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Abstract

The Super-Kamiokande experiment is an experiment observing neutrinos and
searching for proton decay using the world’s largest water Cherenkov detector. In
the summer of 2020, the gadolinium was added to pure water in Super-Kamiokande.
This resulted in a gadolinium concentration of about 0.01%, and significantly im-
proved the efficiency of neutron detection. Furthermore, in the summer of 2022,
additional Gd was introduced, increasing the Gd concentration from 0.01% to
0.03%.

In this study, spallation neutrons are used for calibrating and monitoring the
Super-Kamiokande detector. Spallation neutron is the neutron produced by the
spallation reaction of cosmic ray muons with oxygen nuclei in water. There are
two advantages of using spallation neutrons. First, they can be detected across
the entire detector, which allows us to investigate detailed position dependence.
Second, sufficient statistics can be obtained in a short time. They have also the
disadvantages that the detected energy is low and background is difficult to remove,
and they are affected by pile-up. The event selection for spallation neutrons has
been developed to take these into account.

The stability of the detector response at ordinarily times and the Gd concen-
tration during Gd-loading are monitored using these properties. In the former,
the stability of the detector was checked by evaluating the energy and Gd con-
centration. As a result, the energy detected by the detector was stable at about
�1%, and the Gd concentration was also stable at about �2%. In the latter, the
transition of Gd concentration during Gd-loading was checked by evaluating the
number of spallation neutron signals and the time constant. We checked that Gd
was loaded as expected.

An energy calibration method is studied using the spallation neutron. Firstly,
to check if the neutron capture signal by Gd can be used to evaluate the energy
scale of electron events, the position dependence of the energy scale of neutron and
electron is compared using MC simulation. The result is that the energy scale for
electron and neutron events are consistent within about �2% of the entire detector.
This is however a larger deviation compared to the goal of correcting positional
dependence to within 0.5%. It will be important to understand the causes of this in
the future. Next, to check if the MC simulation reproduces the data, the position
dependence of the energy scale for neutrons is compared between the data and
MC simulation. As a result, it is found that the closer to the barrel wall of the
tank, the larger the energy of the MC simulation compared to the data, and at
the bottom of the tank, the MC simulation differ from the data by about �1%.
Since energy reconstruction is carried out using MC simulations, it is important
to investigate these in more detail in the future and to improve the MC simulation
to better reproduce the data.
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Chapter 1

Physics Motivation

In this thesis, the energy calibration of Super-Kamiokande for the observation
of solar neutrino and Di�use Supernova Neutrino Background (DSNB), which
are physical targets in a few to tens of MeV (the low energy region in Super-
Kamiokande), is discussed. Firstly, in this chapter, explanation of neutrino and
introduction of solar neutrino and DSNB are given.

1.1 Neutrino

Neutrinos are elementary particles with no electric charge. They interact with
other particles via the weak force and gravity only. Neutrinos interact with other
matter only rarely. They were predicted to exist by Pauli in 1930 to explain
the missing energy in beta decays, and were �rst observed by C. Cowan and F.
Reines in 1956 [1]. If we can observe neutrinos produced in the Universe, we
can investigate the phenomena occurring at their source. So far, astrophysical
neutrinos have been observed from fusion reactions in the center of the Sun [2],
supernova explosions [3], and blazars [4].

1.1.1 Neutrino oscillation

Neutrino oscillation is one of the important properties of neutrinos. Neutrino
oscillation is a phenomenon in which one 
avor of neutrino stochastically changes
to another 
avor with time evolution. Neutrino was thought to have no mass in the
standard model of particle physics. However, neutrino oscillation was discovered
with observations of atmospheric and solar neutrinos, revealing that neutrinos have
masses [[5],[6]]. The neutrino 
avor eigenstatesj� � i (� = e; �; � ) can be expressed

5



using their mass eigenstatesj� i i (i = 1; 2; 3):

j� � i =
X

i =0

U�i j� i i (1.1)

where U is a 3� 3 unitary matrix which is called Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [7]. This PMNS matrix can be written as,

U =

0

@
1 0 0
0 c23 s23

0 � s23 c23

1

A

0

@
c13 0 s13e� i� CP

0 1 0
� s13ei� CP 0 c13

1

A

0

@
c12 s12 0

� s12 c12 0
0 0 1

1

A

=

0

@
c12s13 s12c13 s13e� i� CP

� s12c23 � c12s13s23e� i� CP c12c23 � s12s13s23ei� CP c13s23

s12s23 � c12s13s23ei� CP c12c23 � s12s13s23e� i� CP c13c23

1

A ;

(1.2)

where cij = cos� ij and sij = sin� ij which are the parameters representing the
degree of mixing of mass eigenstates, and are called neutrino mixing angles.� CP

represents the CP phase in the lepton sector, indicating that the CP symmetry
of neutrino is broken when sin� CP 6= 0, but this has not yet been observed. In
vacuum, the time evolution of the neutrino mass eigenstatej� i (t)i satis�es the
following Schr•odinger equation,

� i
d
dt

j� i i = H j � i (t)i = E i j� i (t)i (1.3)

j� i i = exp( � iE i t) j� i (0)i ; (1.4)

where E i is the energy of mass eigenstate,H represents Hamiltonian andt is
a travering time of the neutrino. From Eq 1.1, the time evolution of a 
avor
eigenstatej� � (t)i can be written as

j� � (t)i =
X

i

U�i exp(� iE i t) j� i (0)i (1.5)

The amplitude when� � is detected at timet starting from � � is

A(� � ! � � ) = h� � j� � (t)i =
X

i

X

j

exp(� iE i t)U�i Uy
�i h� i j� j i

=
X

i

e� iE i tU�i Uy
�i ;

(1.6)

The neutrino oscillation probability (� � ! � � ) in vacuum is given as follows.

P(� � ! � � ) = jA(� � ! � � )j2

=
X

i

X

j

U�i Uy
�i Uy

�j U�j exp(� i (E i � E j )t) (1.7)
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When the squared mass of a neutrinosm2
i are small compared to their momenta

p, an approximation is as follow,

E i =
q

p2
i + m2

i � pi +
m2

i

2pi
� p +

m2
i

2E i
; (1.8)

wherepi and mi represent the momentum eigenvalue and mass eigenvalue, respec-
tively. Then, Eq 1.7 becomes

P(� � ! � � ) =
X

i;j

U�i Uy
�i Uy

�j U�j exp

 

� i
(m2

i � m2
j )

2E
t

!

=
X

i;j

U�i Uy
�i Uy

�j U�j exp

 

� i
� m2

ij

2E
t

!

=
X

i;j

U�i Uy
�i Uy

�j U�j exp

 

� i
� m2

ij

2E
L

!

= � �� � 4
X

i<j

Re[U�i Uy
�i Uy

�j U�j ]sin2

 
� m2

ij

4E
L

!

+ 2
X

i<j

Im[U�i Uy
�i Uy

�j U�j ]sin

 
� m2

ij

2E
L

!

;

(1.9)

where � m2
ij = m2

i � m2
j is a mass-squared di�erence,E is the average neutrino

energyE ' 
 (mi + mj )=2, t is replaced with a travel distanceL = ct and � �� is
the Kronecker's delta.

Considering two generations of neutrino oscillation at� e $ � � for simplicity,
since the unitary matrix is written as

U2� 2 =
�

cos� sin�
� sin� cos�

�
(1.10)

the neutrino oscillation probability P(� e $ � � ) is written as,

P(� e $ � � ) = sin 22� sin2

 
� m2

4E
L

!

= sin22� sin2

 
1:27� m2[eV2]L [m]

E[MeV]

! (1.11)

From Eq 1.11, it can be seen that neutrino oscillation occurs when there is a
di�erence in the neutrino mass eigenvalues.
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Neutrino oscillation parameters

Neutrino oscillation in a vacuum can be described by six parameters:

� 12; � 23; � 13; � m2
21; � m2

32; � CP (1.12)

These parameters have been measured by using various neutrino sources:
solar, reactor, atmospheric and accelerator neutrinos. The best �t values of
global analysis of neutrino data are summarized in Table 1.1. There are two
possibilities of mass ordering, which depend on the ordering of the neutrino
mass eigenstates. This is because neutrino oscillation experiments can mainly
measure the absolute value of�m 2, but they are not very sensitive to its sign.
The order m1 < m 2 < m 3 is called Normal Ordering (NO), and the order
m3 < m 1 < m 2 is called Inverted Ordering (IO).

Table 1.1: Neutrino oscillation parameters [8]. NO is normal mass ordering and IO is
inverted mass ordering.

