the matter e�ect.
Thus, in principle, if the matter e�ect is su�ciently large, the mass ordering can
be determined by measuring the oscillation probability.

1.2.2 CP Violation

The charge-parity (CP) violation can be measured by the di�erence of neutrino os-
cillation probabilities between neutrino and anti-neutrino. Using Equation 1.3 and
1.4, the di�erence of oscillation probabilities between neutrino and anti-neutrino
can be expressed as follows;

� P� ! � = P(� � ! � � ) � P(�� � ! �� � )

= 4
X

i<j

Im[U�i Uy
�i U�j Uy

�j ] sin
�

� m2
ij

2E
L

�
: (1.5)

Considering the case of� � ! � e and �� � ! �� e, Equation 1.5 can be expressed as
follows;

� P� ! e = P(� � ! � e) � P(�� � ! �� e)

= � 2 cos� 13 sin(2� 12) sin(2� 23) sin(2� 13) sin � CP

� sin
�

� m2
32L

4E

�
sin

�
� m2

21L
4E

�
sin

�
� m2

31L
4E

�
:

(1.6)

� CP is currently studied by long baseline neutrino experiments such as the T2K
experiment, but its �nite value is not observed yet. In the T2K experiment, neu-
trino beams (� � , �� � ) generated at Japan Proton Accelerator Research Complex
(J-PARC) in Tokai-mura are observed at the Super-K detector, 295 km away. The
T2K experiment measures the asymmetry of the� � ! � e oscillation probability
using � � and �� � beams. The e�ect of � CP shows up as a di�erence in the elec-
tron neutrino appearance probability (Fig. 1.1)and can be measured by using the
reconstructed energy distribution (Fig. 1.2).
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Figure 1.1. Oscillation probabilities as a function of the neutrino energy for� � !
� e (left) and �� � ! �� e (right) with L=295 km and sin2 2� 23 = 0.1. Black, red,
green, and blue lines correspond to� CP = 0 � , 90� , 180� and 270� , respectively.
Solid (dashed) line represents the case for a normal (inverted) mass ordering [7].

Figure 1.2. Reconstructed neutrino energy distribution for several� CP with
sin2 2� 13 = 0.1 and normal ordering [7].

The current best �t values of neutrino data are summarized in Table 1.1, and
the latest � CP measurement results are shown in Figure 1.3. TheCP-conserving
values� CP = 0, � are excluded at 90% con�dence level.
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Table 1.1. Neutrino oscillation parameters. NO (IO) is normal mass ordering
(inverted mass ordering) [8].

Oscillation parameter Best �t value
sin2 � 12 0.307± 0.013

sin2 � 23 (NO) 0.546± 0.021
sin2 � 23 (IO) 0.539± 0.022

sin2 � 13 (2.20 ± 0.07) Ö 10� 2

� m2
21 (7.53 ± 0.18) Ö 10� 5 eV2

� m2
32 (NO) (2.453± 0.033)Ö 10� 3 eV2

� m2
32 (IO) (-2.536± 0.034)Ö 10� 3 eV2

Figure 1.3. The latest� CP measurement results from T2K [9].

1.3 Solar Neutrino

Solar neutrinos are electron neutrinos produced by thermonuclear fusion reactions
near the center of the Sun. The �ux and spectrum of solar neutrinos are sensitive
to � 12 and � m2

21. In addition, since neutrinos rarely interact with matter and are
emitted from the center of the Sun, solar neutrino observations allow us to monitor
the current state of the solar center.

