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ABSTRACT

In July 2020, 0.011% by mass of gadolinium (Gd) was loaded in the Super-Kamiokande (SK) detector to
improve the neutron-tagging efficiency, and the SK-Gd experiment started. The SK-Gd experiment is aiming
to achieve the world’s first observation of the diffuse supernova neutrino background (DSNB). One of the
main backgrounds in the SK-Gd DSNB search is the atmospheric neutrino-oxygen neutral-current quasielas-
tic scattering (NCQE) reactions. In order to estimate the NCQE events precisely, we must understand the
number and energy of deexcitation gamma-rays and the number of neutrons by the nucleon-nucleus interac-
tions in water (secondary interactions). So far, the secondary interaction model based on the Bertini Cascade
model (BERT) was the only choice in the SK detector simulation. However, now other secondary interac-
tion models like the Binary Cascade model (BIC) and the Liege Intranuclear Cascade model (INCL++) are
available.

Using 552.2 days of data from August 2020 to June 2022, we performed the comparison of secondary
interaction models using atmospheric neutrino events and the measurement of the atmospheirc neutrino-
oxygen NCQE cross section in the energy range from 160 MeV to 10 GeV. First, we compared the distri-
butions of reconstructed Cherenkov angle, visible energy, and the number of delayed signals for the three
secondary interaction models. The results suggest that the evaporation model used in BIC and INCL++ re-
produces the observed data better than that used in BERT for all distributions. Moreover, we measure the
NCQE cross section to be 0.74 + 0.22(stat.) 012 (syst.) x 10738 cm?/oxygen in the energy range from
160 MeV to 10 GeV, which is consistent with the atmospheric neutrino-flux-averaged theoretical NCQE
cross section and the measurement in the SK pure-water phase within the uncertainties.

Now we continue the observation with a 0.03% Gd-loaded SK detector, the phase known as SK-VII. By
combining about three years of data in SK-VII, the statistical uncertainty will be half of this work, and the
secondary interaction models will be able to be verified more precisely. Furthermore, the evaporation model
can be determined at S0 by combining about four years of data in SK-VII. Once the evaporation model is
determined, the systematic uncertainty of measured NCQE cross section is significantly reduced.
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1 Introduction

1.1 Neutrino

Neutrinos, which are Fermions with spin of 1/2, are classified as leptons that do not participate in the
strong interaction in the Standard Model (SM) of the particle physics. Moreover, neutrinos do not have
charge. Therefore, neutrinos interact with other particles only via the weak interaction!, and are difficult to
observe. The name “neutrino” was named by E. Fermi in 1933 [2]. The name comes from the neutral” that
means the zero charge, and ”ino” that means small in Italian. Currently, we know that there are three flavors
of neutrinos: electron neutrino, muon neutrino, and tau neutrino.

The existence of neutrinos was suggested by W. Pauli in 1930 [2]. Once, the energy spectrum of the
electron emitted by the beta decay was expected to be the line spectrum. However, in 1914, J. Chadwick
found that the energy spectrum was not the line spectrum but the continuous spectrum [3]. To explain the
continuous spectrum of the electron reported by Chadwick, Pauli claimed that an unknown particle with
spin of 1/2 and zero charge is emitted in the beta decay in addition to an electron. In 1956, more than 20
years after Pauli proposed the existence of neutrinos, (electron anti)neutrinos produced in nuclear reactors
were discovered by F. Reines and C. Cowan [4]. In 1962, muon neutrinos were discovered in the accelerator
experiment by L. Lederman, M. Schwartz, and J. Steinberger [5]. In 2001, tau neutrinos were discovered in
the DONUT (Direct Observation of NU Tau) experiment [6].

1.2 Neutrino oscillation

In the SM, the neutrino mass was assumed to be zero [1]. However, in 1998, the evidence for the neutrino
oscillation was discovered in the Super-Kamiokande and it was proved that the neutrino mass is not zero [7].
Neutrino oscillation is a phenomenon that the flavor of neutrino changes while the neutrino passes through a
space.

Here, the neutrino oscillation in vacuum is considered. The flavor eigenstate |v,,) is represented by the
superposition of the mass eigenstate |v;),

va) =Y Uz ui) (1.1)
=1

where n (= 3) is the number of neutrino species and U is a 3 x 3 unitary matrix, called the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) mixing matrix. This matrix consists of four independent parameters (three

!Gravitational interaction can be ignored because gravitational constant (magnitude of the gravitational interaction) is so
tiny. Gravitational constant, Fermi coupling constant (magnitude of the weak interaction), fine-structure constant (magnitude
of the electromagnetic interaction), and strong coupling constant (magnitude of the strong interaction) are 6.70883(15) x
10739 fic (GeV /c*) ™2, 1.166 378 8(6) x 1075 GeV ™2, 7.297 352 5693(11) x 1072, and 0.1180(9), respectively [1].
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mixing angles, 012, f23, and 613, and one phase angle dcp),

1 0 0 C13 0 813€_i6cp ci12 S92 O
U = 0 co3 S93 0 1 0 —s19 c12 0
0 —s93 co3 —Slgeidcp 0 c13 0 0 1
C12C13 S12€13 s13e”t0cp
= —S12Co3 — C12593513€0CP  c1oCa3 — 512823513€/9CF $23C13 ; (1.2)
S12823 — C12C23513€7°CF  —C19893 — 512C23513€"0CP €23C13

where c;; = cos 8);; and s;; = sin 6;;. After traveling a distance L (=~ ct for relativistic neutrinos), the flavor
eigenstate evolves as

[Va(t) Z i l1i(D) (1.3)

where |v;(t)) = e Fi |1;(0)) (E; is the energy of the neutrino mass eigenstate ;). At that time, the
probability of being observed as the flavor eigenstate |v3) is

ZZ «iUgj (vj|vi(t))

=1 j5=1

P.g = | (vs|va(t) (1.4)

Here, neutrinos are relativistic, thus p; ~ p; = p ~ E. Therefore, I; can be approximated as

m2 m2
=\/pi+mi=np pz-( 2p% E+ﬁ- (1.5)

Using Equation (1.5) and the orthogonality of the mass eigenstates, (v;|v;) = ¢;5, Equation (1.4) can be

g

expressed as

Pag = 0ap — 4> Re[UnUsUs;Uss] sin® Xij + 2ZIm UaiU5UzUgjl sin 2X5, (1.6)
i<j 1<j
where
m2—m2L Am2L Am2 L/E
Xy = AL g A LIE (1.7)
AE 4E eV2 m/MeV

For a simpler example, the neutrino oscillation between two neutrino species in vacuum is considered.
The relationship between flavor eigenstates and mass eigenstates can be expressed as

va) \ [ cosf sinf lv) | cos @ |v1) + sin 6 1) (1.8)
lvg) ~ | —sinf cosf o) |\ —sin@|v) +cosf|v) | '

From Equation (1.8),

1) \ _ [ cosO|va) —sind|ug) (1.9)
lva) |\ sinf|va) +cosflvg) | .



Assuming that |v,,(0)) = 1 and |v5(0)) = 0, after traveling a distance L (~~ ct for relativistic neutrinos), the
flavor eigenstates evolve as

lva(t)) = cosf|vi(t)) + sind |va(t))
= cosf x e P51 (0)) 4 sin 6 x e E2 7 1y(0))
= e 1t/ o5 0{cos 0 |va(0)) — sin d lvg(0))} + e~ 2t/ gin O{sin 0 |14 (0)) + cos 6 lv5(0)) }
= e Wt/ og2 g 4 et/ gip? 0, (1.10)
lvg(t)) = —sind|vi(t)) + cosb|va(t))
—sin 6 x e PR |11 (0)) 4 cos O x e F2E P uy(0))
—e "Bt/ 5in 0{cos 0 vy (0)) — sin 0 lvg(0))} + e P2t/ o 0{sin 0 |14 (0)) + cos lvg(0)) }

_ef’iElt/h 7’L'E2t/h

sinfcosf + e cosfsind

= sin&cos@(—e_iElt/h—&—e_iE?t/ﬁ). (1.1D)
At that time, the probability of being observed as the flavor eigenstate |vg) is

Pag = {va(t)lva(0)) |
= |sinfcos (—eE1/M 4 B2t/ (cos? § + sin® )2

(
— (Sinecose)Q(_eiEﬁ/h_+_eiE2t/h)(_efiE1t/h_{_efiEgt/h)

2
= <; sin 29) 2 — {ei(B2=Bt/h  o=i(Ba—En)t/hy)

1 Ey — Eq)t
= 1 sin? 20{2 — 2cos (2711)}
1 Ey— Eq)t
= 1 sin? 20 x 4 sin? (22h1)
Ey—Eq)t Ey — Eqt Ey—E)t
o geos B2 EIE oy o[ e B Bt o (B — Ev)t
h 2h 2h
Ey — Eq)t Ey — Eq)t
:2—2{1—2sin2( 2% 1 }:4sin2( 2% 1 )
9o .o (B2 — En)t
= 20 —_—
sin” 26 sin o
2 _ 2 ot
= sin® 26 sin® <mQQEmIQChC> (" Equation (1.5))
Am3, L
= sin? 20 sin® %‘%16
Am3, L/E eV x m
.2 .2 21
= 20
SIS ( oV2 m/eV 4 x 1.9733 x 107 )
Am2, L/E
G200 o2 21
= sin“20sin <1.267 T2 m/MeV)
= sin?26sin® Xo; (.- Equation (1.7)). (1.12)
While the probability of being observed as the flavor eigenstate |, ) is
P =1 —sin® 20sin? Xo. (1.13)

Next, the neutrino oscillation between two neutrino species (v, and v,,) in matter is considered. In matter,
all flavor neutrinos are affected by the potential due to its neutral-current interactions, while only electron
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neutrinos are affected by the potential due to its charged-current interactions with electrons. Therefore,
Equation (1.8) and Equation (1.9) change as

> _ < cos Oy [vM) + sin by |v37) ) (1.14)

—sin Oy VM) + cos Oy [V3T)

> _ ( cos Oy |ve) — sinfyy |v,) ) ' (1.15)

sin Oas |ve) + cos Oar [vy)

Assuming that [v.(0)) = 1 and |v,(0)) = 0, the probability of being observed as the flavor eigenstate |v,)
after traveling a distance L (=~ ct for relativistic neutrinos) is

P, = sin® 20 sin® X ;. (1.16)

While the probability of being observed as the flavor eigenstate |v,) is

P.. = 1 — sin® 20, sin? X. (1.17)
Here,
ME = m%‘gm% +V2GpNE
—% (Am3, sin20)2 4+ (Am3, cos 20 — 2v2Gr N E)2, (1.18)
M3 = m%;m% +V2GpN.E
+%\/(Am%1 sin 20)2 + (Am3, cos 20 — 2V2G N F)?, (1.19)
AM} = M3I—-M? = \/ (Am3, sin 20)2 4+ (Am3, cos 20 — 2v/2G N E)2, (1.20)
sin?20y = (%8’229)2, (1.21)
Xy = 1.267Ae]\\/42221 m%fev (1.22)

In Equation (1.18) to Equation (1.22), M; and My are the effective neutrino masses in matter, G is the
Fermi coupling constant, and /N, is the electron number density in the medium. In a medium with varying
density (N,), sin? 26, becomes largest when

AmZ; cos 20 = 2v/2G N, E. (1.23)

The effect that the oscillation probability changes significantly with density is called the Mikheyev-Smirnov-
Wolfenstein (MSW) effect. Details about neutrino oscillaitons in matter are summarized in Ref. [1, 8].

From the above calculation, it can be seen that the neutrino oscillation can be described by six parameters
(012, 023, 043, Amgl, Am§2, and dcp). These parameters can be measured by observing the oscillation
phenomena of solar neutrinos, atmospheric neutrinos, reactor neutrinos, and accelerator neutrinos. Table 1.1
shows the three-neutrino mixing parameters and dcp [9]. Currently, the absolute neutrino masses (mp, ma,
and m3) and the neutrino mass ordering are not yet known. There are two possibilities of the neutrino mass
ordering: Normal Ordering (NO, m; < mg < mg) or Inverted Ordering (IO, m3z < m; < mg). At this
time, NO is a little preferred [10]. Moreover, CP conserving points, cp = 0 and dcp = T, are rejected at
the 95% confidence level [11].



Table 1.1: Three-neutrino mixing parameters and dcp [9]. Here, 6;; € [0,7/2] and écp € [0, 27].

sin? 019 0.307 4 0.013

sin? fa3 (NO)  0.547 15008

sin? fa3 (I0)  0.534 T5-051

sin? 613 (2.20 +0.07) x 102

Am3, (7.53+£0.18) x 107? eV?
Am2, (NO)  (2.437£0.033) x 1073 eV?
Am3, 10)  (—2.519£0.033) x 1073 eV?
dcp 1.23 £0.21 rrad

1.3 Neutrinos from core-collapse supernovae

A star with mass more than about eight solar masses causes a huge explosion called “core-collapse
supernova” at the end of its life [12, 13]. The released energy is approximately 1053 ergs, and about 99% of
that energy is carried away by neutrinos [14]. Here, observations of neutrinos from core-collapse supernovae
are briefly described.

1.3.1 Neutrinos from SN1987A

On February 23, 1987, Kamiokande II, IMB (Irvine-Michigan-Brookhaven), and Baksan observed a
burst of neutrinos from SN1987A2, which is a core-collapse supernova that occurred in the Large Magellanic
Cloud [16-18]. Here, Kamiokande IT and IMB are water Cherenkov detectors and Baksan is a scintillator de-
tector. Figure 1.1 shows the neutrino events from SN1987A observed in Kamiokande II and IMB [12]. This
was the world’s first observation of neutrinos from a supernova (neutrinos from outside the solar system),
and we got a better understanding on supernovae from this observation [15]. To further understand about
supernovae, detectors around the world, including Super-Kamiokande, are waiting for the next neutrino burst
from nearby supernova.

50
45
40
35
30
25
20

i
12:%& ¢ t $

P I U T N |

A L L S B B B BN B L B LA BN B

) e KAMII
o |IMB

T T T T T T 1

ENERGY (MeV)

-
-
.
-

1 L
6 7 8 9 10 11 12 13
TIME (sec)

Figure 1.1: Neutrino events from SN1987A observed in Kamiokande II and IMB [12].

2Mont Blanc also reported neutrino signals from SN1987A [15]. However, signals reported in Mont Blanc were unrelated to
SN1987A.
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1.3.2 Diffuse supernova neutrino background

As described in Section 1.3.1, now we are waiting for the next neutrino burst from nearby supernova.
However, according to Ref. [19], a galactic core-collapse supernova rate is only 3.2f;:g per century, and
actually bursts of neutrinos from supernovae have not been observed since SN1987A. Nevertheless, there is
a way to understand about supernovae without waiting for the neutrino bursts. Neutrinos emitted from all
past core-collapse supernovae comprise an integrated flux called the diffuse supernova neutrino background
(DSNB) [20]. Detecting the DSNB would contribute to our understanding of the mechanism of supernova
explosions and the history of star formation.

According to Ref. [21], the DSNB flux on the Earth can be described as

d®(E,) _ /m dz
dE, 0 Ho\/Qm(1+Z)3+QA
Z, M /
max max dN (M, Z, E,,
x | Roc(?) / wZF(z,Z){ /M wIMF(M)(dE,)dM}dZ . (1.24)
0 min v

where c is the velocity of light, Hy = 70km st Mpcfl, Qm = 0.3, Qy = 0.7, Z is the metallicity of
progenitors, M is the initial mass of progenitors, and dN (M, Z, E!)) /dE!, is the neutrino number spectrum
from the core collapse of a progenitor including the neutrino oscillation effect. The neutrino energy on the
Earth E,, is related to that at the redshift z, E/,, as E/, = (1 + z)E,. The total core-collapse rate Rcc(z)
is determined by the cosmic star formation rate density. The metallicity distribution function of progenitors
Yzr (2, Z) and the initial mass function of progenitors ¢nr (M) are normalized as

Zlnax
/ VYzr(2, Z)dZ =1, (1.25)
0
Mlll’dx
/ Yvr(M)dM = 1. (1.26)
Mmin

Figure 1.2 shows the predictions of DSNB 7, flux [22]. As shown in this figure, the predicted DSNB 7,
fluxes differ by more than one order of magnitude between the smallest one and the largest one.

1.4 DSNB search

As shown in Figure 1.2, there are many predictions of DSNB 7, flux. Observation of the DSNB can limit
these predictions. Here, the DSNB search method and the current status of DSNB search are explained.

Most of experiments look for the inverse-beta decay (IBD) events by electron antineutrinos (e + p —
e™ + n) in the DSNB search. It is because its cross section is large in the O(10) MeV region, as shown in
Figure 1.3, where the DSNB flux is large.

Since the 1980s, the DSNB search has been performed in various experiments. The DSNB has not been
observed yet, but the upper limits of 7, flux are approaching and arriving at the predicted DSNB 7, fluxes.
Figure 1.4 shows the upper limits of 7, flux in recent DSNB searches [38]. Here, we focus on the DSNB
search performed in Super-Kamiokande (SK), KamLLAND, and Borexino.

SK is a 50-kilotons water Cherenkov detector in Kamioka, Gifu, Japan. Details of the SK are described
in Section 2. In 2012, the DSNB search using 2,853 days of data was performed in SK. This search gave
the upper limits of 7, flux in the neutrino energy region above 17.3 MeV [39]. Moreover, in 2008, the data
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Figure 1.2: Predictions of DSNB 7, flux [22]. These fluxes are predicted by theoretical models of Horiuchi + 21 [23],
Tabrizi + 21 [24], Kresse + 21 [25], Horiuchi + 18 [26], Nakazato + 15 [21], Galais + 10 [27], Horiuchi + 09 [28],
Lunardini09 [29], Ando + 03 [30], Kaplinghat + 00 [31], Malaney + 97 [32], Hartmann + 97 [33], and
Totani + 95 [34]. Ando + 03 model was updated at the NNNOS5 conference [35]. Details of each theoretical model are
summarized in Ref. [22,36].
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Figure 1.4: Upper limits of 7, flux in recent DSNB searches [38]. Plots show the 90%-confidence level upper limits for
SK-I/II/IT (blue) [39], SK-IV (red) [22], SK-VI (green) [40], KamLAND (black) [41], and Borexino (magenta) [42],
respectively. Lines show the theoretical predictions of DSNB 7, flux. FD, BH, N13, and F21 stand for Fermi-Dirac,
black hole, Nakazato (2013) [43], and Fornax (2021) [44,45], respectively.

acquisition system was renewed (see Section 2.8). As a result, in addition to the positron signal generated by
the IBD reaction, the signal of a 2.2 MeV gamma-ray generated by neutron capture on free proton in water
also became available (see Figure 1.5).

Prompt signal — Delayed signal
~200 usec

Figure 1.5: Schematic view of a DSNB event in SK. The positron emits Cherenkov photons immediately, while the
neutron is thermalized and then captured on free proton in water, emitting a 2.2 MeV gamma-ray. The gamma-ray give
their energy to electrons or positrons via Compton scattering or pair production, then Cherenkov photons are emitted.

By detecting the positron signal (prompt signal) and the neutron signal (delayed signal), a large number
of backgrounds that do not contain neutrons can be removed, and the DSNB search in the lower energy
region became possible. However, the 2.2 MeV gamma-rays are low-energy events in SK. Therefore, the
neutron-tagging efficiency is low (~20%), and the statistics become small. In 2021, the DSNB search with
the prompt and delayed signals using 2,970 days of data was performed in SK. This search gave the up-
per limits of 7, flux in the neutrino energy region above 9.3 MeV [22]. Furthermore, in 2020, 0.011% by
mass of gadolinium (Gd) was loaded in the SK detector to improve the neutron-tagging efficiency, and the



Super-Kamiokande Gadolinium (SK-Gd) experiment started [46,47]. Details of the SK-Gd experiment are
described in Section 2.4. In 2023, the DSNB search using 552.2 days of data with 0.011% gadolinium-loaded
water was performed in SK-Gd. The upper limits of 7, flux in this search is comparable to that in SK DSNB
search using 2,970 days of pure-water data [40].

KamLAND is a 1-kilotons liquid scintillator detector in Kamioka, Gifu, Japan. The advantage of Kam-
LAND is that the 2.2 MeV gamma-ray generated by neutron capture on free proton can be detected with
an efficiency of about 100%. In 2022, the DSNB search using 4,528.5 days of data was performed in
KamLAND. This search gave the upper limits of 7, flux in the neutrino energy region from 8.3 MeV to
30.8 MeV [41]. Especially, the upper limits are the most stringent below 12.3 MeV.

Borexino is a 278-tons liquid scintillator detector in Gran Sasso, Italy. The strength of Borexino is
that the energy threshold is low thanks to the extremely low radiopurity. In 2021, the DSNB search using
2,771 days of data was performed in Borexino. This search gave the upper limits of 7, flux in the neutrino
energy region from 1.8 MeV to 16.8 MeV [42]. The upper limits below 8.3 MeV are given only by Borexino.

1.5 NCQE background in SK-Gd DSNB search

As described in Section 1.4, a large number of backgrounds that do not contain neutrons can be removed
by detecting prompt and delayed signals. However, backgrounds that contain neutrons cannot be completely
removed. One of the main backgrounds in the SK-Gd DSNB search is caused by the atmospheric neutrino-
oxygen neutral-current quasielastic (NCQE) scattering reactions. Figure 1.6 shows the schematic view of a
DSNB event and a NCQE event in SK-Gd. NCQE reactions can be expressed as

v(v) + %0 — (@) + 0 4+ v + n,
v(v) + %0 = v(@) + PN+ 4 +p, (1.27)

where the atmospheric neutrino knocks out a nucleon of the oxygen nucleus, and the residual nucleus may
emit one or more de-excitation gamma-rays with a few MeV. When a neutron is knocked out, the combination
of de-excitation gamma-rays and neutron mimics the DSNB event, making it difficult to distinguish between
NCQE and DSNB events. Therefore, the precise estimation of NCQE events is essential for the DSNB
discovery in SK-Gd.

DSNB (IBD) NCQE
Ve+p—e'+n v(v)+160—>v(v)+150+y+n

Prompt signal —— Delayed signal Prompt signal —— Delayed signal
~115 pusec(0.011% by mass of Gd) ~115 usec(0.011% by mass of Gd)

Figure 1.6: Schematic view of a DSNB event (left) and a NCQE event (right) in SK-Gd.
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To estimate the NCQE events precisely, the behavior of neutrons in water must be understood. Figure 1.7
shows the kinetic energy of neutrons in DSNB events and NCQE events. In DSNB events, the outgoing
neutron has at most a few MeV, while in NCQE events, the knocked-out neutron may have hundreds of MeV.
In the latter case, it can knock out other nucleons of oxygen nuclei in water, and additional de-excitation
gamma-rays and neutrons are generated. Since the numbers of gamma-rays and neutrons affect the event
reconstruction, it is crucial to understand the nucleon-nucleus interactions in water (secondary interactions).
Detailed schematic view of a NCQE event is shown in Figure 1.8.
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Figure 1.8: Detailed schematic view of a NCQE event. Prompt signal consists of gamma-rays generated by neutrino-
nucleus (primary) interaction and nucleon-nucleus (secondary) interaction.

Figure 1.9 shows the reconstructed energy spectra of the observed data and the expected backgrounds in
the SK-Gd DSNB search [40]. In this figure, the cyan color-filled histogram shows the expected number of
NCQE background events and the hatched areas show the total systematic uncertainty for each bin. In this
search, systematic uncertainty on the NCQE events is taken as 68% [36], which is too large to discover the
DSNB in the near future. Each component of the systematic uncertainty on the NCQE events in the SK-Gd
DSNB search is summarized in Table 1.2 [36]. From this table, we can confirm that uncertainties of T2K
cross section, neutron multiplicity, and spectral shape are dominant. Uncertainties of neutron multiplicity and
spectral shape are related to the number of neutrons and gamma-rays generated by secondary interactions,
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respectively. Moreover, uncertainty of T2K cross section, which is used to scale the number of NCQE events,
mainly comes from the gamma-rays by secondary interactions. Figure 1.9 and Table 1.2 show how important

it is to understand secondary interactions. Details of T2K cross section are described in Section 1.6.
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Figure 1.9: Reconstructed energy spectra of the observed data and the expected backgrounds in the SK-Gd DSNB
search [40]. Left and right figure shows in a linear and a logarithmic scale for the vertical axis, respectively. These
figures include not only the DSNB search window ([7.49, 29.49] MeV) but also the side-band region above 29.49
MeV. Each color-filled histogram shows the expected number of backgrounds, and these background histograms are
stacked on the other histograms. Details of these backgrounds are described later. The hatched areas show the total
systematic uncertainty for each bin. The red dashed-dot line shows the expected number of DSNB events predicted by
the Horiuchi + 09 model [28].

Table 1.2: Systematic uncertainty on the NCQE events in the SK-Gd DSNB search [36]. This table is the same as

TABLE 9.2 in Ref. [36].