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

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

sin2� 13 (2:20� 0:07) � 10� 2

� m2
21 (7:53� 0:18) � 10� 5 eV2

� m2
32 (IO) ( � 2:536� 0:034)� 10� 3 eV2

� m2
32 (NO) (2:453� 0:033)� 10� 3 eV2

1.2 Solar neutrino

Solar neutrino is neutrino produced from solar fusion reaction. 2� 1038 electron
neutrinos per second are produced mainly through the two processes called pp-
chain and CNO cycle. Solar neutrino observations have been carried out at Super-
Kamiokande [9], Kamiokande [10], Homestake[11], KamLAND [12], SAGE [13],
GALLEX/GNO [14], Borexino [15], and Sudbury Neutrino Observatory (SNO) [6].

1.2.1 Solar neutrino production

pp-chain

In the pp-chain, solar (electron) neutrinos are produced by the following
reactions:
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ˆ pp neutrino
p + p ! 2H + e+ + � e (1.13)

ˆ pep neutrino
p + e� + p ! 2H + � e (1.14)

ˆ hep neutrino
3He + p ! 4He + e+ + � e (1.15)

ˆ 7Be neutrino
7Be + e� ! 7Li + � e (1.16)

ˆ 8B neutrino
8B + e� ! 8Be

�
+ e+ + � e (1.17)

CNO cycle

In the CNO cycle, solar neutrinos are produced by the following reactions:

ˆ 13N neutrino
13N ! 13C + e+ + � e (1.18)

ˆ 15O neutrino
15O ! 15N + e+ + � e (1.19)

ˆ 17F neutrino
17F ! 17O + e+ + � e (1.20)

Since the central temperature of the Sun is about 107 K, the pp chain is domi-
nant (about 99%). Figure 1.1 shows the solar neutrino energy spectrum predicted
from the standard solar model. The pep neutrinos and7Be neutrinos are pro-
duced with two-body �nal state, so they have a single energy spectrum, while all
the others are produced with three-body �nal state, so they have a broad energy
spectrum. At Super-Kamiokande, the energy threshold is 3.5 MeV, so8B neutrinos
with a relatively large 
ux above 3.5 MeV can be observed.

1.2.2 MSW e�ect of solar neutrino

MSW e�ect

As neutrinos pass through matter, they cause elastic scattering with the
electrons, protons and neutrons in that matter, and the matter �eld acts on
the neutrinos. The neutral-current interactions occur in all neutrino 
avor
states via a neutral currentZ boson exchange, whereas the charged-current
reactions occur only in electron neutrinos via a charged currentW � boson
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Figure 1.1: Energy spectrum of the solar neutrino [16]

exchange. The charged current interaction a�ects the oscillation transition
due to the additional contribution to the Hamiltonian. The e�ective poten-
tials of the di�erent neutrino 
avors are written as,

Ve = VCC + VNC (1.21)

V� = V� = VNC (1.22)

where NC represents the neutral current and CC represents the charged
current interactions. They are expressed as

VCC =
p

2GF ne (1.23)

VNC = �

p
2

2
GF nn (1.24)

wherene is the e�ective potential of the number density of electrons in the
material, nn is the e�ective potential of the number density of neutrons in
the material, and GF is the Fermi coupling constant.

Considering two generations of neutrino oscillation at� e $ � � for simplicity,
the neutrino equation of state in vacuum is expressed as,

d
dt

�
� e

� �

�
= � i

"
� m2

4E

�
� cos2� sin2�
sin2� cos2�

� # �
� e

� �

�
(1.25)
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Considering the additional contribution from the charged current interaction,
it is expressed as,

d
dt

�
� e

� �

�
= � i

"
� m2

4E

�
� cos2� sin2�
sin2� cos2�

�
+

�
VCC 0

0 0

� # �
� e

� �

�

= � i

2

6
4

0

B
@

�
� m2

4E
cos2� +

p
2GF ne

� m2

4E
sin2�

� m2

4E
sin2�

� m2

4E
cos2�

1

C
A

3

7
5

�
� e

� �

� (1.26)

In order to diagonalize the matrix, the mixing matrix in matter UM is de�ned
as,

UM =
�

cos� M sin� M

sin� M cos� M

�
(1.27)

where the e�ective mixing angel� M is given by

tan2� M =
� m2

2E sin2�
� m2

2E cos2� �
p

2GF ne
(1.28)

Therefore, the oscillatory term in Eq 1.26 can be written as,

d
dt

�
� e

� �

�
= � i

"
� m2

M

4E

�
� cos2� M sin2� M

sin2� M cos2� M

� # �
� e

� �

�
(1.29)

where � m2
M is the e�ective mixing mass di�erence,

� m2
M = � m2

q
(cos2� � A)2 + sin22� (1.30)

where

A =
2
p

2GF neE
� m2

; (1.31)

The neutrino oscillation probability PM (� e $ � � ) in matter is expressed as
follows.

PM (� e $ � � ) = sin 22� M sin2

 
� m2

M

4E
L

!

(1.32)

It can be seen that the oscillation probability is determined by the density of
matter passing through in addition to the neutrino energy and 
ight distance.
If A = cos2� , that is,

nR
e =

� m2

2
p

2GF E
cos2� (1.33)

the neutrino mixing is maximum. This e�ect is called the MSW(Mikheyev-
Smirnov-Wolfenstein) e�ect [17].
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Figure 1.2: Electron density dependence of neutrino masses in the sun [6]. The ver-
tical axis represents neutrino mass squared, the horizontal axis represents
electron density.

MSW e�ect of solar neutrino

Solar neutrinos are produced near the high-density solar center and are there-
fore a�ected by the MSW e�ect in the process of reaching the surface of the
sun.

Figure 1.2 shows the dependence of neutrino mass on electron density in the
Sun. The 
avors of neutrinos are mixed, so they transition along the solid
line in the �gure, keeping � m2

M 6= 0. Thus, � e produced near the dense solar
center changes to� � when it comes to the solar surface (ne = 0) due to the
MSW e�ect.

1.3 Di�use Supernova Neutrino Background (DSNB)

1.3.1 Supernova explosion

A supernova explosion is an explosion that occurs when a massive star or
white dwarf reaches the end of its life or exceeds a certain amount of mass due to
interaction with another dwarf star. After the explosion, the energy (� 1051 erg)
spreads throughout the universe and is the basis for the evolution of galaxies,
planets, and other stars. Therefore, supernova events are of great interest to
astrophysics.
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Figure 1.3: The supernova classi�cation [18].

Supernova explosions are classi�ed according to the emission lines in the spec-
trum as shown in Figure 1.3. Type Ia supernova explosion is caused by the reaction
of thermonuclear fusion. Neutrinos emitted by Type Ia supernova explosions have
energies of 1049 erg or less. On the other hand, type Ib, Ic and II supernova ex-
plosions are caused by core collapse. Neutrinos emitted by them have energies of
� 1053 erg.

1.3.2 Supernova neutrino

Supernova neutrinos refer mainly to neutrinos produced by supernova explo-
sions caused by core collapse (Type Ib, Ic and II). How neutrinos are emitted from
these supernova explosions is described below.

1. Start of gravitational collapse
The iron core in the star starts to collapse and the density and tempera-
ture increase. Accompanying this, electron capture of elements occurs and
neutrinos are produced.

e� + A(N; Z ) ! � e + A(N + 1; Z � 1) (1.34)

2. Production of neutrino sphere
When the core becomes ultra-dense around 1011 � 1012 g/cm3, a region (neu-
trino sphere) is created in the center of the star where neutrinos are trapped
and can only gradually escape.
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3. Shock wave
When the core density reaches the nucleon density, neutron degeneracy pres-
sure stops contraction. However, since material falls from the outer core at
supersonic speed, a shock wave is generated at the interface between the
inner core and the outer core.

4. Neutronization burst
Electron neutrinos are produced by the capture of surrounding electrons by
protons produced during shock wave propagation. While the shock wave is
propagating inside the neutrino sphere, the electron neutrinos cannot escape,
but when the shock wave reaches the outside of the neutrino sphere, the
electron neutrinos can 
y out. This is called� e neutronization burst. Also,
a Proto Neutron Star (PNS) is formed inside the star.

5. Cooling of the PNS
After the shock wave has passed through, the nuclei, electrons and positrons
produced fall into the PNS. The various 
avor neutrinos are produced at this
time. The neutrinos heat the material behind the shock wave, reviving the
stalled shock wave. The PNS is also cooled because of the heat brought out
by the neutrinos.

