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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 Diffuse 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 first 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 flavor of neutrino stochastically changes
to another flavor 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 flavor eigenstates |να⟩ (α = e, µ, τ) can be expressed
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using their mass eigenstates |νi⟩ (i = 1, 2, 3):

|να⟩ =
∑
i=0

Uαi |νi⟩ (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 =

1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e
−iδCP

0 1 0
−s13e

iδCP 0 c13

 c12 s12 0
−s12 c12 0
0 0 1


=

 c12s13 s12c13 s13e
−iδCP

−s12c23 − c12s13s23e
−iδCP c12c23 − s12s13s23e

iδCP c13s23
s12s23 − c12s13s23e

iδCP c12c23 − s12s13s23e
−iδCP c13c23

 ,

(1.2)

where cij = cosθij and sij = sinθij which are the parameters representing the
degree of mixing of mass eigenstates, and are called neutrino mixing angles. δCP

represents the CP phase in the lepton sector, indicating that the CP symmetry
of neutrino is broken when sinδCP ̸= 0, but this has not yet been observed. In
vacuum, the time evolution of the neutrino mass eigenstate |νi(t)⟩ satisfies the
following Schrödinger equation,

− i
d

dt
|νi⟩ = H |νi(t)⟩ = Ei |νi(t)⟩ (1.3)

|νi⟩ = exp(−iEit) |νi(0)⟩ , (1.4)

where Ei is the energy of mass eigenstate, H represents Hamiltonian and t is
a travering time of the neutrino. From Eq 1.1, the time evolution of a flavor
eigenstate |να(t)⟩ can be written as

|να(t)⟩ =
∑
i

Uαiexp(−iEit) |νi(0)⟩ (1.5)

The amplitude when νβ is detected at time t starting from να is

A(να → νβ) = ⟨νβ|να(t)⟩ =
∑
i

∑
j

exp(−iEit)UαiU
†
βi ⟨νi|νj⟩

=
∑
i

e−iEitUαiU
†
βi,

(1.6)

The neutrino oscillation probability (να → νβ) in vacuum is given as follows.

P (να → νβ) = |A(να → νβ)|2

=
∑
i

∑
j

UαiU
†
βiU

†
αjUβjexp(−i(Ei − Ej)t)

(1.7)
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When the squared mass of a neutrinos m2
i are small compared to their momenta

p, an approximation is as follow,

Ei =
√

p2i +m2
i ≈ pi +

m2
i

2pi
≈ p+

m2
i

2Ei

, (1.8)

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

P (να → νβ) =
∑
i,j

UαiU
†
βiU

†
αjUβjexp

(
−i

(m2
i −m2

j)

2E
t

)

=
∑
i,j

UαiU
†
βiU

†
αjUβjexp

(
−i

∆m2
ij

2E
t

)

=
∑
i,j

UαiU
†
βiU

†
αjUβjexp

(
−i

∆m2
ij

2E
L

)

= δαβ − 4
∑
i<j

Re[UαiU
†
βiU

†
αjUβj]sin

2

(
∆m2

ij

4E
L

)

+ 2
∑
i<j

Im[UαiU
†
βiU

†
αjUβj]sin

(
∆m2

ij

2E
L

)
,

(1.9)

where ∆m2
ij = m2

i − m2
j is a mass-squared difference, E is the average neutrino

energy E ≃ γ(mi +mj)/2, t is replaced with a travel distance L = ct and δαβ is
the Kronecker’s delta.

Considering two generations of neutrino oscillation at νe ↔ νµ for simplicity,
since the unitary matrix is written as

U2×2 =

(
cosθ sinθ
−sinθ cosθ

)
(1.10)

the neutrino oscillation probability P (νe ↔ νµ) is written as,

P (νe ↔ νµ) = sin22θsin2

(
∆m2

4E
L

)

= sin22θsin2

(
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
difference in the neutrino mass eigenvalues.
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Neutrino oscillation parameters

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

θ12, θ23, θ13, ∆m2
21, ∆m2

32, δCP (1.12)

These parameters have been measured by using various neutrino sources:
solar, reactor, atmospheric and accelerator neutrinos. The best fit 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 δm2, but they are not very sensitive to its sign.
The order m1 < m2 < m3 is called Normal Ordering (NO), and the order
m3 < m1 < m2 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 fit value
sin2θ12 0.307 ± 0.013

sin2θ23 (IO) 0.539 ± 0.022
sin2θ23 (NO) 0.546 ± 0.021

sin2θ13 (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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• pp neutrino
p+ p → 2H+ e+ + νe (1.13)

• pep neutrino
p+ e− + p → 2H+ νe (1.14)

• hep neutrino
3He + p → 4He + e+ + νe (1.15)

• 7Be neutrino
7Be + e− → 7Li + νe (1.16)

• 8B neutrino
8B + e− → 8Be

∗
+ e+ + νe (1.17)

CNO cycle

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

• 13N neutrino
13N → 13C + e+ + νe (1.18)

• 15O neutrino
15O → 15N+ e+ + νe (1.19)

• 17F neutrino
17F → 17O+ e+ + νe (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 and 7Be neutrinos are pro-
duced with two-body final state, so they have a single energy spectrum, while all
the others are produced with three-body final state, so they have a broad energy
spectrum. At Super-Kamiokande, the energy threshold is 3.5 MeV, so 8B neutrinos
with a relatively large flux above 3.5 MeV can be observed.

1.2.2 MSW effect of solar neutrino

MSW effect

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

exchange. The charged current interaction affects the oscillation transition
due to the additional contribution to the Hamiltonian. The effective poten-
tials of the different neutrino flavors are written as,

Ve = VCC + VNC (1.21)

Vµ = Vτ = VNC (1.22)

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

VCC =
√
2GFne (1.23)

VNC = −
√
2

2
GFnn (1.24)

where ne is the effective potential of the number density of electrons in the
material, nn is the effective potential of the number density of neutrons in
the material, and GF is the Fermi coupling constant.

Considering two generations of neutrino oscillation at νe ↔ νµ for simplicity,
the neutrino equation of state in vacuum is expressed as,

d

dt

(
νe
νµ

)
= −i

[
∆m2

4E

(
−cos2θ sin2θ
sin2θ cos2θ

)](
νe
νµ

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

d

dt

(
νe
νµ

)
= −i

[
∆m2

4E

(
−cos2θ sin2θ
sin2θ cos2θ

)
+

(
VCC 0
0 0

)](
νe
νµ

)

= −i


−

∆m2

4E
cos2θ +

√
2GFne

∆m2

4E
sin2θ

∆m2

4E
sin2θ

∆m2

4E
cos2θ


(νe

νµ

) (1.26)

In order to diagonalize the matrix, the mixing matrix in matter UM is defined
as,

UM =

(
cosθM sinθM
sinθM cosθM

)
(1.27)

where the effective mixing angel θM is given by

tan2θM =
∆m2

2E
sin2θ

∆m2

2E
cos2θ −

√
2GFne

(1.28)

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

d

dt

(
νe
νµ

)
= −i

[
∆m2

M

4E

(
−cos2θM sin2θM
sin2θM cos2θM

)](
νe
νµ

)
(1.29)

where ∆m2
M is the effective mixing mass difference,

∆m2
M = ∆m2

√
(cos2θ − A)2 + sin22θ (1.30)

where

A =
2
√
2GFneE

∆m2
, (1.31)

The neutrino oscillation probability PM(νe ↔ νµ) in matter is expressed as
follows.

PM(νe ↔ νµ) = sin22θMsin2

(
∆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 flight distance.
If A = cos2θ, that is,

nR
e =

∆m2

2
√
2GFE

cos2θ (1.33)

the neutrino mixing is maximum. This effect is called the MSW(Mikheyev-
Smirnov-Wolfenstein) effect [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 effect of solar neutrino

Solar neutrinos are produced near the high-density solar center and are there-
fore affected by the MSW effect 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 flavors of neutrinos are mixed, so they transition along the solid
line in the figure, keeping ∆m2

M ̸= 0. Thus, νe produced near the dense solar
center changes to νµ when it comes to the solar surface (ne = 0) due to the
MSW effect.

1.3 Diffuse 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 classification [18].

Supernova explosions are classified 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) → νe + 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 fly out. This is called νe 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 flavor 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 different flavors evolve differently, giving the following energy hi-
erarchy.

⟨Eνe⟩ < ⟨Eνē⟩ < ⟨Eνx⟩ (1.35)

where x = µ, τ . Figure1.4 shows the time distribution of neutrino energy and
luminosity obtained by simulation. νx in the figure represents νx = (νµ+ ν̄µ+ντ +
ν̄τ )/4. These energies range from 10 MeV to around 20 MeV.

1.3.3 Diffuse Supernova Neutrino Background

The Diffuse Supernova Neutrino Background (DSNB) is the overall neutrino
flux 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 differential DSNB flux on Earth, taking into account also redshift effects,
is given by,

dΦ

dEν

= c

∫ ∞

0

RSN(z)(1 + Z)
dNν [Eν(1 + z)]

dEν

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 redshift z, Eν is the neutrino energy received,
dNν/dEν is the number spectrum emitted by the explosion where the neutrino was
emitted at a higher energy Eν(1 + z). dz/dt is the relation between cosmic time t
and redshift z given by,

dz

dt
= −H0(1 + z)

√
ΩΛ + Ωm(1 + z)3 (1.37)

where H0 is the Hubble constant and Ω is the cosmological parameters.
Many theoretical models have been proposed to predict the DSNB flux. Fig-

ure 1.5 shows the predicted energy distribution of the ν̄e flux. 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.

