Measurement of the branching ratio of N, °C, 2B, and '*B isotopes
through the nuclear muon capture reaction in the Super-Kamiokande detector
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The Super-Kamiokande detector has measured solar neutrinos for more than 25 years. The sensi-
tivity for solar neutrino measurement is limited by the uncertainties of energy scale and background
modeling. Decays of unstable isotopes with relatively long half-lives through nuclear muon capture,
such as '°N, 15C, 2B and 3B, are detected as background events for solar neutrino observations.
In this study, we developed a method to form a pair of stopping muon and decay candidate events
and evaluated the production rates of such unstable isotopes. We then measured their branching
ratios considering both their production rates and the estimated number of nuclear muon cap-
ture processes as Br(*®N) = (9.0 £ 0.1)%, Br(**C) = (0.6 + 0.1)%, Br(**B) = (0.98 & 0.18)%,
Br(**B) = (0.14 £ 0.12)%, respectively. The result for N has world-leading precision at present
and the results for 1°C, B, and '®B are the first branching ratio measurements for those isotopes.
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I. INTRODUCTION
A. Solar neutrinos in the Super-Kamiokande

In the last 50 years, solar neutrinos have been mea-
sured by several experiments [1-16]. Through solar neu-
trino measurements by the Super-Kamiokande(SK) and
SNO experiments, flavour conversion of solar neutrinos
was discovered, leading to the confirmation of neutrino
oscillation [6, 7]. The next targets in furthering our un-
derstanding of neutrino oscillation are the searches for
the matter effect of solar neutrino oscillation, such as the
MSW effect in the Sun predicted by Mikheyev, Smirnov,
and Wolfenstein [17, 18], and the day/night flux asym-
metry induced by the matter effect in the Earth [19-24].

The SK detector has precisely measured the flux of B
solar neutrinos and its energy spectrum for more than
25 years since 1996 by selecting recoiled electron events
via elastic scattering of solar neutrinos [25-29]. By ana-
lyzing the Cherenkov light pattern from the recoil elec-
tron, the SK detector can reconstruct the time of elas-
tic scattering, as well as the direction and the energy of
the scattered electron. These measurements allow us to
search for the MSW effect and the day/night flux asym-
metry of solar neutrinos. Although the SK detector has
already accumulated more than 10° solar neutrino inter-
action events, the sensitivity of SK to the matter effect
is primarily limited by the statistics of observed signal,
the uncertainty of the energy scale for the recoil electron,
as well as the uncertainties on background events, such
as radon dissolved in water [30] and spallation products
induced by penetrating muons [31, 32]. To reduce the un-
certainty on the total amount of background events and
to increase sensitivity to solar neutrinos, the uncertainty
that comes from the production rates of muon-induced
background should be measured.

B. Unstable isotopes by nuclear muon capture
process

The negative muon capture rate on nucleons has been
studied to theoretically and experimentally understand
the nuclear response through the weak interaction [33—
38]. Such reactions are used to study nuclear structure
and dynamics, where the weak structure at low energies
determines weak reaction rates with nuclei.

A negative muon that slows down in the water that
fills the SK detector can form a muonic atom with an
oxygen through the Coulomb force [39]. The muon in
the oxygen’s orbit can then either decay or undergo a
muon capture on nuclei [40, 41]. Table I summarizes
the branching ratios of unstable isotopes produced by
nuclear muon capture process on oxygen. Because a lim-
ited number of isotope branching ratios have been mea-
sured [40, 42], any further development of the simula-
tion will be insufficient to estimate the branching ratios
induced by nuclear muon capture processes in oxygen.

Currently, the expected branching ratios from three sim-
ulation codes are available; Geant4 [43], Fluka [44], and
PHITS [45, 46]. The latter is the Monte Carlo simulation
using particle and heavy ions transport with recently de-
veloped muon interaction models. Table I summarizes
simulated outputs from three simulations. They are in-
consistent with each other. Therefore, additional mea-
surements of the branching ratio are required to improve
the predictive capability of nuclear muon capture pro-
cesses in those simulations.