Solar neutrinos are subject to the matter e�ect due to the high density of the
solar interior and most of the electron neutrinos change to� � or � � . When �avor-
changed solar neutrinos (� � and � � ) pass through the Earth's interior, some of them
revert back to electron neutrinos due to the Earth's matter e�ect. As a result, day-
night asymmetry occurs in the fraction of electron neutrinos. Figure 1.4 shows the
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Figure 1.4. Allowed region of neutrino oscillation parameters (� 12, � m2
12). The

green area comes from the solar neutrino experiments, the blue area from the
KamLAND experiments, the red from combined of two. The �lled area is 3� area
[10].

latest combined results of the allowed region of neutrino oscillation parameters,
� 12 and � m2

12 from all the solar neutrino experiments and KamLAND's reactor
neutrino measurement [10]. While the mixing angle� 12 is consistent between solar
neutrinos and reactor antineutrinos, there is 1.5� tension in � m2

12. In this results,
a non-zero day-night asymmetry was observed at a 3.1� signi�cance (Figure 1.4).
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Figure 1.5. The black line (grey band) shows the best-�t value of day-night asym-
metry (its uncertainty). The red curve shows the expected day-night asymmetry.
The green solid (blue dashed) box shows the 1� range allowed by solar experiments
(solar experiments and KamLAND) [10].
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Chapter 2

Hyper Kamiokande Experiment

The Hyper-Kamiokande detector is the successor of the Super-Kamiokande detec-
tor. This is a large water Cherenkov detector that uses 260,000 tons of ultrapure
water and approximately 20,000 50 cm diameter photomultiplier tubes (PMTs) to
detect Cherenkov light in water. Its construction began in 2020 at Kamioka-cho,
Hida City, Gifu Prefecture, Japan, with the aim of starting operations in 2027. Us-
ing its large �ducial volume and improved photodetector, the Hyper-Kamiokande
experiment aims to observe astrophysical neutrinos, including solar neutrino, mea-
sure the leptonicCP violation, and search for proton decay. This chapter provides
an overview of the Hyper-Kamiokande experiment.

2.1 Water tank

The water tank of the Hyper-Kamiokande detector is a stainless steel cylindrical
tank with a diameter of 68 m, a height of 71 m, and a �ducial volume of approx-
imately 200 ktons. Figure 2.1 shows a schematic view of the Hyper-Kamiokande
water tank.
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Figure 2.1. Schematic view of the Hyper-K tank [11].

The tank is divided into two main layers (Figure 2.2): the Inner Detector (ID)
and the Outer Detector (OD). The ID is the main detector, which detects neutrino
events and proton decay events etc. Approximately 20,000 newly developed 50 cm
diameter photomultiplier tubes (HK-PMT, R12860) will be installed on the inner
side of the ID, with a photocathode coverage in the ID wall of 20%. Details on
this R12860 are discussed in Chapter 3. The OD is placed around the ID, with
a water thickness of 1 m at the sides and 2 m at the top and bottom. The OD
will be viewed by 3-inch PMTs facing outward on the outer wall of the ID. Each
3-inch PMT will be mounted on wavelength shifting plate to increase coverage and
collection e�ciency. OD will act mainly as a veto of incoming particles such as
cosmic ray muons.

12



Figure 2.2. Boundary between ID and OD [7].

2.2 Particle Detection

The Hyper-K detector observes neutrinos by detecting the Cherenkov light emitted
by charged particles produced by neutrino interactions with electrons and nuclei
in water molecules.

2.2.1 Cherenkov Radiation

Cherenkov radiation is a phenomenon in which charged particles emit light in
matter. When a high-speed charged particle travels faster than the phase velocity
of light in the medium, light called Cherenkov radiation is emitted. Figure 2.3
shows the Cherenkov radiation, which is emitted in the form of a cone.
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Figure 2.3. Cherenkov light radiation [12].

The opening angle of the cone,� , is determined by the velocity of the par-
ent particle. The relation between velocity of the charged particle� (= v=c) and
radiation angle � is as follows,

cos� =
1

�n
; (2.1)

wheren is the refractive index of the medium.
The number of Cherenkov photons emitted by a particle of chargeZe at wave-

lengths � to � + d� per unit length dN(� ) is expressed as follows.

dN(� ) =
2�Z 2

137

(

1 �
�

1
�n (� )

� 2
)

d�
� 2

(2.2)