T2K cross section 44%
Atmospheric neutrino flux  15%
Flux difference 7%
Reductions 2%
Neutron tagging efficiency 9%
Neutron multiplicity 30%
Spectral shape 37%
Total 68%

1.6 Measurements of NCQE cross section

1.6.1 Measurements using accelerator neutrinos

In Table 1.2, uncertainty of T2K cross section is estimated by using the result of accelerator neutrino-
oxygen NCQE cross section measurement in the T2K experiment [48]. In this measurement, data from
a 14.94(16.35) x 102" protons-on-target exposure of the neutrino (antineutrino) beam was used, and the
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flux-averaged NCQE-like cross sections on oxygen nuclei were measured to be

(oyNxcqr) = 1.70 4 0.17(stat.) 705k (syst.) x 10738 cm? /oxygen, (1.28)
(opncqr) = 0.98 4 0.16(stat.) )70 (syst.) x 107°® em? Joxygen, (1.29)
where (0,.NcqQg) is for neutrinos at a flux-averaged energy of 0.82 GeV and (o.ncqE) is for antineutrinos
at a flux-averaged energy of 0.68 GeV. The result of (1.28) was consistent with that of the previous NCQE
cross section measurement in T2K ((0,.xcqr) = 1.55 705t (stat. @ syst.) x 10738 cm? /oxygen), where

data from a 3.01 x 10%° protons-on-target exposure of the neutrino beam was used [49]. The 44% T2K cross
section uncertainty in Table 1.2 can be estimated by using (1.28) and (1.29),

() (22} o () ()} e 43
170 170 0.98 0.98 v '

The large uncertainty mainly comes from the gamma-rays by secondary interactions. Figure 1.10 shows

the reconstructed Cherenkov angle (6¢) distributions from the FHC (neutrino-mode) sample and the RHC
(antineutrino-mode) sample in the T2K NCQE cross section measurement [48]. 6 is related to the number
of gamma-rays, and ¢ becomes larger as the number of gamma-rays by secondary interactions gets larger.
In Figure 1.10, we can confirm that, in the case of the FHC sample, there is a large discrepancy between
data and MC in high fc region where events with multiple gamma-rays are dominant. This means that
more gamma-rays are generated by secondary interactions in MC, that is, the agreements of the secondary
interaction model used in MC is poor.
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Figure 1.10: Reconstructed Cherenkov angle (6¢) distributions from the FHC (neutrino-mode) sample (left) and the
RHC (antineutrino-mode) sample (right) in the T2K NCQE cross section measurement [48]. In the left figure, there is
a large discrepancy between data and MC in high 6¢ region where events with multiple gamma-rays are dominant.

1.6.2 Measurements using atmospheric neutrinos

It is important to measure the NCQE cross section using atmospheric neutrinos, which are the source of
backgrounds in the DSNB search, and to confirm the consistency with the NCQE cross section measurements
using accelerator neutrinos. The first measurement of the atmospheric neutrino-oxygen NCQE cross section
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was performed in SK pure water phase [50]. In this measurement, 2,778 days of SK pure water data from
October 2008 to October 2017 was used, and the flux-averaged NCQE cross section on oxygen nuclei was
measured to be

(oncqe) = 1.01 4 0.17(stat.) 7018 (syst.) x 10738 cm? /oxygen. (1.31)

Figure 1.11 shows the measured NCQE cross section [50], the theoretical NCQE cross section [51], and
the atmospheric neutrino flux measured in SK [52]. The large uncertainty in this measurement also mainly
comes from the gamma-rays and neutrons by secondary interactions.
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Figure 1.11: The measured NCQE cross section [50], the theoretical neutrino-oxygen NCQE cross section [51], and
the atmospheric neutrino flux measured in SK [52].

1.6.3 Issues in previous measurements

In the NCQE cross section measurements described above, the large uncertainty mainly came from
secondary interactions. A more precise secondary interaction model is required to reduce the uncertainty,
but, so far, the secondary interaction model based on the Bertini Cascade model (BERT) [53] was the only
choice in MC. However, now other secondary interaction models like the Binary Cascade model (BIC) [54]
and the Liege Intranuclear Cascade model (INCL++) [55] can be employed and compared with data. In
Section 7, the reproducibility of the observed data in each secondary interaction model using atmospheric
neutrino events is discussed.

Moreover, the measurement of the neutrino-oxygen NCQE cross section had not been performed in SK-
Gd. The NCQE cross section measurement in SK-Gd would contribute to our understanding of the behavior
of neutrons in water, as well as the performance of the SK-Gd experiment. In Section 8, the first measurement
of the atmospheric neutrino-oxygen NCQE cross section in the Gd-loaded SK water Cherenkov detector is
reported.
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2 Super-Kamiokande

2.1 Super-Kamiokande

The Super-Kamiokande (SK) [56] is the experiment held in Kamioka, Gifu, Japan, with the large water
Cherenkov detector placed in 1,000 m underground, 2,700 m water equivalent overburden. The overview of
the SK detector is shown in Figure 2.1. The SK stands for “Super-Kamioka Neutrino Detection Experiment”
and “Super-Kamioka Nucleon Decay Experiment”. The rate of cosmic ray muon is reduced by a factor of
10° compared to that of the ground level.

Figure 2.1: Overview of the SK detector [56].

The SK detector consists of the stainless-steel cylindrical tank with a diameter of 39.3 m and a height
of 41.4 m and 50 kilotons ultrapure water. The tank is separated into the inner detector (ID) and the outer
detector (OD) by stainless-steel frames (supermodule frames). The cross section of the SK detector and the
overview of supermodule frames are shown in Figure 2.2. The diameter of ID, the height of ID and the
volume of ID (the fiducial volume) is 33.8 m, 36.2 m and 32 kilotons (22.5 kilotons), respectively. In ID,
11,129 20-inch (50 cm) photomultiplier tubes (PMTs) are installed. The gaps between ID PMTs are covered
by black polyethylene terephthalate sheets. The sheets separate ID and OD optically and suppress the reflec-
tion at the surface of the ID wall. Moreover, the sheets reduce low energy events by radioactive backgrounds
occurring behind the PMTs. On the other hand, in OD, 1,885 8-inch (20 cm) PMTs are installed. OD vol-
ume is covered by white Tyvek sheets manufactured by DuPont. The Tyvek sheets have high reflectivity and
enhance the light collection efficiency in OD.
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Figure 2.2: Cross section of the SK detector (left) and overview of supermodule frames (right) [56].

2.2 ID PMT and OD PMT

The schematic view of the ID PMT is shown in Figure 2.3. The number of ID PMTs is 7,650 on the
barrel (side walls), 1,740 on the top and 1,739 on the bottom, and the effective photocathode coverage of
ID is 40%. The role of ID PMTs is to reconstruct the energy, generated position, direction and the kind of
the charged particles. Figure 2.4 shows the quantum efficiency of the ID PMT photocathode as a function
of wavelength. The material of photocathode is bialkali (Sb-K-Cs) and the quantum efficiency is about 21%
at 360 - 400 nm. Figure 2.5 shows the single photoelectron pulse height distribution of the ID PMT. The
peak around zero ADC count is caused by PMT dark current. Figure 2.6 shows the relative transit time
distribution for a typical ID PMT tested using 410 nm wavelength light at the single photoelectron intensity
level. The 1o of transit time for a single photoelectron signal is 2.16 ns.

The number of OD PMTs is 1,275 on the barrel, 302 on the top and 308 on the bottom. To compensate
the small number of OD PMTs, wavelength shifting (WS) plate is attached to each OD PMT. The WS plate
is square acrylic panel with a side of 60 cm and a thickness of 1.3 cm, doped with 50 mg/L of bis-MSB
(C24H22). The WS plate absorbs UV light, and then emit photons in the blue - green. OD PMT with bialkali
photocathode is more sensitive to blue - green photons than UV photons. Therefore, the light collection
efficiency is improved by about a factor of 1.5 compared to without WS plates. The timing resolution
of OD PMTs with WS plates is 15 ns (FWHM), which is poorer than that of ID PMTs. However, OD
was optimized as a veto counter and the poorer timing resolution is less important. Figure 2.7 shows the
positional relationship of ID PMTs and OD PMTs in a supermodule frame. Basically, in a supermodule
frame, 12 ID PMTs and 2 OD PMTs are attached.
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Figure 2.3: Schematic view of the ID PMT [56].
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Figure 2.4: Quantum efficiency of the ID PMT photocathode as a function of wavelength [56]. The material of ID
PMT photocathode is bialkali (Sb-K-Cs).
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Figure 2.5: Single photoelectron pulse height distribution of the ID PMT [56]. The peak around zero ADC count is
caused by PMT dark current.
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Figure 2.7: Positional relationship of ID PMTs and OD PMTs in a supermodule frame [57]. 12 ID PMTs and 2 OD

PMTs are attached in a supermodule frame, basically.

2.3 Helmbholtz coils

The geomagnetic field would affect photoelectron trajectories and timing in the PMTs. Therefore, 26
sets of horizontal and vertical Helmholtz coils are deployed around the inner surface of the tank to reduce
the geomagnetic field. Figure 2.8 shows the schematic view of Helmholtz coils. The average geomagnetic
field intensity without Helmholtz coils is about 450 mG [56]. The average field intensity can be reduced
to 32 mG with Helmholtz coils, resulting that the deviation in the collection efficiency of photoelectrons is

2% [58].
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Figure 2.8: Schematic view of Helmholtz coils [59].

2.4 Observation phase

The observation phase of SK is categorized into seven, from SK-I to SK-VII. Each observation phase is
described below.

SK-I

SK-I started in April 1996 and ended in July 2001. In ID, 11,146 PMTs were attached and the effective
photocathode coverage of ID was 40%. It was during the SK-I that we got the evidence for neutrino oscilla-
tion [7].

SK-II

In November 12th, 2001, one bottom PMT broke when ultrapure water was filled into SK detector after
finishing the detector maintenance. Due to the shockwave generated at that time, other PMTs were broken
in a chain. As a result, it became a serious accident that 6,779 ID PMTs and 1,017 OD PMTs were lost.
In SK-II, which started in October 2002 and ended in October 2005, the observation was performed using
5,182 remained and spare ID PMTs and 1,885 remained and new OD PMTs. The effective photocathode
coverage of ID was 19%. Since SK-II, each ID PMT has been covered with a shockwave prevention case.
The case consists of an acrylic that covers the photocathode and Fiber Reinforced Plastic (FRP) case that
covers parts other than the photocathode. The case not only prevents shockwave but also increases the water
pressure resistance of the PMT. The picture of a shockwave prevention case is shown in Figure 2.9.

SK-IIT

SK-IIT started in July 2006 and ended in August 2008. Since SK-III, the number of ID PMTs has been
11,129 and the effective photocathode coverage of ID has been 40%. The reason why the number of ID
PMTs is reduced by 17 compared to SK-I is that ID PMTs cannot be installed at the edge of the detector
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Figure 2.9: Picture of a shockwave prevention case [60].

because the size of the shockwave prevention case is large.

SK-IV

In September 2008, the data acquisition system was renewed from Analog Timing Module (ATM) to
QTC-Based Electronics with Ethernet (QBEE) and SK-IV started [61]. QTC stands for charge-to-time
converter. The renewal of the system allows us to open the data acquisition time window until 535 us
(385 ps before November 2010 [22]) from the trigger timing and enabled to search neutron signals [62].
SK-IV continued until June 2018 and is longest phase at this time.

SK-V

The tank refurbishment work toward the SK-Gd experiment was conducted between SK-IV and SK-V.
The purpose of the work was the water stop reinforcement of the tank, the piping improvement in the tank
and the PMT replacement. After finishing the work, SK-V started in January 2019 and ended in July 2020.

SK-VI

In July 2020, we dissolved 13.2 tons of Gd>(SO4);3 - 8H,O (we introduced 0.011% of Gd) into the SK
tank and SK-VI (the SK-Gd experiment) started. Since Gd has the largest thermal neutron capture cross
section among natural elements, neutron capture rate on Gd is high even at low concentrations. Table 2.1
and Figure 2.10 show the thermal neutron capture cross sections [63] and neutron capture rate on Gd [64],
respectively. Moreover, when a thermal neutron is captured on Gd, a total of about 8 MeV of gamma-rays are
emitted. From these reasons, neutron-tagging efficiency is largely improved in SK-Gd. The time constant of
neutron capture at this Gd mass concentration is about 115 us [46]. SK-VI continued until June 2022.

Table 2.1: Thermal neutron capture cross sections [63].

H (0] S Gd
Thermal neutron capture cross section [b] 0.33 0.0002 0.53 49,700
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Figure 2.10: Neutron capture rate on Gd [64].

SK-VII

In June 2022, we additionally dissolved 27.3 tons of Gd;(SO4)s - 8H,O into the SK tank and SK-VII
started. The Gd mass concentration is comparable to 0.03%. The time constant of neutron capture at this Gd

mass concentration is about 62 us.

The information of each observation phase is summarized in Table 2.2.

Table 2.2: Information of each observation phase.

Phase SK-1 SK-II SK-III

Start Apr. 1996 Oct. 2002 Jul. 2006

End Jul. 2001 Oct. 2005 Sep. 2008

# of ID PMTs (Coverage) 11,146 (40%) 5,182 (19%) 11,129 (40%)

# of OD PMTs 1,885 1,885 1,885

Electronics ATM ATM ATM

Gd mass concentration 0% 0% 0%
Phase SK-1V SK-V SK-VI SK-VII
Start Sep. 2008 Jan. 2019 Jul. 2020 Jun. 2022
End Jun. 2018 Jul. 2020 Jun. 2022 -
# of ID PMTs (Coverage) 11,129 (40%) 11,129 (40%) 11,129 (40%) 11,129 (40%)
# of OD PMTs 1,885 1,885 1,885 1,885
Electronics QBEE QBEE QBEE QBEE
Gd mass concentration 0% 0% 0.011% 0.03%
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2.5 Detection principle

When the speed of the charged particle passing through the dielectric medium is faster than the speed
of light in the medium, photons are radiated conically along the track of the particle. This phenomenon is
called “Cherenkov radiation”, and the radiated photons are called “Cherenkov photons”. Figure 2.11 shows
the schematic view of Cherenkov radiation. The Cherenkov photons are projected in a ring as shown in left
side of Figure 2.11. The ring is called “Cherenkov ring”. In the SK, the energy, generated position, direction
and the kind of the charged particle are reconstructed using the time, quantity of charge and Cherenkov ring
pattern information that ID PMTs received. In right side of Figure 2.11, the charged particle with velocity
v moves distance vt = Cct = [ct in time ¢, where c is the speed of light in vacuum and 3 = ¢ is the ratio
of v and c. While the Cherenkov photon moves distance -t in time ¢, where n is the refractive index of the
dielectric medium. Therefore, when the angle between the direction of charged particle and the direction of
Cherenkov photon is defined as 6, the next formula is established,

&
cos b = ﬁi& = nlﬁ 2.1
In Equation (2.1), assuming that n = 1.34, which is the refractive index of water, and 5 = 1, 6c becomes
about 42 degrees. Therefore, in water, the maximum angle between the direction of charged particle and the
direction of Cherenkov angle is about 42 degrees.
The energy E required for the charged particle with rest mass m to emit Cherenkov photons (Cherenkov

threshold) is
mec? mec? nmc?
E = > = .
V1— 32 /1_<l)2 vn?—1
n

The Cherenkov threshold of main charged particles is summarized in Table 2.3.

(2.2)

Assuming that the wavelength region of Cherenkov photons is from A; to A2, the number of Cherenkov
photons N emitted per unit length x when the particle with charge z passes through the medium is

dN

1 1
— = 271az?sin? 6¢ < - > (2.3)
dx

where « is the fine-structure constant.

Figure 2.11: Schematic view of Cherenkov radiation [65].
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Table 2.3: Cherenkov threshold of main charged particles [1]. m is rest mass and F is Cherenkov threshold. Here
n = 1.34 is assumed.

Charged particle et put nt K* p
m [MeV /c?] 0.511 105.658 139.570 493.677 938.272
E [MeV] 0.768 158.730 209.676 741.652 1,409.568

2.6 Water purification system

The 50 kilotons ultrapure water of the SK is made from the underground water of the Kamioka mine.
The underground water contains the dust, bacteria and radioactive impurities. These impurities should be
removed to avoid decreasing the water transparency and increasing low energy backgrounds. In the SK, these
impurities are removed by circulating and purifying the ultrapure water using the water purification system
at a flow rate of 120 m3 /h. Figure 2.12 shows the schematic view of water purification system. This system
consists of three systems: the dissolving system, the pretreatment system and the re-circulation system. The
dissolving system and the pretreatment system are used during Gd loading, while the re-circulation system
is used during both Gd loading and data taking. Here each component of re-circulation system is described
below.

e UV total organic carbon reduction lamp (TOC): TOC lamp oxidatively decomposes carbon and other
compounds. These are eventually decomposed into water and carbon dioxide.

e Heat exchanger (HE): High water temperature causes the bacterial growth, the decrease of water trans-
parency and the increase of PMT dark noise. HE keeps the water temperature around 13 °C at a
precision better than 0.01 °C.

e Strongly acidic cation exchange resin (C-Ex Resin): C-Ex Resin removes positively charged impuri-
ties, and radium ions in particular, while preserving the dissolved gadolinium ions (Gd>™).

e Strongly basic anion exchange resin (A-Ex Resin): A-Ex Resin removes negatively charged impurities
while preserving the dissolved sulfate ions (SOi*).

e One micron filter (1 xm): 1 pum filter removes the dusts larger than 1 pum.
e UV sterilizer (UV): UV sterilizer kills the bacteria.
e Ultrafiltration modules (UF): UF modules remove tiny dusts.

e Membrane degasifier (MD): MD removes radon dissolved in the ultrapure water.
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Figure 2.12: Schematic view of water purification system [46]. The dissolving system and the pretreatment system are
used during Gd loading, while the re-circulation system is used during both Gd loading and data taking.

2.7 Air purification system

Most of radioactive backgrounds come from radon, which is rich in the rock of the Kamioka mine. To
reduce radioactive backgrounds, radon in the air should be reduced as much as possible.

Figure 2.13 shows the typical radon concentration in the air at the SK over a year. Radon concentration in
the air of the mine is 2,000 - 3,000 Bq/m? during the warm season, from May to October, while the concen-
tration is 100 - 300 Bq/m? in the cold season, from November to April. This is because the airflow inside the
mine changes depending on the temperature outside the mine. To keep the concentration below 100 Bq/m?
inside the experimental area, fresh air is continuously blown at a flow rate of 10 m?®/min from outside the
mine (Radon Hut) to the experimental area through an air duct. The flow rate makes the air pressure inside
the experimental area higher than outside, minimizing the entry of the air outside the experimental area. As a
result, the concentration inside the experimental area is kept at 30 - 50 Bq/m? throughout the year, as shown
in Figure 2.13.

However, the radon concentration inside the experimental area is still too high for observations with
low radioactive backgrounds. Therefore, the fresh air is purified using the air purification system, then the
purified air is supplied to the gap between the top of the SK tank and the water surface. Figure 2.14 shows
the schematic view of air purification system. Each component of air purification system is described in
Ref. [66]. The residual radon concentration in the purified air is a few mBq/m?.
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Figure 2.13: Typical radon concentration in the air at the SK over a year [56]. The solid line shows the concentration
outside the experimental area. The dashed line shows the concentration inside the experimental area.

COMPRESSOR BUFFER AIR FILTER
TANK LU {0.01pum)
AlR FILTER AlR DRIER HEAT AIR FILTER COOLED
{0.3pm} EXCHANGER (0.1um) CHARCOAL

{-40 “C)

Figure 2.14: Schematic view of air purification system [56]. Each component of air purification system is described in
Ref. [66].

2.8 Data acquisition system

As explained in Section 2.4, the data acquisition system was changed from ATM to QBEE in SK-IV. The
data used in this thesis was acquired by QBEE. Therefore, the description of ATM is omitted in this thesis.

Figure 2.15 shows the schematic view of the data acquisition system after SK-IV. One QBEE board has
8 QTCs, and one QTC has 3 analog input channels for PMT signals. That is, one QBEE board has 24 analog
input channels for PMT signals. Figure 2.16 shows the block diagram of the QTC and its surroundings. Each
analog input channel has three gain ranges: small, medium, and large. The gain ratio of small, medium, and
large is set to 1, 1/7, and 1/49, respectively. Also, the charge dynamic range of small, medium, and large is
0.2-51pC, 1-357 pC, and 5 - 2500 pC, respectively. The gain ratio is optimized to cover a wide charge
dynamic range with reasonable resolution. When the charge is sent to a QBEE board, the QTC integrates the
charge and generates the output signal with the width proportional to the integrated charge. Then the output
signal is digitized by time-to-digital converter (TDC). The digitized signals are transferred to 20 front-end
PCs, and sent to 10 merger PCs. In the merger PCs, the signals from all the front-end PCs are merged and
the software trigger is applied. Details about the software trigger is described later. From the merger PCs,
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signals for triggered events are sent to an organizer PC and then written onto the disk for offline analysis.
Details about the front-end PCs, merger in the merger PCs, the organizer PC, and the disk are described in
Ref. [67].

The software trigger process scans the signals sent to the merger PCs and searches the events satisfying
the trigger conditions. A trigger is applied when the number of ID PMT hits within 200 ns, which corre-
sponds to the time that a Cherenkov photon moves from the edge of the SK tank to other, is a certain value
or more. Figure 2.17 and Figure 2.18 show the software trigger threshold for recording PMT hits of each
trigger type from SK-IV to SK-VII. There are four trigger types for ID: Super Low Energy (SLE), Low
Energy (LE), High Energy (HE), and Super High Energy (SHE). Each trigger threshold changes depending
on its trigger rate. Also, OD trigger is applied when the number of OD PMT hits within 200 ns is 22 or more.
Basically, when a trigger is applied, all hits from —5 us to 35 us are recorded, where the trigger timing is
0 ps. However, in the case of SLE, all hits from —0.5 us to 1.0 us are recorded due to the high trigger rate.

From SK-1V, a special trigger, AFT, was installed to search delayed neutron capture signals. Previously,
AFT trigger was applied when SHE trigger was applied and OD trigger was not applied to avoid events by
cosmic ray muons. However, from June 2020, the condition about OD trigger was removed to study spalla-
tion events by cosmic ray muons. When AFT trigger is applied, all hits from 35 us to 535 us (from 35 us to
385 us before November 2010 [22]) in addition to from —5 us to 35 us are recorded.

PMTs Event builder
Merger Sot:tware
trigger
front-
end PC Software
Merger .
trigger o
5
front- o
end PC §
=
Merger Stof.tware
front- rigger
end PC
Merger Sot:tware
trigger
13,000 550 20 10
PMTs QBEEs Front-end PCs Merger PCs

Figure 2.15: Schematic view of the data acquisition system [67].
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3 Simulation

3.1 Atmospheric neutrino flux

Many hadrons like pions and kaons are generated by reactions between a cosmic ray and a nucleus in the
atmosphere. The generated hadron decays into a muon and a neutrino, and the muon decays into an electron
and two neutrinos. The generated neutrinos in the atmosphere are called “atmospheric neutrinos”. Figure 3.1
shows the schematic view of atmospheric neutrino production.

Cosmic ray

Atmosphere

v, (V) ::":Vu(vu) Vel(Ve)

Figure 3.1: Schematic view of atmospheric neutrino production.

The atmospheric neutrino flux at the SK detector is predicted using the HKKM11 model [68]. Figure 3.2
shows the atmospheric neutrino flux predicted by the HKKM11 model for the Kamioka site [52, 68]. As
shown in this figure, the predicted flux shows good agreement with the observation in SK. Atmospheric
neutrino/antineutrino ratio and atmospheric neutrino flux of v + v, (Ve + ¥,,), Ve (Ve), and v, (¥,,) predicted
by the HKKM11 model for the Kamioka site are shown in Figure 3.3 [68]. In this measurement, systematic
uncertainties of atmospheric neutrino flux and atmospheric neutrino/antineutrino ratio are considered (see
Section 8.2).

3.2 Neutirno interaction

Neutrino interactions are simulated using NEUT [77] (version 5.4.0.1). Figure 3.4 and Figure 3.5 show
the cross sections of charged-current interactions to nucleon used in NEUT (version 5.4.0.1).

Figure 3.6 shows the schematic view of neutrino-oxygen NCQE scattering. The NCQE cross section
on oxygen is based on the model using the oxygen spectral function [51,92] with the BBBAOS vector form
factor [93] and the dipole axial form factor [93].

According to Ref. [51], NCQE cross section is defined as

M dPoyn
Ex dQdE!,’

2
doya _ Z / d3pd EPy(p, E) (3.1)

dQdE!,

N=p,n
where M is the nucleon mass and Ey = /M? + p?. Py(p, E) is the spectral function, that is, the prob-
ability of removing a nucleon of momentum p from the target leaving the residual nucleus with energy
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Figure 3.6: Schematic view of neutrino-oxygen NCQE scattering [51]. Dashed line represents the nucleon emission
threshold. According to the shell model, protons and neutrons in the °O nucleus occupy three states (p; /2> P32, and
s1/2). The removal energy of py/; state, p3 /s state, and sy 5 state for protons is 12.1 MeV, 18.4 MeV, and ~42 MeV,
respectively. The removal energy for neutrons is 3.54 MeV larger than that for protons.