16



Figure 1.5: DSNB ν̄e flux predictions from various theoretical models [20] The color of
each line represents the difference 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 θc
with respect to to the direction of movement of the charged particle as shown in
Figure 2.2. The opening angle θc between the charged particle and Cherenkov
light is given by

cosθc =
1

nβ
, (2.1)

where n is the refractive index of the medium and β = v/c is the speed of the
charged particle. When the medium is water, the refractive index is n ∼ 1.34.
Similarly for gadolinium water, n ∼ 1.34. The opening angle is around 42◦ for
particles travelling at β ∼ 1 in water. The momentum threshold for the Cherenkov
radiation is

pthresh =
mc√
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 flight distance dx is given by

d2N

dλdx
=

2πα

λ2
(1− 1

n2β2
), (2.3)

where λ is the wavelength of emitted light and α is the fine 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 photons N is given by

N =

∫ 1cm

0

dx

∫ 1600nm

300nm

dλ
2πα

λ2
(1− 1

n2β2
) ≃ 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
reflection 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 reflective sheet called a Tyvek sheet in order
to improve the light collection efficiency 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 figure.

20



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 efficiency is ∼
22% at wavelengths 360 ∼ 400 nm, as shown in Figure 2.6.

There is an average geomagnetic field of 450 mG around the SK detector. In
order to prevent the influence of this magnetic field, Helmholtz coils are installed
in the horizontal and vertical directions around the detector. Thanks to this, the
magnitude of the magnetic field inside the detector is suppressed to an average of
32 mG, and the effect of geomagnetism on the collection efficiency 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 fiber 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 efficiency 70%
Quantum efficiency ∼ 22% (λ : 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 (1σ)

Weight 13 kg
Pressure resistance 6 kg/cm2

Figure 2.6: Quantum efficiency 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 classified 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 500µs trig-
ger from [+5, +535]µs 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 [µs]
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 first 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 filling 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.
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SK-V
For the SK-Gd experiment, waterproofing 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 efficiency 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 efficiency 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 difficult to distinguish from
background events due to its low energy, and the neutron detection efficiency 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 different 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 for 155Gd 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 purification system. The conventional water puri-
fiers 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 purification steps are shown
below and the SK-Gd water system is shown in Figure 2.9.

Purification 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 µm mesh filter
Remove dust of 1µm 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 µm using filtration.

8. Membrane degasifier (MD)
Remove Rn dissolved in the water.

The two sets of HE, C-EX, A-EX, middle filter (1 µm), 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 purified 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 purification process, the purified ultrapure water has a
radon concentration of ∼ 1.7mBq/m3.

In addition, by the water circulating system in which purified 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-filters (3 µm, 1 µm, 0.2 µm)
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 first 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 confirmed 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
confirmed 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 flux of DSNB, but it has yet to be discovered. This
is because the flux of DSNB is O(1)cm−1s−1, which is very small, and even with
the effective 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.

ν̄e + p → e+ + n (2.5)

The search is carried out in the energy range of 10-30 MeV, where the influence
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 200µs. 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 flux 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 difficult to detect neutron capture events by hydrogen. This is because that,
firstly 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 µs, thirdly the
gamma ray energy emitted is as low as 2.2 MeV, making it difficult to distinguish
from low energy background events. Gadolinium was introduced to overcome these
weaknesses.

SK-Gd, by introducing gadolinium, improves the neutron detection efficiency
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 for 155Gd and 254,000 barn for 157Gd, approx-
imately 200,000 and 1,000,000 times that of hydrogen atoms, and the neutron
detection efficiency 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 figure 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 atoms 16O 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 flow 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 flux [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 misidentified as IBD events in the DSNB search and
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Figure 2.17: The energy spectra of DSNB background [20]
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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 flux pre-
diction and the spallation reduction is essential.

Most spallation isotope produce only β and γ and these backgroud events
can be reduced using neutron tagging, but a few isotopes undergo a β + 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 β + n decays include 8He, 11Li, 16C and 9Li. In particular, 9Li has
a non-negligible yield (1.9 × 10−7 µ−1.g−1.cm2), a half-life of about 0.18
sec, decays into β + n pair with a branching ratio of 50.8%, and the de-
cay of 9Li is similar to the IBD event in DSNB. The differences are that
the β of 9Li is an electron and the neutron energy is higher in 9Li 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].

38



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
flow of conversion of energy and the kind of calibration used in this flow 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 sufficiently
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 effects of dark noise and quantum efficiency of PMT,
the N50 is corrected for these effects. 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

• PMT related

– Gain, Cgain
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Figure 3.1: The schematic diagram of the flow of conversion of energy and the kind
of calibration. In the low energy region, energy is detected using the N50

(the number of PMT hits within 50 ns) parameter. Neff (the effective
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 affect the
reconstructed energy directly, because the number of PMT hits is
used for the energy reconstruction. However, it affects the efficiency
to detect a hit above the threshold of the electronics. This effect is
reproduced in the simulation.

– QE (Quantum Efficiency to detect photon)
QE affects 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 defined rate in MC simulation.

• water related

– αabs, αsym, αasym

coefficients 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 coefficient to implement time variation
of water transparency. It is evaluated by fitting the correlation
plot between Cabs and water transparency with 50 MeV electrons
produced for each different value of Cabs in MC simulation.
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– Csca

Scaling factor of scattering coefficient to minimize position depen-
dence of Neff . 10 MeV electrons are generated in MC simulation
and Neff is calculated at different values of Csca. The best Csca

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

– β
Coefficient for z position dependence of water transparency. The
detail of the parameter β is described in Section 4.2.3.

Summary of basic calibration

• calibration using NiCf source

NiCf source is inserted into the tank and γ 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.

• 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.

• 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 effective number of hits Neff is calculated by correcting N50 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

• 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 off-timing window of cosmic muons
Cgain Decay electron
QE NiCf calibration
Dark noise the hits in the off-timing window of the LE trigger data

Water related parameters Evaluation method

αabs, αsym, αasym laser calibration
Water transparency Decay electron
Cabs MC simulation
Csca MC simulation
β 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.

• DT calibration
Electrons generated isotropically by β decay of 16N 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

• 16N
This calibration is performed using 16N 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.

• 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 difference 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 sufficient 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,γ) reactions. Spallation neutrons have the following features.

• Produced throughout the entire detector.

• Produced all time.

• 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 differences and
we need to take that into account. In order to understand the properties of each
PMT, we calculate the relative quantum efficiency from a detector calibration us-
ing NiCf source, and make the QE table that summarizes the PMT identification
numbers and relative quantum efficiencies. 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 α decay and the remaining
3.1% undergo spontaneous fission.

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 fission.
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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 µsec.

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 efficiency.

Figure 4.2 shows the flow 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 flow 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 differences 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 different 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 fitted by various polynomial
functions depending on the charge range. The fitted 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 time t− ttof , and the larger the value, the earlier the
detection time. QBin on the horizontal axis represents the value corresponding to
the detected charge Q [pC]. The obtained correlation between t − ttof and QBin
is fitted with a polynomial function, and the obtained fitting 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 flight.
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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(λ) = I0(λ)exp(−r/L(λ)) (4.2)

where λ is the wavelength of light, I0(λ) is the initial light intensity, r is the
distance traveled by light, and L(λ) is the water transparency.

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

L(λ) =
1

αabs(λ) + αsym(λ) + αasy(λ)
(4.3)

where αabs(λ), αsym(λ), αasy(λ) represent parameters for absorption, symmetric
scattering, and asymmetric scattering, respectively. Also, these parameters are
expressed as follows using the coefficients P0 to P8.

αabs(λ) = P0 ×
P1

λ4
+ P0 × P2 × 0.0279× (

λ

500
)P3 (4.4)

αsym(λ) =
P4

λ4
× (1.0 +

P5

λ2
) (4.5)

αasy(λ) = P6 × (1.0 +
P7

λ4
× (λ− P8)

2) (4.6)

The coefficients P0 to P8 are derived by fitting the laser data.
Laser light of five different 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 for P0 to P8. The
values of P0 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 coefficients P0 to P8.

P0 P1 P2 P3 P4 P5 P6 P7 P8

0.615067 44854600 1.14829 14.4675 103455000 77171.9 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 fluctuations of the water quality. After a decay
electron event from a cosmic-ray muon is selected, the average charge Ni given
by the Cherenkov photon and the average distance di 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, Ni is calculated in each segment as,

Ni = (Xi + ϵtail − ϵdark)×
Nalive

Nall

×
S(0, 0)

S(θi, ϕi)
×

1

QEi

. (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 fitted with an exponential

function to derive the attenuation coefficient (= 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, purified
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 effect of
water circulation. The TBA is expressed as the following equation,

TBA =
⟨top⟩ − ⟨bottom⟩

⟨barrel⟩
(4.8)

where ⟨top⟩ is the average PMT hit rate on the top surface, ⟨bottom⟩ is the average
PMT hit rate on the bottom surface and ⟨barrel⟩ 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
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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(λ) =


1

αabs(λ) · (1 + z × β) + αsym(λ) + αasy(λ)
z > −11m,

1

αabs(λ) · (1− 11× β) + αsym(λ) + αasy(λ)
z < −11m

(4.9)

For SK-V,

L(λ) =
1

αabs(λ) · (1 + z × β) + αsym(λ) + αasy(λ)
(4.10)

where β 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, αabs(λ)
depends on z for all range in the z direction. The z dependence is applied to only
the absorption coefficient αabs(λ).

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

β = a× TBA+ b (4.11)

The parameters a 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 different periods.
The value of β 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 β value [38].

each run. The best β 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 β value are shown in
Figure 4.12.