2.2.2 Cherenkov Light Observation

The Hyper-K detector can detect gamma rays and relativistic charged particles
by observing the Cherenkov light described above. At the same time, it can also
identify the energy, reaction position, and type of particles.
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Charged particles emit photons according to the Equation 2.2 per unit length,
and the light intensity increases with the range of particle. Since the range of
a particle depends on the particle's energy, the energy of the particle can be re-
constructed based on the light intensity distribution of the Cherenkov light. In
the Hyper-K, the collected light intensity is about 5 p.e./MeV, and events below
a few tens of MeV, where the averaged light intensity per PMT is much smaller
than 1 p.e., are called "low-energy" events. The reaction position can be recon-
structed primarily from the time distribution of photon detection. For higher
energy neutrinos above a few hundred MeV, particle types can be identi�ed from
the spatial distribution of Cherenkov light. Figure 2.4 shows an example of the
spatial distribution of Cherenkov light. For example, electrons and gamma-rays
form an electromagnetic shower in water due to the cascade of secondary particles
caused by bremsstrahlung and electron pair production. Since Cherenkov radia-
tion is emitted from each electron and positron in the shower, the Cherenkov rings
from each electron in the shower overlap, and a ring pattern with blurred contours
is observed. Muons, on the other hand, do not form a shower, resulting in the
observation of clearly outlined Cherenkov rings.

Figure 2.4. Spatial distribution of Cherenkov light, 1 GeV electron (left) and a 1
GeV muon (right) [7].

2.3 Physics goals

In this section, we describe the physics goals of Hyper-K, based on the examples
of CP violation (see 1.2.2) and day-night asymmetry (see 1.3) in Chapter 1.

For � CP measurement, the T2K experiment will be succeeded by Hyper-K.
Hyper-K aims to discover the CP violation in the lepton sector. Figure 2.5 shows
the sensitivity to exclude � CP =0. If � CP is -� /2, the CP-conserving� CP =0 is
excluded at 5� con�dence level within four years.

15



Figure 2.5. Sensitivity to exclude sin(� CP )=0 for true � CP =- � /2 and -� /4, as a
function of HK-years. The shaded areas indicate the range of values that can be
taken when the systematic error model is varied [13].

A precise measurement of� CP is also a major goal of the Hyper-K experiment
after its discovery. In this measurement, the energy scale uncertainty and the
change in� CP are degenerate. Figure 2.6 shows that a shift in the energy scale
and a shift in � CP have a similar e�ect on the electron neutrino energy spectra.

Figure 2.6. Ratio of energy spectrum predicted with� CP =-78� (magenta) and
� CP =-90� , and the ratio to nominal with a 0.5% energy scale shift (blue) applied
to reconstructed electron neutrino candidates [14].

Figure2.7 shows the� CP resolution assuming di�erent energy scale uncertainties
with 10 years of Hyper-K data taking. The resolution on� CP is improved by
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reducing the energy scale uncertainty to 0.5%.

Figure 2.7. � CP 1� contours near� CP =- � /2, assuming di�erent energy scale uncer-
tainties. The percentage in the legend corresponds to the energy scale uncertainty,
and � is the resolution on� CP [14].

For day-night asymmetry measurement, the Hyper-K experiment is trying to
verify this day-night asymmetry with more than 4� accuracy, and to achieve this,
it is required to measure this with a systematic error of better than 0.3% (while
the Super-K with 1.1% static error � 0.5% systematic error). Figure 2.8 shows
the day-night asymmetry observation sensitivity as a function of HK-years.

17



Figure 2.8. Day-night asymmetry observation sensitivity as a function of HK-
years. The red line shows the sensitivity from the no asymmetry, while the blue
line shows from the sensitivity to separate from the asymmetry expected by the
reactor neutrino oscillation. The solid line shows the systematic uncertainty is
0.3% case, while the dotted line shows the 0.1% case [15].

2.4 Necessity of precise calibration

The larger the detector, the more high-statistical data can be obtained, but at the
same time, the evaluation of systematic errors becomes more important for the
physics sensitivity. The Hyper-K detector will be much larger than the Super-K
detector, so the Hyper-K experiment requires much better detector systematics
than the Super-K experiment.