TABLE I. Summary of branching ratios of negative muon
capture on oxygen nuclei. A limited number of isotopes have
been measured [40, 42]. Some isotopes are not produced based
on the simulated values from PHITS [45, 46], Geant4 [43], and
Fluka (version 4-5.0) [44, 47]. The “Other” row in Fluka
includes the combination of light particle emissions without
any production of residual nuclei listed®.

Measurement data MC simulation
Isotope| Ref. [42] Ref. [40]|PHITS Geant4 Fluka
[%] [%] %] ] (%]
BN — 11+1 ] 05 12.0 5.52
N - — 57 405  61.9
MN - —~ 21 6.7  2.26
BN - —~ 0.4 0.1 0.02
5¢ - - 019 0.7 0.67
Mo |l 13.7+1.1 — 514 4.3 3.54
3¢ - - 5.1 55  2.76
2¢ - — 3.2 23 124
e - - - 0.007 0.046
4B - —~ - 0.002 0.002
13 - —~ 0.02 — 0.088
128 - —~ 1.16 7.6 4.41
g - — 54 136 7.65
10p - —~ 027 12 0.87
1Be - —~ 0.01 0.005 0.037
°Be |0.43 4+ 0.03 —~ 0.14 0.7 091
9Be - —~ 0.05 07 1.06
"Be [0.02+0.01 —~ — 0.03 0.15
914 - —~ - 0.008 0.062
814 - —~ 0.13 1.0 0.52
Li - —~ 053 1.9 1.87
614 - - 0.05 09 1.69
Other - - - - 2.4

a Such as 3o+ 3H + n, 3a + 2H + 2n, and 3a + p + 3n.

In the SK detector, products of 8 decays with large Q-
values of unstable isotopes can be detected by Cherenkov
light. If these unstable isotopes have a relatively long
half-life, the decays occur long enough after the muon
stops that the two events are separately recorded in the
analysis sample. In such a case, the production rates of
unstable isotopes by the nuclear muon capture process
can be measured by forming a pair of parent-stopping
muon and isotope decay candidate events. Table II sum-
marizes the @-values of 8 decay and half-lives of four
unstable nuclei which can be detected in the SK detec-
tor. The '®N and '°C nuclei have relatively long half-lives



of several seconds and the 3B and '2B nuclei have half-
lives of milliseconds. By observing these types of decay
events after a stopping muon event is detected, we can
evaluate the fraction of isotopes via both decay time and
energy distributions and thereby measure the branching
ratio of the nuclear muon capture process on oxygen.

TABLE II. Summary of the production reaction, Q-values of
[ decay, and the half-lives of the unstable isotopes induced by
nuclear muon capture. More details are described in Sec. III.

Isotope Reaction Q-value of 8 decay Half-life
[MeV] [s]
N O(u=,v)"™°N 10.42 7.13

5@ %O, vp)t*C 9.77 2.45
BB |%0(u~,vn2p)'*B 13.44 0.0172
2B | %0(u~,va)'’B 13.37 0.0202

This article is organized as follows. In Sec. II, we
briefly describe the SK detector, data acquisition sys-
tem, and energy calibration in the SK experiment. In
Sec. III, we give an overview of the decay processes of
four unstable isotopes, °N, °C, 2B, and B, which
can be detected in SK, and we also present the theoretical
predictions of their production rates at the underground
experimental site of the SK detector. In Sec. IV, we de-
scribe the analysis methods, which include the selection
of stopping muon, the tagging method of ®N and '°C
decay candidate events, the x2 method to determine the
production rates of '®N and '°C, the systematic uncer-
tainties on the measurement, and the measurement result
of the production rates of N and '5C. In Sec. V, we
describe the analysis method and result for the measure-
ment of 2B and B production rates. In Sec. VI, we
describe the results of the branching ratio measurement
and compare the experimental results with theoretical
prediction models. In Sec. VII, we conclude this study
and give prospects.

II. SUPER-KAMIOKANDE DETECTOR
A. Detector and data set

The Super-Kamiokande detector is an imaging wa-
ter Cherenkov detector. It is located 1000 m under-
ground (2700 m of water equivalent) in the Kamioka
mine in Gifu prefecture, Japan. The detector compo-
nents, operation, and performance are detailed in detec-
tor papers [48, 49].