In addition, using the obtained a and b, the time variation of β 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 fit to the
timing of Cherenkov signal is used. This maximum likelihood fitting 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 time t − ttof − t0 is
defined, where t is the PMT hit time, ttof 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 defined as

L(x⃗, t0) =
Nhit∑
i=0

lnP (ti − ttof,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 fit [40]. The second and third peaks
around 30 nsec and 100 nsec are caused by the PMT’s after pulses.

where x⃗ is the position of the event point candidate and P (ti − ttof,i − t0) is the
probability density function of the timing residual for a single photoelectron signal
as shown in Figure 5.1. The likelihood function L(x⃗, t0) is calculated at each point
while changing x⃗ 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 (ti−ttof,i−t0) is derived together with the vertex resolution by
LINAC. The vertex resolution is defined as the distance that contains 68% of the
reconstructed events of LINAC and its energy dependence is shown in Figure 5.2.

gvtx is defined as parameters that represents the goodness of the vertex recon-
struction. The goodness of vertex reconstruction gvtx is evaluated by the PMT hit
time information.

gvtx =

∑
i exp

−(ti − ttof,i − t0√
2ω

)2
 exp

−(ti − ttof,i − t0√
2σ

)2


∑
i exp

−(ti − ttof,i − t0√
2ω

)2
 (5.2)

where ω is the resolution of the ti − ttof,i distribution and σ 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 defined as

L(d⃗) =
N20∑
i=1

(
lnf(cosΘi, E)×

cosθi

F (θi)

)
(5.3)

where d⃗ is the direction of the charged particle and N20 is the number of PMT
hits within 20 ns around the event occurrence time. f(cosΘi, E) is the distribu-
tion function of the angle Θi between the direction of the charged particle and the
observed photon direction. Since electrons pass through water undergoing mul-

tiple Coulomb scattering, f(cosΘi, E) also depends on the energy E.
cosθi

F (θi)
is a

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

F (θ) = 0.205 + 0.524cosθ + 0.390cos2θ − 0.132cos3θ. (5.4)

The goodness of the direction reconstruction gdir is evaluated by the uniformity
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Figure 5.3: The definition of the incident angle of the photon on the PMT [40].

of hit PMTs based on the Kolmogorov-Smirnov test.

gdir =
max{∠uniform(i)− ∠data(i)} −min{∠uniform(i)− ∠data(i)}

2π
(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 effective number of hits Neff is used. Neff is calculated from the number of the
PMT hits within 50 nsec time window N50 with corrections. Neff is represented as
follows,

Neff =

N50∑
i

(Xi + ϵtail − ϵdark)/(1 +Gi × Cgain)

×
Nalive

Nall

×
S(0, 0)

S(θi, ϕi)
×

1

QEi

exp

(
ri

Leff

) (5.6)

The each parameter of the correction is as follows.

• Xi : The occupancy correction factor which corrects for the effect of having
multiple photons in a single PMT.
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• ϵtail : The correction factor to add late hits which are scattered or reflected
during the travel in the water.

• ϵdark : The correction to remove dark rate hits in the 50 ns time window.

• 1 + Gi × Cgain : The effect of gain. This factor is introduced in SK-IV, but
we do not use it in SK-V and SK-VI because the effect was found to be
negligible in those periods.

•
Nalive

Nall

: The correction for the bad PMTs.

•
S(0, 0)

S(θi, ϕi)
: The correction for the coverage of the PMTs as a function of

photon incident angles.

•
1

QEi

: The correction for the quantum efficiency (QE).

• exp(
ri

Leff

) : The correction for the attenuation of Cherenkov light in the

water.

After all parameters are corrected and the number of effective PMT hits Neff

is determined, the total (kinetic and mass) electron energy is reconstructed as a
function of Neff . The relation between Neff and reconstructed energy is given by
the following equation obtained from MC simulation.

E(Neff) =


p0 + p1x+ p2x

2 + p3x
3 + p4x

4 + p5x
5 (Neff < p6)

p0 + p1p6 + p2p
2
6 + p3p

3
6 + p4p

4
6 + p5p

5
6

+(p1 + p2p6 + p3p
2
6 + p4p

3
6 + p5p

4
6)(x− p6) (Neff > p6)

(5.7)

The values of p0 to p6 are obtained by fitting. E(Neff) is a 5th polynomial function
below p6 and a linear function above p6. Parameters for the linear function are de-
rived from the derivative of the 5th polynomial function, so that two functions are
connected smoothly. Figure 5.4 shows the relation between the total reconstructed
energy and Neff and the values from p0 to p6 of SK-VI data.

5.2 Energy calibration

As mentioned above, in the low energy region, the energy is reconstructed
using the effective PMT hit number Neff corrected for the N50 number of PMT
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Figure 5.4: The the relation between the total reconstructed energy and Neff and the
values p0 to p6. Black dots show MC simulation results, blue line represents
function derived by fitting. The SK-VI data is used. The values of p0 to
p6 are obtained by fitting. ”G4” written in the figure is the name of the
simulation package.

hits that detected the light. In order for MC simulations to accurately reproduce
the real data, the difference between the data and the MC simulated detector
response must be kept small. For this purpose, energy calibration is carried out
in the Super-Kamiokande using the electron linear accelerator LINAC (Linear
accelerator) and the DT (Deuterium-Tritium neutron generator). Also, since the
condition of the water in the detector is continuously changing, it is important
to check the energy scale. Cosmic-ray-induced calibration sources are used for
the energy scale evaluation. Since cosmic ray muons enter the entire detector at
about 2Hz, the calibration source generated from the muons is constantly detected
throughout the entire detector. In this chapter, the energy scale evaluation by 16N
and decay electron are also explained.

5.2.1 LINAC

Overview

The LINAC is placed above the tank of the SK detector. The LINAC beam
pipe is inserted into the detector through a hole, called calibration hole, at
the top of the detector, and electrons with the single energy (5, 6, 8, 10, 12
and 18 MeV) are ejected downwards. By the LINAC, the absolute value of
the energy scale is calibrated and the systematic uncertainty on the position
dependence of the energy reconstruction is estimated. The position of the
calibration holes and the length of the beam pipe are fixed and data taking
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Figure 5.5: Schematic diagram of the LINAC measurement in Super-Kamiokande [43].
Points A to I represent data taking points.

is done typically at the nine points as shown in Figure 5.5.

Motivation

In the LINAC analysis, the value called COREPMT is determined which is
introduced to correct for the average quantum efficiency of the PMTs in-
stalled in the detector. The Neff between data and MC are compared and
the value of COREPMT is tuned so that the value of Neff becomes the
same between data and MC. Then, the equation for the conversion from
Neff to energy is obtained on the basis of the correlation between Neff and
the energy of the generated charged particles. Furthermore, the data and
the corresponding MC simulation are compared and the systematic uncer-
tainty on the position dependence of the energy reconstruction is estimated
(Figure 5.6).

Advantage

• Single energy electrons such as 5, 8, 10, 12 and 18 MeV can be injected.

Disadvantage

• The calibration holes are fixed, so detailed positional dependence cannot
be checked.

• A lot of people is needed. At least 10 people are required to move the
tower and manually extend each 4m beam pipe.

• The calibration can only be carried out once or twice a year.

64



Figure 5.6: Ratio of Neff obtained from data and MC simulation [41]. Data from
August 6, 2019 to August 23, 2019 is used.

5.2.2 Deuterium-Tritium (DT) calibration

Overview

DT (Deuterium-Tritium neutron generator) calibration is a calibration that
detects gamma rays and electrons using 16N generated from the following
reactions. First, helium and deuterium react to emit neutrons.

3He + 2H → 4He + n (5.8)

Neutrons have an energy of 14.2 MeV and they are captured by 16O. Then
16N and protons are produced.

16O+ n → 16N+ p (5.9)

The generated 16N decay has the half life time of 7.13 s according to the
Branching Ration (BR). Those with the BR greater than 1% are described
below:

16N → 16O+ β−(Q : 4.3MeV) + γ(6.1MeV) (BR : 66.2%) (5.10)
16N → 16O+ β−(Q : 10.4MeV) (BR : 28%) (5.11)

16N → 16O+ β−(Q : 3.3MeV) + γ(7.11MeV) (BR : 4.8%) (5.12)

Reactions 5.8 and 5.9 are occurred in the SK detector using a Deuterium
Tritium Generator (DTG) as shown in Figure 5.7. The flow of DT calibration
is as follows.(Figure 5.8)

1. Submerge the DTG in water. DT calibration is carried out in the same
position as LINAC.
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Figure 5.7: Schematic of the DTG setup [44]

2. Activate the DTG and emit neutrons. The pulse are irradiated at max-
imum 100Hz, ∼ 3× 106 neutrons are emitted three times.

3. Raise the DTG by 2m so that it does not cast shadows. During this pe-
riod, the data is not taken in order to eliminate the background caused
by electrical noise generated by the crane.

4. Data taking is done for 40 seconds.

5. Repeat No.1 ∼ 4 20 ∼ 25 times per position.

Motivation

The DT calibration is performed to validate the energy scale and to evalu-
ate the systematic uncertainty of the energy reconstruction determined by
LINAC. In addition, electrons are produced isotropically in DT, whereas in
LINAC electrons were only emitted in a downward direction. Therefore,
systematic uncertainties on the directional dependence of the energy recon-
struction, which could not be checked in LINAC, can be estimated.

Advantage

• Position dependence can be investigated at position where LINAC can-
not be used.
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Figure 5.8: An overview of DTG data taking

• DT calibration can be worked with 2-3 people, less than LINAC.

Disadvantage

• The DTG itself interferes with the propagation of Cherenkov light, mak-
ing it impossible to accurately analyze the energy response in some
zenith angles.

• Because of beta decay, the electron energy is in a continuous spectrum.

• There are some branch events.

Result

Figure 5.9 shows the results of comparing Neff obtained from the data and
Neff obtained from the MC simulation for each direction of the reconstructed
electrons. A similar comparison was carried out for different generating
positions and the systematic uncertainty for the directional dependence in
the energy reconstruction was calculated to be 0.10 %.

5.2.3 16N energy scale calibration

Overview
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Figure 5.9: Directional (θz) dependence of the difference inNeff obtained from data and
MC simulations [44]. The horizontal axis represents the value obtained by
taking the cos of θz, and the vertical axis represents the deviation between
the data and the MC simulation. The rise seen around cosθz = 1 is due to
the MC simulation not reproducing the effect of shadows created by the
DT device itself.