To achieve the required systematics described in 2.3, we need to calibrate all
potential systematic error sources in PMTs, electronics, and water with much
better than 1% accuracy. At the same time, it is necessary to investigate the
impact of systematic errors in each PMT performance on systematic errors in the
energy scale and �ducial volume.
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Chapter 3

50cm-PMTs for Hyper-Kamiokande

The Hyper-K detector requires photosensors with higher performance than Super-
K. The minimum requirements for the Hyper-K photosensors are listed in Table
3.1. Among many candidates, the R12860 50 cm Box & Line (B&L) PMT from
Hamamatsu Photonics K.K. was �nally selected. This chapter describes the char-
acteristics of this photosensor based on [7, 16].

Table 3.1. Minimum requirements of the Hyper-K ID PMTs [7].

Requirements Value Conditions

Photon detection
e�ciency

26% Typ.

QE � CE at wavelength
around 400 nm (including
Photo-Coverage on the
inner detection area)

Timing resolution 5.2nsec
FWHM,
Typ.

Single Photoelectron(PE)

Charge resolution 50% � , Typ. Single PE

Signal window 200nsec Max.
Time window covering
more than 95%
of total integrated charge

Gain 107 - 108 Typ.

Afterpulse rate 5% Max.
For single PE, relative
to the primary pulse

Rate tolerance 10MHz Min.
Single PE pulse,
within 10% change of gain

Magnetic �eld
tolerance

100mG Min. Within 10% degradation

Life time 20years Min. Less than 10% dead rate
Pressure rating 0.8MPa Min. Static, load in water
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Figure 3.1. Hamamatsu R12860 PMT

3.1 R12860

The Hamamatsu Photonics (HPK) R12860 is a newly developed PMT for the
Hyper-K experiment (Figure 3.1). The speci�cations of a typical R12860 PMT
are shown in Table 3.2.

The single photoelectron time and charge resolutions of R12860 are 3.0± 0.2 ns
and 27± 4%, respectively, , which are a factor of two improvement from the Super-
K PMT. In addition, the relative single photon detection e�ciency is twice of that
for the Super-K PMT. Initially, the number of dark counts increased with the
improved detection e�ciency. However, the number of radioactive impurities in
the glass was roughly halved, and the emission of radioactive radon, which is the
luminous background in the water, was signi�cantly reduced so that the dark count
rate was reduced to 4 kHz, the same level as the Super-K PMT. The materials and
outline shape have been improved to withstand the depth of the Hyper-K water
tank, and the water pressure resistance strength has also been doubled.
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Table 3.2. Speci�cations of R12860 [7].

Shape Hemispherical
Photocathode area 50 cm diameter (20 inches)
Bulb material Borosilicate glass (about 3mm)
Photocathode material Bialkali (Sb-K-Cs)
Quantum e�ciency 30% typical at � = 390 nm
Collection e�ciency 95% at 107 gain
Dynodes 10 stage box-and-line type
Gain 107 at around 2000 V

Dark pulse rate
about 4kHz at 107 gain
(13 � C, after stabilization for a long period)

Weight 9 kg (without cable)
Volume 61,000 cm3

Pressure tolerance 1.25 MPa water proof

3.2 Design of R12860

Figure 3.2 shows a side view of the R12860 PMT. Its shape is similar to the
PMT used in Super-K, but the curvature of the neck and photocathode has been
relaxed, and the radiation in the glass has been lowered signi�cantly. A typical
bias voltage of 2,000 V is divided across each dynode by the PMT base circuit as
shown in Figure 3.3. The R12860 PMT has changed its dynode structure from the
venetian blind type of Super-K PMT to what is called a Box&Line type. Box&Line
is the dynode arrangement shown in Figure 3.4. The largest �rst dynode plate is
called the "Box" and has large photon coverage. A series of smaller plates are
called the "Lines" and help to improve time resolution by reducing the variation
of electron orbitals.
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Figure 3.2. Side view of the R12860 PMT [7].

Figure 3.3. PMT base circuit of R12860 PMT [7].

22



Figure 3.4. Box & Line dynode [17].