E + Ey — M, Ej being the target ground state energy. d?c, n /dQdE’, is the neutrino-nucleon cross section.
In the nuclear shell model, the spectral function Py (p, E) can be written in the form

Py, E)= > naléa(p)*fo(E — Ea), (32)
ac{F}

where n,, (< 1) is the occupation probability of the ath state, ¢, (p) is the momentum-space wave function
associated with the ath state, fo(E — FE,) is the (unit-normalized) function describing the energy width
of the ath state, —F,, (E, > 0) being the binding energy of the «ath state, and the sum is extended to all
occupied states belonging to the Fermi sea { F'}. The neutrino-nucleon cross section d?c,, v /dQdE!, can be
written in the form

oy Gy By Ly W
dQE], ~ 8t E, ME)

5@+ Ex — Ey), (3.3)

where G is the Fermi coupling constant and E, = /M? 4 p’2. The leptonic tensor L,,,, and the hadronic
tensor WH" are given by

Lo 2(k) Ky + ki Ky — guok - K — iguwask k), (3.4)
WH = —g" MPWi + 5" Wa + ie* PagsWs + @3 Wi + (07" + 5'¢")Ws,  (3.5)

where p = (En,p) and § = (0, k — K'). The structure functions W; (i = 1,2,3,4,5) can be written as

Wy = 7(FY +F))? 4+ (1+71)F3,
Wy = (FY)?+7(F)+ Fi,
Wy = (FY +FY)Fa,

1
Wi = J(A)+7(R) = (A + 7)) —4Fp(Fa - 7Fp)),
1
Ws = §W2, (3.6)



31

where 7 = —§2/(4M?). The nucleon form factors {F (i = 1,2), Fa, Fp} can be written as

1
FN = iQ(Flp — F) — 2sin? Oy Y,
1
FY = ii(FQP — FI) — 2sin? Oy I,
Fi o= 1 As+tga
2(1—q/M3)*
2M2F,
Fp o= oA (3.7)
maz —(q

where the upper (lower) sign corresponds to proton (neutron) form factors, fyy is the weak mixing angle, As
(= —0.08) is the strange quark contribution, g4 = —1.2673, M 4 is the axial mass, and m is the pion mass.
The form factors F{¥ and F}¥ can be expressed as

N _ G+ 7GY;
1 1+7 )
Gy — Gy
Y = Ep— (3.8)

where Gg is the electric form factors and Gf\\g is the magnetic form factors. Figure 3.7 shows the NCQE
cross section on nucleon and on oxygen nucleus as a function of neutrino energy. Figure 3.8 shows the ratio
of the BBBAOQS5 vector form factors to G4 (the dipole axial form factor).

The state of the residual nucleus after primary interaction (see Figure 1.8) is selected based on the prob-
abilities computed in Ref. [51]. There are four states, (p; /2)_1, (p3 /2)_1, (s1 /2)_1, and others, where
(state) ! shows the state of the nucleus after a nucleon initially occupying the state (p; /25 P32, OF $1/2) 18
removed. The production probability of each state is 0.1580, 0.3515, 0.1055, and 0.3850, respectively. The
production probabilities of (p /) ! state, (ps/2) ' state, and (s1/2) " state are obtained by multiplying the
spectroscopic strength by the probability that a nucleon in the state is knocked out. Spectroscopic strengths
of the 160 hole states and probabilities that a nucleon in the state is knocked out are summarized in Table 3.1.
The production probability of others state is equal to 1 — 0.1580 — 0.3515 — 0.1055.
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Figure 3.7: NCQE cross section on nucleon (left) and on oxygen nucleus (right) as a function of neutrino energy [51].
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line) [93]. The dashed blue line shows the ratio of the Kelly form factors to G 4.

Table 3.1: Spectroscopic strengths of the 60 hole states (S, ) and probabilities that a nucleon in the state is knocked
out (P,) [51].

- P12 P32 51/2
So  0.632 0.703 0422
P, 2/8 4/8 2/8

(p1 /2)_1 state is the ground state of 1°O or '°N, thus no gamma-ray is emitted. Mainly 6.18 MeV or
6.32 MeV gamma-rays are emitted from (ps /2)_1 state of 120 or 5N, respectively [94,95]. De-excitation
modes of (p3 /2)_1 state implemented in NEUT are summarized in Table 3.2 and Table 3.3. In the case
of (s1 /2)_1 state, nucleons and gamma-rays are emitted because the excitation energy is high. The de-
excitation mode is selected based on the 160 (p, 2p) experiment [96]. De-excitation modes of (s, /2) ! state
implemented in NEUT are summarized in Table 3.4 and Table 3.5. In the case that the residual nuclei are
1N + p, kinetic energy of generated proton (E}) is calculated by

miuaN + El
mp + muay + El ’

E, = max |0, (39.5 x n+10.65 — E; — E14N+p) X 3.9
where 7) is a random number uniformly distributed in the range from O to 1, Ej is the energy level, Eray 4,
(= 7.30 MeV) is the energy threshold of two-body decay from 5O to 14N + p, muay (= 13043.78 MeV)
is the mass of 14N ground state, and mp (= 938.27 MeV) is the proton mass. In the case that the residual
nuclei are 14O + n, kinetic energy of generated neutron (F,) is calculated by

mig + B

3.10
my + misg + By ’ ( )

FE, = max|0, (39.5 x n+10.65 — E; — E14O+n) X

where Eug o, (= 13.22 MeV) is the energy threshold of two-body decay from °0 to 1O + n, mug
(= 13048.92 MeV) is the mass of %O ground state, and m,, (= 939.56 MeV) is the neutron mass. In the
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case that the residual nuclei are 1N + n, E,, is calculated by

(3.11)

E
E, = max {0, (39.5 x 4 10.65 — E; — By 4 q) X mian + Iy }

my + muy + B

where Fuay 4, (= 10.83 MeV) is the energy threshold of two-body decay from °N to N + n. In the case
that the residual nuclei are 1*C + p, E,, is calculated by

(3.12)

E
Ep = max |:0, (395 X+ 10.65 — El — E14C—|—p) % miic + £ :|’

mp + Mg + E;

where Fuic, (= 10.21 MeV) is the energy threshold of two-body decay from N to 1*C + p and muag
(= 13043.94 MeV) is the mass of '“C ground state. The others state includes all other possibilities that are
not in (p; /2)_1, (p3/2)—1, and (s /2)_1 states, and there are no data nor theoretical predictions covered by
this state. In our simulation, the others state is set to be integrated into (s; /2)_1 state by default.

Other distributions related to this section are summarized in Appendix B.1.

Table 3.2: De-excitation modes of (ps3 /2)*1 state for 'O implemented in NEUT. E,, and E, show the (kinetic) energy
of generated gamma-ray and generated proton, respectively. Probabilities that the mode is selected in NEUT are
summarized in the rightmost column. Please also check Ref. [94,95].

Residual nuclei Energy level E, E, Probability
(MeV) (MeV) (MeV)
150 6.18 6.18 - 86.86%
UN +p 9.61 - 0.5 4.92%
UN +p 10.48 - 0.5 8.22%

Table 3.3: De-excitation modes of (ps3 /2)’1 state for !N implemented in NEUT. E, and E,, show the (kinetic) energy
of generated gamma-rays and generated proton, respectively. Probabilities that the mode is selected in NEUT are
summarized in the rightmost column. Please also check Ref. [94,95].

Residual nuclei  Energy level E, E, Probability
(MeV) (MeV) (MeV)
15N 6.32 6.32 - 86.86%
15N 9.93 9.93 - 3.82%
5N 9.93 5.30 +4.64 - 0.76%
5N 9.93 6.32+3.61 - 0.24%
5N 9.93 7.30 +2.63 - 0.10%

UC +p 10.70 - 0.5 8.22%
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Table 3.4: De-excitation modes of (s;,2) ! state for *>O implemented in NEUT. E,, E,, and E;, show the (kinetic)
energy of generated gamma-ray, generated neutron, and generated proton, respectively. Probabilities that the mode is
selected in NEUT are summarized in the rightmost column. The last two rows consider the three-body decay of 0.
Please also check Ref. [96].

Residual nuclei Energy level E, by E, Probability
(MeV) (MeV) (MeV) (MeV)

BN + d 3.09 3.09 - - 3.00%
BN +d 3.68 3.68 - - 4.17%
BN + d 3.85 3.68 - - 1.67%
BN +d 3.85 3.85 - - 2.88%
2N + ¢ 4.44 4.44 - - 5.80%
YN + p g.s. - - Equation (3.9)  6.74%
UN +p 4.92 4.92 - Equation (3.9) 5.04%
UN + p 5.69 3.38 - Equation (3.9)  2.88%
UN +p 5.69 5.69 - Equation (3.9) 1.62%
UN + p 5.83 5.11 - Equation (3.9) 0.34%
UN + p 5.83 5.83 - Equation (3.9) 0.12%
UN + p 6.45 5.11 - Equation (3.9) 0.23%
UN 4+ p 6.45 6.44 - Equation (3.9) 1.96%
UN +p 7.03 7.03 - Equation (3.9) 6.61%
4O +n g.s. - Equation (3.10) - 1.15%
1“0 4+ n 6.73 6.73  Equation (3.10) - 0.41%
40 +n 7.34 6.09  Equation (3.10) - 2.79%
40 +n 7.34 6.73  Equation (3.10) - 1.96%
0 +n 7.34 7.34  Equation (3.10) - 0.95%

- - - - 0-5 31.90%

- - - 0-5 - 17.78%
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Table 3.5: De-excitation modes of (s1,2) " state for '>N implemented in NEUT. E.,,, E,,, and E,, show the (kinetic)
energy of generated gamma-ray, generated neutron, and generated proton, respectively. Probabilities that the mode is
selected in NEUT are summarized in the rightmost column. The last two rows consider the three-body decay of 1°N.
Please also check Ref. [96].

Residual nuclei Energy level E, E, E, Probability
(MeV) (MeV) (MeV) (MeV)

BC + d 3.09 3.09 - - 3.00%
BC + d 3.68 3.68 - - 4.17%
BC +d 3.85 3.68 - - 1.67%
BC +d 3.85 3.85 - - 2.88%
12C + ¢ 4.44 4.44 - - 5.80%
UN +n g.s. - Equation (3.11) - 6.74%
UN 4+ n 4.92 4.92  Equation (3.11) - 5.04%
N +n 5.69 3.38  Equation (3.11) - 2.88%
N +n 5.69 5.69  Equation (3.11) - 1.62%
UN +n 5.83 5.11  Equation (3.11) - 0.34%
UN +n 5.83 5.83  Equation (3.11) - 0.12%
UN + n 6.45 5.11  Equation (3.11) - 0.23%
UN + n 6.45 6.44  Equation (3.11) - 1.96%
UN + n 7.03 7.03  Equation (3.11) - 6.61%
e +p g.s. - - Equation (3.12) 1.15%
HUC +p 6.73 6.73 - Equation (3.12)  0.41%
HC +p 7.34 6.09 - Equation (3.12)  2.79%
“UC +p 7.34 6.73 - Equation (3.12) 1.96%
“UC +p 7.34 7.34 - Equation (3.12) 0.95%

- - - 0-5 - 31.90%

- - - - 0-5 17.78%
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3.3 Simulation for the IBD-like event

Spallation events, reactor neutrino events, and DSNB events are estimated by generating one positron
and one neutron isotropically over the entire ID in MC. Moreover, the positron energy is uniform. The
number of events is later normalized by using neutrino flux or positron (electron) energy spectrum. Details
for the normalization are summarized below.

3.3.1 Spallation events

Spallation events are decays of radioactive isotopes produced by nuclear spallation of oxygen nuclei
induced by energetic cosmic ray muons. Figure 3.9 shows the schematic view of a spallation event. Some
radioactive isotopes emit one electron and one neutron, mimicing the IBD events. Most of them can be
ignored due to a short lifetime and a low yield, however, “Li cannot be ignored because of a relatively long
lifetime (~0.26 s) and a large yield (1.9 x 50.8% x 10~7u~!1g~'cm?) [97]. Therefore, the number of events
is normalized by using the energy spectrum of electrons from ?Li decays and the measured °Li rate at SK
(0.86 4 0.12(stat.) + 0.15(syst.) kton~'day 1) [98]. Figure 3.10 shows the energy spectrum of electrons
from ?Li decays modeled by the BESTIOLE code [99].

Figure 3.9: Schematic view of a spallation event. RI stands for radioactive isotope.
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Figure 3.10: Energy spectrum of electrons from Li decays modeled by the BESTIOLE code [36,99]. Red line shows
the reconstructed energy spectrum.
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3.3.2 Reactor neutrino events

While reactors are operating, many electron antineutrinos are generated via beta decays. Reactor neutrino
events are also the IBD events by electron antineutrinos from reactors. The reactor neutrino flux is calculated
using SKReact?, which is a tool for calculating the electron antineutrino flux from reactors, considering the
activity of each reactor near the SK. Figure 3.11 shows the activities of Japanese reactors from April 2018.
The number of events is normalized by using the reactor neutrino flux (shown in Figure 3.12) and the IBD
cross section of Strumia-Vissani model [100] (shown in Figure 3.13).
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Figure 3.11: Activities of Japanese reactors from April 2018 [36,56]. Dashed line shows the 100% operation. Locations
of nuclear power plants, Tokyo, and the SK are also shown in right side.
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Figure 3.12: Expected reactor neutrino flux at the SK [36]. In this flux, neutrino oscillation effect is considered.

31f you would like to know how to use SKReact, please check the url (https:/github.com/Goldie643/SKReact).
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Figure 3.13: IBD cross section of Strumia-Vissani model [100].

3.3.3 DSNB events

As described in Section 1.4, DSNB events are the IBD events by electron antineutrinos. The number of
events is normalized by using the DSNB electron antineutrino flux (shown in Figure 1.2) and the IBD cross
section of Strumia-Vissani model [100] (shown in Figure 3.13).

3.4 Detector simulation

In the past, a GEANT3-based [101] SK detector simulation (SKDETSIM, SK Detector Simulation)
where only the Bertini Cascade Model (BERT) was implemented for neutron tracking in water was used.
However, a Geant4-based [102] (version 10.05.p01) SK detector simulation (SKG4, Super-Kamiokande
Geant4 based Simulation) has been newly developed for the SK-Gd experiment. In this simulation, BERT
(FTFP_BERT_HP physics list), the Binary Cascade Model (BIC) (QGSP_BIC_HP physics list), and the
Liege Intranuclear Cascade model (INCL++) (QGSP_INCLXX_HP physics list) can be used as the secondary
interaction model. Here, BERT is a traditional cascade model used in GEANT. BIC uses a large set of hadron
data to choose interaction processes to improve the accuracy. INCL++ is an advanced binary cascade model
including phase space and quantum mechanical processes. The features of each secondary interaction model
are described in Section 7.1. In this NCQE cross section measurement, BERT is used as the baseline model.

Figure 3.14, Figure 3.15, and Figure 3.16 show the final state models of inelastic scattering for neutron,
proton, and charged pion, respectively. As described in Section 1.5, knocked-out neutrons of NCQE events
may have hundreds of MeV, and neutrons with hundreds of MeV follow BERT, BIC, or INCL++ model as
shown in Figure 3.14. Therefore, it is important to understand the difference among these models and select
an appropriate model.

As shown in Figure 3.16, when the kinetic energy (momentum) of incoming charged pion is below
379.544 (500) MeV, NEUT model is used. At the energy range, cross sections of charged pion inelastic
scattering are also replaced to those of NEUT. Figure 3.17 shows the cross sections of charged pion inelastic
scattering.

Gamma-rays emitted from thermal neutron capture on Gd are based on ANNRI-Gd model [103]. Here,
ANNRI stands for the Accurate Neutron-Nucleus Reaction Measurement Instrument. Figure 3.18 shows
the ratio of data from the ANNRI experiment to MC with the ANNRI-Gd model for the single gamma-ray
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events [103]. As shown in this figure, the ANNRI-Gd model shows good agreement with the data.

Physics List Final state model (n inelastic scattering)
. FTFP (Fritiof model + Precompound model)

FTFP_BERT_HP
. QGSP (Quark-Gluon String model + Precompound model)

. BERT (Bertini cascade model)

o 2 S I O
1, “, 0/17 G Yo s Yo Yo Yo Ve E, . HP (High precision neutron model)

QGSP_BIC_HP

BIC (Binary cascade model)
INCL++_HP

INCL++ (Liége intranuclear cascade model)

Figure 3.14: Final state models of neutron inelastic scattering. Horisontal axis represents the kinetic energy of incoming
neutron.

Physics List Final state model (p inelastic scattering)
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I:l BIC (Binary cascade model)

INCL++_HP

I:‘ INCL++ (Liége intranuclear cascade model)

. PRECO (Precompound model)

Figure 3.15: Final state models of proton inelastic scattering. Horisontal axis represents the kinetic energy of incoming
proton.
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Figure 3.16: Final state models of charged pion inelastic scattering. Horisontal axis represents the kinetic energy of
incoming charged pion.
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Figure 3.17: Cross sections of charged pion inelastic scattering. Horisontal axis shows the kinetic energy of incoming
charged pion. BGG stands for Barashenkov-Glauber-Gribov.
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4 Event reconstruction

4.1 Vertex reconstruction

A charged particle with the energy of O(10) MeV travel a few centimeters in water. Since vertex res-
olution is worse than track length of the charged particle due to the detector size and time resolution of
PMTs, track length of the charged particle can be treated as a point. Vertex is reconstructed by using a
maximum-likelihood method. The likelihood function is defined as

Nhit
L(m,tg) = Y 1ogP(tres,), (4.1)
=1
_hA
bresi = ti—to—mcz, (4.2)

where x = (x,y, z) is the candidate vertex, tg is the time when a charged particle was generated, Ny is the
number of hit PMTS, ¢, ; is the timing residual, P (¢, ;) is the probability density function for e ;, t; is
the PMT’s hit time, h; is the position of hit PMT, and c is the group velocity of light in water. ? is fitted to
minimize all ¢, ;. Figure 4.1 and Figure 4.2 shows the definition of the SK detector coordinate system [104]
and the probability density function for ¢, ; [36], respectively. Moreover, vertex resolution for SK-I, II, III,
and IV is shown in Figure 4.3 [104].

N o
direction ‘. =evertéx
z

................. X

Figure 4.1: Definition of the SK detector coordinate system [104].

The vertex reconstruction goodness, which is a parameter that indicates whether the vertex reconstruction
is done well or not, is defined as

2 [oef () el ()Y

Jvtx = Nint 9 5 (43)
Zexp{ _ (tres,i> }

1 ﬁw

where w is the resolution of the ¢, ; distribution and o is the timing resolution of PMTs. The range of gy«
is from O to 1, and the value is close to 1 when the vertex reconstruction is done well.
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Figure 4.2: Probability density function for ¢,.s ; [36]. Peaks around 40 ns and 110 ns come from after pulses of PMTs.
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Figure 4.3: Vertex resolution for SK-I, II, III, and IV [104]. Dotted, dashed-dotted, dashed, and solid line shows that
for SK-I, II, III, and IV, respectively.

4.2 Direction reconstruction

After determining the vertex, direction is reconstructed. Direction is reconstructed by using a maximum-
likelihood method with hit PMTs within 20 ns. The likelihood function is defined as

Nag

L(d) = Z {log f(cos®;, E) x

=1

cos 0;

a(0;) |’

(4.4)

where d is the candidate direction, Nog is the number of hit PMTs within 20 ns, O); is the angle between the
candidate direction and the direction from the reconstructed vertex to the position of hit PMT, f(cos 0;, F)
is the probability density function for cos ©; depending on the energy F, 0; is the angle between the direction
from the reconstructed vertex to the position of hit PMT and the direction in which the hit PMT is oriented,
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Figure 4.4: Probability density function for cos ©; depending on the energy F [105].
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Figure 4.5: Angular resolution for SK-I and SK-III [105]. Dashed and solid line shows that for SK-I and SK-III,
respectively.

and a(0;) is the correction function of PMT acceptance. a(;) is defined as
a(6;) = 0.205 4 0.524 cos 0; + 0.390 cos? 6; — 0.132 cos® ;. (4.5)

Figure 4.4 shows the probability density function for cos ©; depending on the energy F [105]. Moreover,
Figure 4.5 shows the angular resolution for SK-I and SK-III [105].

The direction reconstruction goodness, which is a parameter that indicates whether the direction recon-
struction is done well or not, is defined as

1 21 X 1 21 X 1
ir = o i — —min{ ¢; — —— | ¢, 4.6
g = 5 {max (6= ) —min (00— ) ] “6)

where ¢; is the azimuthal angle of the ¢-th hit PMT. The range of gq;, is from O to 1, and the value is close to
0 when the direction reconstruction is done well.
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4.3 Energy reconstruction

Energy is reconstructed by using Neg, which does not depend on vertex, direction, the number of bad-
channel PMTs, water transparency, and relative quantum efficiency (QE) of each PMT. N.g is defined as

Nso
Nau S(0,0) T 1
Ne = Xz ail — €dar 7 ’ 4.7
f ;[( + €tail — €dark) X Nt X (6, 60) X exp I, X OF,; 4.7)

where N5 is the number of hit PMTs within 50 ns. Parameters shown in Equation (4.7) is described below.

X : Correction for multiple hits

When an event occur at the edge of fiducial volume or an event is caused by a charged particle with
high energy, multiple photons may hit a PMT nearby the vertex. The multiple hits are corrected by using X;
defined as

log{1/(1 —n;/N;)}
X, = no/N, (ni/Ni <1) 4.8)

where NV; is the number of PMTs adjacent to the hit PMT and n; is the number of hits in the adjacent PMTs.

€tail ¢ Correction for scattering and reflection

Cherenkov photons scattering in water or reflecting at the surface of PMT or black sheet may hit a PMT
at time out of a time width of 50 ns. The effects of scattering and reflection are corrected by using €,
defined as

— Ni10o — N50 — Nalive X Rgark X 50 ns
tail — )
Nso

4.9)

where Ny is the number of hit PMTSs within 100 ns, Nyjive is the number of alive PMTs and R, (hits/ns)
is the dark-noise rate at a period.

€dark + Correction for dark-noise hits
Hits caused by PMT dark noise may enter the time width of 50 ns. The dark-noise hits, which are not
originated from Cherenkov photons, are corrected by using €4, defined as

Nalive X Rdark x 50 ns % Réark

Caark = o o (4.10)
Z dark
= Nso

where R/}, (hits/ns) is the dark-noise rate of the i-th hit PMT at a period.

Nan/Nalive ¢ Correction for bad-channel PMTs

If there is a PMT that does not work properly, the number of hits would be underestimated and en-
ergy would not be reconstructed correctly. The effects of bad-channel PMTs are corrected by multiplying
Nait/Nalive, where Nyp (= 11,129) is the number of all PMTs.
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S5(0,0)/5(6;, ¢;) : Correction for change of photo coverage by the incident angle of photon

Photo coverage changes depending on the incident angle of a Cherenkov photon. This effect is corrected
by using the correction function S(6;, ¢;). Figure 4.6 and Figure 4.7 show the definition of the incident angle
and distributions of correction function S(6;, ¢;) for barrel PMTs and top and bottom PMTs, respectively.

Cherenkov
photon

PMT

Figure 4.6: Definition of the incident angle [106].

Figure 4.7: Distributions of correction function S(6;, ¢;) for barrel PMTs (left) and top and bottom PMTs (right) [106].

exp(r;/L’g) : Correction for water transparency

Cherenkov photons may be scattered or absorbed in water before arriving at a PMT. The probability that
a Cherenkov photon arrives at a PMT can be written as exp(—r;/L.;), where r; is the distance from the
vertex to a hit PMT and Liff is the effective attenuation length, which is described below. Therefore, the
effect of water transparency is corrected by multiplying exp(r;/Lis).

Lfeﬂr is expressed as

Ty

AI‘\&X
In / wo(\) exp{—oi(A) x 73 }dA
A

min

le = — (4.11)

)

where Apin = 300nm, Apax = 650 nm, wo(A) is the probability density function for wavelength A\ of
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Cherenkov photons (shown in Figure 4.8), and o;(\) is the cross section with water when a Cherenkov
photon travels a distance r;. 0;(\) is expressed as

oi(A) = aabs()\){l + ﬂ(z + %n X dzi> } + Csca{sym(A) + aasy(A) }, (4.12)

where z is the z position of the vertex, dz; is the z component of direction to the hit PMT, and Cyca(~ 0.44)
is the correction factor of the scattering effect. Cy., was estimated to minimize the position dependence
of Neg using the SK detector simulation. aps(A), Gsym(A), and aagy(A) are the attenuation coefficients
of absorption, symmetric scattering, and asymmetric scattering at wavelength A, respectively, and (5 is the
parameter indicating the degree of z dependence in water quality. Details about caps(A), dsym (), Qasy (A),
and (3 are described in Section 5.2.1.
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Figure 4.8: Probability density function for wavelength A of Cherenkov photons [106].