The SK detector consists of about 50, 000 tonnes of pu-
rified water in a stainless steel cylindrical water tank with
photomultiplier tubes (PMTs). The detector is divided
into two regions by an inner structure that optically sep-
arates these regions with sheets. One region is the inner
detector (ID) and the other is the outer detector (OD).
The ID serves as the target volume for neutrino inter-

actions and the OD is used to veto external cosmic-ray
muons as well as y-rays from the surrounding rock. The
ID holds 32,000 tonnes of water as a physics target and
its standard fiducial volume (2 m from the inner detec-
tor structure) for solar neutrino analysis is 22, 500 tonnes.
The OD is optically separated from the ID and is used to
veto cosmic-ray muons penetrating the mountain above.
The ID is viewed by 11129 20-inch PMTs [50] and the
OD is viewed by 1885 8-inch PMTs.

The SK data set is separated into eight distinct peri-
ods, from SK-I to SK-VIII. For the prior SK-I to SK-V
phases, spanning April 1996 to July 2020, the detector
operated with ultra-pure water [48]. Starting in July
2020, SK-VI, in which gadolinium sulfate was dissolved
into the detector water tank, has been in operation [51].
Then, additional gadolinium loading was conducted in
June 2022 [52] toward SK-VII. Table III summarizes the
period of operation, the livetime used for this analysis (up
to and including SK-VI), the number of ID PMTs, elec-
tronics, and the water status.

TABLE III. The summary of data sets used in this analysis.
The livetime is the total duration of data samples used for this
analysis after removing calibration and bad condition runs.

SK phase SK-IV SK-V SK-VI
Period Sep. 2008 | Jan. 2019 Aug. 2020
— May 2018 |- Jul. 2020 — Jun. 2022
ID PMTs 11129
Livetime [days]| 2970.1 | 379.2 552.2
Electronic QBEE [53, 54]
Water Ultra-pure water  [Gd loaded water [51]

B. Tagging the stopping muon

In the measurement of unstable isotopes, the tag of
the stopping muon is critical to determine the production
rate and the branching ratio of nuclear muon capture on
oxygen in the SK detector. In this analysis, we developed
a method to form pairs of parent stopping muon and
decay products from unstable isotopes. In this section,
we briefly explain how to tag stopping muons.

1. Electronics up to and including SK-II1

From SK-I to SK-ITI, Analog Timing Modules (ATMs),
based on the TKO (Tristan KEK Online) standards,
were used as front-end electronics [55, 56]. It generates
four types of hardware triggers, called Super Low En-
ergy (SLE), Low Energy (LE), High Energy (HE), and
OD. The first three triggers are generated depending on
the pulse height of ID PMT signals while the last one
is generated when the pulse height of OD PMT signals



exceeds a certain threshold. Once those triggers are gen-
erated, a single event is recorded within a 1.3 ps timing
window.

The observed event is recorded in a 1.3 us window up
to and including SK-III. Hence, the parent muon and the
decay electron event are recorded separately. However,
some charge in the PMT could leak during charge inte-
gration after triggering a cosmic-ray muon, such that the
number of hit PMTs and hit times are not always correct
for subsequent decay electrons, resulting in an inaccurate
reconstruction of their energy and timing. For this rea-
son, we have difficulties in reconstructing the stopping
muon positions and in forming the pair of the parent
muon and the associated decay electron up to and in-
cluding SK-III. In order to reduce the systematic uncer-
tainties of the analysis presented in this article, we did
not use the observed data from SK-I to SK-III.

2. Electronics from SK-IV onwards

For SK-IV, starting in September 2008, new front-end
electronics denoted QBEEs [53] were installed. These
are capable of very high-speed signal processing, en-
abling the integration and recording of charge and time
for every PMT signal. Since all PMT signals are digi-
tized and recorded, there is no detector deadtime. Fur-
thermore, a new online data acquisition (DAQ) sys-
tem was implemented which generates multiple software
triggers depending on the number of hit PMTs within
200 ns [54]. All PMT signals within a trigger time win-
dow are recorded, where the duration of the time win-
dow changes depending on the trigger types. Table IV
summarizes the trigger types and the duration of an as-
sociated single event.