3.3 Photon Detection E�ciency

The photon detection e�ciency of R12860 is about 32%. The detection e�ciency
is classi�ed into quantum e�ciency (QE) and collection e�ciency (CE). The aver-
age QE of the R12860 is 33.7%, which is 1.5 times higher than that of the Super-K
PMT. This is due to a change in the manufacturing process of the photocathode
and the ability to manufacture the photocathode with less individual variation.
Figure 3.5 shows the measured QE of R12860 as a function of wavelength, com-
pared with the typical QE curve (dotted line) of the Super-K PMT (R3600). The
shape of the QE wavelength distribution with sensitivity from 300 to 650 nm re-
mained the same, while the peak value around 400 nm has improved from 22% to
33%.
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Figure 3.5. Measured QE values for six HK-PMT(R12860) and Super-K
PMT(R3600).

The improvement in CE is also a major contributor. The R12860 achieved a
CE as high as 95%, while the Super-K PMT had a CE of 68%. This high CE
was achieved by optimizing the curvature of the glass and focusing electrodes, in
addition to using the box-and-line dynodes. Compared to the Super-K PMT, the
QE and CE of the R12860 are a factor of 1.5 and 1.4 higher, respectively, and the
combined total detection e�ciency of the R12860 is 2 times higher.

3.4 Time and Charge Resolution

Time resolution was improved by aligning electron orbitals with "Line" dynodes.
The transit time spread (TTS) caused by the di�erence in electron traveling time
is 1.23 ns for R12860, which is better than 50% of Super-K PMT's 2.86 ns (Figure
3.6). The pulse became sharper and faster, and the rise time (10% to 90%) of SPE
pulses in the R12860 is about 6 ns, 40% smaller than that in the Super-K PMT.

The charge resolution of a single photoelectron is primarily due to �uctuations
in the number of electrons collected at the anode. The R12860 has a higher
applied voltage on the �rst dynode, which increases the gain of the �rst dynode.
In addition, the collection e�ciency from the �rst dynode to the second dynode is
also improved. As a result, the charge resolution of the R12860 is improved to 35%
compared to 50% of the Super-K PMT. Figure 3.7 shows the single photoelectron
distribution with pedestal.
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Figure 3.6. Transit time distribution,compared with Super-K PMT in dotted line
[7].

Figure 3.7. Single photoelectron distribution,compared with Super-K PMT in
dotted line [7].
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3.5 Afterpulse and dark hits

The main sources of background noise that can a�ect physical observations are
afterpulses and dark hits.
The afterpulse is caused by the back�ow of positive ions produced when accelerated
electrons collide with residual gas in the vacuum. Di�erent gas components have
di�erent time delays, ranging from tens of ns to tens of� s. Since the afterpulse
appears at a delayed timing along with the main signal, it becomes noise when
observing delayed signals such as electrons produced by the decay of muons. In
the box&line PMT, the dynode is widely opened on the photocathode side, so the
back�ow of gas ions is more likely to occur. Therefore, attempts were made to
reduce the after-pulse rate by adjusting the shape of the dynode and removing
residual gas inside. Finally, the after-pulse rate of R12860 was 5% per single
photoelectron.

Most PMT hits in water are dark counts. The dark count primarily arises from
the thermal electron emission of the photocathode when the PMT is placed in
the dark environment. Thermal electrons are emitted randomly from the entire
photocathode and the amplitude of dark counts is expected to be at the single
photoelectron level. In addition, dark counts can depend on the working function
of the material, applied voltage, temperature, etc. Initially, a high dark rate was
observed in R12860 due to the side e�ects of higher QE. Over a period of �ve years,
the manufacturing process and the glass was improved, eventually successfully
reducing the dark rate to below 4 kHz. This 4 kHz is the value required to achieve
Hyper-K's physical goal.
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Chapter 4

Detector Calibration

Detector calibrations are important to characterize the response of the Hyper-K
detector. Various calibration methods have been developed and operated in the
Super-K experiment. The Hyper-K, the successor of the Super-K, will take over
these methods.