When a cosmic ray muon is captured by 16O, 16O becomes 16N and a muon
neutrino is emitted,

16O+ µ− → 16N+ νµ (5.13)

The produced 16N undergoes the processes in Eqs. 5.10-5.12, which is the
same as 16N produced by the DT generator. These can be also used for
energy calibration.

Motivation
16N decay events are background events for solar neutrino observations. 16N
calibration is used to evaluate the energy scale for solar neutrino detection,
since the observed decay events have the same energy range as solar neutrino.

Advantage

• Energy scale evaluation can be performed throughout the entire SK
detector.

• The directional dependence of the energy scale can be investigated.

• The analysis can be performed using the entire SK period.
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Figure 5.10: Energy scale evaluation of 16N analysis and DT calibraiton analysis [43].
Black dots represent 16N data, red dots represent DT calibration data.

Disadvantage

• 16N are produced at a low rate and takes a long time to get enough
statistics.

Result

Figure 5.10 shows the results of the time variation of the energy scale eval-
uated from the 16N calibration. Using the selected 16N events, the energy
scale was evaluated every 2 years for SK-IV and every 6 months for SK-V
and SK-VI [43]. It was found that the energy scale in the detector did not
change significantly before and after the introduction of gadolinium, with
agreement from SK-IV to SK-VI within the statistical error range.

The positional and directional dependence of the energy scale were analyzed
using SK-IV data and compared with the DT calibration data. The results
are shown in Figure 5.11 and Figure 5.12 respectively. It was shown that
the energy scale has no position or direction dependence within a statistical
error of 16N.

5.2.4 Decay electron

Overview

Decay-e are used to evaluate the energy scale as well as time variations in the
water transparency. Figure 5.13 shows the reconstructed energy spectrum of

69



Figure 5.11: Pocation dependence of energy scale evaluated from 16N analysis and DT
calibraiton analysis [43] as a function of z(left) and r2(right) with respect
to reconstructed vertex.

Figure 5.12: Directional dependence of energy scale evaluated from 16N analysis and
DT calibraiton analysis [43]. left: zenith angle cosθ. right: azimuth ϕ
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Figure 5.13: The reconstructed energy spectrum of decay-e [45].

decay electrons. Decay-e take energy from about 10 MeV to about 60 MeV.
Therefore, in the low energy region, it is possible to evaluate the energy scale
larger than 10MeV.

Advantages

• Energy scale evaluation can be performed throughout the entire SK
detector.

• The analysis can be performed using the entire SK period.

Disadvantage

• Decay-e are produced at a low rate and takes a long time to get enough
statistics.

Result

Figure 5.14 shows the results of the energy scale evaluation using decay-
e. The gray area represents Gd-loading period. Soon after Gd-loading, the
energy scale change at most ∼2.7% level. For periods other than Gd-loading,
the energy scale is consistent within ∼1% level.
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Figure 5.14: Energy scale evaluation of decay-e. The gray area represents Gd-loading
period [45]. Soon after Gd-loading, the energy scale change at most
∼2.7% level. For periods other than Gd-loading, the energy scale is con-
sistent within ∼1% level.
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Chapter 6

Evaluation of spallation neutron
signal

6.1 Motivation

The physics targeted by the low energy region of SK is the observation of solar
neutrinos and the search for DSNB. For solar neutrino observations, the system-
atic uncertainty of the energy scale is 0.54%, of which 0.44% is due to position
dependence [37]. To reduce this systematic uncertainty, it is necessary to calibrate
the energy scale with a more detailed position dependence. As will be discussed
later, spallation neutrons can be used to calibrate the position dependence of the
energy scale in more detail. Also, for DSNB searches using the IBD reaction, it
is important to check the uniformity and stability of the Gd concentration. These
can be checked by using spallation neutrons.

In this chapter, firstly spallation neutrons and their characteristics are ex-
plained, then the method developed by us in this study to select and evaluate
spallation neutrons is described.

6.2 Spallation neutron

6.2.1 Feature of spallation neutrons

When cosmic ray muons enter the SK detector, they can fragment nuclei in
the water. This reaction is called spallation. Cosmic-ray muons mainly undergo
spallation reactions with oxygen nuclei and produce neutrons and various types
of radioisotopes. The neutrons produced in this reaction are called spallation
neutrons. Spallation neutrons are thermalized in water within about 5 µs and
captured by hydrogen or gadolinium. When captured by hydrogen, one γ ray of
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Figure 6.1: The neutron capture signal by gadolinium in the SK tank. Cosmic ray
muons undergo a spallation reaction with oxygen atoms in the SK detec-
tor, and spallation neutrons are emitted. Spallation neutrons are then
thermalized and captured by gadolinium, and finally a total of 8 MeV
gamma rays are emitted.

2.2 MeV is emitted, and when captured by gadolinium, several γ rays of about 8
MeV in total are emitted. Figure 6.1 shows the schematic of spallation neutron
signal in the SK tank.

Figure 6.2 shows the dt distribution of the spallation neutron signal. The dt
is the time difference between the arrival of the cosmic ray muon and the neutron
capture by gadolinium. The spallation neutron signal decreases exponentially with
dt while the background is constant (Figure 6.2a). In this study, we utilize this
feature to remove the background and extract only the signal. For this, the time
window is divided into signal part time window ([35, 235]µs) and background
part time window ([335, 535]µs) (Figure 6.12a). Then, the background part is
subtracted from the signal part.

6.2.2 Advantages and disadvantages of spallation neutrons

There are two major advantages to conducting these studies using spallation
neutrons. These events occur at a high rate and also throughout the entire detector
volume. As described in Chapter 2, cosmic ray muons arrive at the SK detector
at the rate of about 2Hz. It is expected that about 100,000 spallation neutrons
are produced each day in the SK detector. Thanks to this high rate, we can ob-
tain sufficient statistics in a short time. In addition, since cosmic ray muons enter
the detector almost uniformly, spallation neutrons can also be detected almost
uniformly in the detector. On the other hand, there are disadvantages, such as
the low detected energy and close to the trigger threshold, which requires special
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Figure 6.2: (a) The schematic of dt distribution. The spallation neutron signal de-
creases exponentially, but the background, mostly radioactive impurities,
remains constant. (b) The dt distribution seen from data.

treatment to remove background and the need to consider the effects of pile-up.
From these, it requires special treatment to evaluate energy correctly. Also, since
gamma-rays are initially produced, reconstruction is more difficult than calibra-
tions with electrons. The comparison of advantages and disadvantages with other
energy calibrations are summarised in Figure 6.3.

In addition, spallation neutrons can check the stability of the gadolinium con-
centration in a short time and the uniformity of the gadolinium concentration
throughout the entire detector.

6.2.3 Study using spallation neutron

In this study, using the spallation neutron signal, we develop the energy cali-
bration method, monitor the stability of the detector response, and monitor the
additional Gd-loading in 2022.

For the development of energy calibration method, it is possible to investigate
the position dependence in the detector in more detail than with the other energy
calibration methods. The aim is to develop a calibration with an accuracy of 0.5%,
which is the same level of position dependence as the systematic uncertainty of
solar neutrino measurement [37]. For the monitoring, it is possible to monitor the
entire detector in a short time.
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Figure 6.3: Comparison of spallation neutrons with other energy calibration methods.
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Figure 6.4: SHE trigger and AFT trigger opened when cosmic-ray muon enter the SK
tank, and sub-events following muon. Signals that exceed the sub-trigger
threshold (N200 = 20) every 1.3 µs time window are stored as sub-events.

6.3 Event selection of Spallation neutron

6.3.1 Triggers for spallation neutron event search

When a cosmic ray muon passes through the SK detector, SHE trigger ([-5,
35]µs) is issued, and then AFT trigger ([35, 535]µs) is issued. Sub-events are
searched by applying sub-trigger (off-line screening triggers for low-energy events)
to data stored by SHE trigger and AFT trigger (Figure 6.4). The sub-trigger is
applied to SHE and AFT triggers and sub-events are searched by this sub-trigger.
If there are 20 hits within 200 ns, the sub-trigger is applied and 1.3µs before and
after that is saved as the sub-event. Sub-event is the candidate for neutron capture
signals by gadolinium.

6.3.2 Muon selection

The conditions for the event selection of cosmic ray muon are the following two
points.

• Both OD and SHE triggers are issued.

• The total integrated charge of the signal observed in the ID Qµ > 10, 000
p.e.

Cosmic ray muons emit Cherenkov light immediately after entering the detector.
After PMTs in the outer detector (OD) detect the light and the OD trigger is
issued, the cosmic ray muon loses several GeV of energy in the inner detector (ID)
and emits Cherenkov light, which is detected by PMTs in the ID and the SHE
trigger is issued.

Also, it is required that the total integral charge observed in the ID, Qµ, to be
Qµ > 10, 000 p.e. The distribution of Qµ is shown in Figure 6.5.
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Figure 6.5: The distribution of Qµ. Qµ is the total amount of Cherenkov light detected
by ID PMTs. The red line indicates the position of Qµ = 10, 000 p.e., the
events to the right of the red line are selected.

6.3.3 Neutron selection

In this section, the event selection of neutron captures by Gadolinium is de-
scribed.

Fiducial volume

PMTs are installed on the wall of the SK tank and the noise related to PMTs
increases near the wall. Therefore, the area more than 2 m away from the walls of
the ID is taken as the fiducial volume.

Time window

The neutron capture signal by gadolinium is searched for in the AFT trigger. This
is to remove the signal of muon decay electrons and PMT afterpulse. It has been
found that the PMTs attached to the SK tank generate the afterpulse about 10–20
µs after receiving the main pulse [46].