TABLE IV. Summary of software (SK-IV and later) triggers
with their timing window to record a single event. AFT trig-
ger is generated when the SHE trigger is issued without the
OD trigger in SK-IV [57]. From SK-V onwards, AFT trigger
is generated whenever SHE trigger is issued [58].

Trigger Duration [us]
SK-IV and later
SLE [—0.5,40.8]
LE and HE [—5, +35]
SHE [—5, +35]
AFT [+35, +535]

The new DAQ system generates Super High En-
ergy (SHE) and AFT triggers; the latter records all hits
from [+35, +535] us to detect delayed events such as ther-
mal neutron capture on hydrogen [59, 60] and gadolin-
ium [51]. In the SK-IV phase, this AFT trigger is gener-
ated after the SHE trigger with an OD veto to search for
2.2 MeV ~v-ray from neutron capture by hydrogen after an
inverse 8 decay of anti-electron neutrinos [57]. From SK-
V, we changed the configuration of generating the AFT

trigger to record spallation neutrons along with through-
going cosmic-ray muons [58]. Figure 1 shows the software
trigger thresholds during the SK-IV, SK-V, and SK-VI
phases. The thresholds have been changed depending
on the detector conditions, such as background rate, wa-
ter circulation pattern, accumulated data transfer speed,
and the recording data size, etc.
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FIG. 1. The software trigger thresholds with the QBEE elec-
tronics as a function of time from October 2008 to June 2022.
Red circles, light-green squares, blue upper triangles, and pink
lower triangles are the SLE, LE, HE, and SHE triggers, re-
spectively [53]. The black left slanting region shows the pe-
riod of the refurbishment work and the light-gray filled region
shows the period of first and second Gd-loading [51, 52].

In this analysis, the selection of the decay electron is
critical to find the decays of unstable isotopes due to the
nuclear muon capture on oxygen. Except for the SLE
trigger, the duration of time windows, as summarized in
Table IV, is long enough to capture the vast majority
of electrons from muon decay; the corresponding decay
electron identification procedure is detailed in Ref. [61].
This long timing window to record a single event is help-
ful to increase the signal-to-noise ratio to tag the nuclear
muon capture events as mentioned in the latter section.

C. Energy calibrations in the MeV region

The energy response of the SK detector is evaluated
by several calibration sources. Table V summarizes the
calibration sources used in the SK detector, in particular
for the energy region below 50 MeV.

TABLE V. Summary of calibration sources used in the SK
detector for the MeV energy range.

Calibration source Purpose

LINAC [62] Absolute energy scale

DT generator [63] Position and direction dependence
of energy scale

Decay electron [28] Monitoring water transparency

An absolute energy scale is determined by an electron
linear accelerator (LINAC), which was installed at the
SK detector to vertically inject mono-energetic electrons
from 4.4 MeV to 18.9 MeV with an accuracy on the
energy of less than +£0.2% [29, 62]. By comparing the



calibration data against the MC simulation, the abso-
lute energy scale is tuned. However the electron is only
injected in the vertical direction and this situation lim-
its the evaluation of the position and direction depen-
dence of the energy scale. To compensate for this sit-
uation, another calibration source, a deuterium-tritium
neutron (DT) generator, is also used for the evaluation
of energy scale [63]. This system generates neutrons via
the reaction of 2H + 3H — %He + n, and the produced
neutrons are then captured on oxygen in water. This
reaction creates "N whose final decay products are an
electron and a single v-ray. The DT calibration data has
been taken at several positions where the LINAC cal-
ibration cannot reach. This allows us to evaluate the
systematic uncertainties for the position and direction
dependences of the energy scale [29]. Although DT gen-
erator can accumulate a large number of S decays, the
broad shape of the energy distribution of f decay limits
the accuracy for determining the absolute energy scale.