4.1 Inner Detector Calibration

Calibration for the detector system includes calibration on the PMT response and
calibration on the optical properties of water, PMT glass, and black sheets.

The Hyper-K detector will be calibrated based on the calibration techniques
that have been done for the Super-K detector. Table 4.1 summarizes the examples
of calibration items in Super-K and their calibration sources. Calibration of these
items is just as important in Hyper-K calibration. In the following, we will discuss
in particular the calibration of "photo-detection e�ciency", "single photo-electron
charge (gain)", and "light transparency of water (absorption, scattering)" in Super-
K. This chapter is based on [18, 19, 20].

Table 4.1. Calibration items and calibration sources used in Super-K.

Calibration items Calibration sources
Photo-detection e�ciency NiCf source

Gain NiCf source
High-voltage tuning Xe �ash lamp
Timing resolution Nitrogen-dye laser

Light transparency of water
(absorption, scattering)

Nitrogen laser, laser diodes,
Xe �ash lamp

4.1.1 Photo-Detection E�ciency

Most low energy physics events such as solar neutrinos and di�use supernova back-
ground neutrinos consist of 1 photoelectron (p.e.) hits. Therefore, the calibration
of relative photo detection e�ciency is important in the analysis of low energy
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Figure 4.1. NiCf source.

physics. As shown in Table 4.1, photo detection e�ciency is calibrated using a
Nickel-Calfornium(NiCf) source. This nickel source is a ball made of nickel oxide
and polyethylene with californium 252 (252Cf) placed in the center of it, as shown
in Figure 4.1.

This NiCf source uses252Cf as a neutron source. The neutrons are captured by
a neutron capture reaction (58Ni(n, 
 )59Ni), and gamma rays of about 9 MeV are
isotropically emitted. This gamma ray induces electron-positron pair production
and Compton scattering, resulting in the emission of a single photoelectron level
of Cherenkov light in water. Since this Cherenkov light is emitted isotropically,
the relative photo detection e�ciency (quantum e�ciency � collection e�ciency)
of each PMT can be calibrated by comparing the di�erence in hit rates between
PMTs.

4.1.2 Single Photo-electron Charge (Gain)

Gain calibration is performed in two steps. First, the relative di�erences between
PMTs are measured. This relative gain correction is then applied to obtain the
average gain of the entire detector. Once the average gain and the deviation of
each PMT from that average are known, the gain of each individual PMT can be
obtained.

A nitrogen-laser-driven dye laser is used as the light source to measure the
relative gain. The measurement is done in two steps. First, a high-intensity �ashes
are used to ensure that all PMTs receive a su�cient number of photons. The
average value of the charge of the PMTi is denoted asQobs(i ). In the subsequent
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measurement, a low-intensity �ashes are used so that the PMTs receive only a very
small number of photons. LetNobs(i ) be the number of times the PMTi records
a charge above the threshold. These two measurements are performed with the
same light source and at the same position in the tank.

Qobs(i ) / I s � a(i ) � � qe(i ) � G(i ); (4.1)

Nobs(i ) / I w � a(i ) � � qe(i ): (4.2)

Here,I s and I w are the average intensity of high-intensity and low-intensity �ashes,
respectively,a(i ) is the acceptance of PMTi, � qe(i ) is its QE, and G(i ) is its gain.
The gain of each PMT can be calculated from the ratio of equations 4.1 and 4.2.

G(i ) /
Qobs(i )
Nobs(i )

: (4.3)

The relative gain of each PMT can then be obtained by normalizing by the aver-
age gain of over all PMTs. By using the continuous distribution of relative gain
corrections obtained here, the cumulative single-photoelectron distribution for all
PMTs can be created. This distribution approximately represents the average
single-photoelectron response of the detector. From this, it is then possible to
extract the absolute gain of all PMTs. The NiCf source, described in the previous
section, is used to create this cumulative single-photoelectron distribution. This
source is located in the center of the tank, and more than 99% of the observed
signals are at the single-photoelectron level.