Reconstruction quality

78



The main background in the spallation neutron signal is radioactive impurities in
the SK tank. These backgrounds are constantly occurring near the wall of the
tank. These reconstruction quality cuts remove the events near the wall acciden-
tally reconstructed in the fiducial volume. The parameters gvtx and gdir are used to
assure the good accuracy of the reconstruction (Refer to chapter 3). The distribu-
tions of gvtx and gdir are shown in Figure 6.6b and Figure 6.7b, respectively. These
two distributions are obtained by subtracting the background part ([335, 535]µs)
from the signal part ([35, 235]µs) (Figure 6.6a and Figure 6.7a). Only the cut that
selects the fiducial volume is applied to the signal part and the background part.
Looking at Figure 6.6b, peaks can be seen even in the range where the value of gvtx
is low. These are events in which background events are mistaken for spallation
neutron signals. The range of gvtx < 0.40 is excluded. gdir is also set to condition
gdir > 0.40 to select events with high reconstruction accuracy.

Therefore the conditions for the parameter gvtx and gdir are set,

(gvtx > 0.40) ∩ (gdir < 0.40). (6.1)

(a) (b)

Figure 6.6: (a) The gvtx distribution divided by the time window. The blue line repre-
sents the signal part window ([35, 235]µs), and the red line represents the
background part window([335, 535]µs). Only the cut that selects the fidu-
cial volume is applied to the signal part and the background part. (b) The
extracted signal of the goodness of event point reconstruction gvtx. The
value of gvtx closer to 1 indicates better reconstruction. The events of the
low gvtx value are that spallation neutrons and background events occur
simultaneously or background events are mistaken for spallation neutron
signals. The right side of the red dotted line (greater than 0.4) is selected.

Distance between muon track and neutron capture vertex Lt
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(a) (b)

Figure 6.7: (a) The gdir distribution divided by the time window. The blue line rep-
resents the signal part window ([35, 235]µs), and the red line represents
the background part window([335, 535]µs). Only the cut that selects the
fiducial volume is applied to the signal part and the background part. (b)
The extracted signal of the goodness of direction reconstruction gdir. The
value of gdir closer to 0 indicates better reconstruction. The left side of the
red dotted line (less than 0.4) is selected.

To select the signal of neutron captured by gadolinium, we consider the distance
between muon track and point of neutron capture event Lt as shown in Figure 6.8.
The spallation neutron signal occurs close to the muon track and applying this
cut eliminates background not related to muon. The Lt distribution of events
from neutron captured by gadolinium is shown in Figure 6.9b. The distribution is
obtained by subtracting the background part ([335, 535]µs) from the signal part
([35, 235]µs) (Figure 6.9a). The cuts of the fiducial volume and the reconstruction
quality are applied to the signal part and the background part. Most of the events
from neutron captured by gadolinium exist within Lt of 300 cm. We set the
condition Lt,

Lt < 300 cm (6.2)

Reconstructed event time

We set a condition for the reconstructed time t0,

t0 = [0.7, 1.0]µs (6.3)

If there are multiple events in a trigger, the events cannot be reconstructed well,
and the reconstructed time is also shifted. This condition is to reduce this effect.
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Figure 6.8: Distance between reconstructed point of neutron capture event and muon
track.

(a) (b)

Figure 6.9: (a) The Lt distribution divided by the time window. The blue line repre-
sents the signal part window ([35, 235]µs), and the red line represents the
background part window([335, 535]µs). The cuts of the fiducial volume
and the reconstruction quality are applied to the signal part and the back-
ground part.(b) The Lt distribution of the extracted signal from neutron
capture of gadolinium. The left side of the red dotted line (Lt < 300cm)
is selected.
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Figure 6.10: The distribution of reconstructed time t0. The histogram contains the
fiducial volume cut, reconstruction quality cut and distance cut described
above. Events in the range 0.7 < t0 < 1.0µs are selected. The few events
that exist outside this range are events that occur at the same time as
the neutron signal and shift the reconstruction time. It is eliminated to
reduce the effect of multiplicity.

When the time is reconstructed successfully, the reconstruction time value of the
event is expected to be around 0.9 µs. The reconstructed time distribution is shown
in Figure 6.10. The histogram contains the fiducial volume cut, reconstruction
quality cut and distance cut described above.

6.4 Study of pile-up effect

Pile-up occurs due to the multiple spallation neutrons generated from one cos-
mic muon. Pile-up has a large effect on the evaluation of energy and must be
considered when evaluating the energy of spallation neutrons. In this section,
first, the method to evaluate the mean N50, which is used to evaluate the energy,
is described. The effect of pile-up due to multiplicity is then investigated. Fi-
nally, the signal of the Am/Be neutron source, which is less affected by pile-up, is
compared with spallation neutron signal to check the consistency.

6.4.1 Evaluation of mean N50

N50 is the number of PMT hits within a 50ns interval. In the low energy range,
where in most cases one photoelectron is detected by one PMT, N50 is used as a
parameter to describe the energy. The N50 distribution of the spallation neutrons
derived from the selection conditions in Section 6.3.3 is shown in Figure 6.11. This
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Figure 6.11: The N50 distribution.

is the distribution of events that remain after applying the event selection cuts.
The sharp peak at the lower N50 on the left represents background events, and the
broader peak at N50 between 30 and 40 represents the spallation neutron events.
The spallation neutron signal events are extracted by subtracting the background
part ([335, 535]µs) from the signal part ([35, 235]µs) (Figure 6.12a). The N50

distribution of the extracted spallation neutron signal is fitted to derive the mean
N50. The fitting function is Gaussian,

f(x) = aexp

(
−(x− µ)2

2σ2

)
(6.4)

where µ is the mean and σ is the standard deviation. We repeat the fit three times
with different ranges to increase the accuracy. The fit range is shown in Table 6.1.
The obtained µ is regarded as the mean N50. (Figure 6.12b).

Table 6.1: Number of fits and fit range

Number of times Range of fit

1st 20 < N50 < 70
2nd [µ− 0.4× σ, µ+ 1.5× σ]
3rd [µ− 0.7× σ, µ+ 1.5× σ]
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(a) (b)

Figure 6.12: (a) The N50 distribution divided by window. The blue line represents the
signal part window ([35, 235]µs), and the red line represents the back-
ground part window([335, 535]µs). (b) The extracted spallation neutron
signal and fit function.

6.4.2 Neutron multiplicity

For one cosmic ray muon pass through the SK tank, between one and about
100 spallation neutrons are produced (Figure 6.13). The number of spallation
neutrons produced is called neutron multiplicity, and it is found that the larger
the neutron multiplicity, the larger the mean N50 value (Figure 6.14). This is due
to the pile-up. When multiple events occurred in a single trigger time window,
the one with the greater number of hits is more likely to be selected as the signal
(Figure 6.15). Therefore, the greater the neutron multiplicity, the more likely it is
that signals with greater energy will be selected, and the mean N50 value will also
increase.

In addition, it is known that the shape of the dt distribution changes due to the
effect of neutron multiplicity, and the time constant changes. If an event is found
in which more than 20 PMT hits are clustered in 200 ns time width, the PMT hit
information for the surrounding 1.3 µs is stored by the sub-trigger. Therefore, if
one sub-event is stored, 1.3 µs around it becomes a dead time, and if the events
overlap within 1.3 µs, the event will not be detected. Due to this dead time, some
signals are not detected and the number of events decreases in regions with small
value of dt, so the shape of the dt distribution becomes smoother than it should
be.
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Figure 6.13: The number of spallation neutrons detected by one cosmic ray muon

Figure 6.14: Relation between mean N50 and neutron multiplicity.
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Figure 6.15: The illustration of the selection of the largest signal by sub-trigger. The
light blue arrow represents the time width of the sub-trigger (1.3 µs) and
the yellow line represents the number of PMT hits. If multiple events
occur within one sub-trigger, the signal with the highest number of hits
is selected and reconstructed.

6.4.3 Comparison with Am/Be data

In this section, we test the consistency of the spallation neutron signal and
Am/Be neutron source signal. Multiple neutrons can be produced by a spallation
process and it can affect reconstruction. Therefore it is important to confirm the
consistency with the Am/Be source which only one neutron is produced at a time.
We will first explain the event selection of Am/Be neutron signal and spalltion
neutron signal, and then compare Am/Be neutron signal and spallation neutron
signal.

As mentioned above, spallation neutron signals have the effect of neutron mul-
tiplicity. For a more accurate evaluation of spallation neutron signal, it is necessary
to select a signal with the small multiplicity effect. The effect of the multiplicity
of spallation neutrons on the mean N50 is shown in Figure 6.16. The top figure
shows the variation of the mean N50 with neutron multiplicity, and the bottom
figure shows the deviation of the mean N50 from one detected neutron number
where we expect no pile-up effect. It is found that when the number of detected
spallation neutrons is up to three, the deviation is within 0.5% compared to when
the number of spallation neutrons detected is one. The effect of the pile-up is
small up to three neutrons, so the data of 1-3 detected neutrons put together is
compared with the Am/Be data in order to increase the number of statistics. Four
samples are made with the detected number of spallation neutrons as shown in
Table 6.2 and compare with the Am/Be source.

Neutron signal selection
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Figure 6.16: The effect of the multiplicity of spallation neutrons on the mean N50. Up
to 3 productions, the deviation from 1 is suppressed to 0.5%

Table 6.2: Spallation neutron detection number compared to Am/Be

Display name Number of detected neutrons

All Any
n:1 1
n:1-3 1-3
n:2-10 2-10
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The Am/Be neutron source emits only one neutron at a time, so confirming that
the pile-up effect of the spallation neutrons is negligible after the selection. In
order to compare the Am/Be neutron signal and the spallation neutron signal, the
event selection conditions are matched as much as possible. Each condition item
is described below.

• Sub-trigger threshold

The sub-trigger thresholds for Am/Be and spallation neutron is adjusted to
20.

• Reconstruction quality

As mentioned above, both the Am/Be neutron signal and the spallation
neutron signal are analyzed under the condition of

(gvtx > 0.40) ∩ (gdir < 0.40). (6.5)

• Reconstructed time

The reconstructed time condition to the selection condition of the spallation
neutron signal is analyzed under the condition of,

t0 = [0.7, 1.0]µs. (6.6)

• Time window

Selected from within the AFT trigger [35, 535] µs

• Position and Region

Am/Be neutrons are produced at the limited source positions, whereas spal-
lation neutrons can be detected throughout the entire SK detector. Con-
sidering the position dependence in the detector, the detection region for
spallation neutrons was adjusted to that for Am/Be neutrons. The region
is d < 400cm centred on three points (x,y,z) = (-389, -70.7, -1200)cm, (-
389, -70.7, 0)cm and (-389, -70.7, 1200)cm, where d is the distance between
the position where the Am/Be source is placed and the reconstructed event
point.