6. Supernova explosion
When the shock wave reaches the surface of the star, a supernova explosion
occurs, blowing away all the outer layers.

Neutrinos of di�erent 
avors evolve di�erently, giving the following energy hi-
erarchy.

hE � e i < hE � �e i < hE � x i (1.35)

where x = �; � . Figure1.4 shows the time distribution of neutrino energy and
luminosity obtained by simulation. � x in the �gure represents� x = ( � � + �� � + � � +
�� � )=4. These energies range from 10 MeV to around 20 MeV.

1.3.3 Di�use Supernova Neutrino Background

The Di�use Supernova Neutrino Background (DSNB) is the overall neutrino

ux of all core-collapse Supernovae that happened in the history of universe. There
are DSNB in the universe from� 1017 supernova explosions from the Big Bang to
the present.

The di�erential DSNB 
ux on Earth, taking into account also redshift e�ects,
is given by,

d�
dE�

= c
Z 1

0
RSN(z)(1 + Z)

dN� [E � (1 + z)]
dE�

dt
dz

dz (1.36)
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Figure 1.4: Time distribution of supernova neutrino energy and luminosity [19]
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whereRSN(z) is the Supernova rate at redshiftz, E � is the neutrino energy received,
dN� =dE� is the number spectrum emitted by the explosion where the neutrino was
emitted at a higher energyE � (1 + z). dz=dt is the relation between cosmic timet
and redshift z given by,

dz
dt

= � H0(1 + z)
p


 � + 
 m (1 + z)3 (1.37)

whereH0 is the Hubble constant and 
 is the cosmological parameters.
Many theoretical models have been proposed to predict the DSNB 
ux. Fig-

ure 1.5 shows the predicted energy distribution of the �� e 
ux. Various searches
for supernova background neutrinos have been conducted so far, but they have
not yet been discovered. In Super-Kamiokande, gadolinium has been loaded to
improve the detection capability of DSNB and DSNB event rate is expected to be
several times per year [20]. The details are explained in Section 2.5. If we can ob-
serve the supernova background neutrinos and compare their energy spectra with
theoretical predictions, we will be able to understand the mechanism and rate of
supernova explosions, as well as the initial mass distribution of stars.
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Figure 1.5: DSNB �� e 
ux predictions from various theoretical models [20] The color of
each line represents the di�erence in theoretical models.(red dotted line and
brown dotted line: Horiuchi +18 model [21], blue line and pink dotted line:
Nakazato +15 model [22], light blue dotted line: Lunardini +09 model [23],
green line: Ando +03 model [24], Gray line: Kaplinghat +00 model [25],
ocher line: Malaney +97 model [26], purple dotted line: Hartmann +97
model [27], dark green dotted line: Totani +96 model [28])
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Chapter 2

Super-Kamiokande experiment

2.1 The Super-Kamiokande detector

Super-Kamiokande detector (SK detector) [29] is a 50 kton water Cherenkov
detector. It is placed 1,000 m underground of Mt. Ikenoyama, in the Kamioka
mine, Hida City, Gifu Prefecture, Japan. SK detector is a cylindrical tank with
39.3 m in diameter and 41.4 m in height as shown in Figure 2.1. Previously, pure
water was used as the detector medium. In 2020, gadolinium with a concentration
of 0.01% was introduced. The concentration was increased to about 0.03% in 2022.

2.1.1 Cherenkov light

Cherenkov light is emitted when a charged particle moves faster than the speed
of light in a medium. It is emitted in a conical shape at an opening angle� c

with respect to to the direction of movement of the charged particle as shown in
Figure 2.2. The opening angle� c between the charged particle and Cherenkov
light is given by

cos� c =
1

n�
; (2.1)

where n is the refractive index of the medium and� = v=c is the speed of the
charged particle. When the medium is water, the refractive index isn � 1:34.
Similarly for gadolinium water, n � 1:34. The opening angle is around 42� for
particles travelling at � � 1 in water. The momentum threshold for the Cherenkov
radiation is

pthresh =
mc

p
n2 � 1

: (2.2)

The threshold for electron and muon are summarized in Table 2.1
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Figure 2.1: SK detector [30]

The number of Cherenkov photons dN emitted by a particle with charge 1e
per 
ight distance dx is given by

d2N
d� dx

=
2��
� 2

(1 �
1

n2� 2
); (2.3)

where � is the wavelength of emitted light and� is the �ne structure constant

(=
1

137
).

When an electron travels 1 cm, in the PMT's sensitivity range of light wave-
lengths of 300-600 nm, the number of Cherenkov photonsN is given by

N =
Z 1cm

0
dx

Z 1600nm

300nm
d�

2��
� 2

(1 �
1

n2� 2
) ' 340: (2.4)

Gamma rays can also be detected by Compton-scattered electrons and by pair-
produced electrons and positrons.

Table 2.1: The summary of Cherenkov momentum thresholds in water.

particle mass [MeV=c2] pthresh [MeV=c]
electron 0.511 0.572
muon 105.66 158.73
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Figure 2.2: Outline drawing of Cherenkov light

2.1.2 Inner detector and Outer detector

The Super-Kamiokande detector is divided into two regions: the Inner Detector
(ID) and the Outer Detector (OD). (Figure 2.3)

ID is a cylindrical detector with diameter of 33.8 m and height of 36.3 m. 20-
inch PMTs are installed on the inner wall facing inside. They detect the Cherenkov
light emitted by charged particles within the volume of 32.6 kton and is responsible
for reconstructing the position and energy of the event. There are currently a total
of 11,129 PMTs, covering approximately 40% of the surface area of the ID. The
surfaces without the PMTs are covered with the black sheets to prevent light
re
ection on the wall surfaces.

OD is the region outside the ID, covering with the thickness of 2.05 m on the
top and bottom surfaces and 2.2 m on the sides. 1,885 8-inch PMTs are installed
facing outwards on the walls. The OD is responsible for identifying cosmic ray
muons and shielding rock-derived neutrons and gamma rays. The surfaces except
the PMTs are covered with the white re
ective sheet called a Tyvek sheet in order
to improve the light collection e�ciency of the PMTs of the OD and to prevent
light generated in the OD from entering the ID.

The coordinate of the SK detector is taken as shown in Figure 2.4. The x and
y axes are taken in the horizontal direction and the z axis in the vertical direction.
The zero point of each axis is the black dot in the �gure.
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Figure 2.3: The cross-section of SK detector [29]

Figure 2.4: Coordinate setting of SK detector.
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Figure 2.5: Schematic view of a 20-inch ID PMT [29]

2.1.3 Photo Multiplayer Tube (PMT)

20-inch PMTs developed by Hamamatsu Photonics and University of Tokyo are
used for Inner Detector [29]. (Figure 2.5) The performance of the 20-inch ID PMTs
is shown in Table 2.2. The photocathodes of the PMTs are made by the bialkali
(Sb-K-Bs) and the sensitive wavelength range is 280� 600 nm. This wavelength
range is suitable for detecting of Cherenkov light. The quantum e�ciency is�
22% at wavelengths 360� 400 nm, as shown in Figure 2.6.

There is an average geomagnetic �eld of 450 mG around the SK detector. In
order to prevent the in
uence of this magnetic �eld, Helmholtz coils are installed
in the horizontal and vertical directions around the detector. Thanks to this, the
magnitude of the magnetic �eld inside the detector is suppressed to an average of
32 mG, and the e�ect of geomagnetism on the collection e�ciency of the PMTs is
estimated to be 1� 2%.

In the wake of the November 2001 explosion, the PMTs are covered with the
acrylic and the �ber reinforced plastic (FRP) covers to prevent the chain failure.

2.2 Data acquisition systems

QBEE
All PMT signals are read out by a front-end electronics called QBEE (QTC-
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Table 2.2: Typical performance of the 20-inch ID PMTs. [29]

Model number R3600
Photocathode material Bialkali (Sb-K-Bs)

Photoelectron collection e�ciency 70%
Quantum e�ciency � 22% (� : 360� 400nm)
Dynode structure 11-stage Venetian blind type

Gain 107 at 2000V
Dark current 200 nA at 107 gain

Dark rate 3 kHz at 107 gain
Transit time 90 ns at 107 gain

Transit time spread 2.2 ns (1� )
Weight 13 kg

Pressure resistance 6 kg=cm2

Figure 2.6: Quantum e�ciency of PMT as a function of wavelength [29]
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Figure 2.7: QBEE system [31]

Based Electronics with Ethernet). The diagram of QBEE is shown in Fig-
ure 2.7. When the amplitude of the PMT signal exceeds a value correspond-
ing to 0.25 photoelectron(p.e.), QTC (charge to time converter) calculates
the integrated charge over 400ns and a square wave with a time width pro-
portional to the amount of charge is generated. The rising edge of the square
wave corresponds to the PMT hit time. By digitizing this square wave with
TDC (time-to-digital converter), the PMT hit time and integrated charge
information can be read out. The signal information stored in TDC is read
out by FPGA (Field Programmable Gate Array), processed, and recorded.