4.1.3 Light Transparency of Water

In the simulation of the transport of photons by MC, e�ects such as scattering
and absorption by water in the tank must be taken into account. In this section,
we discuss the measurement of water transmittance. It should be noted that
the following is the model used in the Super-K experiment, and it is not certain
whether it can be applied in the Hyper-K experiment in the same way.

The light in the water with a wavelength(� ) attenuates according to:

I (� ) = I 0(� )exp
�

�
l

L(� )

�
; (4.4)

where l is the length of light travel, I 0(� ) is the initial intensity, and L(� ) is the
total attenuation length due to scattering and absorption, which is called the water
transparency. L(� ) is de�ned in MC as follows:

L(� ) =
1

� abs(� ) + � sym (� ) + � asym (� )
; (4.5)

where � abs(� ), � sym (� ), and � asym (� ) are the attenuation coe�cients for ab-
sorption, symmetric scattering, and asymmetric scattering, respectively.� sym (� )
is used to introduce symmetric components of Rayleigh and Mie scattering, and
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� asym (� ) to introduce forward Mie scattering. � abs(� ), � sym (� ), and � asym (� ) are
expressed by the following equations based on experiments:

� abs(� ) = P0 �
P1

� 4
+ C; (4.6)

C = P0 � P2 �
�

�
500

� P3

; (4.7)

� sym (� ) =
P4

� 4
�

�
1:0 +

P5

� 2

�
; (4.8)

� asym (� ) = P6 �
�

1:0 +
P7

� 4
� (� � P8)2

�
: (4.9)

To determine the respective attenuation coe�cients, laser light of �ve di�erent
wavelengths (337, 375, 405, 445, and 473 nm) is injected into the tank and hit time
to the PMT is measured. The attenuation coe�cients are determined by comparing
the hit time distribution of the MC created by varying these 9 parameters (P0 to
P8) with the hit time distribution of the measured data, so that � 2 is minimized.
Figure 4.2 shows the typical �tted water coe�cient functions used in the SK-MC.

Figure 4.2. Typical �tted water coe�cient function used in SK-MC. This data was
obtained in April 2009. Each line through the absorption, symmetric scattering,
and asymmetric scattering points represents a �tted function, and the top line
shows the total of all �tted functions added together [18].
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4.2 Pre-Calibration

The previous section shows calibration of PMT properties and the water in the
tank in the Super-K experiment. Although many of the PMT properties and water
quality can be measured and calibrated by employing multiple calibration sources
inside the tank (in -situ ), there are several items cannot be adequately measured.
In this section, we describe measurements, called pre-calibrations, performed out-
side the tank (ex-situ ) to investigate the more detailed performance of PMTs to
complementin -situ measurements.

4.2.1 Motivation of the pre-calibration

Multiple parameters such as light detection e�ciency vs. water transmittance,
timing o�set vs. PMT position can be often degenerate due to limitations of
the location and type of light sources inin -situ calibration. Therefore, we will
conduct a detailedex-situ measurements for about 2% of all PMTs in advance.
These calibrated PMTs will be then placed in a pre-determined locations in the
tank as reference PMTs (Figure 4.3), and the degeneracy will be solved based on
the performance of these reference PMTs.

As an example, in the Super-K calibration, these reference PMTs were used
when determining the high voltage to be applied to each ID PMTs and ensuring
that all ID PMTs output the same amount of charge. Figure 4.3 shows the location
of the reference PMTs and the grouping of PMTs in the vicinity of the reference
PMTs. The applied high voltage of a PMT other than reference PMTs was set so
that the amount of charge obtained by that PMT matches the average amount of
charge obtained by the reference PMTs belonging to that group.
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Figure 4.3. The location of the reference PMTs (left) and the schematic diagram
of PMT grouping (right) in the Super-K water tank, the red points indicate the
location of the reference PMTs [18].

4.2.2 Measurement Items of the pre-calibration

The items to be measured in the pre-calibration must focus on PMT performance,
which has dependencies that are di�cult to control in the tank (Table 4.2). For
example, the dependence of quantum e�ciency (QE) and collection e�ciency (CE)
and gain on the position of light incidence, and the dependence of QE on the light
incidence angle and on the wavelength of light. The environmental di�erence
betweenin -situ and ex-situ should also be carefully investigated. Temperature,
magnetic �eld, time required for stabilization, and availability of water can vary
betweenin -situ and ex-situ .