1/QE; : Correction for relative QE of each PMT
QE differs for each PMT. The effect of QE is corrected by multiplying 1/Q F;, where Q Ej; is the relative
QE of the hit PMT. Details about ) E; are described in Section 5.1.4.

Visible energy of the prompt signal (Ey;s) is determined by using Neg. Relation between E\is and Neg
is expressed as

5
> pi(Ne)! (Net < Ninr)

Eyis =4 3° 5 . (4.13)
> 0i(Nine)' + (Negt — Nine) ¥ Y ipi( M) (Neg > Ninr)
i=0 i=1

The values of p; and Ny, are summarized in Table 4.1.
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Table 4.1: Values of p; and Ny, [36].

Po 0.702
D1 0.131
p2 —2.35x 1074

P3 2.640 x 1076
ps —1.188 x 1078
ps  1.930 x 10711
N 2.202 x 102
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5 Detector calibration

In physics experiments, the data reliability can be obtained by performing the detector calibration pre-
cisely. The detector calibration indicates comfirming if the detector is working properly and the measurement
accuracy is sufficient. If needed, it is also important to determine the parameters in MC to reproduce the ex-
perimental results. The detector calibration in SK can be largely classified as follows.

e ID detector calibration
e Photon tracking

e OD detector calibration
e Energy scale calibration

In this section, ID detector calibration, photon tracking, and energy scale calibration using the linear accere-
lator (LINAC) are described. The OD detector calibration is described in Ref. [58].

5.1 1D detector calibration

Before describing about each calibration, the procedure of ID detector calibration is described. First,
applied voltage of each ID PMT is determined to output the similar degree of charge in all ID PMTs. This
eliminates the asymmetry in the detector response and improves energy resolution. Second, we understand
the individual difference of gain and quantum efficiency (QE) of ID PMTs. Here, gain is defined as the
amplification factor of a photoelectron arrived to the PMT dinode. Also, QE is generally defined as the
probability that a photon hitting the photocathode of a PMT is converted into a photoelectron. In SK, QE
is defined also including the probability that a photoelectron arrives to the first dinode of a PMT. Signals by
high energy events like cosmic ray muons largely depends on gain. While signals by low energy (DSNB and
NCQE) events, which are mostly one photoelectron level, largely depends on QE. Therefore, it is crucial to
understand the gain and QE of each ID PMT since the reconstructed energy depends on the gain and QE.
Furthermore, the timing response of each ID PMT is calibrated to correct the deviation caused by the length
of cables sending signals, the process time in electrical circuits, and the height of PMT signal waveforms.

5.1.1 High-Voltage determiation

Applied voltage of each PMT (High-Voltage, HV) is determined to output the similar degree of charge
in all PMTs*. The HV determination is conducted by setting an isotropic light source (Xe light source) at
the center of the SK tank. The Xe light source consists of a Xe lamp, a UV filter, and a scintillation ball with
a diameter of 5 cm. Xe lamp emits light by applying voltage inside a glass tube filled with Xe gas. Also,
the scintillation ball includes 15 ppm® POPOP and 2,000 ppm magnesium oxide (MgO). POPOP plays a
role of converting the light wavelength, and MgO plays a role of emitting light from the scintillation ball as
isotropically as posiible.

*In SK-V, HV was retuned so that the peak of charge distribution (see Figure 5.3) obtained by using Ni-Cf source (see Figure 5.2)
match in all PMTs.
3ppm stands for “parts per million”, and 1 ppm is equal to 0.0001%.
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This measurement depends on not only the distance from the light source to a PMT, but also water
transparency and photon reflectivity on the surface of PMTs. To ensure accuracy, before this measurement,
420 pre-calibrated PMTs, termed standard PMTs, with individually determined HV were installed into the
SK tank. Figure 5.1 shows the location of standard PMTs in ID and schematic view of the grouping of nearby
PMTs. HV of a PMT other than standard PMTs is set so that the amount of charge obtained by the PMT
matches the average amount of charge obtained by standard PMTs belonging to the PMT’s group. After
determining the HV, the amount of charge was measured again by applying the determined HV to each PMT.
As a result, the difference between the amount of charge obtained by each PMT and the average value was
within 1.3% in RMS, which is consistent with the result of preliminary measurement for the standard PMTs.
Note that the Xe light source is installed to monitor the long-term gain fluctuations of PMTs even after the

HYV is determined.
L s’&hﬁira{ ball
- :

Figure 5.1: Location of standard PMTs in ID (left) and schematic view of the grouping of nearby PMTs (right) [58].
Red points show standard PMTs. There are 17 groups on barrel, and 8 groups on top and bottom.

5.1.2 Relative gain measurement

To determine the gain of each PMT, we must understand the average gain of all PMTs (absolute gain) and
the deviation from the average gain of all PMTs (relative gain). To calculate this relative gain, we perform
two-step measurements using an isotropic light source. First, a high intensity light is applied so that all
PMTs receive a sufficient amount of light. We define the average value of the charge at the ¢-th PMT in this
measurement as Qops (7). Next, a low intensity light is applied so that PMTs receive only a small number of
photons. We define the number of hits (the number of recording the amount of charge exceeding a threshold)
at the i-th PMT in this measurement as Nops(i). By performing these two measurements using the same
light source and at the same position, Qops(7) and Nops(7) can be calculated as

Qobs(i) o< Iy x a(i) x €(i) x G(3), 5.1)
Nobs(i) o I, x a(i) x €(i), (5.2)

where I11(I1,) shows the average amount of light of high (low) intensity, a(i) shows the acceptance of the
i-th PMT, €(4) shows the QE of the i-th PMT, and G(i) shows the gain of the i-th PMT. By taking the ratio
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of Equation (5.1) and Equation (5.2), G(7) can be calculated as

G(i) x Qobs(1) (5.3)

N, obs (Z)
Relative gain of each PMT can be obtained by normalizing Equation (5.3) with the average gain of all PMTs.

Note that Iy;/I1, can also be ignored by this normalization.

As a result of this measurement, the RMS of the ralative gain distribution was found to be 5.9% [58].
Since the HV of each PMT is set so that Qops(%) is the same among PMTSs®, this difference is considered
to be caused by the difference of QE for each PMT. Relative gain of each PMT is used as the correction
coefficient when converting the output charge into the number of photoelectrons.

5.1.3 Absolute gain measurement

Absolute gain is used to convert the amount of charge recorded in pC to the number of photoelectrons
(p-e.). Absolute gain is determined from the charge distribution of 1 p.e. signals from a Ni-Cf source, which
is a gamma-ray source. Figure 5.2 shows the picture of the Ni-Cf source. The Ni-Cf source consists of a ball
made from nickel oxide (NiO) and polyethylene, a brass rod, and >>Cf source. 2>>Cf source emits neutrons
through spontaneous fission, and the neutrons are thermalized while repeating elastic scattering with protons.
The thermalized neutron is captured on nickel nucleus, and gamma-rays are emitted isotropically. When the
Ni-Cf source is placed in the center of the SK tank, more than 99% of signals are 1 p.e..

Figure 5.2: Picture of the Ni-Cf source.

Figure 5.3 shows the charge distribution of the Ni-Cf source data in SK-III. This distribution is obtained
by applying the relative gain correction and adding up the charge distributions of all PMTs. Also, to minimize
the influence of PMT noise hits, the charge distributions are created at the time width that does not include
signals due to the Ni-Cf source (off time) and the time width that includes signals due to the Ni-Cf source
(on time), and the off time distribution is subtracted from the on time distribution. Absolute gain is defined
as the mean value over the full range of the distribution. The values of absolute gain is 2.055, 2.297, 2.243,
2.645, 2.460 in SK-I to SK-V, respectively. Absolute gain in SK-VI is the same as that in SK-V since HV is
not changed from SK-V.

®As noted in the footnote of Section 5.1.1, in SK-V, HV was retuned so that the peak of charge distribution (see Figure 5.3)
obtained by using Ni-Cf source (see Figure 5.2) match in all PMTs.
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Figure 5.3: Charge distribution of the Ni-Cf source data in SK-III [58]. The dashed line shows the data with double
gain and half threshold. The dotted line is linear extrapolation.

5.1.4 Relative QE measurement

Relative QE is also determined using the Ni-Cf source. First, data is obtained by setting the Ni-Cf source
at the center of the SK tank. At that time, it is better to convect the ultrapure water so that the water quality
is uniform. Second, “hit rate” of each PMT (R}, ) is calculated from the obtained data. Rk, is defined as

Nli{it x 17 /a(0;)

i
Data —

) 54

NpmT

Z {Nﬁit X T?/a(ei)}/NPMT

where Nfﬁt is the number of hits of 7-th PMT, r; is the distance from the Ni-Cf source position to the position
of i-th PMT, a(6;) is the correction function of PMT acceptance, which is the same as Equation (4.5), and
Npyrr is the number of PMTs used in this calculation. Finally, relative QE of each PMT (QE;) is obtained
by dividing R, by R%\/IC’ which is the hit rate of i-th PMT obtained from MC, to cancel the effects of
reflection and water quality,

:

QE; = —Data, (5.5)

MC
Figure 5.4 shows the hit rate distribution of data and MC. In this figure, relative QE of each PMT is not
considered in MC. While, in data, the distribution is bumpy due to the effect of relative QE of each PMT.

5.1.5 Timing response calibration

The timing response of each PMT, which is important for reconstructing the trajectory and position
of charged particles, deviates depending on the length of cables sending signals and the process time in
electrical circuits. Furthermore, the timing response depends on the height of PMT signal waveforms, which
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Figure 5.4: Hit rate distribution of data (red plots) and MC (blue plots) [58]. Top, bottom left, and bottom right figure
shows the distribution for barrel PMTs, top PMTs, and bottom PMTs, respectively. In the distribution for barrel PMTs,
horizontal axis shows the z position of barrel PMTs. In the distributions for top and bottom PMTs, horizontal axis
shows x2 + 32, where x and y is the x and y position of top (bottom) PMTs, respectively. Vertical axis shows the
average of Rl . or RY;. in each bin.

is known as the time walk effect. The purpose of the timing response calibration experiment is to determine
the correction factor of time walk for each PMT considering the process time of entire detector.

Figure 5.5 shows the schematic view of the timing response calibration system and cross section of the
diffuser ball. First, pulsed light with a wavelength of 337 nm and a full width at half maximum of 0.4 nsec
is generated using a nitrogen laser. The timing at which this pulsed light is generated is determined using a
2-inch PMT with a fast timing response. After that, the wavelength of the pulsed light is shifted to 398 nm,
where the QE of PMTs is high. The pulsed light then goes through the optical fiber to the diffuser ball and
is emitted isotropically. Furthermore, the intensity of the pulsed light can be changed using an optical filter,
and the timing response can be measured at various pulse heights. Since the pulse height is proportional to
the charge, this calibration is called TQ calibration.

In this measurement, as shown in Figure 5.6, a 2D distribution of timing and charge for one readout
channel can be created. This distribution is called a TQ map. The timing information on the vertical axis
in Figure 5.6 is obtained by calculating the TOF (Time of Flight) from the positional relationship between
the light source and the PMT and calculating T — TOF — Ty jpch, Where T is the PMT hit timing and Ty jnch
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is the signal transmission time of the 2-inch PMT. A total of 15 correction factors can be obtained by fitting
the peak at each QBin in the TQ map with the following polynomial function depending on QBin,

QBin <10 : Fi(x) = f3(x), (5.6)

10 < QBin <50 : Fy(z) = F1(10) + (z — 10){F{(10) + (xz — 10) f3(z — 10)}, (5.7)
QBin > 50 : Fi(z) = F(50) + (z — 50) fe(x — 50), (5.8)
fn(x) = po + prx + paa® + ... + pna?, (5.9)

where FJ () is the derivative of F (z).
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&
Dye Laser
398nm, pulse width 0.2nsec Optical fiber
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Figure 5.5: Schematic view of the timing response calibration system (left) and cross section of the diffuser ball
(right) [58].
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Figure 5.6: 2D distribution of timing and charge for one readout channel [58]. Horizontal axis shows charge (QBin) of
each hit. Vertical axis shows TOF-corrected hit timing.
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5.2 Photon tracking

5.2.1 Water transparency measurement

For photon tracking in MC, it is essential to consider the water properties like absorption and scatter-
ing. The light attenuation is expressed as exp{—[/L(\)}, where [ is the light path length and L(\) is the
attenuation length at wavelength A. Also, in MC, L(\) is defined as

1

L()\) - aabs()‘) + asym()\) + Oéasy()\)’ (5.10)

where s (), Qsym(A), and aagy () are attenuation coefficients of absorption, symmetric scattering, and
asymmetric scattering at wavelength A, respectively. aym () is used to consider the Rayleigh scattering and
the symmetric components of Mie scattering. While cv,sy () is used to consider the forward components of
Mie scattering.

To determine each attenuation coefficient, laser light of various wavelengths (337, 375, 405, 445, and 473
nm) were applied downward from the top of the SK tank, and the PMT hit timing was measured. Figure 5.7
shows the schematic view of the laser calibration system and TOF-subtracted hit timing distributions of the
laser calibration data and MC. Attenuation coefficients are determined using top PMTs that are 2 m away
from the laser light injector, and barrel PMTs. Barrel is separated into five regions, from B1 to B5. B3
includes PMTs for 11 lines and the others include PMTs for 10 lines. In the left side of Figure 5.7, the cyan
shaded circle spot on the bottom shows the beam target used for the TOF calculation. Also, in the right side
of Figure 5.7, hits between the left two blue vertical solid lines are due to scattered photons, and this region
is used to determine the attenuation coefficients. The peaks in the right time region is thought to be due to
photons reflected on the surface of PMT or black sheet. Each attenuation coefficient is introduced into MC
using the following formula based on experiments,

P
Qabs(\) = Pox)\—iJrC, (5.11)
A\

= PyxPyx |- 12

¢ 0 X 2><(500> : (5.12)
P P

agym(A) = )\—jx <1.0+A§>, (5.13)
P

Qasy(\) = Pﬁx{l.(ﬂ—)\ZX(A—PS)Q}. (5.14)

Attenuation coefficients are determined so that x? is minimized by comparing the hit timing distribution of
MC created while changing the nine parameters from Fy to Pg with the hit timing distribution of data. Values
of Py to Py are summarized in Table 5.1.

5.2.2 Top-Bottom Asymmetry

As described in Section 2.6, the ultrapure water in SK is always circulated and purified by the water
purification system. The purified ultrapure water is supplied from the bottom of SK tank and collected at the
top of SK tank. The water quality gradually decreases as the ultrapure water moves from the bottom to the
top of SK tank. Therefore, the water transparency in the SK tank has position dependence, and it is crucial
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Figure 5.7: Schematic view of the laser calibration system (left) and TOF-subtracted hit timing distributions of the laser
calibration data and MC (right) [58]. Water parameter tuning is performed using top PMTs that are 2 m away from the
laser light injector, and barrel PMTs. Barrel is separated into five regions, from B1 to B5. B3 includes PMTs for 11
lines and the others include PMTs for 10 lines. In the left figure, the cyan shaded circle spot on the bottom shows the
beam target used in the TOF calculation. In the right figure, the black circle shows data and the red histogram shows
MC. Both data and MC are normalized by observed total photoelectrons. Time region between the left two blue vertical
solid lines is used for the water parameter tuning. Right time region is used for the PMT reflectivity measurement.

to understand the position dependence of water transparency precisely. The vertical dependence is estimated
by the Ni-Cf source data and the Xe light source data described in Section 5.1.1. The vertical asymmetry of
water transparency (Top-Bottom Asymmetry, TBA) is defined as

TBA — Ntop - Nbottom’ (515)
Nbarrel

where Nyarrel, Niop, and Npottom shows the average number of ID PMT hits on the barrel, on the top, and
on the bottom, respectively. Figure 5.8 shows the time variation of TBA in SK-V and SK-VI. As described
above, the water quality is better in the bottom side than in the top side. Therefore, the values of TBA are
negative. Also, since the time variation seen in Figure 5.8 are mainly due to the variation in absorption, the
time and z-direction dependent water quality is implemented into the MC by multiplying a5 by the factor
A(z,t). A(z,t) is defined as

_ 1+2zxp8(t) (2> —11m)
Alzt) = { 1= 11 xA(t) (2<—11m) ’ (5-16)
B(t) = —0.006322 x 100 x TBA — 0.004130, (5.17)

where z is the z position and 3(¢) [m~!] is the parameter indicating the degree of z dependence in water
quality as a function of ¢. In Equation (5.17), TBA shows the TBA calculated by using the Xe light source
data, and this equation can be obtained by using all Ni-Cf source data in SK-VI.
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Table 5.1: Values of P, to Ps.

Py 0.596600
P, 5.18888 x 107
Py 1.06522
Ps 14.1858
P,  1.13817 x 103
Ps;  5.79108 x 104
Ps 2.26159 x 10~*
P; 17.1260
Py 4.48622 x 104
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Figure 5.8: Time variation of TBA in SK-V and SK-VI [107]. The differences of TBA between Ni-Cf source data and
Xe light source data and between Ni-Cf source data and MC are also shown on the bottom. The two thick horizontal
dotted-dashed lines show the 0.5% difference.

5.2.3 Photon reflection on the material surface

When considering photon tracking, the photon reflection on the material surface must also be introduced
into MC. In this section, reflectivity measurements of PMT and black sheet are described.

Reflection on the PMT surface

The photon reflection on the PMT surface can be estimated by comparing the time region between the
right two blue vertical solid lines in Figure 5.7 between data and MC. The PMT surface consists of three
layers of glass, bialkali, and vacuum. In SK, the refractive indices of the glass, bialkali, and vacuum are
defined as 1.472+3670/\2, nye + i X nym, and 1.0, respectively. Here, A [nm] is the wavelength of a photon.
For bialkali, the complex refractive index is taken into account, where n,. and n;,, are the real and imaginary
parts of the complex refractive index, respectively. The best value of n,, obtained by comparing the data
with MC was 2.31 at A = 337nm, 2.69 at A = 365nm, 3.06 at A = 400 nm, and 3.24 at A = 420 nm.
While the best value of n;,, obtained by comparing the data with MC was 1.667.
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Figure 5.9: Schematic view of the black sheet reflectivity measurement [58]. Left figure shows the top view. The laser
light injector is inserted from the top center of the SK tank and the reflected light is measured by ID PMTs.

Reflection on the black sheet surface

Cherenkov photons are absorbed on the black sheet surface with high probability, but may also be re-
flected. The black sheet reflectivity introduced into MC is adjusted by using the results of the measurement
by laser injector. Figure 5.9 shows the schematic view of the black sheet reflectivity measurement. First,
laser injector is set at the center of the SK tank, laser light is injected onto a black sheet about 10 cm away,
and the amount of charge by the reflected light (Q eficcted) is measured. Second, the amount of charge
without black sheet (Qgirect) is measured. Finally, the black sheet reflectivity is adjusted by using the ratio
Qreflected / Qairect- As a result of adjusting the reflectivity, the difference between data and MC is within 1%.
Note that this measurement was performed at three wavelengths (337 nm, 400 nm, 420 nm) and at three
reflection angles (30°, 45°, 60°).

5.3 LINAC

The energy scale parameter for low-energy MC simulations is determined by using the electron linear
accelerator (LINAC)'. Figure 5.10 shows the schematic view of LINAC [108]. To suppress the effects of
X-rays and gamma-rays emitted by LINAC itself, LINAC is set far from the SK detector. Electron beams
generated at LINAC are sent inside the detector with stainless beam pipes and magnets. The kinetic energy
of electron beams can be selected in the range of 5 to 18 MeV. Moreover, the irradiate position of electron
beams can be changed by extending and taking out the beam pipes. In SK-VI, LINAC data was taken at three
irradiate positions: (—1237, —70.7, 1197) cm, (—1237, —70.7, —6) cm, and (—1237, —70.7, —1209) cm. At
each position, electron beams with kinetic energies of 8 MeV, 12 MeV, and 15 MeV were irradiated. As for
the position of (—1237, —70.7, —6) cm, electron beams with kinetic energy of 6 MeV were also irradiated.
The energy scale parameter is derived by comparing N.g between LINAC data and LINAC MC. In SK-VI,
the parameter was determined to be about 0.88, and this parameter is multiplied by QE of ID PMTs in MC
simulations.

"The systematic uncertainty of energy scale is also determined by using LINAC.
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Figure 5.10: Schematic view of LINAC [108].
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6 Event selection

In this study, we search for NCQE events that consist of prompt signals from de-excitation gamma-rays
and delayed signals from neutrons. We select events where the visible energy of the prompt signal (Eyis)
is between 7.49 MeV and 29.49 MeV because most NCQE events are in the Fy;s region (see Figure 6.18).
In each candidate event, delayed signals within 535 ps from the prompt signal are searched. The event re-
construction and neutron tagging method follow the DSNB search in SK-Gd phase [40, 109]. Details of the
neutron tagging method are summarized in Section 6.4.2.

The data sample includes not only NCQE events but also other events such as atmospheric neutrino NC
non-QE events, atmospheric neutrino charged-current (CC) events, spallation events (see Section 3.3.1), re-
actor neutrino events (see Section 3.3.2), and accidental coincidence events. Most of atmospheric neutrino
NC non-QE events (~90.4% of NC non-QE events after applying all event selections) are events with single
meson, as shown in Figure 6.1. Schematic view of atmospheric neutrino CC events is shown in Figure 6.2.
Muon neutrino CC events become backgrounds when the emitted muon is invisible (below Cherenkov thresh-
old (see Section 2.5)). Accidental coincidence events are mainly pairs of a spallation event without neutrons
and a neutron misidentification event. Most of these events can be removed by applying various event re-
ductions. However, some events remain even after applying all event reductions. To determine the number
of NCQE events, it is necessary to estimate the number of all those events. The methods of event reduction
and event estimation are described below.

This study uses 552.2 days of data with 0.011% gadolinium-loaded water from August 2020 to June
2022. This data set is the same as the one used for the SK-Gd DSNB search [40].

Figure 6.1: Schematic view of an atmospheric neutrino NC event with single meson.

e\ invisible

e

Figure 6.2: Schematic view of atmospheric neutrino CC events.
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6.1 First reduction: Pre-cut

6.1.1 Non-SHE-triggered event and noise event cut

First, when a run satisfies the following conditions, events in the run are not used.
e Run time is shorter than 5 minutes

e Run started less than 15 minutes after the high-voltage was recovered

e Any hardware problem is reported

e Event distribution is unusual due to detector problems

Moreover, the following events are removed.

e Calibration trigger events

e Periodic trigger events

e T2K beam trigger events

o Pedestal events

In addition, the condition N (Q < 0.5p.e.)/Niotal < 0.55 is required to remove the events triggered by
PMT noise hits, where N (Q < 0.5 p.e.) is the number of hits with a charge smaller than 0.5 p.e. and Nyoa1
is the total number of hits.

6.1.2 Cosmic ray muon-induced event cut

Cosmic ray muons come to the SK at ~2 Hz, and most of these muons issue the OD trigger. To remove
events induced by cosmic ray muons, events that the OD trigger is issued are not used. Moreover, some
muons decay into electrons with a life time of 2.2 us, leaving hits inside the ID without an OD trigger. To
remove events induced by these electrons, events within 50 us from preceding cosmic ray muons are not
used. Spallation events caused by cosmic ray muons will be described later.

6.1.3 Fiducial volume cut

Radioactive backgrounds are concentrated near the detector wall. Therefore, events within 2 m away
from the ID wall are removed.

6.1.4 Fit quality cut

To remove poorly reconstructed events, events that the vertex reconstruction goodness (gyx) is less than
0.5 are removed. Details of gy, are summarized in Section 4.1.
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6.1.5 Trigger requirement

To search delayed signals within 535 ps from the prompt signal, not only the SHE trigger but also the
AFT trigger must be issued. However, since the AFT trigger rate was limited to once every 21 ms until the
middle of SK-VI, some events did not issue the AFT trigger. Therefore, in MC, the number of events is
scaled by using the AFT trigger efficiency e apT defined as

N
AFT ©.1)

EAFT = NSHE’

where Napr is the number of AFT-triggered events and Ngyr is the number of SHE-triggered events. eApT
is summarized in Table 6.1.

Table 6.1: AFT trigger efficiency considering the whole period of SK-VI.

Eyis EAFT
(MeV)

7.49-9.49 85.3%
9.49-11.49 80.4%
11.49-13.49 74.3%
13.49-15.49  70.0%
15.49-17.49 67.9%
17.49-19.49 63.4%
19.49-21.49 89.7%
21.49-23.49  90.0%
23.49-25.49  90.0%
25.49-27.49 100.0%
27.49-29.49  90.5%

6.2 Second reduction: Spallation cut

Here, the spallation events, which are major backgrounds in the energy range from a few MeV to tens of
MeYV, are removed. As described in Section 3.3.1, some radioactive isotopes produced by cosmic-ray muon
spallation of oxygen nuclei mimic the IBD and NCQE events. The spallation cut consists of five components,
and these components are described in Section 6.2.1 to Section 6.2.5.