Software trigger
The above recorded data are software-triggered to extract events. When
the number of PMT hits in 200ns (N200) exceeds a certain threshold, each
software trigger is issued and the surrounding hit information is stored.
Those triggers are classi�ed as SLE (Super Low Energy), LE (Low Energy),
HE (High Energy), SHE (Super High Energy), OD (Outer Detector). The
thresholds and the time window of these triggers are summarized in table 2.3.
In addition, when SHE trigger is issued, AFT trigger which is the 500� s trig-
ger from [+5, +535]� s is issued following SHE trigger. The AFT trigger is
the trigger designed for searching for DSNB. Previously, it was issued when
SHE trigger was issued but OD was not issued, but from June 2020, for
SK-Gd, AFT trigger is also issued when OD trigger is issued at the same
time as SHE trigger to capture the signal of neutron capture by gadolinium
generated by the spallation reaction of cosmic muon.
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Table 2.3: The summary of the software triggers

Trigger N200 threshold time window [� s]
SLE 34 [-0.5, +1.0]
LE 49 [-5, +35]
HE 52 [-5, +35]
SHE 60 [-5, +35]
OD 22 [-5, +35]

2.3 Detector performance per data acquisition
period

There have been seven phases for data taking at Super-Kamiokande. Each
phase is explained below, and the detector condition of each phase is summerized
in Table 2.4.

SK- I
The �rst data taking period from the start of observations in April 1996 to
July 2001.

In July 2001, work was carried out to replace the faulty PMT. However, in
November 2001, after the replacement work was completed, the PMT im-
plosion accident occurred while �lling water into the detector. The accident
resulted in the loss of 6,777 PMTs in the inner tank and 1,100 PMTs in the
outer detector.

SK- II

After the PMT implosion accident, the experiment was resumed from Oc-
tober 2002 with 5,128 PMTs in the ID. Data taking was continued until
October 2005. From SK-II, the PMT is equipped with an anti-shock case to
prevent cascading implosion to the PMT.

SK- III
In June 2006, the new PMTs were installed to replace those lost in the crash.
As a result of this installation work, the number of the PMTs in the inner
tank increased to 11,129. Data taking was carried out from July 2006 to
August 2008.

SK- IV
Data acquisition period from September 2008 to May 2018.In August 2008
the data acquisition electronics were upgraded from ATM to QBEE.

25



SK- V
For the SK-Gd experiment, waterproo�ng reinforcement work, improvement
of piping inside the tank and replacement of faulty photomultiplier tubes,
etc. was carried out from July 2018 to January 2019. Data taking period
from the end of January 2019 after the completion of the repair work to June
2020 when the gadolinium addition work started.

SK- VI
From July 2020, 13 ton of Gd2(SO4)3 � 8H2O was introduced into the detec-
tor. This loading was completed in August 2020 and SK-VI started. As a
result, the mass concentration of Gd is approximately 0.01% and the neutron
capture e�ciency is approximately 50%.

SK- VII
From June 2022, the additional 27 ton of Gd2(SO4)3 � 8H2O was introduced
into the detector. This loading was completed in July 2022 and SK-VII
started. As a result, the mass concentration of Gd is approximately 0.03%
and the neutron capture e�ciency is approximately 75 %.

Gd-loading of SK-VI and SK-VII is explained in detail in section 2.4.

Table 2.4: Detector performance per data acquisition period

Phase Period ID PMT Gd concentration coverage electronics
SK-I 1996/04 { 2001/07 11,146 0% 40% ATM
SK-II 2002/10 { 2005/10 5,182 0% 19% ATM
SK-III 2006/07 { 2008/08 11,129 0% 40% ATM
SK-IV 2008/08 { 2018/05 11,129 0% 40% QBEE
SK-V 2019/01 { 2020/06 11,129 0% 40% QBEE
SK-VI 2020/08 { 2022/06 11,129 0.01% 40% QBEE
SK-VII 2022/06 { 11,129 0.03% 40% QBEE

2.4 Super-Kamiokande with Gd

2.4.1 Gadolinium

In ultrapure water without Gd, neutrons are captured by hydrogen and a sin-
gle 2.2 MeV gamma ray is emitted. This signal is di�cult to distinguish from
background events due to its low energy, and the neutron detection e�ciency was
20%.
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Gadolinium (Gd) is a rare earth element with atomic number 64.157Gd has the
largest thermal neutron capture cross-section among natural elements. The ther-
mal neutron capture cross-sections for di�erent isotopes of gadolinium are shown
in Table 2.5. When 157Gd (155Gd) captures a neutron, it becomes the excited
state of 158Gd(156Gd). Then 158Gd(156Gd) emits gamma rays which energies are
7.9 MeV for 157Gd and 8.4 MeV for155Gd in total as it transitions to the ground
state of 158Gd(156Gd). The proportion of thermal neutrons that are captured by
gadolinium as a function of the mass concentration of gadolinium dissolved in pure
water is as shown in Figure 2.8. In the 2020 Gd-loading, at the mass concentration
of 0.011%, the proportion was 50%, and in the additional Gd-loading in 2022, at
the mass concentration of 0.03%, the proportion was about 75%. SK collaboration
has set a goal of 0.1% mass concentration in the end, and the proportion at that
time will be about 90%.

Table 2.5: Thermal neutron capture cross section for each gadolinium isotope

Isotope Natural abundance ratio [%] Cross section [b]
152Gd 0.20 740
154Gd 2.18 85.8
155Gd 14.80 611000
156Gd 20.47 1.81
157Gd 15.65 254000
158Gd 24.84 2.22
160Gd 21.86 1.42

2.4.2 Recirculation system for Gd-loaded water

The loading of gadolinium into the SK tank is done by dissolving the Gd2(SO4)3 � 8H2O
powder through the SK water puri�cation system. The conventional water puri-
�ers have ion-exchange resins, where ions are removed, but in SK-Gd, it is nec-
essary to circulate water while retaining gadolinium ions (Gd3+ ) and sulfate ions
(SO2�

4 ). Therefore, a new circulation system was developed to remove ions other
than gadolinium ions and sulfate ions. The main puri�cation steps are shown
below and the SK-Gd water system is shown in Figure 2.9.

Puri�cation system

1. UV total organic carbon reduction lamp (TOC lamp)
Irradiate ultraviolet rays with a wavelength of 184.9 nm to oxidize and
decompose organic matter. It also sterilizes bacteria by irradiating ul-
traviolet rays with a wavelength of 253.7 nm.
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Figure 2.8: The proportion of thermal neutrons that are captured by gadolinium

2. Heat exchanger (HE)
The temperature of the water in the detector rises due to the heat gener-
ated by the circulation pump and high-voltage PMT. This temperature
increase causes dark noise, bacterial growth, and water convection. In
order to prevent them, three heat exchangers are used for one cycle
of water circulation, and water temperature is adjusted to about 13
degrees.

3. Strongly acidic cation exchange resin (2400L) (\C-Ex Resin" in Fig 2.9)
The acidic cation resin is inert to gadolinium ions. Ions other than
gadolinium ions are removed.

4. Strongly basic anion exchange resin (4600L) (\A-Ex Resin" in Fig 2.9)
The basic cation resin is inert to gadolinium sulfate ions. Negatively
charged impurities are removed.

5. 1 � m mesh �lter
Remove dust of 1� m or more and radioactive materials attached to it.

6. UV sterilizer
Ultraviolet radiation is irradiated to kill bacteria.

7. UF modules
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Remove particles smaller than 1� m using �ltration.

8. Membrane degasi�er (MD)
Remove Rn dissolved in the water.

The two sets of HE, C-EX, A-EX, middle �lter (1 � m), and UV sterilizer are
connected in parallel. Each has a supply of 60 ton/hour, making it possible
to supply a total of 120 ton/hour Gadolinium sulfate.