• Date

The spallation neutron data was summed over runs of about 5 months so
that the statistical error of the spallation neutron signal was at least the
same as that of the Am/Be neutron signal. Also, taking into account the
time dependence within the detector, two periods were used for comparison
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Table 6.3: Data used to compare Am/Be and spallation neutrons

Spallation neutron Am/Be

2021/05/14
#85828(-12m)
#85830(0m)
#85832(12m)

2021/05/11
#85877(-12m)

2021/01/22 - 2021/07/19 #85879(0m)
( First period ) #85881(12m)

2021/06/30
#86004(-12m)
#86006(0m)
#86008(12m)

2021/09/22
#86291(-12m)
#86293(0m)
#86295(12m)

2021/11/26
#86439(-12m)

2021/08/17 - 2022/02/11 #86441(0m)
( Second period ) #86443(12m)

2021/12/23
#86504(-12m)
#86506(0m)
#86508(12m)
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with Am/Be. For Am/Be, three runs within one period of spallation neutron
were selected for every three points at z = -12 m, 0 m and 12 m per one
period. The used data is summarized in Table 6.3.

In order to evaluate the same signal in Am/Be as spallation neutrons, the time
window of AFT trigger is divided into signal part time window ([35, 235]µs) and
background part time window ([335, 535]µs), and the background is subtracted
from the signal. In addition, fitting is applied to the N50 distribution of Am/Be
in the same way as spallation neutron, and the value of mean N50 is derived.

Comparison of Am/Be neutron signal and spallation neutron signal

The result of comparing the mean N50 derived as above is shown in Figure 6.17.
Figure 6.17a shows the N50 comparison between Am/Be source and spallation
neutrons in the first period, and Figure 6.17b shows the mean N50 comparison
between Am/Be source and spallation neutrons in the second period. Figure 6.17c
shows the deviation of N50 between Am/Be source and spallation neutrons in the
first period, and Figure 6.17d shows the deviation of N50 between Am/Be source
and spallation neutrons in the second period. From Figure 6.17c and Figure 6.17d,
it can be seen that the spallation neutron signal for n:1-3 agrees with the Am/Be
neutron signal within ±2%. Also, a χ2 test was performed at six positions to check
how much the n:1-3 signal and Am/Be deviated from each other. The χ2 value
with a NDF of 6 is 3.29 and ap-value is 0.78. Therefore, there is no significant
deviation between the spallation neutron signal for n:1-3 and AmBe source data.
It is found that the signal for n: 1-3 is less affected by pile-up.

Table 6.4: The summary of the conditions for the event selection of neutron to use the
analysis.

Type of condition Condition

Time window AFT trigger : [+35, +535]µs
Reconstruction quality (gvtx > 0.40) ∩ (gdir < 0.40)
Length of muon track and
point of neutron capture event Lt < 300cm
Reconstructed event time [0.7, 1.0]µs
The number of neutron detected n:1-3
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(a) (b)

(c) (d)

Figure 6.17: Results of comparison between Am/Be neutron and spallation neutron.
The upper figures show the comparison of mean N50, and the lower figures
show the deviation from the AmBe source. The left side is the first period
and the right side is the second period. Red star represents Am/Be, and
round dots represent the number of spallation neutrons detected in each
(Blue: All, Red: n:1, Gray: n:1∼3, Yellow: n: 2∼10).
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Chapter 7

Detector performance monitoring
using spallation neutrons

Spallation neutrons can be used to monitor the stability of the detector response
and the uniformity of the Gd concentration. In this chapter, first, the stability
and uniformity of the detector response and Gd concentration are evaluated, and
then the results of the monitoring of additional Gd-loading in 2022 are described.

7.1 Stability

The stability of the detector response of SK-VI data is monitored in two ways:
evaluating the energy using the mean Neff and evaluating the gadolinium concen-
tration using the neutron capture time constant.

7.1.1 Evaluation of stability using energy with mean Neff

In this section, the stability of the detector response is confirmed using the
mean Neff . The method to evaluate mean Neff is the same as that of mean Neff

described in section 6.4.1.
The data from September 10, 2020, when SK-VI started, to March 12, 2022,

before the additional Gd-loading starts, is used for this study. This period is
divided into 30-day intervals. Also, the sample is divided into nine parts using the
reconstructed vertex positions for each period as shown in Figure 7.1a. Then the
fitting is performed to evaluate mean Neff in each area (Figure 7.1b).

The mean Neff value for each area and for each 30-day period result is shown
in Figure 7.2a. Also, the stability of the whole area of the detector is shown in
Figure 7.2b. This is derived from the difference between the average of the mean
Neff of the nine areas for one period and the average for the whole period divided
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(a) (b)

Figure 7.1: (a)Schematic diagram of 9-division detector. (b)The derivation of mean
Neff by performing fittings in each area.
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by the average for the whole period, written in the equation as follows.

deviation =
(meanNeff)

ave
one period − (meanNeff)

ave
all period

(meanNeff) ave
all period

(7.1)

It is found to be stable at ±0.5% in most areas.

(a) Stability in each area (b) Stability of the entire detector

Figure 7.2: Stability of the detector response monitored using mean Neff .

7.1.2 Evaluation of stability using Gd concentration with
the time constant

The stability and the uniformity of the Gd concentration is also evaluated using
the time constant with the same period and detector division as using mean Neff .
The time constant is derived by fitting the dt distribution with a function,

f(dt) = aexp

(
− dt

τcap

)
+ b (7.2)

where a, b, and τcap are values determined by this fitting, a is the normalization
constant for the number of signal events. b is the constant that determines the
number of background events, and τcap is the time constant for neutron capture by
gadolinium. The values of a, b, and τcap are obtained by fitting at dt ∈ [35, 535] µs.
Figure 7.3 shows the results of fitting the neutron capture timing distributions for
one period (about 30 days).

The stability of the time constant from September 10, 2020, to March 12, 2022,
is shown in Figure 7.4a. Time constants are between 125 µs to 140 µs in any area.
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Figure 7.3: The derivation of the time constant τcap by performing fittings in each are.

This shows that the Gd concentration in the detector is uniform. For the entire
detector area, the time constant is stable within ±2% (Figure 7.4b). This shows
that the Gd concentration in the detector is also stable within ±2%.

7.2 Monitor of additional Gd-loading in 2022

Additional Gd-loading was conducted before the summer of 2022 and the SK
phase shifted from SK-VI to SK-VII. This loading took place from 1st June to
5th July 2022 and a total of 27.265 tonnes of Gd2(SO4)3 · 8H2O was dissolved. In
this section, we reporte the state of the Gd concentration in the detector during
Gd-loading using the number of spallation neutron signal and the neutron capture
time constant with gadolinium.

7.2.1 Event selection of Spallation neutron for Gd-loading
monitor

For the Gd-loading monitor, it is more important to monitor the number of
neutron captures on Gd than for to evaluate energy scale precisely. So the selection
conditions for the event of spallation neutrons used in the Gd-loading monitor differ
a little from the event selection described in Section 6.3.3.

• Time window
The dt distribution of the spallation neutron signal decreases exponentially.
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(a) Stability in each area (b) Stability of the entire detector

Figure 7.4: Stability of the detector response monitored using the time constant.

As will be described later, the higher the Gd concentration, the smaller the
time constant. When the concentration increases from about 0.01% to 0.03%,
the spallation neutron signal is more prominent within 35 µs before the AFT
trigger is issued (Figure 7.5). As such, the events within the SHE trigger [-5,
35]µs were also used. However, as shown in Figure 7.6, there was a problem
that the event before 20 µs in the SHE trigger was not properly detected.
It is known that afterpulses occur at a certain rate with dt in the range of
10-20 µs [46]. It is possible that after-pulse affected the event reconstruction.
Considering that, the time window used in Gd-loading is [20, 35]µs.

• Reconstructed time and the number of neutron detected
To obtain more spallation neutron signals, the conditions of reconstructed
time and the number of neutrons detected are not used.

7.2.2 Monitor by number of spallation neutron signal

Figure 7.7 shows the distibution of spallation neutron vertex. Each figure shows
the state inside the detector up to the date indicated on the top of the figure.
As mentioned in Chapter 2, water containing additional Gd is inserted from the
bottom of the detector. The intensity of the Gd concentration appears in the
contrast of the figure, and as the days pass, the concentration increases from the
bottom of the detector, and on July 4th, it was evaluated that the concentration
in the detector became constant at 0.03%.
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Figure 7.5: Schematic diagram of the difference in dt distribution for Gd concentrations
of approximately 0.01% and 0.03%. The blue line represents 0.01% Gd
concentration, and the orange line represents 0.03%. The yellow-green
area represents the AFT trigger, and it can be seen that the increase in
the number of spallation neutron signals is greater in the time before the
AFT trigger.

Figure 7.6: The dt distribution including SHE trigger. The number of events should
increase exponentially as the capture time decreases, but the number of
events decreases before 20 µs. From this, it can be seen that for some
reason events are not selected well before 20 µs.
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Figure 7.7: The distibution of spallation neutron vertex. The horizontal axis represents
the square of the radius of the detector, the vertical axis represents the
height, and the plot represents the inside of the detector. The difference
of the contrast represents the difference in the number of events, and the
figure shows that the Gd concentration is becoming more concentrated
from the bottom of the tank by day. The Gd concentration in the tank
became almost constant on July 2, 2022.
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7.2.3 Monitor by neutron capture time constant

Next, the Gd-loading state is monitored using the neutron capture time con-
stant. It is expected that the time constant is approximately 120 µs at a con-
centration of 0.01% and 63 µs at a concentration of 0.03%. The time constants
were derived as follows. First the sample was divided into 10 parts using the recon-
structed z vertex position, and then the time constant of each area was obtained by
fitting the dt distribution of each area. Figure 7.8 shows the result of evaluating it
about every 3 days. On 4 June (purple line), the time constant was approximately
120 µs across the detector, but the time constant gradually decreased from the
bottom of the tank and on 5 July (light blue) the concentration became constant
throughout the detector at around 63 µs.