6.2.1 1 mscut

Gamma-rays and neutrons are emitted by hadronic nuclear interactions caused by nucleons and mesons
with hundreds of MeV generated by muon spallation. In some cases, the gamma-rays can issue the SHE
trigger, and the neutrons can be detected as delayed signals. To remove these events, events within 1 ms
from preceding cosmic ray muons are not used.
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6.2.2 Multiple spallation cut

Energetic cosmic ray muons may produce multiple radioactive isotopes. When a spallation event issues
the SHE trigger, other spallation events may be observed close to the event both in time and space. To
remove the SHE-triggered events, low energy events with a Fys of 5.49-24.49 MeV within +60 s from the
SHE-triggered event are used. First, selection criteria of the solar neutrino analysis [104] are applied to all
low energy events. Then, the distance from the SHE-triggered event to each low energy event is calculated.
If there is one low energy event with a distance of less than 4.0 m, the SHE-triggered event is removed (see
Figure 6.3).

o
® o
SHE-triggered event a
| m
i oo —0o 0—0—|—> ¢e—
—60s low energy events
(]
{

Figure 6.3: Schematic view of multiple spallation cut. In this case, the SHE-triggered event is removed.

6.2.3 Neutron cloud cut

Muon spallation produces many particles, including neutrons. These neutrons are captured on Gd, and
generate neutron event clusters, named neutron cloud, near the spallation point. To remove spallation events,
the information of neutron cloud is used. First, the following selection criteria are applied to neutron events
after muon spallation.

e Nogo > 25

e Timing is within [35, 535] s from the muon spallation
® guix > 0.4 and gg; < 0.4

e Distance from the muon track is within 5 m

Here, Nogg is the number of hits in a TOF-subtracted 200 ns time window and gg;, is the direction recon-
struction goodness. Details of gg;, are summarized in Section 4.2. These selection criteria are based on the
measurement of cosmogenic neutron yield in SK-Gd [110]. If the number of neutron events that satisfied
the above selection criteria (/V.jouq) is greater or equal to 2, the muon is considered to have a neutron cloud.
Then, SHE-triggered events are removed based on cut criteria summarized in Table 6.2. In Table 6.2, AT is
the time difference between the muon and SHE-triggered event and Al (= A7 + A2 4+ A?2) is the distance
ilustrated in Figure 6.4.
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Table 6.2: Cut criteria of neutron cloud cut [36]. The cut criteria are based on the SK DSNB analysis [22].

Time [s] Spatial [cm]
Nagowd > 2 AT <0.1 Al < 1,200
Neloud = 2 AT < 1 Al < 800
Ngjoud = 2 AT < 30 (A2 + A2)/200? + A2/400% > 1.2

Naowd =3 AT <60  (AZ+A2)/(6 x 10*) + A2/500% > 1.2
4< Ngowd <5 AT <60 (A2 +A2)/(1.2 x 10°) + AZ/550% > 1.2
6 < Neoud <9 AT < 60 (A2 + A2)/(2 x 10°) + A2/650% > 1.2

Neoud > 10 AT < 60 (A2 + A?)/500% + AZ/700% > 1.2

cloud-muon coordinate system

M Z
barycenter of cloud )
1
- * _______________________
relic candidate » l
* Al |1
rotation
"""""""" '0
projection to I[,[

muon track

Figure 6.4: Definition of the variables used in the neutron cloud cut [36].

6.2.4 Spallation likelihood cut

To further remove spallation events, the spallation likelihood is used. The spallation likelihood Lgpa is

defined as
PDF. ()
Lspan = log — L (6.2)
o ];[ PDF,lLrandom (I)
where PDngaH is the probability density function (PDF) of the muon spallation sample, PDF?_ . is the

PDF of the random sample, ¢ is the i-th valiable used in the calculation, and x is the value of the i-th variable.
Definition of the muon spallation sample and the random sample is summarized in Figure 6.5 [36].
There are five variables used in the calculation as follows.

e dt: Time difference between the muon and SHE-triggered event. For spallation events, this variable
should reflect lifetimes of the produced radioactive isotopes.

e [;: Transverse distance from the muon track to SHE-triggered event. For spallation events, this variable
should be within a few meters.

e [;: Longitudinal distance from the maximum energy deposition point on the muon track to SHE-
triggered event. The maximum energy deposition point is correlated to the spallation point, and this
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SHE-triggered event

Figure 6.5: Definition of the muon spallation sample and the random sample [36]. Pre-region includes both muon spal-
lation samples (muon events correlated with the SHE-triggered event) and random samples (muon events uncorrelated
with the SHE-triggered event), while post-region includes only random samples.

variable should be within a few meters for spallation events.

e (), Total charge deposited by the muon in the ID. @, of spallation events should be larger than @,
expected from the minimum ionization.

e ()rcs: Difference between (), and charge expected from the minimum ionization, defined as

Qres = Qu - QMI X L; (63)

where Qi is the number of photoelectrons per centimeter expected from the minimum ionization and
L is the muon track length. For multiple muons, L is the sum of muon track lengths. Q)y¢s indicates
the probability that a muon will cause nuclear spallation.

Figure 6.6 shows the definition of /; and [; used in the spallation likelihood cut.

PDFépaH and PDFfandom are made for four muon types, single-through going, stopping, multiple, and
misfit muons, categorized at a muon reconstruction algorithm (Muboy) [36, 111, 112]. Figure 6.7 shows the
schematic view of a single-through going muon, a stopping muon, and multiple muons. In Muboy, when
the number of PMT hits is less than a certain threshold, the muon is categorized as a misfit muon. For
misfit muons, only PDFs for dt are used to calculate Ly, because the number of PMT hits is small and
other variables are unreliable. For single-through going, stopping, and multiple muons, PDFs for [;, @Q,,,
and Qres used to calculate Lgp,n change depending on the values of dt (0-0.05 s, 0.05-0.5 s, 0.5-60 s) and
¢ (0-300 cm, 300-1,000 cm, 1,000-5,000 cm). Figure 6.8 shows the PDFs of the muon spallation sample
and the random sample for single-through going muons (dt: 0-0.05 s, [;: 0-300 cm). These PDFs are
clearly different between muon spallation samples and random samples. Details about how to make PDFs
are summarized in Ref. [36].

Lspan is calculated for all muons in time region from —60 s to 60 s with the SHE-triggered event as
0 s. If just one value of Lg,a exceeds the cut criterion, the SHE-triggered event is removed. Cut criteria
of Lgpan depend on muon type and Eyi. For single-through going and multiple muons, the cut criteria
change depending on dt and [;. Cut criteria of spallation likelihood cut for each muon type are summarized
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Figure 6.6: Definition of /; and [; used in the spallation likelihood cut [36].

Single-through going Stopping Multiple

Figure 6.7: Schematic view of a single-through going muon, a stopping muon, and multiple muons.

in Table 6.3 to Table 6.6. Figure 6.9 shows the L.y distributions when FE\; is between 7.49 MeV and
9.49 MeV.
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Figure 6.8: PDFs of the muon spallation sample (blue line) and the random sample (red line) for single-through going
muons (dt: 0-0.05 s, [;: 0-300 cm) [36].



Table 6.3: Cut criteria of spallation likelihood cut for single-through going muons. L, distributions are shown in

Figure 6.9.

Eis MeV) 7.49-9.49 9.49-11.49 11.49-13.49 13.49-15.49
dt: 0-0.05 s Lspan > 15.5 Lspan > 18 Lopan > 175 Lgpan > 17.5
dt: 0.05-0.5s Espau > 17 ,Cspau > 18 Espau > 18.5 ['spall > 18
dt: 0.5-30 s Lspan > 185 Lgpan > 16.5  Lgpan > 20.5  Lgpan > 23.5
l;: 0-200 cm Lspan > 2.25 Lspan > 4.5 Lspanl > 8.5 Lgpan > 12.5
1;: 200-300 cm Lopanl > 425 Lgpann > 6.5 Lgpan > 11 Lgpan > 17.5
l¢: 300-500 cm £spall > 5.25 £spall > 7 Espall > 13.5 Espall > 18.5

{;: 500-1,000 cm Espan > 10.75 £spall > 10.5 ﬁspall > 15.5 ﬁspall > 19
{;: 1,000-5,000 cm £spall > 10.25 Espall > 12.5 £spall > 16 Espall > 20
Eyis MeV) 15.49-17.49 17.49-19.49 19.49-23.49
dt: 0-0.05 s ﬁspall > 19 Espall > 19 £Spal] > 20.5
dt: 0.05-05s  Lopan > 21 Lopan > 155 Lopan > 17
dt: 0.5-30s »Cspall > 23.5 »Cspall > 23.5 ,Cspau > 21.5
{;: 0200 cm Espau > 12 [,spau > 15.75 Espau > 18.75
l;: 200-300 cm Lopan > 12 Lopan > 13.25  Lgpan > 17.75

l;: 300-500 cm
l;: 500-1,000 cm
{: 1,000-5,000 cm

Lspan > 13.5
Lspan > 12.5
ﬁspau > 16

Lspan > 11.25
Lepan > 14.75
Lspan > 11.75

Lspan > 15.75
Espall > 14.25
Lspan > 16.75

Table 6.4: Cut criteria of spallation likelihood cut for stopping muons. L, distributions are shown in Figure 6.9.

Eyis MeV)  7.49-9.49 9.49-11.49 11.49-13.49 13.49-15.49
Lspan > 1.5 Lopan > 3.5 Lgpan > 2.5 Lspan > 4

Eyis MeV) 1549-17.49 17.49-19.49 19.49-23.49

Lspan > 4.5 Lspan > 3 Lepan > 2.5
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Table 6.5: Cut criteria of spallation likelihood cut for multiple muons. Lgpan distributions are shown in Figure 6.9.

FEis (MeV) 7.49-9.49 9.49-11.49 11.49-13.49 13.49-15.49
dt: 0-0.05 s Espall > 13 /:fspall > 14 ,Cspau > 13 /-:spall > 13
dt: 0.05-0.5s ,Cspau > 17 ,Cspau > 17 ﬁspau > 18 .Cspau > 20
dt: 0.5-30s Lspan > 19 Lspanl > 22 Lspan > 24 Lspan > 31
l;: 0-100 cm [,spau > 2.25 Cspau > 2.5 Espau > 8 Espau > 16
l;: 100-200 cm Lepan > 525 Lepan > 7 Lspan > 11 Lgpan > 16.5
l;: 200-300 cm Lepal > 5.75  Lgpann > 6.5 Lgpan > 13 Lgpan > 16.5
l;: 300-500 cm Lopail > 475 Lgpan > 6.5 Lpan > 12,5 Lgpan > 17
l;: 500-700 cm Espall > 4.75 Espall > 7 £5p311 > 12 Espall > 17
l;: 700-1,000 cm Espall > 4.75 ﬁspall > 6.9 Espall > 11.5 Espall > 17
I 1,000-2,000 cm  Lgpant > 6.75  Lopan > 9.5 Lopann > 135 Lgpan > 19
Eis (MeV) 15.49-17.49 17.49-19.49 19.49-23.49
dt: 0-0.05 s ﬁspall > 15 Espall > 18 ﬁspall > 23
dt: 0.05-0.5s ﬁspall > 20 ﬁspall > 23 ﬁspall > 19
dt: 0.5-30s ,Cspau > 28 .Cspa]] > 29 ,Cspau > 26
{;: 0100 cm Espau > 11 ,Cspau > 6.75 Espau > 20.75

l;: 100200 cm
l;: 200-300 cm

Lspan > 14.5
Lspan > 15.5

,Cspau > 13.25
Lspan > 8.75

Lspan > 17.75
Lspan > 8.25

lt: 300-500 cm Acspall > 14 Espall > 12.25 Espall > 10.25
l;: 500-700 cm Lspanl > 13 Lgpan > 16.75  Lgpan > 14.75
l;: 700-1,000 cm Espall > 12 Espall > 16.25 Espall > 13.25

{42 1,000-2,000 cm ﬁspau > 16.5 Espall > 13.25 Espall > 11.75

Table 6.6: Cut criteria of spallation likelihood cut for misfit muons. Lgp,y distributions are shown in Figure 6.9.

Eyis MeV)  7.49-9.49  9.49-11.49

£spall >3 Espall >3

11.49-13.49
Espall > 2.5

13.49-15.49
Espall > 2

Eyis MeV)  15.49-17.49

£spall >3

17.49-19.49
Espall > 2

19.49-23.49
£spall > 2
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Figure 6.9: Lgpan distributions (Eyis: 7.49-9.49 MeV) [36]. Blue lines show muons in pre-region (time region from
—60 s to 0 s with the SHE-triggered event as 0 s). Red lines show muons in post-region (time region from 0 s to 60 s
with the SHE-triggered event as O s).
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6.2.5 Spallation box cut

When F.is exceeds 15.49 MeV, it is difficult to accurately optimize the spallation likelihood cut criteria
because of the small statistics of muon spallation sample. Therefore, the cut criteria summarized in Table 6.7
are applied to SHE-triggered events primarily above 15.49 MeV. In Table 6.7, g, is the muon reconstruction
goodness. Details of the muon event reconstruction are summarized in Ref. [36].

Table 6.7: Cut criteria of spallation box cut [36].

FEis Muon type Cut criteria
(MeV)

7.49-23.49 - dt < 0.1sand l; < 400 cm
15.49-19.49 misfit dt < 1.5s
15.49-17.49 single gu = 0.4and dt < 7sand [; < 150 cm
15.49-17.49  stopping gy <0.3anddt <6s
15.49-19.49  stopping dt < 0.05s
15.49-19.49  multiple dt < 0.05s

6.2.6 Spallation cut efficiency

The expected number of events except for spallation events is scaled by using the spallation cut efficiency
for random events €,and40m, Which is equivalent to the signal efficiency after the spallation cut. Moreover,
the expected number of spallation events is scaled by using the spallation cut efficiency for ?Li events co ;.
Table 6.8 shows the spallation cut efficiency for random and ?Li events. Details about how to estimate these

efficiencies are summarized in Ref. [36].

Table 6.8: Spallation cut efficiency for random and °Li events.

Eyis €random €91
MeV)

7.49-9.49 51.8% 3.4%
9.49-1149 782% 5.0%
11.49-13.49 86.0% 5.9%
13.49-15.49 93.1% 5.5%
15.49-17.49 734% 0.0%
17.49-19.49 81.8% 0.0%
19.49-23.49 86.1% 0.0%
23.49-29.49  96.1% 0.0%
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6.3 Third reduction

6.3.1 Effective wall distance cut

Remaining radioactive backgrounds around the detector wall are removed using the effective wall dis-
tance (deg). The definition of deg is shown in Figure 6.10, and the following cut criteria are applied to
candidate events.

500 cm (7.49MeV < Euis < 15.49 MeV)
e < {500 — 50 X (Eyis — 15.49) cm  (15.49MeV < Eyis < 19.49 MeV) (6.4)
300 cm (19.49MeV < Eyis < 29.49 MeV)

deg distributions are shown in Figure B.14, Figure B.15, and Figure B.16.

./ " vertex
L vertex \

.»"""deff

Figure 6.10: Definition of deg [22].

6.3.2 Pre-activity cut and post-actvity cut

As shown in Figure 6.11, when a visible muon decays into an electron, or when de-excitation gamma-
rays and an invisible muon are generated, the event may have two hit peaks within the time window of [—35,
35] ps. These events are removed by using the information of hit peaks before or after the main hit peak. To
remove events with hit peaks before the main hit peak, the TOF-subtracted time window of [—5 s, —12 ns]
from the main peak is scanned using a TOF-subtracted 15 ns time window to search the hit clusters. When
the maximal number of hits in a TOF-subtracted 15 ns time window is greater than 11, the event is removed.
Moreover, to remove events with hit peaks after the main hit peak, the number of decay electrons within
35 ps from the main hit peak (Ngecay-) 18 searched using an algorithm used in previous SK analyses [10].
When Nyecay-e 18 greater or equal to 1, the event is removed. Ngecay-e distributions are shown in Figure B.17,
Figure B.18, and Figure B.19.

6.3.3 Ring cleanliness cut

Cherenkov rings caused by electrons and gamma-rays become fuzzy due to the electromagnetic shower,
while Cherenkov rings caused by muons and pions become clear. Events with visible muons and pions are
removed by using the ring cleanliness (Lje).

Here, the calculation method of L. is described. To calculate the L.j., PMT hits of the main hit peak
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invisible u

e e
Figure 6.11: Schematic view of atmospheric neutrino events with two hit peaks.

in a TOF-subtracted 15 ns time window are used. Given a reconstructed vertex, a combination of three hits
uniquely determines a cone and the opening angle 6. In Figure 6.12,

sinf = R
0 = sin 'R, (6.5)

and from the law of sines,
a
sin A
R =

= 2R

a

2sin A
a

24/1 — cos? A

a A b2 + % — a?
— v cosA= ———
2\/1 _ 2b2¢2—-2a2b2—2c2a2+at+b% 4t 2bc

4b2c?

B abc

V/4Ab2c2 — (2b2¢2 — 24202 — 2c2a? + at + b1 + )

b

= e . (6.6)

V2(a2b? + 022 + c%a?) — (a* + bt + c4)

Therefore, from Equation (6.5) and Equation (6.6), 6 is
b
§ = sin”! e . 6.7)
V2(a2b2 + b2c? + c2a?) — (a* + bt + ct)

Then, 6 for all combinations are filled in a histogram to determine the bin with most entries (binyest). One
example of the histogram of @ for all three hits combinations and the hit map is shown in Figure 6.13. Finally,
Le 1s calculated as

N5 bins
b)
Nigbins

Lcle = (68)
where N5 pins (IV19bins) Shows the number of entries in five (nineteen) adjacent bins centered on binyg. In
Figure 6.13, filled region (dotted line region) shows the five (nineteen) adjacent bins centered on biny,st.

Events with visible muons and pions tend to have the large L. In this study, events that L. is greater
than 0.36 are removed. L, distributions are shown in Figure B.20, Figure B.21, and Figure B.22.
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Vertex

Figure 6.12: Definition of 6.
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Figure 6.13: Histogram of 6 for all three hits combinations (left) and the hit map (right). In the histogram, filled
region (dotted line region) shows the five (nineteen) adjacent bins centered on the bin with most entries (biny,st)-
In the right figure, top circle, center rectangle, and bottom circle show the SK top, barrel, and bottom, respectively.
Oc is the reconstructed Cherenkov angle of the prompt signal (described in Section 6.4), Ngelayed is the number
of delayed signals per event (described in Section 6.4), X, Y, and Z are the reconstructed vertices, and N5 is the
number of hits in a TOF-subtracted 15 ns time window. In this case, the total number of entries in the histogram is
Ny Cs = 96C3 = 142,880. Note that this histogram is normalized.



74 6. Event selection

6.3.4 Charge over hit cut

As described in Section 6.3.3, Cherenkov rings caused by muons and pions become clear, and more
charge is deposited on a single PMT compared to electrons. Events with visible muons and pions are further
removed by using the ratio of charge to the number of hits in a TOF-subtracted 50 ns time window centered
on the main hit peak (Q50/N50). Events with visible muons and pions tend to have the large 059/ N50. In this
study, events that Q59/N5q is greater than 2 are removed. QQ50/N5o distributions are shown in Figure B.23,
Figure B.24, and Figure B.25.

6.4 Cherenkov angle cut and neutron tagging

Finally, we select NCQE events using the reconstructed Cherenkov angle of the prompt signal (f¢) and
the number of delayed signals per event (Ngelayed)-

6.4.1 Reconstructed Cherenkov angle of the prompt signal

O¢ is calculated using the histogram of 6 for all three hits combinations described in Section 6.3.3. In
the histogram, the seven adjacent bins with most entries are determined, and the upper border of the center
bin is taken as ¢ (see Figure 6.14).
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Figure 6.14: Histogram of # for all three hits combinations. This histogram is the same as the histogram shown
in Figure 6.13. Filled region shows the seven adjacent bins with most entries, and in this case f¢ is taken to be
41.4 degrees.

6.4.2 Number of delayed signals per event

Here, the neutron tagging method is explained. Figure 6.15 shows the schematic view of neutron candi-
date search. First, neutron candidates are searched by 25 PMT hits/200 ns trigger in the region of [4, 535] us
from the prompt signal. Then all neutron candidates are reconstructed, and delayed signals from neutron
capture on Gd are selected based on the following selection criteria.

e Nopo > 25
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Distance from the ID wall is larger than 2 m

Timing is after 4 us from the prompt signal

gvtx > 0.4 and gq;r < 0.4

Eis > 2.99 MeV

Distance from the prompt vertex is smaller than 3 m

Ngelayed s the number of delayed signals that satisfy the above selection criteria.

Prompt signal
(SHE-triggered)

25 PMT hits/200 ns

Delayed signal (neutron capture)
Background

J_»...

—5us 4 ys «— Search neutron candidates — 535 us

Figure 6.15: Schematic view of neutron candidate search.

6.4.3 Difference between this study and the DSNB search in SK-VI

The difference between this study and the DSNB search in SK-VI [40] is the cut criteria of ¢ and
Ngelayed- In IBD events, only one relativistic positron and one neutron are emitted (see Figure 1.6). There-
fore, 0 and Ngelayed tend to be about 42 degrees and one, respectively. While, in an NCQE event, multiple
gamma-rays and multiple neutrons are easily emitted (see Figure 1.8). When multiple gamma-rays are emit-
ted, 6¢ tends to be larger because of the uniform distribution of the hit PMTs. Therefore, in this study, we
select the events that O is greater than 50 degrees and Ngclayed i greater or equal to one. The cut crite-
ria of Oc and Ngelayed are the same as the study in SK pure water phase [50]. 6 distributions are shown
in Figure B.26, Figure B.27, and Figure B.28. Moreover, Ngelayed distributions are shown in Figure B.32,
Figure B.33, and Figure B.34.

6.5 Observed and expected number of events

After applying all event selections to 552.2 days of SK-VI data, 38 events remain. Figure 6.16 shows the
vertex distribution of prompt signals and delayed signals for the data. From this figure, we confirmed that
these events are uniformly distributed.

The expected number of events in each secondary interaction model estimated by the simulation are
summarized in Table 6.9. After applying all event selections, NCQE and NC non-QE events account for
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about 60% and about 30% of total events, respectively. Note that the number of DSNB events predicted
by the Horiuchi + 09 model [28], which is not used in this study, is 0.0854. Moreover, the number of
atmospheric neutrino events is larger in BERT than other two models. The difference of the number of
atmospheric neutrino events comes from the number of de-excitation gamma-rays and neutrons by secondary
interactions (see Section 7).

Figure 6.17, Figure 6.18, and Figure 6.19 show the distributions of 0¢, Eyis, and Ngelayed in BERT,
respectively. From these figures, we can see that the tendency of distribution is similar between NCQE and
NC non-QE events.

The NCQE cumulative signal efficiencies as a function of E.is are shown in Figure 6.20. Moreover,
the NCQE cumulative signal efficiencies at each event reduction are summarized in Table 6.10. Signal
efficiencies of O¢ cut and Ngelayeq Cut increase as Eyis increases. This means that s is correlated to the
number of de-excitation gamma-rays and neutrons by secondary interactions. Other distributions related to
this section are summarized in Appendix B.2.
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Figure 6.16: Vertex distribution of prompt signals and delayed signals for the data.
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Table 6.9: The expected number of events in each secondary interaction model. The fractions are summarized in paren-
theses. The expected number of spallation, reactor neutrino, and accidental coincidence events, which are calculated

by the same method as Ref. [40], are common to each model.

BERT BIC INCL++
Total 45.8991 33.6573 33.9739
NCQE 28.7071 (62.5%) 19.8420 (59.0%) 20.2027 (59.5%)
NC non-QE 13.2721 (28.9%) 10.1887 (30.3%) 10.0517 (29.6%)
CC 1.4177 (3.1%) 1.1244 (3.3%) 1.2173 (3.6%)
Spallation 0.8879 (1.9%) 0.8879 (2.6%) 0.8879 (2.6%)
Reactor neutrino 0.0619 (0.1%) 0.0619 (0.2%) 0.0619 (0.2%)

Accidental coincidence 1.5524 (3.4%)

1.5524 (4.6%)

1.5524 (4.6%)
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Figure 6.17: ¢ distribution in BERT. Non-NC includes CC, spallation, and reactor neutrino events. In this distribution,
E.;s is between 7.49 MeV and 29.49 MeV and Ngelayed is greater or equal to one.
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Figure 6.18: E;s distribution in BERT. Non-NC includes CC, spallation, and reactor neutrino events. In this distribu-
tion, O¢ is greater than 50 degrees and Nyclayed 1S greater or equal to one.

“g : I T T T T T T T T T I T T T I T T T :
g ¥F —4- Data E
30 NCQE =
- NCnon-QE
25 - Non-NC B
20:_ I Accidental =
15— —
10— —
5k | -
0 o \\‘ T R i

0 2 4 6 8 10
Ndelayed

Figure 6.19: Ngelayea distribution in BERT. Non-NC includes CC, spallation, and reactor neutrino events. In this
distribution, f¢ is greater than 50 degrees and E.;s is between 7.49 MeV and 29.49 MeV.
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1. SHE + AFT, precut ~ =====-- 2. spallation cut
-------------- 3. effwall, pre-/post-activity cuts  ----'- 4. ring cleanliness cut
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Figure 6.20: NCQE cumulative signal efficiencies as a function of E.;s. Event reductions are performed in the order
shown in the legend, and before the reduction for spallation events is taken as 100%.
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Table 6.10: NCQE cumulative signal efficiencies at each event reduction.