The water supplied to SK detector is puri�ed groundwater in the Kamioka
Mine (Appendix A). It is important to remove Radon 222Rn, which is a
radioactive substance dissolved in water. Radon becomes a background for
analysis near the threshold (3.5 MeV) in solar neutrino observations because
radon's daughter nucleus,214Bi, emits 3.26 MeV electron through beta decay.
Through the above puri�cation process, the puri�ed ultrapure water has a
radon concentration of� 1:7mBq=m3.

In addition, by the water circulating system in which puri�ed water is put
in from the bottom and withdrawn from the top, there is a problem of top
bottom asymmetry in water quality with higher water transmission at the
bottom of the detector than at the top.

Dissolving system

1. The weighing hopper
The Gd2(SO4)3 � 8H2O powder is weighed.

2. The circle feeder
The Gd2(SO4)3 � 8H2O powder is delivered in regulated quantities via
the circle feeder.

3. The solvent tank a fraction of the SK water being continuously recir-
culated is fed.

4. The shear blender and the dissolving tank
Gd2(SO4)3 � 8H2O powder is dissolved in water from the solvent tank.

5. The solution tank
The resulting solution is sent.

Pre-treatment system

1. Ultra-�lters (3 � m, 1 � m, 0.2 � m)
It remove very small dust.

2. UV total organic carbon reduction lamp (TOC lamp)

3. C-EX resin and A-EX resin These are cation exchange resin inert to
Gd+3 , anion exchange resin inert to SO2�

4 .
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Figure 2.9: Schematic diagram of SK-Gd water system [32]

4. UV sterilizer
Bacteria are removed.

2.4.3 Gadolinium loading

The �rst Gd-loading [32] was carried out between July 14 and August 17 2020,
with 13.2 ton of Gd2(SO4)3 � 8H2O powder dissolved via the system described
above. At this loading, the mass concentration of Gd2(SO4)3 � 8H2O was 0.026%,
which corresponds to the mass concentration of Gd of 0.011%. The time evolution
of the mass of the dissolved Gd2(SO4)3 � 8H2O powder is shown in Figure 2.10. It
shows that Gd2(SO4)3 � 8H2O was stably loaded up to the target of 13.2 ton. Water
with dissolved Gd2(SO4)3 � 8H2O is introduced from the bottom of the detector. At
that time, by making the temperature 0.35 degrees lower than the water in the de-
tector, the water in the tank was replaced with gadolinium water from the bottom
as shown in Figure 2.11. The state of Gd-loading can be con�rmed by observing
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Figure 2.10: The time transition of the mass of the dissolved Gd2(SO4)3 � 8H2O powder
in 2020

neutrons generated by the spallation reaction of cosmic muons. Figure 2.12 shows
the event distribution for each week from July 9, 2020 to August 23, 2020. We
con�rmed that the gadolinium sulphate solution was gradually introduced from
the bottom of the tank and the concentration was constant throughout the tank.

Additional Gd-loading was carried out between 1 June 2022 and 4 July 2020.
In this loading, 27.3 tons of Gd2(SO4)3 � 8H2O powder was dissolved, resulting in
the Gd2(SO4)3 � 8H2O mass concentration of 0.078% and the Gd concentration of
0.033%. The time evolution of the mass of the dissolved gadolinium powder is
shown in Figure 2.13. It can be seen that this Gd-loading was also performed
stably. In this study, we observed Gd-loading by using the number of events in
which spallation neutrons from cosmic muon are captured by gadolinium and the
time constant until spallation neutrons are captured by gadolinium. The results
are explained in Section 7.2.
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Figure 2.11: Gadolinium loading scheme

Figure 2.12: Event distribution of cosmic muon derived neutrons captured by gadolin-
ium. The horizontal axis represents the square of the radius of the recon-
structed vertex position, and the vertical axis represents the height.
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Figure 2.13: The time transition of the mass of the dissolved Gd2(SO4)3 � 8H2O powder
in 2022

2.5 Search for DSNB in SK-Gd

2.5.1 DSNB signal

The search for DSNB by the Super-Kamiokande has provided the world's most
stringent upper limit for the 
ux of DSNB, but it has yet to be discovered. This
is because the 
ux of DSNB isO(1)cm� 1s� 1, which is very small, and even with
the e�ective volume of Super-Kamiokande (22.5 tons), only 0.8 to 5 events occur
per year.
In Super-Kamiokande, the search for supernova background neutrinos is carried
out using inverse beta decay reactions (Eq. (2.5)) between electron antineutrino
and proton in the water.

�� e + p ! e+ + n (2.5)

The search is carried out in the energy range of 10-30 MeV, where the in
uence
of reactor neutrinos and atmospheric neutrinos is relatively small (Figure 2.14).

When the inverse beta reaction occurs in pure water, positron and neutron
are produced. Firstly positron emits Cherenkov light and it is detected by PMTs.
Then neutron is captured by hydrogen with a time constant of about 200� s. At
that time, gamma ray with an energy of 2.2 MeV are emitted. Electrons are
generated by electromagnetic interaction in water and emit Cherenkov light, which
is detected by PMTs. In the search for DSNB, delayed coincidence measurement
is used with two such signals, the prompt signal from the positron and the delayed
signal from the gamma rays emitted when the neutron is captured by hydrogen.
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Figure 2.14: Fluxes of DSNB (blue diagonal line) and background event neutrinos
expected at Super-Kamiokande [33]. The 
ux of DSNB depends on the
model and has a range.
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Figure 2.15: The signals from DSNB (electron antineutrino) observed in pure water

The schematic diagram of this reaction is shown in Figure 2.15. However, it
is di�cult to detect neutron capture events by hydrogen. This is because that,
�rstly the neutron capture cross-section of hydrogen atom is as small as 0.3 barn,
secondly the time taken to capture a neutron is as long as 200� s, thirdly the
gamma ray energy emitted is as low as 2.2 MeV, making it di�cult to distinguish
from low energy background events. Gadolinium was introduced to overcome these
weaknesses.

SK-Gd, by introducing gadolinium, improves the neutron detection e�ciency
and has the purpose of searching for DSNB with high statistics and low back-
ground. In SK-Gd, the search for DSNB is performed by delayed coincidence
measurement using the prompt signal from positron and the delayed signal from
several gamma rays with a total energy of about 8 MeV emitted by the neutron
captured by Gd. The schematic diagram of this reaction is shown in Figure 2.16.
The 8 MeV energy can be separated from low energy background events and the
signal is easy to tag. As described in the previous chapter, the neutron capture
cross-section of Gd is 60,900 barn for155Gd and 254,000 barn for157Gd, approx-
imately 200,000 and 1,000,000 times that of hydrogen atoms, and the neutron
detection e�ciency is estimated to reach about 90% at a Gd concentration of
0.1% (Figure 2.8).

2.5.2 Backgrounds for DSNB

The observed SK-IV data and expected background spectra are shown in Fig-
ure 2.17. As the �gure shows, there are three main backgrounds in DSNB search
below 20 MeV: Atmospheric neutrinos (NCQE), Atmospheric neutrinos (non-
NCQE), and spallation 9Li.

Atmospheric neutrinos (NCQE)
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Figure 2.16: The signals from DSNB (electron antineutrino) observed if Gd exist

In the energy region below 16 MeV, Neutral Current Quasi-Elastic scattering
(NCQE) of atmospheric neutrinos and oxygen atoms16O in water dominate
as background events. In this event, the gamma rays emitted when excited
oxygen nuclei are de-excited are the prompt signal, and neutrons with en-
ergies of tens to hundreds of MeV, which are kicked out by atmospheric
neutrino, are detected as the delayed signal. Nucleons ejected from oxygen
atom have high energy and collide with surrounding oxygen atom to emit
secondary gamma rays and neutrons. Figure 2.18 shows the 
ow of this inter-
action. In the event where multiple neutrons are emitted, multiple neutron
capture signals are detected after the prompt signal by gamma ray. On the
other hand, since only one neutron is generated from inverse beta decay by
DSNB, it can be distinguished from NCQE in which multiple neutron signals
are detected. Therefore, it is estimated that the background of atmospheric
neutrinos by NCQE is reduced to 1/3 with neutron tagging with Gd.

Atmospheric neutrinos (non-NCQE)
Charged-current quasielastic (CCQE) interaction and pion production dom-
inate at high energy region above 20 MeV. Cherenkov light from electrons
produced by the decay of muons and pions is detected in this reaction. So,
the reconstructed energy follows the Michel energy spectrum from about 15
to 50 MeV. Atmospheric neutrino events are simulated using the HKKM
2011 
ux [35].