Table 4.2. Candidates for pre-calibration parameters.

Response Parameter Dependent Variables di�cult to control in -situ
QE light incidence position and angle, light wavelength
CE light incidence position
Gain light incidence position

Since pre-calibration is performed in air and the actual 50-cm PMT operation
is in water, it is important to evaluate PMT performance in both air and water.
In addition, it is necessary to evaluate the temperature dependence of the PMT
performances in advance because most of the pre-calibration will be done at room
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temperature, whereas the water temperature in the tank is planned to be around
13 � C.

Therefore, in this study, we constructed a setup that allows for underwater
measurements and temperature control using a water tub, a circulator, and a
chiller.
This study was designed to evaluate the e�ect of the presence of water on PMT
performance and to investigate the temperature dependence of dark rate, gain,
and relative QE by varying the water temperature. The details are given in the
next chapter.

33



Chapter 5

Performance evaluation of 50-cm
PMT in an underwater environment

5.1 Overview

As mentioned in the previous chapters, the Hyper-K detector will have approx-
imately 20,000 50-cm PMTs in the inner detector. For the Hyper-K detector
calibration, it is necessary to understand the PMTs' response and establish meth-
ods to evaluate their performance before installing them (pre-calibration). Pre-
calibration of 50-cm PMTs will be performed at room temperature (around 25� C).
On the other hand, the 50cm PMT will be operated at approximately 13� C dur-
ing actual operation in the Hyper-K detector. Therefore, for the calibration of
the Hyper-K detector, it is necessary to predict the performance at the actual
operating temperature from the measurement at room temperature, and we are
currently trying to achieve this with an accuracy of better than 1%. In addition,
the possible performance di�erence with and without water must also be evaluated
in advance.

In this study, we �rst constructed a setup that allows underwater measurements
and temperature control. Using this setup, we measured the gain, relative QE,
and dark rate of the 50-cm PMT at multiple temperature points and evaluated
their temperature dependence. The temperature dependence of these properties
has not been measured in water before, and this study is the �rst result. In this
chapter, we discuss these measurements and results.

5.2 Setup

This section describes the measurement setup. The equipment for the measure-
ment includes a water tub to house the 50-cm PMT, a water puri�cation system,
a chiller, an optical system to illuminate the PMT, and various measurement in-
struments to acquire data such as PMT signal and temperature. Figure 5.1 is a
schematic diagram of the setup for this measurement. Table 5.1 summarizes the
items used in the measurements.
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Figure 5.1. Schematic diagram of the setup. The water tub is connected to a
circulation system by hoses.

Table 5.1. List of instruments used in the measurement

Use Manufacturer Model Number
HV(for HK PMT) HAYASHI-REPIC RPH-011

HV(for monitor PMT) Stanford Research Systems PS350/5000V
ADC CAEN DT5761

NIM crate HAYASHI-REPIC RPN-005-153
AMP HAYASHI-REPIC RPN-093

Function generator Agilent 33250A
1 inch PMT HAMAMATSU R7378A

Laser diode head HAMAMATSU M10306-29
Oscilloscope TELEDYNE LECROY Wavesurfer 3034z

thermometer
T and D TR-72nw
T and D TR-71nw

thermometer Probe T and D TR 1220
Half mirror Edmund polkadot 50R/50T 46459
Gauss meter Lutron GU-3001

5.2.1 Dark Tub

Our measurements were conducted using a specially designed stainless steel water
tub (hereinafter referred to as "dark tub"). The tub is equipped with posts and
rubber bands to securely hold the PMT, and a pedestal for placing light sources
(Figure 5.2a). The tub has a capacity of up to 525 liters. Magnetic shield panels
are attached to each side of the tub. The speci�cations for this tub are listed in
Table 5.2.

The inside of the tub is covered with black sheets to suppress light re�ec-
tion(5.2b).
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