The monitoring of the Gd-loading was carried out successfully. By using the
number of spallation neutron signal and the neutron capture time constant with
gadolinium, it could be evaluated that Gd concentration gradually increased from
the bottom of the tank and finally the Gd concentration remained constant at the
time constant expected value of about 63 µs.
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Figure 7.8: The state of Gd-loading using the neutron capture time constant of gadolin-
ium.The horizontal axis represents the z direction of the detector, and the
vertical axis represents the time constant. On June 4th (purple line), the
time constant was about 130µs throughout the detector, but on July 5th
(light blue), the concentration became constant around 65µs.
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Chapter 8

Energy scale calibration with
spallation neutrons

In this chapter, the energy calibration using spallation neutrons is discussed.
It is important for the energy calibration to evaluate the position dependence.
Firstly, the position dependence of Gd(n, γ) signal is evaluated by comparing with
that of electrons with MC simulation. Then, the Gd(n, γ) signals of data and MC
simulation are compared.

8.1 Comparison of position dependence of neu-

tron and electron signals by MC simulation

The primary signals for solar neutrinos and DSNB are electrons and positrons.
Therefore, it is important to accurately reconstruct electron energy. In SK, there
are calibrations such as LINAC and DT calibration that inject electrons, but the
position of the injections is fixed, making a more detailed evaluation of position
dependence difficult (Chapter 5). We consider the correction for position depen-
dence using spallation neutrons instead of electrons. Spallation neutron signals
have the advantage that they can be observed throughout the entire detector at
high rates, but they also have the disadvantage that gamma cascades are detected
and the detected energy is low and close to the trigger threshold (Chapter 6). In
this section, using the MC simulation, comparison of the deviations in the position
dependence of Neff of the electron and Gd(n, γ) signals is described in order to see
if neutrons can be used to evaluate the energy scale of electrons.
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8.1.1 Evaluation of the electron and neutron signal with
MC simulation

The Geant4-based MC simulation package called SKG4 [47] is used in this
simulation. It can simulate particle interactions and responses of the SK detector.
The output of SKG4 contains the same format as real data, so it can be analyzed
in the same way as real data.

Procedure

1. Generate particles uniformly throughout the detector.

2. Add realistic noise to the resulting output.

3. Apply the sub-trigger to the noise added output and save the sub-events.

4. Perform the event reconstruction (Sec. 5.1).

Simuated initial particles

• neutron

– The energy is set to 200keV. After neutron thermalization, neutron
is captured by Gd and gamma rays are emitted. The ANNRI-Gd
model is adopted as the model for Gd(n, γ) [48].

• electron

– The energy is set to 10MeV. This is a typical energy of electrons
generated from solar neutrino reactions observed by SK.

Evaluation of position dependence

1. The fiducial volume cut and the event quality cut are adapted (Sec. 6.3.3)
The distribution of N50 of neutron signal after these cuts is shown in
Figure 8.1.

2. The position dependence is evaluated in five regions for each of r2 and
z like Figure 8.2. The mean N50 and mean Neff are estimated in each
area by fitting (Sec. 6.4.1). The fitting results of electron and neutron
are shown in Appendix C.

3. By comparing the mean N50 and mean Neff in each area, The position
dependence of N50 and Neff is evaluated. N50 has the tendency that
the closer the distance from the wall where the PMT is installed, the
greater the detected energy. This is because the position dependence
in the detector is largely related to the attenuation of water.
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The mean Neff is used to evaluate the position dependence of the energy after
reconstruction. The deviation is calculated by the following equation,

deviationi =
(meanNeff)i − (meanNeff)ave

(meanNeff)ave
(8.1)

where i represents the index for each area.

(a) electron (b) neutron

Figure 8.1: The N50 distribution obtained by MC simulation. The histogram contains
the fiducial volume cut, the reconstruction quality cut. (a) electron. (b)
neutron.

(a) (b)

Figure 8.2: (a)The detector divided into five in r2 direction. (b)The detector divided
into five in z direction.
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8.1.2 Results of the event reconstruction

For electron, the position dependence of N50 and Neff in r2 and z are shown in
Figure 8.3a and 8.3b, respectively. For neutron, the position dependence in r2 and
z are shown in Figure 8.4a and 8.4b, respectively. It can be seen that the position
dependence of the mean N50 values are mostly corrected for the mean Neff values.

(a) r2 (b) z

Figure 8.3: The position dependence of mean N50 and meanNeff for electron. Red dots
represent N50 and blue dots represent Neff .

8.1.3 Comparison of the position dependence of the energy
scale of electron and neutron

The deviations of Neff for r2 and z are shown in Figure 8.5a and Figure 8.6a,
respectively. Green dots represent electrons and blue dots represent neutrons.
Also, the differences in deviation between electron and neutron for r2 and z are
shown in Figure 8.5b and Figure 8.6b, respectively. For the position dependence of
the energy scale, it is consistent within about ±2% between electron and neutron.
This is however currently larger than the systematic uncertainty of about 0.5%
in SK solar neutrino measurement. This difference is still yet to be understood.
It is important to understand the causes of this in the future in order to use the
spallation neutron source for electron energy scale more reliably.
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(a) r2 (b) z

Figure 8.4: The position dependence of mean N50 and meanNeff for neutron. Red dots
represent N50 and blue dots represent Neff .

(a) (b)

Figure 8.5: (a) The deviation of Neff of electrons and neutrons by MC simulation for
r2. Green dots represent electrons and blue dots represent neutrons. (b)
The difference of (a). In the range 88.8 < r2 < 177.61 [m2], they are
consistent within ±1%. The deviations of electron and neutron are about
2% around the center of the detector (0 < r2 < 88.8 [m2]) and about 3%
in the outer region (177.61 < r2 < 222.01 [m2]).
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(a) (b)

Figure 8.6: (a) The deviation of Neff of electrons and neutrons by MC simulation for z.
Green dots represent electrons and blue dots represent neutrons. (b) The
difference of (a). In the range −9.66 < z < 16.1 [m], they are consistent
within ±1%, while in the range −16.1 < z < −9.66 [m] the deviations of
electron and neutron are about 2%.

8.2 Comparison of MC simulation and data for

spallation neutron

In order to check the reproducibility of the MC simulation, a comparison with
the data is performed.

8.2.1 Results of the event reconstruction for data

The mean N50 and mean Neff of the spallation neutron signal are evaluated
using the methods described in Section 6.4.1 and the position dependence is in-
vestigated. The fitting results of electron and neutron are shown in Appendix C.
The data from January 13, 2022 to March 12, 2022 is used for this study.

The position dependence of mean N50 and mean Neff in r2 and z are shown
in Figure 8.7a and 8.7b, respectively. It can be seen that Neff almost properly
corrects for the effect of light attenuation in the water seen in N50.

8.2.2 Comparison of the deviation of the energy scale of
MC simulation and data for Gd(n, γ) signal

The deviations of Neff of r2 and z are as shown in Figure 8.8a and Figure 8.9a,
respectively. Black dots represent the data and red dots represent the MC simula-
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(a) r2 (b) z

Figure 8.7: The position dependence of mean N50 and meanNeff . Red dots represent
N50 and blue dots represent Neff . It can be seen that the position depen-
dence seen in N50 (energy dropped by Cherenkov light due to attenuation
of water) has been corrected.

tion. Also, the differences in deviation between electron and neutron for r2 and z
are shown in Figure 8.8b and Figure 8.9b, respectively. In the comparison of the
data and the MC simulation, they are consistent within about ±0.5% in the range
of 44.4 < r2 < 177.61 [m2] and −3.22 < z < 16.1 [m]. In other regions, they are
consistent in the range of ±1%. From Figure 8.8b, it can be seen that the devi-
ation value of the MC simulation is larger than the data at the outer side of the
detector. One possible reason for this is that the water transparency introduced
in the current simulation is shorter than the actual data. Also, from Figure 8.9b,
the difference between the data and MC simulation in the bottom region of the
tank (−16.1 < z < −3.22 [m]) is larger than in other areas, taking into account
the error size of about 0.5%. One of possible reasons of this discrepancy is that
the model of the top bottom asymmetry (TBA) introduced in the current sim-
ulation has shifted in the bottom region of the tank. It is important for energy
reconstruction performed using simulation to investigate these and improve the
MC simulation to be more in correspondence with the data.
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(a) (b)

Figure 8.8: (a) The deviation of Neff of the data and the MC simulation for r2. Black
dots represent the data and red dots represent MC simulation. (b) The
difference of (a). The data and the MC simulation are consistent within
1% in all areas.

(a) (b)

Figure 8.9: (a) The deviation of Neff of the data and the MC simulation for z. Black
dots represent the data and red dots represent MC simulation. (b) The
difference of (a). The data and the MC simulation are consistent within
1% in all areas. The top of the tank in both data and MC shows about
2% deviation.
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Chapter 9

Conclusion

In 2020, gadolinium was introduced to the Super-Kamiokande detector, and it
became possible to detect neutron capture signals by Gd. We are developing a new
method of calibrating energy reconstruction using spallation neutrons, produced
by cosmic ray muons undergoing spallation reaction. The systematic uncertainty
on the energy scale of the current solar neutrino observations is 0.54%, and the
goal is to reduce this uncertainty with improved calibrations. For this purpose,
the spallation neutron signal selection method was developed and the position
dependence of the energy reconstruction was evaluated in detail by data and MC
simulation.