Cosimc ray muon spallation
SK is exposed to cosmic ray muons at a rate of� 2 Hz. Muons produce
electromagnetic and hadron showers in water. Spallation of oxygen nuclei
induced by the muons or by secondary particles produce radioactive isotopes.
Those decays could be misidenti�ed as IBD events in the DSNB search and
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Figure 2.17: The energy spectra of DSNB background [20]

37



Figure 2.18: Schematic of NCQE interaction [34]

become background events. In the energy region below about 20 MeV, the
associated background is about 106 times higher than the DSNB 
ux pre-
diction and the spallation reduction is essential.

Most spallation isotope produce only� and 
 and these backgroud events
can be reduced using neutron tagging, but a few isotopes undergo a� + n
decay that mimics the IBD signal and these backgroud events cannot be
removed using only neutron tagging. These spallation reductions require
both dedicated reduction techniques and neutron tagging, with the mod-
elling matched to each isotope. The isotope lifetimes and the end-point
energies of their decays are summarized in Figure 2.19. Isotopes that un-
dergo � + n decays include8He, 11Li, 16C and 9Li. In particular, 9Li has
a non-negligible yield (1:9 � 10� 7 � � 1:g� 1:cm2), a half-life of about 0.18
sec, decays into� + n pair with a branching ratio of 50.8%, and the de-
cay of 9Li is similar to the IBD event in DSNB. The di�erences are that
the � of 9Li is an electron and the neutron energy is higher in9Li than
in DSNB. However, since SK does not distinguish between positrons and
electrons and neutron energies cannot be measured,9Li decay is modelled
using IBD Monte-Carlo simulations. 9Li production rate is estimated to be
0:86� 0:12(stat:) � 0:15(syst:) kton � 1:day� 1 [36].
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Figure 2.19: End-point energies and half-lives [20]
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Chapter 3

Overview of calibrations in a few
to tens of MeV region

In this section, an overview of calibration for the SK low energy region is
described. To evaluate the energy of the particles which are interacted in the SK
detector precisely, calibration is very important. The schematic diagram of the

ow of conversion of energy and the kind of calibration used in this 
ow is shown
in Figure 3.1.

3.1 Basic calibrations

In the low energy region, the number of PMT hits is used for energy. This
is because the number of photoelectrons detected at each PMT is mostly 1 or 0,
as the expected value of the number of incoming photons per PMT is su�ciently
smaller than 1. Therefore, the number of PMTs that detect photoelectrons is a
good approximation of the total number of photoelectrons.N50 is the number of
PMT hits within 50 ns. Since the N50 has the event vertex position dependence
due to water conditions and e�ects of dark noise and quantum e�ciency of PMT,
the N50 is corrected for these e�ects. Basic calibrations can be divided into two
main categories: PMT related and water related, and these calibrations are used
for these correction factors described in the below "Summary of calibration pa-
rameters". The relation between each correction factor (calibration parameter)
and calibration is shown as follows.

Summary of calibration parameters

ˆ PMT related

{ Gain, Cgain
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Figure 3.1: The schematic diagram of the 
ow of conversion of energy and the kind
of calibration. In the low energy region, energy is detected using theN50

(the number of PMT hits within 50 ns) parameter. Ne� (the e�ective
number of hits) is calculated by the correction factors derived from the
basic calibration. Energy calibrations allow MC simulation to accurately
reproduce the data and the total energy is reconstructed.

Scaling factor of the size of PMT signal. It does not a�ect the
reconstructed energy directly, because the number of PMT hits is
used for the energy reconstruction. However, it a�ects the e�ciency
to detect a hit above the threshold of the electronics. This e�ect is
reproduced in the simulation.

{ QE (Quantum E�ciency to detect photon)
QE a�ects the probability of a photon detected by a PMT. The
evaluation of QE is described in Section 4.1.1.

{ Dark noise
Random PMT hit rate mostly caused by spontaneous thermal elec-
tron emission. Dark noise for energy reconstruction is randomly
produced at a de�ned rate in MC simulation.

ˆ water related

{ � abs, � sym, � asym

coe�cients for absorption and scattering (symmetric or asymmet-
ric). The details of these parameters are described in Section 4.2.1.

{ Cabs

Scaling factor of absorption coe�cient to implement time variation
of water transparency. It is evaluated by �tting the correlation
plot between Cabs and water transparency with 50 MeV electrons
produced for each di�erent value of Cabs in MC simulation.
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{ Csca

Scaling factor of scattering coe�cient to minimize position depen-
dence ofNe� . 10 MeV electrons are generated in MC simulation
and Ne� is calculated at di�erent values of Csca. The best Csca

is selected from the value which minimizes the position dependent
variation of Ne� .

{ �
Coe�cient for z position dependence of water transparency. The
detail of the parameter� is described in Section 4.2.3.

Summary of basic calibration

ˆ calibration using NiCf source
NiCf source is inserted into the tank and
 rays are detected to measure
QE and z position dependence of the water transparency. The detail of
NiCf calibration is described in Section 4.1.1.

ˆ laser calibration
N2 laser with short pulse widths (< 0:4ns) is used and inserted into

the tank to measure PMT hit timing and water parameters. The laser
calibration for PMT hit timing is described in Section 4.1.2 and that
for water parameters is described in Section 4.2.1.

ˆ Decay electron calibration
Decay electron is generated from cosmic ray muon stopped in the detec-
tor and is used to grasp the temporal variation of the water quality. The
detail of decay electron calibration for the water quality measurement
is described in Section 4.2.2.

The e�ective number of hits Ne� is calculated by correctingN50 using these
correction factors. Basic calibrations are explained in Chapter 4.

3.2 Energy calibrations

Energy calibrations are explained in Chapter 5. These calibrations measure
the energy scale and help MC simulation reproduces the data more accurately.

The following kinds of energy calibration are used in SK.

Calibration with instruments

ˆ LINAC
An electron linear accelerator called a LINAC is used to launch electrons
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Table 3.1: The relation between calibration parameter and calibration

PMT related parameters Evaluation method
Gain the hits in the o�-timing window of cosmic muons
Cgain Decay electron
QE NiCf calibration
Dark noise the hits in the o�-timing window of the LE trigger data
Water related parameters Evaluation method
� abs, � sym, � asym laser calibration
Water transparency Decay electron
Cabs MC simulation
Csca MC simulation
� NiCf calibration

of certain energy into each position in the SK tank. The absolute value
of the energy scale is calibrated. LINAC is described in Section 5.2.1.

ˆ DT calibration
Electrons generated isotropically by� decay of16N are used. The va-
lidity of the energy scale determined by LINAC is checked. In addition,
DT calibration is used to evaluate the directional dependence of the
energy scale. DT calibration is described in Section 5.2.2.

Cosmic ray induced

ˆ 16N
This calibration is performed using16N generated by cosmic muon cap-
tured by 16O in the tank to evaluate the energy scale for solar neutrino
detection. 16N calibration is described in Section 5.2.3.

ˆ Decay electron
Electrons generated by muon decay are used to evaluate the energy
scale. The decay electron for energy scale calibration is described in
Section 5.2.4.

LINAC and DT calibration are also used to evaluate the systematic uncertainty
of the energy scale. The systematic uncertainty for position dependence of energy
reconstruction is estimated by comparing the data from LINAC and MC simula-
tion. The systematic uncertainty for directional dependence is estimated by the
data from DT calibration. The systematic uncertainty of the energy scale of the
current solar neutrino observation is summarized in Table 3.2.
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Table 3.2: Systematic uncertainty of energy scale of the current solar neutrino obser-
vation [37]

Position Dependence 0.44%
Direction Dependence 0.10%
Water Transparency 0.20%
LINAC Energy 0.21%
Total 0.54%

The systematic uncertainty for the position dependence of the energy scale in
the SK-IV result was 0.44%. This uncertainty is due to the di�erence between
the data and MC simulation. It is necessary to improve MC simulation to reduce
this uncertainty with a more accurate evaluation of the position dependence and
the time dependence of the water transparency. However, the number of data
taking points for LINAC and DT calibration is limited and these calibrations don't
provide su�cient information to improve MC simulation. We need to evaluate
more detailed position dependence.

3.3 Motivation for energy calibration using spal-
lation neutrons

This study aims to develop a new energy calibration using spallation neutron.
In SK, the addition of gadolinium in 2020 made it possible to detect spallation
neutrons via Gd(n,
 ) reactions. Spallation neutrons have the following features.

ˆ Produced throughout the entire detector.

ˆ Produced all time.

ˆ High rate of production and detection.