ELis MeV) 7.49-9.49 9.49-11.49 11.49-13.49 13.49-15.49
Spallation cut 51.8% 78.2% 86.0% 93.1%
deg cut 91.6% 92.2% 92.7% 92.4%
Pre-activity cut 99.5% 99.4% 99.2% 98.6%
Post-activity cut 68.8% 68.8% 68.9% 68.7%
Lje cut 87.2% 83.0% 80.4% 77.8%
Q50/N50 cut 99.8% 99.8% 99.6% 99.5%
Oc cut 63.8% 76.9% 83.0% 88.5%
Nyelayea cut 42.5% 46.8% 50.5% 52.6%
All cuts 7.7% 14.7% 18.3% 21.0%
ELis (MeV) 15.49-17.49 17.49-19.49 19.49-21.49 21.49-23.49
Spallation cut 73.4% 81.8% 86.1% 86.1%
det cut 93.6% 96.7% 98.6% 99.2%
Pre-activity cut 98.0% 97.2% 96.7% 95.6%
Post-activity cut 68.3% 69.3% 69.9% 68.7%
Lje cut 74.3% 74.4% 70.6% 70.3%
Q50/Nsp cut 99.1% 98.9% 98.2% 97.9%
Oc cut 91.6% 93.5% 96.8% 96.6%
Nyelayea cut 57.4% 58.9% 63.4% 67.1%
All cuts 17.8% 21.6% 24.4% 25.0%
Eis MeV) 23.49-25.49 25.49-2749 27.49-29.49 7.49-29.49
Spallation cut 96.1% 96.1% 96.1% 72.6%
dest cut 98.6% 98.7% 98.6% 93.3%
Pre-activity cut 94.8% 95.1% 91.9% 98.6%
Post-activity cut 68.1% 71.5% 68.6% 68.9%
Lo cut 68.7% 64.3% 67.9% 80.2%
Q50/ N5 cut 97.0% 93.9% 93.0% 99.3%
Oc cut 95.9% 95.9% 93.9% 79.3%
Nyelayea cut 69.0% 70.9% 79.1% 51.3%
All cuts 27.0% 26.4% 28.0% 14.9%
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7 Comparison of secondary interaction models

In Ref. [48,49], it was found that agreements of the secondary interaction model based on BERT remain
poor and result in significant systematic uncertainty as described in Section 1.6. Therefore, I compare the
observed data with the other secondary interaction models using the newly developed Geant4-based SK
detector simulation. Here, we use three secondary interaction models: BERT, BIC, and INCL++. Before
showing the results of comparing the observed data with these models, features of each model are described
in Section 7.1.

7.1 Features of secondary interaction models

Here, we confirmed some MC true information such as the number of neutrons, the number of gamma-
rays, and energy of gamma-rays, using 500 years of atmospheric neutrino NCQE events in the SK fiducial
volume. Figure 7.1 shows the number of generated neutrons per process after primary interactions (see Fig-
ure 1.8). In this figure, others include inelastic scattering reactions by the long-lived neutral kaon (K%), ’H,
3H, and 3He and electron-nuclear interactions. From this figure, we can confirm that most of neutrons are
generated by neutron inelastic scattering reactions. The number of neutrons generated by each process is
summarized in top of Table B.4. From this table, we can confirm that the number of neutrons generated by
neutron inelastic scattering reactions is largely different among secondary interaction models. The number
of neutrons is largest in BERT while smallest in INCL++.

Figure B.42, Figure B.43, and Figure B.44 shows the number of neutrons generated after primary inter-
actions, the total number of neutrons (sum of neutrons generated by primary interactions (hereafter referred
to as “primary neutrons”) and neutrons generated after primary interactions), and the number of neutron
captures, respectively. From these figures, we can confirm that more neutrons are generated and captured in
BERT than other two models. The total number of neutrons and neutron captures are summarized in center
of Table B.4. In this table, the number of primary neutrons is common among secondary interaction models
(see Figure B.4). Moreover, the number of neutron captures is smaller than the total number of neutrons. The
reason is that two stable nuclei are generated by neutron inelastic scattering reaction with oxygen nucleus.
For example, the following reaction is occurred,

n + %0 — He + BC. (7.1)

Since *He (o) and '3C are stable, the total number of neutrons decreases when this reaction occurs.
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Figure 7.1: The number of generated neutrons per process after primary interactions. Top, center, and bottom figure
shows the case of BERT, BIC, and INCL++, respectively. Horizontal axis shows processes that generated neutrons
(neutron inelastic scattering, proton inelastic scattering, 7 inelastic scattering, 7~ inelastic scattering, ;™ capture,
7~ capture, gamma-nuclear interaction, and others).
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Figure 7.2: The number of neutrons generated after primary interactions. Black, red, and blue line shows the case of

BERT, BIC, and INCL++, respectively.
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Figure 7.3: The total number of neutrons. Black, red, and blue line shows the case of BERT, BIC, and INCL++,

respectively.
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Figure 7.4: The number of neutron captures. Black, red, and blue line shows the case of BERT, BIC, and INCL++,

respectively.
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Next, we will focus on gamma-rays generated by neutron inelastic scattering reactions. Figure B.45
shows the number of neutron inelastic scattering reactions. The number of neutron inelastic scattering reac-
tions is larger in BERT than other two models but not so different, and this trend is similar to that of Fig-
ure B.42, Figure B.43, and Figure B.44. However, the number of generated gamma-rays per neutron inelastic
scattering reaction is largely different among secondary interaction models. In Figure B.46, the number of
generated gamma-rays per neutron inelastic scattering reaction is similar between BIC and INCL++. While,
in BERT, it is apparently larger than other two models. As a result, the number of gamma-rays generated
by neutron inelastic scattering reactions is largely different between BERT and other two models, as shown
in Figure B.47. Moreover, in BERT, events that the number of gamma-rays generated by neutron inelastic
scattering reactions is one is small. Energy of gamma-rays generated by neutron inelastic scattering reac-
tions is also largely different. In Figure B.48, BERT has many continuous components in addition to peak
structures of de-excitation gamma-rays, compared to other two models. Furthermore, in Figure B.49, total
energy of gamma-rays generated by neutron inelastic scattering reactions, which is related to Ey;s, is larger
in BERT than other two models. Information about the number of gamma-rays is summarized in bottom of
Table B.4. In this table, the number of primary gamma-rays is common among secondary interaction models
(see Figure B.2). Moreover, the number of gamma-rays generated by neutron inelastic scattering reactions
in BERT is more than twice as much as that in BIC and INCL++.

# of n inel. scat. (NCQE)
77—
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— BIC
— INCL++

Events

30 35 40
# of ninel. scat.

Figure 7.5: The number of neutron inelastic scattering reactions. Black, red, and blue line shows the case of BERT,
BIC, and INCL++, respectively.
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Figure 7.6: The number of generated gamma-rays per neutron inelastic scattering reaction. Black, red, and blue line
shows the case of BERT, BIC, and INCL++, respectively.
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Figure 7.7: The number of gamma-rays generated by neutron inelastic scattering reactions. Black, red, and blue line
shows the case of BERT, BIC, and INCL++, respectively.
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Figure 7.8: Energy of gamma-rays generated by neutron inelastic scattering reactions. Black, red, and blue line shows
the case of BERT, BIC, and INCL++, respectively.
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Figure 7.9: Total energy of gamma-rays generated by neutron inelastic scattering reactions. Black, red, and blue line
shows the case of BERT, BIC, and INCL++, respectively.
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7.2 Differences of secondary interaction models

Secondary interactions can be described by the intranuclear-cascade model embedding the pre-compound
(pre-equilibrium) model and evaporation (equilibrium) model. Here, main differences of each model are de-
scribed. Details of each secondary interaction model are summarized in references cited below.

7.2.1 Intranuclear-cascade model

Model category

Intranuclear-cascade models can be categorized into two types. One is a space-dependent intranuclear-
cascade model, another is a time-dependent intranuclear-cascade model. BERT belongs to the space-dependent
intranuclear-cascade model, while BIC and INCL++ belong to the time-dependent intranuclear-cascade
model.

In space-dependent intranuclear-cascade models, a collision point between a projectile and a target nu-
cleon is determined by using the total particle-particle cross sections and region-dependent nucleon densi-
ties [113]. According to Ref. [114], the collision point x is given by

r = —MAn¢

1
= — Iné
PONN

A
- _ 1 7.2
p{Zonp + (A— Z)onn} n, (7:2)

where A is the mean free path, ¢ is the uniform random number between 0 and 1, p is the nucleon density,

onn is the nucleon-nucleon collision cross section, A is the mass number (the number of nucleons), Z is
the atomic number (the number of protons), oy, is the collision cross section between the incoming particle
and target proton, and o, is the collision cross section between the incoming particle and target neutron.
In time-dependent intranuclear-cascade models, a distance of closest approach d; to each target nucleon
7 is calculated using a straight line trajectory to determine a collision point [113]. According to Ref. [113],
collisions will occur when d; satisfies the following inequality,
0

d; < , (7.3)

™

where o; is the total cross section.

Nuclear model
Here, an oxygen nucleus (A (mass number) = 16) is taken as an example. In BERT, a nuclear model
with three concentric spheres i = {1, 2, 3} is used. According to Ref. [113], the sphere radius is defined as

551

1+e ©2

TZ'(CVZ') =y log ( — 1) +C (A > 11), (7.4)

1
where C; = 3.3836A%/3, Cy = 1.7234, and o;; = {0.01,0.3,0.7}. Figure 7.10 shows the nucleon-density
distributions of ®>Cu [115]. The proton density in each region is set equal to the average value of the charge
distribution in the region, and the neutron-to-proton density ratio in each region is equal to the neutron-to-
proton ratio in the nucleus.
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Figure 7.10: Nucleon-density distributions of %Cu [115]. Solid line, long-dash—short-dash line, and dashed line shows
the standard three-region configulation, the uniform distribution, and Hofstadter’s curve [116], respectively.

In BIC [113], the nucleon radii r; (i = {1,2,..., A}) are selected randomly according to the nucleon
density p(r;), and the nucleon density is given by

p(ri) = (R?) 732 exp(—r}/R?) (A <17), (7.5)

where R? = 0.8133A%/3 fm?.
In INCL++ [117], the nucleon density is given by

—L —~ (forr < Rpax)

plr)y = { 1+ew () o (7.6)
0 (forr > Rpax)

where Ry = (2.745 x 107%A 4 1.063) A/ fm, a = 0.510 4 1.63 x 107*A fm, and Rpax = Ro + Sa. The

quantity pg is like that the distribution is normalized to A.

Stopping time
In BERT and BIC [113], the cascade ends when all particles which can escape the nucleus, have done
SO.

While, in INCL++ [113], the cascade stopping time s, is defined as

A 0.16
7fstop =t 208 ) (77)

where tg = 70 fm/c. The cascade also ends if no participants are left in the nucleus. Figure 7.11 shows
the time variation of four physical quantities obtained by collisions of 1-GeV protons with Pb nuclei in

INCL++ [117]. In this figure, arrows show the stopping time, and the stopping time is about 70 fm/c
because the target nucleus is Pb (A ~ 208).
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Figure 7.11: Time variation of four physical quantities obtained by collisions of 1-GeV protons with Pb nuclei in
INCL++ [117]. Left, center left, center right, and right figure shows the time variation of excitation energy, aver-
age kinetic energy of ejectiles, time derivative of the excitation energy, and momentum asymmetry of participants,
respectively. The arrows show the stopping time.

7.2.2 Pre-compound model and evaporation model

BERT embeds its own pre-compound and evaporation models, while BIC and INCL++ embed Geant4
native pre-compound and evaporation models [118]. However, as a option, BERT can switch to the Geant4
native pre-compound and evaporation models. Therefore, we confirmed some distributions shown in Sec-
tion 7.1 using BERT embedding the Geant4 native pre-compound and evaporation models. Figure 7.12
shows the number of generated gamma-rays per neutron inelastic scattering reaction. From this figure, we
can confirm that the shape of the distribution in BERT with the Geant4 pre-compound model is much closer
to that in BIC and INCL++ compared to Figure B.46. The number of gamma-rays generated by neutron
inelastic scattering reactions is also close between BERT with the Geant4 pre-compound model and BIC and
INCL++, as shown in Figure 7.13. Furthermore, as shown in Figure 7.14 and Figure 7.15, energy and total
energy of gamma-rays generated by neutron inelastic scattering reactions are also close among these models.
The numbers of neutrons, neutron captures, and gamma-rays are summarized in Table B.4.

The main difference between models embedded in BERT and Geant4 native models seems to be the con-
dition under which the evaporation process ends. According to Ref. [113], in evaporation model embedded
in BERT, the main chain of evaporation is followed until an excitation energy falls below E¢iox = 0.1 MeV,
and a gamma-ray emission chain continues until the excitation energy is less than E;Yut off = 10~ MeV. By
this specification, the numbers of neutrons and gamma-rays are considered to be larger in BERT that embeds
its own pre-compound and evaporation models.
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blue line shows the case of BERT, BERT with the Geant4 pre-compound model, BIC, and INCL++, respectively.
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Figure 7.13: The number of gamma-rays generated by neutron inelastic scattering reactions. Black, green, red, and

blue line shows the case of BERT, BERT with the Geant4 pre-compound model, BIC, and INCL++, respectively.
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Figure 7.14: Energy of gamma-rays generated by neutron inelastic scattering reactions. Black, green, red, and blue
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Figure 7.15: Total energy of gamma-rays generated by neutron inelastic scattering reactions. Black, green, red, and
blue line shows the case of BERT, BERT with the Geant4 pre-compound model, BIC, and INCL++, respectively.
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Table 7.1: The number of neutrons generated by each process (top), the total number of neutrons and neutron captures
(center), and the number of gamma-rays (bottom). The numbers of primary neutrons and primary gamma-rays are
common among secondary interaction models.

NCQE (383,284 events) BERT BERT BIC INCL++
(pre-compound)
neutron inelastic scattering 178,029 131,337 124,582 107,027
proton inelastic scattering 36,295 29,613 39,112 34,040
7T inelastic scattering 349 322 297 285
7~ inelastic scattering 638 592 785 722
W~ capture 10 9 15 12
T capture 4,221 4,155 4,548 4,693
gamma-nuclear interaction 64 42 61 61
others 196 169 45 2,164
The number of generated neutrons 219,802 166,239 169,445 149,004
The number of generated neutrons per event 0.5735 0.4337  0.4421 0.3888
NCQE (383,284 events) BERT BERT BIC INCL++
(pre-compound)
The number of primary neutrons 310,835 310,835 310,835 310,835
The number of generated neutrons 219,802 166,239 169,445 149,004
The total number of neutrons 530,637 477,074 480,280 459,839
The number of neutron captures 495,346 425,718 411,087 405,483
The number of primary neutrons per event 0.8110 0.8110  0.8110 0.8110
The number of generated neutrons per event 0.5735 0.4337  0.4421 0.3888
The total number of neutrons per event 1.3844 1.2447  1.2531 1.1997
The number of neutron captures per event 1.2924 1.1107  1.0725 1.0579
NCQE (383,284 events) BERT BERT BIC INCL++
(pre-compound)
The number of primary gamma-rays 168,060 168,060 168,060 168,060
The number of n inel. scat. 458,254 448,775 409,019 396,804
The number of gamma-rays per n inel. scat. 2.1599 0.8727  0.8677 0.8902
The number of gamma-rays by n inel. scat. 989,782 391,633 354,886 353,237
The number of primary gamma-rays per event 0.4385 0.4385 0.4385 0.4385
The number of n inel. scat. per event 1.1956 1.1709  1.0671 1.0353

The number of gamma-rays by n inel. scat. per event  2.5824 1.0218  0.9259 0.9216
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7.3 Comparison with the observed data

Figure 7.16, Figure 7.17, and Figure 7.18 show the distributions of 6, Eyis, and Ngelayed in €ach sec-
ondary interaction model, respectively. The distributions of Oc, Eyis, and Nyelayed Strongly depend on the
number of de-excitation gamma-rays and neutrons. For example, the direction of Cherenkov photons be-
comes more isotropic as the number of de-excitation gamma-rays is increased. Moreover, the total energy of
de-excitation gamma-rays is correlated to the number of de-excitation gamma-rays. Therefore, ¢ and Fyig
become larger as the number of de-excitation gamma-rays gets larger. Furthermore, Ngelayed 18 correlated to
the total number of neutrons.

In Figure 7.17 (Ey;s distribution) and Figure 7.18 (Ngelayeq distribution), the number of events becomes
larger in BERT than other two models. Furthermore, in Figure 7.16 (¢ distribution), the differences be-
tween BERT and other two models are large in high-angle regions. These differences come from the number
of de-excitation gamma-rays and neutrons by secondary interactions, which is described in Section 7.1. The
number of de-excitation gamma-rays and neutrons is similar between BIC and INCL++. While, in BERT,
the number of de-excitation gamma-rays and neutrons is larger than in the other two models.

We calculated the chi-square x? for ¢, E.is, and Ngelayea distributions by using the Poisson-likelihood [119].
Here, %2 is defined as

bin ] ) . Nobsi
X2 =9 Z NGXP/L _ NObS,l + NObS,’L lnNexp,i , (78)
=1

where bin is the number of bins, N°"? is the observed number of events of i-th bin and NP+ is the
expected number of events of i-th bin. The derivation of Equation (7.8) is summarized in Appendix A. The
values of the chi-square for fc, Elyis, and Ngelayed distributions are summarized in Table 7.2. Due to the
small statistics, the chi-square cannot give conclusive results; however, the values are smaller for BIC and
INCL++ than for BERT in all distributions.

Table 7.2: Values of the chi-square for ¢, Elis, and Ngelayea distributions.

Model X2/ndf (QC) X2/ndf (Evis) XZ/de (Ndelayed)

BERT 23.0/15 9.8/11 5.8/5
BIC 19.6 /15 6.9/11 3.1/5
INCL++ 19.8 /15 6.8/11 2.8/5

As described in Section 1.6, an accelerator neutrino-oxygen NCQE cross section measurement was con-
ducted as part of the T2K experiment [48]. The observed and expected number of events in ¢ € [78,
90] degrees and FE.is € [7.49, 29.49] MeV obtained in the T2K data analysis are shown in Table 7.3. As
shown in Figure 7.16, the difference between models is especially large in ¢ € [78, 90] degrees. Therefore,
using the same criteria of f¢ and Fyis, we have also performed an analysis of secondary interaction model
comparison using atmospheric neutrinos. The results are also summarized in Table 7.3. With these selection
criteria, the expected number of events in BERT is larger than the observed number of events. The similar
discrepancy was observed in T2K because the secondary interaction model is based on BERT [48, 120]. In
both cases, the differences of the expected and observed number of events in BERT are larger than that in
BIC and INCL++, which shows similar trend as above.
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Table 7.3: The observed and expected number of events in O € [78, 90] degrees and E.;s € [7.49, 29.49] MeV in this
study and T2K [48]. In T2K, Nyelayed (greater or equal to one) cut is not applied.

Model Expected Observed

BERT 26.8
This study BIC 18.4 14
INCL++ 18.9
T2K BERT 100.8 61
ﬂ 12 T T T T I T T T T I T T T T T T T T T T T T T T T T
§ i ]
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Figure 7.16: 6 distribution. Dotted, dashed, and solid line show the total expected events in BERT, BIC, and INCL++,
respectively. In BERT, the total expected events in this distribution are the same as that in Figure 6.17. In this distribu-
tion, Ey; is between 7.49 MeV and 29.49 MeV and Nyclayed 1s greater or equal to one.
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Figure 7.17: Ey;s distribution. Dotted, dashed, and solid line show the total expected events in BERT, BIC, and
INCL++, respectively. In BERT, the total expected events in this distribution are the same as that in Figure 6.18. In
this distribution, ¢ is greater than 50 degrees and Ngelayed is greater or equal to one.
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Figure 7.18: Ngelayed distribution. Dotted, dashed, and solid line show the total expected events in BERT, BIC, and
INCL++, respectively. In BERT, the total expected events in this distribution are the same as that in Figure 6.19. In
this distribution, 6¢ is greater than 50 degrees and FE\;s is between 7.49 MeV and 29.49 MeV.
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8 Measurement of NCQE cross section in SK-Gd

8.1 Measured NCQE cross section

The atmospheric neutrino flux-averaged theoretical neutrino-oxygen NCQE cross section is

10 GV imv 5 Pi(E) X ai(E)Elé‘S%dE

<0_theory> o 160 MeV
NCQE) = 10GeV
160 Mev 2imv,p Pi(E)dE

= 1.02 x 10~ cm? /oxygen, (8.1)

where ¢;(F) is the atmospheric neutrino flux [68] at neutrino energy F and al(E)f\Ihcegé is the theoretical

NCQE cross section [51]. The integral is performed between 160 MeV and 10 GeV because the NCQE cross
section is small below 160 MeV and the atmospheric neutrino flux is small above 10 GeV (see Figure 3.2
and Figure 3.7). The systematic uncertainty by the energy cutoff is described in Section 8.2. The measured
neutrino-oxygen NCQE cross section is

obs exp
N - NNon—NCQE

<0,measured> — Nexp « <01t\]hég]%>
NCQE
= 0.74 4 0.22(stat.) x 10738 em? /oxygen, (8.2)

where N°P (= 38) is the observed number of events, Nﬁfg)QE (= 28.7071) is the expected number of NCQE
events, and N;’;ﬂ_NCQE (= 17.1920) is the expected number of non-NCQE events, including NC non-QE,
CC, spallation, reactor neutrino, and accidental coincidence. Here, the calculation of statistical uncertainty
in Equation (8.2) is described. The fraction in Equation (8.2) is redefined as

Nobs — N&P
Non-NCQE . (8.3)

INcQE =
Nxcor

The statistical uncertainty of numerator § N umerator jg

SNmmEer - JOND)2 1 (SNGD noqe)?
— 6N0bs
= VNobs (8.4)
While the statistical uncertainty of denominator § N denominator jg

denominator __ exp
SN = ONTm

- 0. (8.5)
Therefore, the statistical uncertainty of fycqr is
§ N numerator \ 2 § N denominator \ 2
6fxoqe = |fNcqEl X \/<Nnumerator> + (Ndwom>
VN

obs __ N&XP
N NNon-NCQE

= |fncqE| x

obs
_ v (8.6)

exp
NNCQE
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and the statistical uncertainty of <a§‘8}3‘§ed> is

heor
S(oNEGE ) = dfwoqr X (oxcan)
= 0.22 x 1073 cm? /oxygen. (8.7)

8.2 Systematic uncertainties of the expected events

Systematic uncertainties of the expected NCQE, NC non-QE, and CC events are summarized in Ta-
ble 8.1. We follow the estimation methods of measurements in SK pure water phase and T2K [48-50]. The
estimation of each systematic uncertainty is described below.

Table 8.1: Systematic uncertainties of the expected NCQE, NC non-QE, and CC events.

NCQE NC non-QE CC
Atmospheric neutrino flux +18.0% +18.0% +18.0%
Atmospheric neutrino/antineutrino ratio +5.0% +5.0% +5.0%
Cross section - +18.0% +24.0%
Primary interaction +1.5%/-94% 4+0.0%/—-24% +1.2%/—8.0%
Secondary interaction +0.0% / -309% +0.0%/—-243% +0.0% / —20.7%
Energy cutoff +0.0%/ -21%  4+0.0%/—-15% +0.0% / —19.9%
Data reduction +1.4% +1.4% +1.4%
Neutron tagging +6.4% +6.4% +6.4%

Atmospheric neutrino flux
The uncertainty of the measured atmospheric neutrino flux in SK differs in each energy bin, as shown in
Table 8.2 and Figure 8.1 [52]. From Table 8.2, atmospheric neutrino flux uncertainty A®” /®" is calculated

by considering the weight of flux in each energy bin, as

ADY 2. [ AdY v
Ppv - Z Ppv X 9 PV 19 PV
i PIFERR A S PREPR

i=1
19
AdY Py
+ R e l,)
1;12 < LD DY D DRaY
= 17.9%. (8.8)

In this measurement, we chose the conservative value and 18.0% in [160 MeV, 10 GeV] is applied to atmo-

spheric neutrino flux uncertainty.