Spallation neutron signals have the advantages that they can be detected
throughout the entire detector at high rates, but they have also the disadvan-
tages that the detected energy is low and background is difficult to remove, and
they are affected by pile-up. In this study, the conditions of event selection was
developed to reduce these effects as much as possible.

The stability and uniformity of detector response in SK-VI and the Gd con-
centration of Gd-loading in 2022 are evaluated using spallation neutrons. For the
stability in SK-VI, the energy scale and the Gd concentration were found to be
stable for the energy scale and Gd concentration at about ±1% and about ±2%
respectively throughout the detector. For Gd-loading in 2022, the Gd concentra-
tion was evaluated by the number of spallation neutron signal and the neutron
capture time constant with gadolinium. Both results showed a gradual increase
in Gd concentration from the bottom of the tank as the days passed. After the
end of Gd-loading, it was checked that the concentration became constant at the
expected level.

The position dependence of the energy scale is evaluated. In SK solar neutrino
observation, electrons are detected. Therefore, it is necessary to accurately evalu-
ate the position dependence of the electron energy reconstruction. The response
to neutrons and electrons are compared using MC simulation to see if spallation
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neutrons can be used to evaluate the position dependence of energy of electron
signal. The result is that electrons and neutrons are consistent within about ±2%
of the entire detector. This is however a larger deviation compared to the goal of
the correction within 0.5% of the position dependence. It is important to under-
stand the causes of this in the future. Also, using the data and the MC simulation
of spallation neutron, it was found that the energy value after reconstruction of
the MC simulation is larger than the data at the outer side of the detector and
the difference of the data and MC simulation in the bottom region of the tank
(−16.1 < z < −3.22 [m]) are further apart than in other areas. Some possible
reasons for these are that the water transparency currently introduced in the MC
simulation are shorter than the actual data and that the TBA model does not
match the data in the bottom of the tank. 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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Appendix A

Water circulating system

The water supplied to SK detector is purified groundwater in the Kamioka
Mine. Groundwater contains impurities. Small dust and metal ions scatter or
absorb Cherenkov light, reducing the transmittance of the light. Radioactive ma-
terials dissolved in water cause background events for neutrino observations. In
particular, radon 222Rn becomes a background for analysis near the threshold (3.5
MeV) in solar neutrino observations because radon’s daughter nucleus, bismuth
214Bi, emits 3.26 MeV electron through beta decay. Therefore, radon removal is
essential.
In SK, water in the tank is circulated at 60 m3/h to remove impurities and main-
tain purity. Water is withdrawn from the top of the detector, purified through the
purifier, and then entered from the bottom of the detector. The process is below.

1. 1 µm mesh filter
Remove dust of 1µm or more and radioactive materials attached to it.

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

3. Ion exchanger
Remove ions in water (Fe2+,Ni2+,Co2+,CO2−

3 , etc.).

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

5. Rn-less-air dissolving system
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Figure A.1: Water circulating system of SK [49]

Dissolve radon-free air in pure water in order to improve the removal effi-
ciency of radon gas in purification in a vacuum deaerator.

6. Reverse osmosis filter
Removes organic matter with a molecular weight of about 100 by osmotic
pressure and filtration.

7. Cartridge polisher
Removes 222Rn gas and oxygen dissolved in ultrapure water.

8. Ultra filter
Removes particles larger than 10nm.

9. Membrane degasifier
Removes 222Rn left in water.

Through the above process, the purified ultrapure water has a radon concentration
of ∼ 1.7mBq/m3 and the transmission length of light is about 100m. However, by
water circulating system in which purified 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.
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Appendix B

Calibration of Gadolinium
concentration

B.1 Am/Be neutron source

Overview

Am/Be (Americium/Berylium) neutron source is used for measuring Gd con-
centration through the neutron capture time. Am/Be source emits neutrons
and gamma rays simultaneously from americium and beryllium (B.1∼B.3).

241Am → 237Np + α (B.1)
9Be + α → 13C∗ + n (2− 6MeV) (B.2)

13C∗ → 12C + γ (4.43MeV) (B.3)

The Am/Be source is surrounded by BGO crystal as shown in B.1. 4.43
MeV gamma ray in a BGO crystal causes photoelectric absorption, Compton
scattering, or electron pair production, and scintillation light is emitted.
Neutrons are identified as the delayed signal produced by subsequent neutron
captures by Gadolinium.

Data acquisition and reduction

In Am/Be data acquisition, the SHE trigger threshold is set to 60 hits or 100
hits due to data transfer volume issues. When 4.43 MeV gamma ray drops
its total energy in the BGO crystal, about 1000 p.e. of scintillation light
is detected. This exceeds the SHE trigger threshold, so an SHE trigger [-5,
35]µs is issued, followed by an AFT trigger [35, 535]µs. Events exceeding
the sub-trigger threshold within the AFT trigger become neutron capture
candidates by Gd.
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Figure B.1: Am/Be neutron source and BGO crystal. The black cylinder in the center
on the left is the Am/Be source, and it is assembled by surrounding it
with 8 BGO scintillators on the right.

• Prompt signal

– SHE trigger is issued when there is a PMT hit above the SHE
trigger threshold.

– In order to distinguish between the BGO scintillation light signal
and the cosmic ray muon signal, we select SHE events withtout OD
trigger.

• Delayed signal

We remove scintillation light signal of the prompt event and scintillation
light from the BGO crystals due to gamma rays emitted by gadolinium.
The procedure is below.

– For the parameter gvtx representing the probability of reconstruc-
tion of the event occurrence point and the parameter gdir represent-
ing the probability of direction reconstruction,

(gvtx > 0.40) ∩ (gdir < 0.40) (B.4)

– For the number of PMT hits that detected light within 30 ns around
the delayed event time N30 and the number of PMT hits that de-
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Figure B.2: Distribution of the number N30 of PMTs that detected light within 30 ns
and the number N200 of PMTs that detected light within 200 ns from the
delayed event occurrence time. The red line represents the straight line
N200 = 1.3×N30 + 23, and the region below the straight line satisfies the
condition (N200 − 23)/(1.3×N30) < 1.

tected light within 200 ns N200 (Figure B.2),

N200 − 23

1.3× N30

< 1 (B.5)

– For the distance d between the position where the Am/Be source
is installed and the reconstructed event point (Figure B.3),

d < 400cm (B.6)

Evaluation of neutron capture time constant

The neutron capture time constant is evaluated by fitting the distribution
of the dime difference between the prompt and delayed events (dt) with the
following function (Figure B.4):

f(dt) = a

[
1− exp

(
− dt

4.3

)]
exp

(
−dt

τ

)
+ b (B.7)

a, b, τ are derived by this fit, where a and b are the constants corresponding
to the number of signal and background events respectively, and τ is the
time constant for neutron capture by gadolinium.

[
1− exp

(
− dt

4.3

)]
is the

term that takes into account the neutron thermalization time. The fit is
performed by tentatively fixing the time constant for neutron thermalization
in water to 4.3 µs .
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Figure B.3: Schematic diagram of the distance d between the position where the
Am/Be source is installed and the reconstructed event point. Events in
the region within the yellow sphere with d < 400cm are selected.

Figure B.4: The dt distribution of neutron signal from Am/Be source. Each point
represents the data and the red line represents the fit function to the
data.
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Figure B.5: History of neutron capture time constant τ by gadolinium obtained from
detector calibration using Am/Be source

Monitoring of the neutron capture time constant using Am/Be source

From detector calibration using an Am/Be source, the capture time constant
τ of neutrons was obtained as shown in Figure B.5. The time constant
was stable at around 120 µs at SK-VI when the Gd concentration is 0.01%.
After the start of SK7 with a Gd concentration of 0.03%, the time constant
decreased to around 60 µs and was stable.
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Appendix C

Fitting results

C.1 Position dependence

C.1.1 Electron with MC simulation

The fitting results of electron signal with MC simulation for N50 and Neff

are shown in Figure C.1 and Figure C.2, respectively. The result of position
dependence of N50 and Neff for r2 as shown in Figure 8.3a is obtained from the
mean value from the fitting as Figure C.1a and Figure C.2a, respectively. That
for z as shown in Figure 8.3b is obtained from the mean value from the fitting as
Figure C.1b and Figure C.2b.

C.1.2 Neutron with MC simulation

The fitting results of neutron signal with MC simulation for N50 and Neff are
shown in Figure C.3 and Figure C.4, respectively. The result of position depen-
dence of N50 and Neff for r2 as shown in Figure 8.4a is obtained from the mean
value from the fitting as Figure C.3a and Figure C.4a, respectively. That for
z as shown in Figure 8.4b is obtained from the mean value from the fitting as
Figure C.3b and Figure C.4b.

C.1.3 Neutron with data

The fitting results of neutron signal with data for N50 and Neff are shown in
Figure C.5 and Figure C.6, respectively. The result of position dependence of N50

and Neff for r2 as shown in Figure 8.7a is obtained from the mean value from
the fitting as Figure C.5a and Figure C.6a, respectively. That for z as shown in
Figure 8.7b is obtained from the mean value from the fitting as Figure C.5b and
Figure C.6b.
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(a) r2

(b) z

Figure C.1: The distribution of N50 of electron with MC simulation for r2 and z, and
the results of fitting for each area.
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(a) r2

(b) z

Figure C.2: The distribution of Neff of electron with MC simulation for r2 and z, and
the results of fitting for each area.
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(a) r2

(b) z

Figure C.3: The distribution of N50 of Gd(n, γ) with MC simulation for r2 and z, and
the results of fitting for each area.
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(a) r2

(b) z

Figure C.4: The distribution of Neff of Gd(n, γ) with MC simulation for r2 and z, and
the results of fitting for each area.
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(a) r2

(b) z

Figure C.5: The distribution of N50 of spallation neutron with the data for r2 and z,
and the results of fitting for each area.
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(a) r2

(b) z

Figure C.6: The distribution of Neff of spallation neutron with the data for r2 and z,
and the results of fitting for each area.
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