LINAC and DT calibration have limited data taking points and data taking pe-
riods. Thanks to the above features of the spallation neutrons, we can do the
calibration of the energy scale that evaluates the position dependence and time
dependence in more detail than LINAC and DT calibration.

More details on spallation neutrons and the event selection method developed
in this study are described in Chapter 5, the evaluation of time variation of energy
using spallation neutrons is in Chapter 7, and the discussion of energy calibration
methods using spallation neutrons is in Chapter 8. In the study of energy cali-
bration using spallation neutron, our aim is to develop a calibration in which the
position dependence is suppressed to about the level of systematic uncertainty in
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the current solar neutrino observation (� 0.5%). In this thesis, we evaluated the
position dependence using current MC simulation and spallation neutron data.
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Chapter 4

Calibration of SK detector
response

In this chapter, calibration methods in the Super-Kamiokande detector are
described. The main components of the detector are the PMT and water. It is
extremely important to understand them in order to obtain reliable data and to
make accurate measurements.

4.1 PMT related calibration

4.1.1 Relative QE

The number of PMT hits is used for energy reconstruction of low-energy events
where only one photon enters one PMT. Each PMT has individual di�erences and
we need to take that into account. In order to understand the properties of each
PMT, we calculate the relative quantum e�ciency from a detector calibration us-
ing NiCf source, and make the QE table that summarizes the PMT identi�cation
numbers and relative quantum e�ciencies. The structure of the NiCf source is
shown in Figure 4.1. A green 16 cm diameter ball made from 35% nickel oxide
(NiO) and 65% polyethylene have a hole in the center. A neutron source, cali-
fornium 252 (252Cf), is placed in the center of the hole, and the top and bottom
are covered with brass rods.

The principle of Cherenkov light generation from the NiCf source is as follows.

1. 252Cf has a half-life of 2.65 years, 96.9% undergo� decay and the remaining
3.1% undergo spontaneous �ssion.

2. The average of 3.76 neutrons with 2.1 MeV and the average of 10 gamma
rays with 10 MeV are produced in a single �ssion.
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Figure 4.1: Structure of NiCf source

3. The generated neutrons are elastically scattered about 20 times with the
protons in the polyethylene in a few� sec.

4. Every time elastic scattering occurs, the neutrons lose energy and are even-
tually thermalized.

5. Thermalized neutrons are captured by Ni nuclei and gamma rays (6-9 MeV)
are emitted.

6. Gamma rays in water cause electron-positron pair production and compton
scattering, resulting in the emission of Cherenkov light. Cherenkov light is
detected by PMTs.

This Cherenkov light is so weak that only one photon can enter one PMT, and
is emitted isotropically from the NiCf source. The NiCf source is therefore suitable
for measuring relative quantum e�ciency.

Figure 4.2 shows the 
ow chart of the analysis to obtain the relative QE. NiCf
events are selected from the acquired data and the number of hits for each PMT
is calculated and corrected to determine the relative hit rate. Equivalent analysis
is also performed for MC simulation. Relative QE can be obtained by comparing
data and MC hit rates.

QE =
HRData

HRMC
(4.1)

where HR represents hit rate.
Figure 4.2 shows the latest (updated on 16/09/2022) relative QE for z-direction

of the SK tank.
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Figure 4.2: the 
ow chart of the analysis of QE

Figure 4.3: The relative QE updated on 16/09/2022 [38]. The vertical axis represents
QE (ratio of data hit rate to MC hit rate) and the horizontal axis represents
z direction of the SK tank. Black dots represent the QE at each z position.
One plot point is the average of 150 PMTs for one round of the barrel.
The red area is the area within � 0.5%, and the data at any position is
within 0.5%.
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Figure 4.4: Schematic diagram of the time walk [39]. High charge signal (red line)
have higher pulses and faster the rise time than low charge signal (blue
line).

4.1.2 Relative timing

The PMT timing information is the important item for the reconstruction of
the vertex position. Timing responses are not the same between PMTs due to
cable length di�erences and electronics response variations. Timing calibration
corrects for these variations. Due to the property of the signal of the PMT, the
time-walk occurs when the di�erent amount of charge is observed (Figure 4.4).
Time and charge correlation is evaluated using N2 laser with short pulse widths
(< 0:4ns) to correct for time walk and to time calibrate the PMT (Figure 4.5.).
The relation between time and charge is called \TQ-map", which is the timing
as a function of the pulse height. This map is then �tted by various polynomial
functions depending on the charge range. The �tted parameters are then used
to correct the time response of each PMT as a function of the observed charge.
Figure 4.6 shows the TQ-map for SK-IV. The vertical axis of the TQ-map corre-
sponds to the signal detection timet � t tof , and the larger the value, the earlier the
detection time. QBin on the horizontal axis represents the value corresponding to
the detected chargeQ [pC]. The obtained correlation betweent � t tof and QBin
is �tted with a polynomial function, and the obtained �tting function is added to
the signal detection time to correct the time shift due to the time walk.
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Figure 4.5: Schematic diagram of time calibration using laser

Figure 4.6: TQ-map for SK-IV PMT. The horizontal axis is charge of each hit (QBin),
and the vertical axis is time [ns] after subtracting the time of 
ight.
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4.2 Water related calibration

Since the amount of detected Cherenkov light changes depending on the water
transparency, the parameters related to water are important correction terms in
reconstructing the energy with high accuracy. There are two methods for measur-
ing the water transparency, one using a laser and the other using decay electrons
from cosmic ray muon.

4.2.1 Water parameter tuning with laser

The attenuation of light is expressed by the exponential function,

I (� ) = I 0(� )exp(� r=L(� )) (4.2)

where � is the wavelength of light, I 0(� ) is the initial light intensity, r is the
distance traveled by light, andL(� ) is the water transparency.

Light is subject to absorption or scattering e�ects while traveling through wa-
ter. Scattering is divided into symmetric scattering and asymmetric scattering.
When the scattering angle is� , the angular distribution of scattered light in sym-
metric scattering is expressed as 1+cos 2� . In asymmetric scattering, the scattering
probability increases linearly when 0< cos� < 1, and when cos� < 0, the scatter-
ing probability is zero (Figure 4.7). The water transparency in MC is expressed
by the following equation,

L(� ) =
1

� abs(� ) + � sym(� ) + � asy(� )
(4.3)

where � abs(� ), � sym(� ), � asy(� ) represent parameters for absorption, symmetric
scattering, and asymmetric scattering, respectively. Also, these parameters are
expressed as follows using the coe�cientsP0 to P8.

� abs(� ) = P0 �
P1

� 4
+ P0 � P2 � 0:0279� (

�
500

)P3 (4.4)

� sym(� ) =
P4

� 4
� (1:0 +

P5

� 2
) (4.5)

� asy(� ) = P6 � (1:0 +
P7

� 4
� (� � P8)2) (4.6)

The coe�cients P0 to P8 are derived by �tting the laser data.
Laser light of �ve di�erent wavelengths (337, 375, 405, 445, 473 nm) is injected

into the tank. Laser injectors are parmanently installed at seven places (Top� 1,
Barrel� 5, Bottom� 1) as shown in Figure 4.8 and. For data analysis, we select hits
of scattered light from the timing of the hits, compare the hit ratio versus timing
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Figure 4.7: photon scattering [40]

plots between the data and MC, and extract the best values forP0 to P8. The
values ofP0 to P8 obtained from the data obtained from 01/01/2021 to 01/02/2021
are summarized in the table 4.1.

Table 4.1: The summary of the coe�cients P0 to P8.

P0 P1 P2 P3 P4 P5 P6 P7 P8

0.615067 44854600 1.14829 14.4675 10345500077171.9 2.42803e� 4 14.9426 41475.0

4.2.2 Water transparency measurement with decay elec-
tron

Decay electron (decay-e) from cosmic ray muons stopped in the detector are
used to measure the average water transparency throughout the detector. The
main purpose of this measurement is to constantly monitor the water in the de-
tector, and to grasp the temporal 
uctuations of the water quality. After a decay
electron event from a cosmic-ray muon is selected, the average chargeN i given
by the Cherenkov photon and the average distancedi between the PMTs that de-
tected the Cherenkov photon signal and the point where the decay electron event
occurred is calculated. The relation between the number of Cherenkov photon and
the distance is shown in Figure 4.10. Some segments are created by dividing the
Cerenkov ring into the polar angle and the azimuthal angle with respect to the
direction of decay electron. Then,N i is calculated in each segment as,

N i = ( X i + � tail � � dark ) �
Nalive

Nall
�

S(0; 0)
S(� i ; � i )

�
1

QE i
: (4.7)
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Figure 4.8: The location of laser injector [38]

Figure 4.9: Schematic of water parameter measurement using laser [38]
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Figure 4.10: The schematic diagram of the Cherenkov ring [41].