Atmospheric neutrino/antineutrino ratio

Figure 8.2 shows the ratio of atmospheric neutrino flux [121]. In the neutrino energy region below
10 GeV, the difference of atmospheric neutrino/antineutrino ratio due to the hadronic interaction models is
less than 5.0%. Therefore, atmospheric neutrino/antineutrino ratio uncertainty is taken as 5.0%.
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Table 8.2: Measured atmospheric neutrino flux using SK-I to SK-IV data [52]. Uncertainties are summarized in the
rightmost column.

i logyg logyo E7®Y ADY /DY
(E/GeV)  (E;/GeV) (GeV/cm?/sec/sr) (%)
Ve
1 —-08to—0.6 —0.71 1.21 x 1072 +18
2 —06to—04  —0.51 1.46 x 1072 +17
3 —04t0—02  —0.27 1.50 x 1072 +16
4  —02t00.0 —0.09 1.37 x 1072 +15
5 0.0t0 0.2 0.10 1.16 x 1072 +17
6 0.2t0 0.4 0.30 8.55 x 1073 +17
7 0.4t0 0.6 0.50 6.09 x 1073 +18
8 0.6t0 0.8 0.70 3.73 x 1073 +19
9 0.8t0 1.0 0.90 232 x 1073 +18
10 1.0tol5 1.22 9.42 x 1074 +15
11 15t20 1.72 2.03 x 1074 +18
Vu
12 —06to—04  —0.51 1.58 x 1072 +21
13 —04t0—-02  —032 1.77 x 1072 +16
14 —02t00.0 —0.09 1.86 x 1072 +15
15 0.0t00.2 0.10 1.68 x 1072 +16
16 02t00.4 0.30 1.38 x 1072 +18
17 041006 0.51 9.59 x 1073 +19
18 0.6t00.8 0.71 6.68 x 1073 +19
19 0.8t 1.0 0.90 479 x 1073 +17
20 1.0to 1.5 1.21 2.62 x 1073 +13
21 151020 1.73 1.20 x 1073 +16
22 20t03.0 2.40 249 x 1074 +18

23 3.0t04.0 3.39 1.46 x 1073 +21
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Figure 8.1: Uncertainty of the measured atmospheric neutrino flux in SK [52]. Energy region of each bin is summarized
in Table 8.2. Total uncertainty consists of statistical, neutrino interaction, detector response, and neutrino oscillation

and regularization uncertainties. Details of these components are summarized in Ref. [52].
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Cross section

Cross section uncertainty is taken as 18.0% for NC non-QE events and 24.0% for CC events considering
the uncertainties of parameters for the cross-section models such as the axial mass, normalization parameters
for each interaction, and the decay width of resonant pion production [49, 122]. Since the purpose of this
study is to measure the NCQE cross section, the cross section uncertainty is not assigned for NCQE events.
Details of these cross section uncertainties are summarized in Section 6.1 of Ref. [122].

Primary interaction

Primary interaction uncertainty arises from the spectroscopic strengths of the oxygen nucleus. Com-
putation of the p3 /5 spectroscopic strength is consistent with 160 (e, e'p) experiment within 5.4% [51,94].
Therefore, the uncertainty of (ps /2)_1 state is estimated by increasing the production probabilities of this
state by 5.4%. For the others state, there is no reliable predictions as written in Section 3.2, thus the un-
certainty is conservatively estimated by comparing with an extreme case, that is the difference between the
default state ((s; /2)_1) and the ground state ((p; /2)_1). The uncertainty is taken to be the difference in the
expected number of events from the default condition to other conditions. Table 8.3 shows the production
probabilities of (p; /2)_1, (p3 /2)_1, and (s /2)_1 state and the expected number of NCQE, NC non-QE,
and CC events in each condition of the primary interaction uncertainty estimation. From this result, the pri-
mary interaction uncertainty is taken as +1.5% / —9.4%, +0.0% / —2.4%, and +1.2% / —8.0% for NﬁngE,
NXCnon-qe» and NG, respectively.

Table 8.3: Production probabilities of (py/2) ", (p3/2) ', and (s1/2) " state and the expected number of NCQE, NC
non-QE, and CC events in each condition of the primary interaction uncertainty estimation. Differences of the expected
number of events from the default condition are summarized in parentheses.

others — (s1/2)""  others = (p12)™"  (p3j2)~" x 1.054

(Default)
(pry2) " 0.1580 0.5430 0.1390
(p32) " 0.3515 0.3515 0.3705
(s1/2) " 0.4905 0.1055 0.4905
NXcar 28.7071 26.0172 (—9.4%) 29.1364 (+1.5%)
NRE on—qE 13.2721 12.9705 (—2.3%)  12.9520 (—2.4%)
NS 1.4177 13042 (—8.0%)  1.4346 (+1.2%)

Secondary interaction

As described in Section 7.3, the chi-square differences were inconclusive. Therefore, the secondary
interaction uncertainty is taken to be the difference in the expected number of events from BERT to BIC or
INCL++. The expected number of NCQE, NC non-QE, and CC events in each condition of the secondary
interaction uncertainty estimation is summarized in Table 8.4. From this result, the secondary interaction
uncertainty is taken as —30.9%, —24.3%, and —20.7% for Nﬁfg’QE, Ng’g’non_QE, and NG, respectively.

Energy cutoff

In Equation (8.1), the integral is performed between 160 MeV and 10 GeV, while the expected number
of atmospheric neutrino events is estimated using full energy range. Energy cutoff uncertainty is estimated
considering the difference of these energy range. Table 8.5 shows the expected number of NCQE, NC
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Table 8.4: The expected number of NCQE, NC non-QE, and CC events in each condition of the secondary interaction
uncertainty estimation. Differences of the expected number of events from the default condition are summarized in
parentheses.

BERT BIC INCL++
(Default)
NﬁngE 28.7071  19.8420 (—30.9%) 20.2027 (—29.6%)
fofg’non_QE 13.2721  10.1887 (—23.2%) 10.0517 (—24.3%)
Ngxcp 1.4177 1.1244 (—20.7%) 1.2173 (—14.1%)

non-QE, and CC events in each condition of the energy cutoff uncertainty estimation. Since the expected
number of events decreases by the energy cutoff, only a negative direction is considered, and the energy
cutoff uncertainty is taken as —2.1%, —1.5%, and —19.9% for N;%QE, N;XCPHOH_QE, and N7, respectively.

Table 8.5: The expected number of NCQE, NC non-QE, and CC events in each condition of the energy cutoff un-
certainty estimation. E shows the neutrino energy. Differences of the expected number of events from the default
condition are summarized in parentheses.

Full energy range E € [160 MeV, 10 GeV]

(Default)
Nﬁfg’QE 28.7071 28.1136 (—2.1%)
fog)non_QE 13.2721 13.0728 (—1.5%)
Né’ép 1.4177 1.1356 (—19.9%)

Data reduction

Table 8.6 shows the systematic uncertainties for the reduction cuts [22]. Spallation cut uncertainty
is estimated by considering the dead time caused by the spallation cut. Effwall cut uncertainty is esti-
mated from the difference in signal efficiency when the reconstructed vertex and direction are artificially
shifted and not shifted. Ring cleanliness cut, charge/hit cut, and f¢ cut uncertainties are estimated from
the difference in signal efficiency between LINAC data and MC. From Table 8.6, data reduction uncertainty

5Qreduction/IQreduction’ is calculated as

Oreduction /079012 4 022 4 1.22 + 0.7

‘ Greduction ‘

= 1.4%. 8.9)

Details of spallation cut uncertainty and effwall cut uncertainty are described in Section 10.1.11 and Sec-
tion 10.1.12 of Ref. [66], respectively. Details of ring cleanliness cut, charge/hit cut, and f¢ cut uncertainties
are described in Section 3.3 of Ref. [123] and Section 8.3.6 of Ref. [36].

Neutron tagging
Neutron tagging uncertainty is estimated by using Americium-Beryllium (Am/Be) source and BGO scin-
tillator crystals. Figure 8.3 shows the pictures and schematic views of Am/Be source and BGO scintillator
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Table 8.6: Systematic uncertainties for the reduction cuts [22].

cut systematic uncertainty
spallation cut 0.1%
effwall cut 0.1%
ring cleanliness cut 0.2%
charge/hit cut 1.2%
Oc cut 0.7%

crystals. The main reaction process of Am/Be source is

Am - B'Np +a, (8.10)
‘Be+a — 2C+n+~(4.4MeV). (8.11)

In the calibration using Am/Be source, scintillation light caused by the 4.4 MeV gamma-ray becomes the
prompt signal, and gamma-rays generated by neutron capture on Gd becomes the delayed signal. Neutron
tagging uncertainty is estimated considering the uncertainties of prompt signal selection, delayed signal
selection, settings of MC, position dependence of neutron tagging efficiency, and difference between data
and MC for neutron tagging efficiency estimated using one BGO scintillator crystal. In this study, neutron
tagging uncertainty is taken as 6.4% [40, 124]. Details of the neutron tagging uncertainty are summarized in
Section 6.5 and Section 8.4.2 of Ref. [36].

Figure 8.3: Pictures and schematic views of Am/Be source and BGO scintillator crystals [36]. Left shows the source
geometry with one BGO scintillator crystal. Right shows the source geometry with eight BGO scintillator crystals.

Others

Systematic uncertainty of spallation events is estimated considering the production rate of ?Li (see Sec-
tion 3.3.1), the °Li energy spectrum shape (see Figure 3.10), and the reduction efficiency of °Li. In this
study, systematic uncertainty of spallation events is taken as 60.0% [40]. Moreover, systematic uncertainty
of reactor neutrino events is conservatively assigned as 100.0% [40]. Due to the small event fraction, these
uncertainties are negligible. Details of these uncertainties are summarized in Section 4.3.3 and Section 4.3.4
of Ref. [123] and Section 9.2 and Section 9.3 of Ref. [36].
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The expected number of accidental coincidence events is estimated by

N = Emis X N (8.12)

Accidenta pre-ntag>

where epis (= 2.85 x 10~%) is the neutron misidentification rate [40, 124] and N°Ps ntag (= 5,447) is the

pre-
observed number of events after applying all event selections except for the Ngelayed Cut (see Section 6.4.2).

Systematic uncertainty of accidental coincidence events SN b, /INYE. | is calculated by using
systematic uncertainty of e,,;s and statistical uncertainty of Ngﬁ’es_mag, that is,
2 2
exp obs
6NAccidental _ 0€mis + 5Npre-ntag
’Nexp - o \Vobs
Accidental mis pre-ntag
= /4.42 4+ 1.42
= 4.6%. (8.13)

Due to the small event fraction, this uncertainty is also negligible.

8.3 Systematic uncertainty of the measured NCQE cross sec-
tion

Systematic uncertainty of the measured NCQE cross section is estimated by performing toy-MC con-
sidering the systematic uncertainties summarized in Section 8.2. Procedure of estimating the uncertainty is
described below.

exp exp exp exp exp exp . .
1. Make Nycqr: NVNCnon-qrs Voo » Nspattation® NVReactors A4 Naccigentar fluctuate using Gaussian

function with o of the systematic uncertainty.
2. Calculate <0§1§‘}3ﬁred> (see Equation (8.2)).

3. Repeat the above procedures for 1,000,000 times.
measured

4. 1o confidence level region from the nominal (aNCQE ) in the histogram is determined to be the
systematic uncertainty.

The result of the toy-MC is shown in Figure 8.4. From this figure, the 1o confidence level region becomes
[0.59, 1.59] x 10738 cm? /oxygen, and the measured NCQE cross section is determined as

(oRESH) = 0.74 £ 0.22(stat.) T) 12 (syst.) x 107 cm?/oxygen. (8.14)

The measured NCQE cross section, the theoretical NCQE cross section [51], and the atmospheric neu-
trino flux predicted using the HKKM11 model [68] are shown in Figure 8.5. In this figure, the theoretical
NCQE cross section O'(E)lt\?g((g]}é is displayed in the form

eor v E v E eor 1 eor
(B)noas = qué E() /zb/u Q?E() J)r 1ay(E);?CQ§ B o E T 10;(E)§10Q§, (8.15)

and the measured NCQE cross section is consistent with the flux-averaged theoretical NCQE cross section

within the uncertainties.
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fncqe (see Equation (8.3)) and the measured neutrino-oxygen NCQE cross section of previous studies
in SK and T2K are shown in Figure 8.6 and Figure 8.7, respectively. In Figure 8.7, the measured NCQE
cross section is consistent with the measurement in the SK pure water phase within the uncertainties (1.01 &
0.17(stat.) 528 (syst.) x 10738 cm? foxygen) [50]. The systematic uncertainty of measured NCQE cross
section in this study is larger than that in the measurement of the SK pure water phase. The reason is that
we take the difference of secondary interaction models into consideration, conservatively estimated by the
comparison among these models. The uncertainty will be reduced with better understanding of secondary
interaction models in future.
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Figure 8.4: Result of the toy-MC. The lo confidence level region becomes [0.59,1.59] x 1073® cm? /oxygen.
Due to the secondary interaction uncertainty, the peak position is shifted right from the nominal value (0.74 X
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Figure 8.5: The measured neutrino-oxygen NCQE cross section, the theoretical neutrino-oxygen NCQE cross sec-
tion [51], and the atmospheric neutrino flux predicted using the HKKM11 model [68]. Vertical bars show the statistical
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the theoretical NCQE cross section multiplied by the atmospheric neutrino flux.
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9 Future prospects and conclusion

9.1 Future prospects

Now we continue the observation with a 0.03% Gd-loaded SK detector, the phase known as SK-VII.
Since the neutron tagging efficiency in SK-VII is higher than that in SK-VI (35.6%) [40, 109], more delayed
signals can be detected, and the observed number of events can be accumulated faster in SK-VII than in SK-
VL. Figure 9.1 shows the expected Ngelayeq distributions in SK-VIL. In this figure, each bin of the expected
Ngelayeq distributions can be estimated as

(Ndelayed == n) = Z{(Ncapture = 7/) X zcnpn(l - p)ifn}’ (91)

where (Ngelayed = 1) is the number of events that Ngclayed = 7, (Neapture = %) is the number of events
that Neapture = 4, and p is the neutron tagging efficiency. Here, the neutron misidentification rate is not
considered. Assuming that the neutron tagging efficiency in SK-VII is 63.0% [125], the statistics (the number
of events that Ngelayeq = 1) increases by about 1.4 times with the same live time as SK-VI.

Figure 9.2 and Figure 9.3 shows the expectation of the observed number of events and the statistical
uncertainty as a function of SK-VII live time, respectively. By combining about three years of data in SK-
VII, the statistical uncertainty will be half of this work, and the secondary interaction models will be able to
be verified more precisely.

Figure 9.4 shows the expectation of the difference between the observed and expected number of events
in ¢ € [78, 90] degrees as a function of SK-VII live time. This difference is estimated using the observed
and expected number of events summarized in Table 7.3. As shown in this figure, BERT is now ~2.2¢0 away
from the data. By combining one year of data in SK-VII, BERT will be more than 30 away from the data.
Furthermore, the evaporation model can be determined at 50 by combining about four years of data in SK-
VII. Once the evaporation model is determined, the secondary interaction uncertainty is reduced, resulting
that the systematic uncertainty of measured NCQE cross section is reduced.

Additional measurement using T2K’s accelerator neutrino beam interactions in SK-Gd will help further
refining the physics models for the secondary interactions.
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Figure 9.1: Expected Ngelayed distributions in SK-VII. Black plots show the distribution of the number of true neutron
captures (Ncapture) before applying neutron tagging without any scalings. Blue plots show the Nqelayeq distribution af-
ter applying neutron tagging without any scalings in this study. Green line, red line, and magenta line show the Ngclayed
distribution estimated from the Ncapture distribution assuming that neutron tagging efficiency is 35.6%, 53.4%, and
63.0%, respectively. 35.6% comes from the neutron tagging efficiency in SK-VI [40, 109]. 53.4% comes from the as-
sumption that neutron tagging efficiency in SK-VII becomes 1.5 times higher than that in SK-VI [125]. 63.0% comes
from the assumption of using the Multi-Layer (ML) neural networks in SK-VII [125].
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Figure 9.2: Expectation of the observed number of events as a function of SK-VII live time. Here, it is assumed that
the neutron tagging efficiency in SK-VII is 63.0% [125].
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Figure 9.4: Expectation of the difference between the observed and expected number of events in ¢ € [78, 90] degrees
as a function of SK-VII live time. This difference is estimated using the observed and expected number of events
summarized in Table 7.3. As for the observed number of events, statistical uncertainty is considered for this estimation.
As for the expected number of events, systematic uncertainties other than secondary interaction are considered for this
estimation. Here, it is assumed that the neutron tagging efficiency in SK-VII is 63.0% [125].
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9.2 Conclusion

We performed the comparison of secondary interaction models using atmospheric neutrino events and
the measurement of the atmospheric neutrino-oxygen NCQE cross section using 552.2 days of SK-VI data
with 0.011% Gd-loaded water. Since the backgrounds in this study are the same as those in the DSNB
search, event selections in the DSNB search were mainly adopted. Moreover, since multiple gamma-rays
and multiple neutrons are easily emitted in NCQE events, we selected the events that O¢ is greater than 50
degrees and Ngelayeq 18 greater or equal to one.

After applying all event selections to 552.2 days of SK-VI data, 38 events remained. In order to under-
stand which secondary interaction model reproduces the observed data, we calculated the chi-square for ¢,
Eyis, and Ngelayeq distributions using the Poisson-likelihood. As a result, due to the small statistics, the chi-
square could not give conclusive results; however, the chi-square values were smaller for BIC and INCL++
than for BERT in all distributions. The results suggest that the evaporation model used in BIC and INCL++
reproduces the observed data better than that used in BERT. Furthermore, we measured the atmospheric
neutrino-oxygen NCQE cross section using the atmospheric neutrino flux-averaged theoretical NCQE cross
section, the observed number of events, and the expected numbers of events. As a result, the NCQE cross
section was measured to be 0.74 + 0.22(stat.)f8:§§(syst.) x 1073 ecm? /oxygen in the energy range from
160 MeV to 10 GeV, which was consistent with the atmospheric neutrino flux-averaged theoretical NCQE

0738 cm? /oxygen) and the measured NCQE cross section in the SK pure-water phase

cross section (1.02 x 1
(1.0140.17(stat.) T5-75 (syst.) x 10738 cm?/oxygen). The large systematic uncertainty mainly comes from
the difference of secondary interaction models.

Now we continue the observation with a 0.03% Gd-loaded SK detector, the phase known as SK-VII.
Assuming that the neutron-tagging efficiency in SK-VII is 63.0%, the statistics increases by about 1.4 times
with the same live time as SK-VI, and the statistical uncertainty will be half of this work by combining about
three years of data in SK-VII. Moreover, when we focus on the observed and expected number of events in
Oc € [78, 90] degrees, BERT is now ~2.2¢ away from the data. By combining about four years of data in
SK-VII, the evaporation model can be determined at 50. Once the evaporation model is determined, the sec-
ondary interaction uncertainty is reduced, and the systematic uncertainty of measured NCQE cross section

is significantly reduced.
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A Chi-square using the Poisson-likelihood

L(zx,y) is defined as

L(z,y) =
=1

P (A.D)

where bin is the number of bins in a histogram. The chi-square using the Poisson-likelihood x? is calculated
as

L(n, )
L(n,n)
= —2{lnL(n,u) —InL(n,n)}

bin n; bin N
—2<¢1n Hi e "] —In H LM

=1 =1

bin bin

bin bin
= [Z {ln )+ In(e ) — In(n,! } Z {ln ) +In(e™ ") — ln(m!)}]

=1

X2 = —2In

bin bin
= -9 [Z {nz Inp; — pg — ln(ni!)} — Z {nZ Inn; —n; — ln(ni!)}]
i=1 i=1
bin
= -9 Z {nl In p; — pi — In(ng!) —nilnn; +n; + ln(ni!)}
i=1

bin
- 2Z<m—ni+niln@>, (A2)

i=1 Hi

where 7 is the observed number of events and ;. is the expected number of events®.

8Even if the chi-square using the Poisson-likelihood is defined as x2 = —21In L(n, u), Equation (A.2) is derived by using the
Stirling’s approximation (In(n!) ~ nlnn — n).
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B Other distributions

B.1 Simulation

Other distributions related to Section 3 are summarized here.
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Figure B.1: Energy of atmospheric neutrinos that induced neutrino-nucleus interactions. These figures were made
using 500 years’ worth of atmospheric neutrino events.
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B. Other distributions
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500 years’ worth of atmospheric neutrino events.
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Figure B.3: Energy of gamma-rays generated by neutrino-nucleus interactions. These figures were made using 500
years’ worth of atmospheric neutrino events.
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Figure B.4: The number of neutrons generated by neutrino-nucleus interactions. These figures were made using 500
years’ worth of atmospheric neutrino events.
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Figure B.5: Kinetic energy of neutrons generated by neutrino-nucleus interactions. These figures were made using 500
years’ worth of atmospheric neutrino events.
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B.2 Event selection

Other distributions related to Section 6 are summarized here.
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Figure B.7: Timing of delayed signals. Black plots show the data that Ngclayea = 1. Red area shows the accidental
coincidence events. Blue line shows the fitted exponential distribution (pg exp(—z/p1) + p2). In this distribution,
po = 7.646 + 2.470 and p; = 198.5 4+ 62.1 [us]. The constant term (p2) was fixed at the number of accidental
coincidence events per bin (= 1.5524/9) during the fitting.
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Figure B.8: NCQE cumulative signal efficiencies as a function of neutrino energy. Event reductions are performed in
the order shown in the legend, and before the reduction for spallation events is taken as 100%.



118 B. Other distributions

s/Vs+B
(2]
T

w
||||||||||||||||||||||||.||||

IIII|IIII|I1II|IIII|IIII|IIII

10 20 30 40 50 60 70 80 90
Cut point of 8. [degree]

OO

Figure B.9: Singal-to-background ratio. Horizontal axis shows the ¢ cut point. Vertical axis shows the singal-to-
background ratio S/+/S + B, where S is the expected number of NCQE events and B is the expected number of
events, including CC, spallation, reactor neutrino, and accidental coincidence.

||||IIIII||||||||||||||||||||||||||||||J|||||

|IIII|IIII|IIIflIIII|IIII|IIII|IIII|IIII|IIII

o
3]

10 20 30 40 50 60 70 80
Cut point of 8. [degree]

OO
©

0

Figure B.10: Singal-to-background ratio. Horizontal axis shows the 6¢ cut point. Vertical axis shows the singal-to-
background ratio S/+v/S + B, where S is the expected number of NCQE events and B is the expected number of
events, including NC non-QE, CC, spallation, reactor neutrino, and accidental coincidence.



119

" Distance from the ID wall (1. after precut) Distance from the ID wall (2. after spallation cut)
2 F T T T T T T T T T g T T T T T T T T T =
5 F —— § 7000 —— e a3
3 so— 3 [IRp—
5 F saoe a5 5 som mas o
* r — #6000 —
20— . E
- 5000 —
r —— E
30— 4000 —
o —— ]
o — 3000 =
20— ]
C —— ]
E —— 2000 3
10— —— E
r —— 1000 —
o —— ]
—— =
oL | | | | 1 1 (e’ o =
200 400 600 800 1000 1200 1400 1600 180 000 800 1000 1200 1400 0! 80 0
Distance from the ID wall [cm] Distance from the ID wall [cm]
Distance from the ID wall (3. after effwall cut) Distance from the ID wall (4. after pre-activity cut)
g C T T T T T T T LI A T " g T T T T T T T T T
5 - ‘ s 13 5 ‘
3 25001~ wwom mar 5 2500 R swom s
r —— ——
2000~ - 2000 ——
F —— ——
1500 p— 1500
o —_ ——
F — ——
1000— 1000
- —— ——
- — ——
500f— —— 500 ——
F —— ——
- —— ——
- 1 1 1 1 1 1 0
200 400 600 800 1000 1200 1400 1600 1800 2000 q 200 400 600 800 1000 1200 1400 1600 180! 000
Distance from the ID wall [cm] Distance from the ID wall [cm]
Distance from the ID wall (5. after post-activity cut) Distance from the ID wall (6. after ring cleanliness cut)
g F T T T T T T T T T g T T T T T T T T T
5 F § 2500 '
S 2500— Mon 5829+ 2345 3 Mo 525 240
° o — suoer 20 ° —— s 0ev 39
F - 2000 -
2000f— - —
F — 1500 -
1500 p—
r —— ——
- — ——
1000f— 1000
o ——
C ——
500— ——
o ——
o ——
- 1 1 1 1 1 1 0
200 400 600 800 1000 1200 1400 1600 1801 000 g 200 400 600 800 1000 1200 1400 1600 1801 000
Distance from the 1D wall [cm] Distance from the ID wall [cm]
Distance from the ID wall (7. after charge/hit cut) Distance from the ID wall (8. after 8, cut)
E 2500 F T T T T T T T T T % C T T T T T T T T T ]
— s 15 s sur
PE ; R
K o @ 1000/ Mo 5007 40
s F — S s ° E S 0e E
2000f— - L 4
F - 800|— —
C L —+ ]
1500|— —— o -+ -
o 600|— —
C N ]
1000~ —— F B
- 400|— —
C —— L ]
C —— C ]
500[— 200f— -
- —— r ]
C . I ]
oL | | | | 1 1 = o
200 400 600 800 1000 1200 1400 1600 000 200 400 600 800 1000 1200 1400 1600 000
Distance from the 1D wall [cm] Distance from the 1D wall [cm]
Distance from the ID wall (9. after N delayed cut)
g C T T T T T T T ~
2 ME R
5 E saver wes
® 1
of- Data
8l—
6f—
E Acc
: + H .
2f—
0 - —— L L 1 1
200 400 600 800 1000 1200 1400 1600 180 000

Distance from the ID wall [cm]

Figure B.11: Distance form the ID wall for the data and accidental coincidence events. Event reductions are performed
in the order shown in the title.
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Figure B.12: Distance form the ID wall for atmospheric neutrino events. Event reductions are performed in the order
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Figure B.14: d.g for the data and accidental coincidence events. Event reductions are performed in the order shown in

the title.
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Figure B.15: d.g for atmospheric neutrino events. Event reductions are performed in the order shown in the title.
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Figure B.17: Ngecay-e for the data and accidental coincidence events. Event reductions are performed in the order
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B. Other distributions
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Figure B.18: Ngccay- for atmospheric neutrino events. Event reductions are performed in the order shown in the title.
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Figure B.21: L), for atmospheric neutrino events. Event reductions are performed in the order shown in the title.



130

B. Other distributions

# of events

# of events

# of events

# of events

# of events

Figure B.22:

L. (1. after precut)
T

o~ -
sof—~ -
o -
30~ -
20~ -
10~ -
0, . 1 1 A 1 1 1 1 1 1 -
01 0z 03 04 05 06 07 08 09 1

Lc\e

L. (3. after effwall cut)

T T T T T T T T T =

I I J EYor) I I L I I e
01 0z 03 04 05 06 07 08 09 1

me

L. (5. after post-activity cut)

T T T T T T T T T =

I I L I I I I I 3
01 02 04 05 06 07 08 09 1

Lc\e

L. (7. after charge/hit cut)

T T T T T T T T T =

I I I I I I I E
01 02 05 06 07 08 09 1

Lc\e

Laie (9- after Nygjayeq CU)

F T T T T T T T T T 3
.12~ -
01— -
0.08f— -
0.06f— -
0.04f— -
0.0z~ -
oL | 1 ;]IVH\.. 0l 1 1 L 1 1 ]
01 0z 03 04 05 06 07 08 09 1

L e

L) for spallation, reactor neutrino,

shown in the title.

and DSNB events. Event reductions are performed in the order

#of events,

# of events

#of events

#of events

L (2. after spallation cut)

22

~

18
16
14
12

o

08
0.6
0.4
0.2

)

L. (4. after pre-activity cut)

N

1.

®

1.

o

1.

n

1.

e N

0.

o

06
04

0.2

o

~

18
16

1.

N

1.

i

=

08
0.6

0.

IS

0.

N

o

L. (6. after ring cleanliness cut)

~

Lge (8. after 6 cut)

DSNB (Horiuchi+09 6-MeV, Maximum)

\:| Reactor-v

°Li

-



131

1 Qg / N (1. after precut) Qo / Ny, (2. after spallation cut)
T T T T

2500

#of events.
#of events,

S

2000 .o

1000

500

— 1500

3 Y
Qsp/Ngo Qs

Z

Qo / Ny, (3. after effwall cut) Qg / Ny, (4. after pre-activity cut)
T T T T T T T T T T T T T T T T T

2000

1800

# of events
# of events

* e

1600

1400

1200

1000

801

3

60

3

40

3

201

3

o

Q;, / Ny, (5. after post-activity cut) Qs, / Ny, (6. after ring cleanliness cut)
T T T T T T T T T T T T T T

1800

# of events
#of events

1600 *’ e o
1400
1200
1000

80

3

60!

3

40

3

20

3

o

Qg, / N, (7. after charge/hit cut)
T T T T T T

700 T T
1800

T[T
-

60!

3

# of events
#of events

501

3

-
-

40

3

300

3

20

3

100

- -
R JETTIITIT1 IRATL ARTL FRRT ATAT

Z

Qs

Qo / N (9. after Ngejqyeq CUL)
T T T T T

# of events

S
Qsp/ Ny

Figure B.23: @50/N5o for the data and accidental coincidence events. Event reductions are performed in the order
shown in the title.
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B. Other distributions
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B. Other distributions
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Figure B.27: 6 for atmospheric neutrino events. Event reductions are performed in the order shown in the title.
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Figure B.29: E; for the data and accidental coincidence events. Event reductions are performed in the order shown
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Figure B.30: E,;s for atmospheric neutrino events. Event reductions are performed in the order shown in the title.



139

E;s (1. after precut) E ;s (2. after spallation cut)
2 T T T T T T T T T T 3 2 ET T T T T T T T T T
2 E g d
: E g 1
3 3 3 E
5 E 5 =
* = b
E s~
E 6~
E af=
E A
ok 1 1 1 1 1 1 1 1 L 1 E
8 10 12 14 16 18 20 22 24 2 28
Eys [Mev]
E ;s (3. after effwall cut)
g :I T T T T T T T T T T E g :I T T T T T T T T T T ]
5 12 — =] 5 12 — -
= o ] " o ]
10— - 10— —
oF = & =
F - o~ -
= 2 =
- S -
I LT ERE T} N 1 ] FEFE LYECE T TR RPN Ny
22 24 26 28 24 26 28
E,s [MeV] E s [MeV]
E ;s (5. after post-activity cut) E, (6. after ring cleanliness cut)
g :I T T T T T T T T T T ] g ET T T T T T T T T T T -
s LF E s 3
5 12 — =] 5 - -
3 . m # C .
10 :— —: o -
s - 8 -
[y - 6 :— _:
= 3 o =
r - 2 -3
dea- e 2w 1edeyerd
28 28
E; [MeV] E, s [MeV]
E;s (7. after charge/hit cut) E,;s (8. after 6 cut)
E FT T T T T T T T T T T J E T T T T T T T T T T
§ F ] 5
3 12— — 3
5 o 1 5
= o ] =
10— —
Pl . 12 ;—
] =
= 08
- 06
. 04—
 NERETI SRR Ny Faidedocneal Il L 1 L 1
24 26 28 12 14 16 18 20 22 24 26 28
Eys [MeV] E,s [MeV]
g T T T 3
g ]
H s
5 7 :
* E : DSNB (Horiuchi+09 6-MeV, Maximum)
E \:| Reactor-v
] 9 .
E Li
1 1 L ]
24 28
E,. [MeV]

Figure B.31: E,;s for spallation, reactor neutrino, and DSNB events. Event reductions are performed in the order
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Figure B.33: Ngclayed for atmospheric neutrino events. Event reductions are performed in the order shown in the title.
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Figure B.35: Distance from prompt signal to delayed signal (Ngelayea = 1) for the data and accidental coincidence
events. Event reductions are performed in the order shown in the title.
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B. Other distributions

Figure B.36: Distance from prompt signal to delayed signal (Ngelayeda = 1) for atmospheric neutrino events
reductions are performed in the order shown in the title.
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Figure B.37: Distance from prompt signal to delayed signal (Ngelayea = 1) for spallation, reactor neutrino, and DSNB
events. Event reductions are performed in the order shown in the title.
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B.3 Comparison of secondary interaction models

Other distributions and tables related to Section 7 are summarized here.
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Figure B.38: The number of generated neutrons per process after neutrino-proton NCQE reactions. Top, top middle,
bottom middle, and bottom figure shows the case of BERT, BERT with the Geant4 pre-compound model, BIC, and
INCL++, respectively. Horizontal axis shows processes that generated neutrons (neutron inelastic scattering, proton
inelastic scattering, 7 inelastic scattering, 7~ inelastic scattering, ;= capture, 7 capture, gamma-nuclear interaction,
and others).
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Figure B.39: The number of generated neutrons per process after neutrino-neutron NCQE reactions. Top, top middle,
bottom middle, and bottom figure shows the case of BERT, BERT with the Geant4 pre-compound model, BIC, and
INCL++, respectively. Horizontal axis shows processes that generated neutrons (neutron inelastic scattering, proton
inelastic scattering, 7 inelastic scattering, 7~ inelastic scattering, ;= capture, 7~ capture, gamma-nuclear interaction,
and others).
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Figure B.40: The number of generated neutrons per process after antineutrino-proton NCQE reactions. Top, top
middle, bottom middle, and bottom figure shows the case of BERT, BERT with the Geant4 pre-compound model,
BIC, and INCL++, respectively. Horizontal axis shows processes that generated neutrons (neutron inelastic scattering,
proton inelastic scattering, 7 inelastic scattering, 7~ inelastic scattering, p~ capture, 7~ capture, gamma-nuclear
interaction, and others).
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Figure B.41: The number of generated neutrons per process after antineutrino-neutron NCQE reactions. Top, top
middle, bottom middle, and bottom figure shows the case of BERT, BERT with the Geant4 pre-compound model,
BIC, and INCL++, respectively. Horizontal axis shows processes that generated neutrons (neutron inelastic scattering,
proton inelastic scattering, 7 inelastic scattering, 7~ inelastic scattering, p~ capture, 7~ capture, gamma-nuclear
interaction, and others).
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Figure B.42: The number of neutrons generated after NCQE reactions. Top, top middle, bottom middle, and bottom
figure shows the case of neutrino-proton, neutrino-neutron, antineutrino-proton, and antineutrino-neutron NCQE reac-
tions, respectively. Black, green, red, and blue line shows the case of BERT, BERT with the Geant4 pre-compound
model, BIC, and INCL++, respectively.
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Figure B.43: The total number of neutrons. Top, top middle, bottom middle, and bottom figure shows the case of
neutrino-proton, neutrino-neutron, antineutrino-proton, and antineutrino-neutron NCQE reactions, respectively. Black,
green, red, and blue line shows the case of BERT, BERT with the Geant4 pre-compound model, BIC, and INCL++,
respectively.
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Figure B.44: The number of neutron captures. Top, top middle, bottom middle, and bottom figure shows the case of
neutrino-proton, neutrino-neutron, antineutrino-proton, and antineutrino-neutron NCQE reactions, respectively. Black,
green, red, and blue line shows the case of BERT, BERT with the Geant4 pre-compound model, BIC, and INCL++,

respectively.
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Figure B.45: The number of neutron inelastic scattering reactions. Top, top middle, bottom middle, and bottom figure
shows the case of neutrino-proton, neutrino-neutron, antineutrino-proton, and antineutrino-neutron NCQE reactions,

respectively. Black, green, red, and blue line shows the case of BERT, BERT with the Geant4 pre-compound model,
BIC, and INCL++, respectively.



154 B. Other distributions

# of generated y / n inel. scat. (v-p NCQE)

| X
<

§ . T T T T T T T T T T T T T T T T T T T T p—
i = —— BERT =
c 0 —
3 = BERT (pre-compound) 3
= —— BIC =
20 — — INCL++ —
15 — —
10 — —
5 — —
E_. L L L 1 L L L 1 — 1 L L L 1 L L L T
0 0 2 7 3 B 10
# of generated y / n inel. scat.
- # of generated y / n inel. scat. (v-n NCQE)
= T T T T T T T T T T T T T T T T T T T T —
it - -
2 120 — —
2 —]
c - -
s 100 — —
I* — —
80 — —
60 — —
a0 f— —
'E ——% E
I L L L 1 L L L 1 I L L 1 L L L I
0 0 2 ) 3 B 10
# of generated y / n inel. scat.
1 # of generated y / n inel. scat. (V-p NCQE)
o ‘m— T T T T T T T T T T T T T —
8
@ 12 i
2 = -
c — —]
5 10 f— —
# — ]
8 [— —
6 — —
a2 — —
2 — —1
I L L L 1 L L L 1 — 1 L L L 1 L L L I
0 0 2 4 6 8 10
# of generated y / n inel. scat.
1 # of generated y / n inel. scat. (V-n NCQE)
o =T T T T T T T T T T T T T T —
it = —]
2 40 — —
T = =
= 35 — E
5 = =
#* — 3
30 /— —
25 — —
20 — —
15 — —
10 — —
5 E— —
E 1 1 1 1 =

" " " " " " " " " " " " 1
o z N ° ¢ # of generated y / n ilr?e\. scat
Figure B.46: The number of generated gamma-rays per neutron inelastic scattering reaction. Top, top middle, bottom
middle, and bottom figure shows the case of neutrino-proton, neutrino-neutron, antineutrino-proton, and antineutrino-
neutron NCQE reactions, respectively. Black, green, red, and blue line shows the case of BERT, BERT with the Geant4
pre-compound model, BIC, and INCL++, respectively.
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Figure B.47: The number of gamma-rays generated by neutron inelastic scattering reactions. Top, top middle, bottom
middle, and bottom figure shows the case of neutrino-proton, neutrino-neutron, antineutrino-proton, and antineutrino-
neutron NCQE reactions, respectively. Black, green, red, and blue line shows the case of BERT, BERT with the Geant4
pre-compound model, BIC, and INCL++, respectively.
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Figure B.48: Energy of gamma-rays generated by neutron inelastic scattering reactions. Top, top middle, bottom
middle, and bottom figure shows the case of neutrino-proton, neutrino-neutron, antineutrino-proton, and antineutrino-
neutron NCQE reactions, respectively. Black, green, red, and blue line shows the case of BERT, BERT with the Geant4
pre-compound model, BIC, and INCL++, respectively.
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Figure B.49: Total energy of gamma-rays generated by neutron inelastic scattering reactions. Top, top middle, bottom
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neutron NCQE reactions, respectively. Black, green, red, and blue line shows the case of BERT, BERT with the Geant4

pre-compound model, BIC, and INCL++, respectively.
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Table B.1: The number of neutrons generated by each process (top), the total number of neutrons and neutron captures
(center), and the number of gamma-rays (bottom) in the case of neutrino-proton NCQE reactions. The numbers of
primary neutrons and primary gamma-rays are common among secondary interaction models.

v-p NCQE (150,214 events) BERT BERT BIC INCL++
(pre-compound)
neutron inelastic scattering 26,363 19,216 18,936 15,845
proton inelastic scattering 21,253 17,614 22,485 20,159
7T inelastic scattering 186 191 148 143
7~ inelastic scattering 137 128 161 122
W~ capture 0 0 5 2
7~ capture 757 704 864 837
gamma-nuclear interaction 20 11 22 27
others 61 46 11 592
The number of generated neutrons 48,777 37,910 42,632 37,727
The number of generated neutrons per event 0.3247 0.2524  0.2838 0.2512
v-p NCQE (150,214 events) BERT BERT BIC INCL++
(pre-compound)
The number of primary neutrons 67,105 67,105 67,105 67,105
The number of generated neutrons 48,777 37,910 42,632 37,727
The total number of neutrons 115,882 105,015 109,737 104,832
The number of neutron captures 108,839 95,445 95,764 94,176
The number of primary neutrons per event 0.4467 0.4467  0.4467 0.4467
The number of generated neutrons per event 0.3247 0.2524  0.2838 0.2512
The total number of neutrons per event 0.7714 0.6991  0.7305 0.6979
The number of neutron captures per event 0.7246 0.6354  0.6375 0.6269
v-p NCQE (150,214 events) BERT BERT BIC INCL++
(pre-compound)
The number of primary gamma-rays 57,996 57,996 57,996 57,996
The number of n inel. scat. 78,045 76,194 73,851 70,923
The number of gamma-rays per n inel. scat. 2.1776 0.9422  0.9477 0.9803
The number of gamma-rays by n inel. scat. 169,947 71,788 69,987 69,524
The number of primary gamma-rays per event 0.3861 0.3861  0.3861 0.3861
The number of n inel. scat. per event 0.5196 0.5072  0.4916 0.4721

The number of gamma-rays by n inel. scat. per event  1.1314 0.4779  0.4659 0.4628
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Table B.2: The number of neutrons generated by each process (top), the total number of neutrons and neutron captures
(center), and the number of gamma-rays (bottom) in the case of neutrino-neutron NCQE reactions. The numbers of
primary neutrons and primary gamma-rays are common among secondary interaction models.

v-n NCQE (116,031 events) BERT BERT BIC INCL++
(pre-compound)
neutron inelastic scattering 110,049 82,016 76,597 66,201
proton inelastic scattering 6,497 5,087 7,392 5,894
7T inelastic scattering 90 62 76 70
7~ inelastic scattering 413 380 474 470
W~ capture 1 9 8 7
T capture 2,712 2,668 2,829 2,995
gamma-nuclear interaction 30 20 23 20
others 93 77 29 1,103
The number of generated neutrons 119,885 90,319 87,428 76,760
The number of generated neutrons per event 1.0332 0.7784  0.7535 0.6615
v-n NCQE (116,031 events) BERT BERT BIC INCL++
(pre-compound)
The number of primary neutrons 154,978 154,978 154,978 154,978
The number of generated neutrons 119,885 90,319 87,428 76,760
The total number of neutrons 274,863 245,297 242,406 231,738
The number of neutron captures 255,807 217,113 205,968 202,607
The number of primary neutrons per event 1.3357 1.3357  1.3357 1.3357
The number of generated neutrons per event 1.0332 0.7784  0.7535 0.6615
The total number of neutrons per event 2.3689 2.1141  2.0891 1.9972
The number of neutron captures per event 2.2046 1.8712  1.7751 1.7461
v-n NCQE (116,031 events) BERT BERT BIC INCL++
(pre-compound)
The number of primary gamma-rays 59,612 59,612 59,612 59,612
The number of n inel. scat. 263,957 258,553 230,736 224,076
The number of gamma-rays per n inel. scat. 2.1518 0.8437  0.8348 0.8524
The number of gamma-rays by n inel. scat. 567,986 218,135 192,614 191,012
The number of primary gamma-rays per event 0.5138 0.5138  0.5138 0.5138
The number of n inel. scat. per event 2.2749 2.2283  1.9886 1.9312

The number of gamma-rays by n inel. scat. per event  4.8951 1.8800  1.6600 1.6462
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Table B.3: The number of neutrons generated by each process (top), the total number of neutrons and neutron captures
(center), and the number of gamma-rays (bottom) in the case of antineutrino-proton NCQE reactions. The numbers of
primary neutrons and primary gamma-rays are common among secondary interaction models.

v-p NCQE (70,695 events) BERT BERT BIC INCL++
(pre-compound)
neutron inelastic scattering 8,730 6,184 6,227 5,343
proton inelastic scattering 6,991 5,590 7,364 6,495
7T inelastic scattering 55 53 51 63
7~ inelastic scattering 24 15 35 38
p~ capture 0 0 0 0
T~ capture 232 252 263 219
gamma-nuclear interaction 6 7 10 11
others 16 17 1 168
The number of generated neutrons 16,054 12,118 13,951 12,337
The number of generated neutrons per event 0.2271 0.1714 0.1973 0.1745
v-p NCQE (70,695 events) BERT BERT BIC INCL++
(pre-compound)
The number of primary neutrons 28,958 28,958 28,958 28,958
The number of generated neutrons 16,054 12,118 13,951 12,337
The total number of neutrons 45,012 41,076 42909 41,295
The number of neutron captures 42,327 37,208 37,587 37,208
The number of primary neutrons per event 0.4096 0.4096 0.4096 0.4096
The number of generated neutrons per event 0.2271 0.1714 0.1973 0.1745
The total number of neutrons per event 0.6367 0.5810 0.6070  0.5841
The number of neutron captures per event 0.5987 0.5263 0.5317 0.5263
v-p NCQE (70,695 events) BERT BERT BIC INCL++
(pre-compound)
The number of primary gamma-rays 26,774 26,774 26,774 26,774
The number of n inel. scat. 28,557 27,634 26,734 25,778
The number of gamma-rays per n inel. scat. 2.1770 0.9886 0.9731 1.0061
The number of gamma-rays by n inel. scat. 62,170 27,319 26,014 25,936
The number of primary gamma-rays per event 0.3787 0.3787 0.3787 0.3787
The number of n inel. scat. per event 0.4039 0.3909 0.3782 0.3646

The number of gamma-rays by n inel. scat. per event 0.8794 0.3864 0.3680 0.3669
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Table B.4: The number of neutrons generated by each process (top), the total number of neutrons and neutron captures
(center), and the number of gamma-rays (bottom) in the case of antineutrino-neutron NCQE reactions. The numbers
of primary neutrons and primary gamma-rays are common among secondary interaction models.

7-n NCQE (46,344 events) BERT BERT BIC INCL++
(pre-compound)
neutron inelastic scattering 32,887 23,921 22,822 19,638
proton inelastic scattering 1,554 1,322 1,871 1,492
7T inelastic scattering 18 16 22 9
7~ inelastic scattering 64 69 115 92
W~ capture 9 0 2 3
7~ capture 520 531 592 642
gamma-nuclear interaction 8 4 6 3
others 26 29 4 301
The number of generated neutrons 35,086 25,892 25,434 22,180
The number of generated neutrons per event 0.7571 0.5587 0.5488 0.4786
7-n NCQE (46,344 events) BERT BERT BIC INCL++
(pre-compound)
The number of primary neutrons 59,794 59,794 59,794 59,794
The number of generated neutrons 35,086 25,892 25,434 22,180
The total number of neutrons 94,880 85,686 85,228 81,974
The number of neutron captures 88,373 75,952 71,768 71,492
The number of primary neutrons per event 1.2902 1.2902 1.2902 1.2902
The number of generated neutrons per event 0.7571 0.5587 0.5488 0.4786
The total number of neutrons per event 2.0473 1.8489 1.8390 1.7688
The number of neutron captures per event 1.9069 1.6389 1.5486 1.5426
v-n NCQE (46,344 events) BERT BERT BIC INCL++
(pre-compound)
The number of primary gamma-rays 23,678 23,678 23,678 23,678
The number of n inel. scat. 87,695 86,394 77,698 76,027
The number of gamma-rays per n inel. scat. 2.1629 0.8611 0.8529 0.8782
The number of gamma-rays by n inel. scat. 189,679 74,391 66,271 66,765
The number of primary gamma-rays per event 0.5109 0.5109 0.5109 0.5109
The number of n inel. scat. per event 1.8923 1.8642 1.6765 1.6405
The number of gamma-rays by n inel. scat. per event ~ 4.0928 1.6052 1.4300 1.4406
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B.4 Measurement of NCQE cross section in SK-Gd

Other distributions related to Section 8 are summarized here.
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Figure B.50: The comparison of the number of gamma-rays generated by neutrino-nucleus interaction. The red line
shows the case of including others state into (s; /2)’1 state. The blue line shows the case of including others state into
(p1/2) " state. The green line shows the case of increasing (ps/2) " state by 5.4%. These figures were made using
500 years’ worth of atmospheric neutrino events.



163

0 E,i, Of primary y (All) 0 E,i of primary y (CCQE-like)
L F T T T T T T T T T = £ o T T T T T T T T T =
5 700~ — 5 400 —
* F 3 * E =
o 3 mE 3
E E 300~ =
500~ — E E
E E 250~ =
400 — — E 3
E = 200~ =
300~ — F =
E = 150 — —
200~ - E E
E = 00— =]
50— -
oE | ditt E
2 4 6 8 10 12 14 16 18 2
[MeV]

. E,i, of primary y (CC1m) & E,i, Of primary y (CC-other)
% 90:_ T T T T T T T T T _: g sof~ T T T T T T T T T =
5 E E 5 E E
* E = #* = =
OE E o~ —
70E- = o =
E E 60— —
60~ - E 3
= = 50— =
50— - E =
E = a0 —
40— — E E
E E 30~ -
30— - E E
E_ = 20 =
= = 10~ —
E [l L 1 L 1 3 oE 1 L 1 L L 3
10 12 14 16 18 2 0 10 12 14 16 18 20
[MeV] [MeV]

0 E,i Of primary y (v-NCQE) ¢ E,, of primary y (V-NCQE)
L F T T T T T T T T T E £ F T T T T T T T T T ]
% E — 30— i
“F E sE- E
50— - E E
E E 2= 3
a0 - F .
E = 15— —
£ = — o 7
E E 10~ =
E s -
oE 3
2 4 6 8 10 12 14 16 18 2
[Mev]

W E, Of primary y (NC1 ) & E,, of primary y (NC-other)
B e e e L I A S A A B A I I A
. o ] & 2 —
25:— _: 20— =
o ] 18— —
20— = 16— -
F E uE- -
15— - 12 =
s ] of- -
10~ - E =
s - E 5
oL oy [l I I I I ] E 1 I I 1 I 3
2 4 6 10 12 14 16 18 2 10 12 14 16 18 20
[MeV] [MeV]

Figure B.51: The comparison of energy of gamma-rays generated by neutrino-nucleus interaction. The red line shows
the case of including others state into (s; /2)’1 state. The blue line shows the case of including others state into
(p1 /2)_1 state. The green line shows the case of increasing (ps3 /2)_1 state by 5.4%. These figures were made using
500 years’ worth of atmospheric neutrino events.
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Figure B.52: The comparison of the number of neutrons generated by neutrino-nucleus interaction. The red line shows
the case of including others state into (s; /2)’1 state. The blue line shows the case of including others state into
(p1 /2)_1 state. The green line shows the case of increasing (ps3 /2)_1 state by 5.4%. These figures were made using
500 years’ worth of atmospheric neutrino events.
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Figure B.53: The comparison of energy of neutrons generated by neutrino-nucleus interaction. The red line shows the
case of including others state into (s1/5) " state. The blue line shows the case of including others state into (p; /2)*1
state. The green line shows the case of increasing (ps3 /2)_1 state by 5.4%. These figures were made using 500 years’

worth of atmospheric neutrino events.
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