Each element used in this formula is explained in 4.1.3.
The derived distribution of charge vs. distance is �tted with an exponential

function to derive the attenuation coe�cient (= water transparency). Figure 4.11
shows the time variation of water transparency. The data is used from the middle
of SK-IV to SK-VI.

4.2.3 Top Bottom Asymmetry

As described in Section 2.4.2, in the SK water circulating system, puri�ed
water is put in from the bottom and withdrawn from the top, so the bottom has
a higher water transparency than the top. This asymmetry is called Top Bottom
Asymmetry (TBA). TBA is monitored by using the laser and the NiCf source.

The measurement of the hit rate by the NiCf source also provides an estimate
of TBA of the water transparency. As discussed in Chapter 2, it has been observed
that there is a top-bottom asymmetry in water transparency due to the e�ect of
water circulation. The TBA is expressed as the following equation,

TBA =
htopi � h bottomi

hbarreli
(4.8)

wherehtopi is the average PMT hit rate on the top surface,hbottomi is the average
PMT hit rate on the bottom surface andhbarreli is the average PMT hit rate on
the sides.

The position dependence of the water transmission length is a source of sys-
tematic uncertainty in the energy reconstruction. To suppress this, the positional
dependence of the water transparency is also introduced in the MC simulation

54



Figure 4.11: Time variation of water transparency [41]. The data of the middle of
SK-IV to SK-VI is used.

in the form of dependence linearly in the height z direction, as in the following
equation. For SK-IV and SK-VI,

L(� ) =

8
>><

>>:

1
� abs(� ) � (1 + z � � ) + � sym(� ) + � asy(� )

z > � 11m;

1
� abs(� ) � (1 � 11� � ) + � sym(� ) + � asy(� )

z < � 11m
(4.9)

For SK-V,

L(� ) =
1

� abs(� ) � (1 + z � � ) + � sym(� ) + � asy(� )
(4.10)

where� is a parameter that expresses the level of TBA of water quality. In SK-IV
and SK-VI, the water at z < � 11m was convecting and it can be assumed that
the water quality is uniform. In SK-V, since convection does not occur,� abs(� )
depends on z for all range in the z direction. The z dependence is applied to only
the absorption coe�cient � abs(� ).

� is a variable introduced to incorporate TBA and its time variation into MC
simulations, expressed as a function of TBA,

� = a � TBA + b (4.11)

The parametersa and b are determined in the analysis of NiCf data. The distri-
bution of hit rates for the NiCf data is calculated from runs of di�erent periods.
The value of � that best reproduces the hit rate distribution is then derived for
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Figure 4.12: Hit rate and its ratio with the best � value [38].

each run. The best� in SK-VI was obtained as 0.00731014 [1/m] uisng the Ni
data of Jan, 21st 2021. Hit rate and its ratio with the best� value are shown in
Figure 4.12.

In addition, using the obtaineda and b, the time variation of � is derived from
the time variation of TBA. Time variation of TBA is evaluated using the lamp of
the auto-Xe. Figure 4.13 shows the time variation of TBA.
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Figure 4.13: Time variation of TBA measured with auto-Xe data [41].
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Chapter 5

Energy reconstruction and
calibration in a few to tens of
MeV region

5.1 Event reconstruction

In the SK, there are many analysis tools to reconstruct events because the
SK detector has many physics targets. In this chapter, the event reconstruction
method for low energy region is described.

5.1.1 Vertex reconstruction

In the low energy region, the trajectory of the charged particle is assumed to
be a point at the vertex. For example, an electron with an energy of 20 MeV can
travel a distance of about 10 cm in pure water, which is much smaller than the
vertex resolution of 50 cm [37].

In order to reconstruct the vertex position, a maximum likelihood �t to the
timing of Cherenkov signal is used. This maximum likelihood �tting program is
called BONSAI (Branch Optimization Navigating Successive Annealing Interac-
tions). The time information in the PMT hit information is used to reconstruct
the event occurrence point. For each hit PMT, a residual timet � t tof � t0 is
de�ned, where t is the PMT hit time, t tof is the time it took for the photon to
reach the hit PMT from the event point, t0 is the time of the interaction. Using
the timing residual information, the likelihood function is de�ned as

L (~x; t0) =
NhitX

i =0

lnP(t i � t tof ;i � t0) (5.1)
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Figure 5.1: The probability density function of the residual time used for the vertex
reconstruction maximum likelihood �t [40]. The second and third peaks
around 30 nsec and 100 nsec are caused by the PMT's after pulses.

where~x is the position of the event point candidate andP(t i � t tof ;i � t0) is the
probability density function of the timing residual for a single photoelectron signal
as shown in Figure 5.1. The likelihood functionL (~x; t0) is calculated at each point
while changing~x in the detector, and the position with the maximum value is
determined as the vertex point. The accuracy of event reconstruction depends on
the energy, as the number of PMT hits varies with the energy of the generated
charged particles.P(t i � t tof ;i � t0) is derived together with the vertex resolution by
LINAC. The vertex resolution is de�ned as the distance that contains 68% of the
reconstructed events of LINAC and its energy dependence is shown in Figure 5.2.

gvtx is de�ned as parameters that represents the goodness of the vertex recon-
struction. The goodness of vertex reconstructiongvtx is evaluated by the PMT hit
time information.

gvtx =

P
i exp

2

4�

 
t i � t tof ;i � t0p

2!

! 2
3

5 exp

2

4�

 
t i � t tof ;i � t0p

2�

! 2
3

5

P
i exp

2

4�

 
t i � t tof ;i � t0p

2!

! 2
3

5

(5.2)

where! is the resolution of thet i � t tof ;i distribution and � is the time resolution
of the PMT. gvtx is the variable that takes values in the range 0 to 1, the closer to
1, the better the reconstruction is.
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Figure 5.2: The energy dependence of position resolution in vertex reconstruction [42].
Each line represents the SK phase (Blue: SK-I, Red: SK-III, Black: SK-IV).

5.1.2 Direction reconstruction

The Cherenkov light ring pattern is used for direction reconstruction. The
direction reconstruction uses the maximum likelihood method. The likelihood
function is de�ned as

L ( ~d) =
N20X

i =1

 

lnf (cos� i ; E) �
cos� i

F (� i )

!

(5.3)

where ~d is the direction of the charged particle andN20 is the number of PMT
hits within 20 ns around the event occurrence time.f (cos� i ; E) is the distribu-
tion function of the angle � i between the direction of the charged particle and the
observed photon direction. Since electrons pass through water undergoing mul-

tiple Coulomb scattering, f (cos� i ; E) also depends on the energyE.
cos� i

F (� i )
is a

correction term for solid angle.� i represents the angle of incidence of photons on
the PMT as shown in Figure 5.3.F (� i ) is a function of the sensitive area of the
PMT depending on the incident angle� i and is given as,

F (� ) = 0 :205 + 0:524cos� + 0:390cos2� � 0:132cos3�: (5.4)

The goodness of the direction reconstructiongdir is evaluated by the uniformity
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Figure 5.3: The de�nition of the incident angle of the photon on the PMT [40].

of hit PMTs based on the Kolmogorov-Smirnov test.

gdir =
maxf \ uniform (i ) � \ data (i )g � minf \ uniform (i ) � \ data (i )g

2�
(5.5)

where, \ uniform (i ) represents the direction angle of the i-th hit PMT when PMT
hits are assumed to be uniformly distributed around the ideal Cherenkov ring, and
\ data (i ) represents the direction angle of the actual PMT hit.gdir is the variable
that takes values in the range 0 to 1, the closer to 0, the better the reconstruction
is.

5.1.3 Energy reconstruction

For the energy reconstruction in the low energy (a few to tens of MeV) region,
the e�ective number of hits Ne� is used.Ne� is calculated from the number of the
PMT hits within 50 nsec time window N50 with corrections. Ne� is represented as
follows,

Ne� =
N50X

i

(X i + � tail � � dark )=(1 + Gi � Cgain)

�
Nalive

Nall
�

S(0; 0)
S(� i ; � i )

�
1

QE i
exp

 
r i

Le�

! (5.6)

The each parameter of the correction is as follows.

ˆ X i : The occupancy correction factor which corrects for the e�ect of having
multiple photons in a single PMT.
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