Finally, water transparency is critical for the energy
scale because photon propagation depends on its prop-
erties, such as the probabilities of absorption, scattering,
and reflection [48]. Decay electrons, which are naturally
produced by a stopping cosmic-ray muon, are also sam-
pled to evaluate the stability of the detector response.
The total amount of observed charge by the PMTs from
the decay electrons depends on the quality of water trans-
parency inside the SK detector. In the MC simulation,
the parameters for photon propagation are scaled by the
observed charge in stopping muon data from decay elec-
trons to reproduce the daily change of real detector re-
sponse [49].

III. OVERVIEW OF 8N, *C, 2B, AND !*B
DECAYS

In this section, we briefly explain the targets of unsta-
ble isotopes due to nuclear muon capture in this analysis.
We also summarize the expected production rate of 15N
at the SK experimental site, which was computed based
on theoretical models by other groups.

A. Production processes and their decay

Soon after the nuclear muon capture process, an ex-
cited state of nitrogen, '®N™, is produced in water. Due to
the large energy transfer within the multi-body system,
energy below 100 MeV is distributed to the compound
nucleus. In general, the excited 16N™ emits particles, re-
sulting in the production of various residual nuclei. The
evaporation of neutron(s) leads to the production of 15N
or N [40, 64-67], while in some cases no neutrons are
emitted and, for example, '°N may remain after emitting
y-rays. Proton emission results in the production of 1°C,
and the emission of an « particle results in the produc-
tion of 12B. Additionally, in rare cases, the emission of

two protons and one neutron produces another isotope,
13B. 16N (with a half-life of 7.13 s) and °C (with a half-
life of 2.45 s) emit electrons and ~-rays, releasing total
energies of 10.42 MeV for 1N and 9.77 MeV for '°C, re-
spectively. Figure 2 shows the decay curves of 1N and
15C, and Figure 3 shows the energy spectra of emitted
particles. For 1B and ®B, their half-lives and Q-values
are 0.0202 s and 13.37 MeV, and 0.0172 s and 13.44 MeV,
respectively. Figure 4 shows the decay curves of 1B and
13B. Comparing with the decay curves of N and '°C
described in Fig. 2, the decay of B quickly occurs and
fully completes within 0.3 s. Figure 5 shows the energy
spectra of emitted particles from '?B and '*B decays.
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FIG. 2. Examples of the decay curves of N and '°C. The
red solid line and green dashed lines show the decay curve of
16N and '°C decays, respectively. For comparison purposes,
10° decays are simulated for each of the two decays.

B. Predicted production rates

The measurement of production rates of N and *C
is important for validating simulation models of muon-
induced products at underground experimental sites [68—
71]. For example, scintillation experiments such as
Borexino, Double Chooz, and KamLAND have measured
the production rates of light isotopes through muon cap-
tures on nuclei [72-75].

The production rates of unstable isotopes due to muon
nuclear capture depend on the depth of the experimen-
tal site because the muon nuclear capture process occurs
when the cosmic-ray muon stops inside the detector. The
change of the number of stopping muons is expected due
to the different propagation length of cosmic-ray muons
at the underground site. Based on the MUSIC simu-
lation [76], the estimated average energy of cosmic-ray
muon is about 270 GeV at the detector site. However,
uncertainties in the energy spectrum of primary cosmic-
rays, the atmospheric density structure, and the interac-
tion model of QCD cause uncertainties in the intensity



L B . L B B B
MC simulation

....... Electron from *°N decay

Y y-ray from *°N decay
Electron from *°C decay

y-ray from e decay

Number of event (Arbitrary)

PRI R B AN AL Lo v Loy b by w Ly

2 4 6 8 10 12 14 16 18 20
Kinetic energy [MeV]
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lines show the energies of electrons from N and '°C decays,
respectively. The red left-slanting-line histogram and green
filled histogram show the energies of v-rays from N and °C
decays, respectively. For comparison purposes, 10° decays are
simulated for each of the two decays with Geant4 as detailed
in Sec. IV A.
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FIG. 4. Examples of the decay curve of B and *B. The
blue dotted line and magenta dot-dashed lines show the de-
cay curve of 2B and '*B decays. Comparing with the decay
curves of **N and '°C described in Fig. 2, the decay of '*B
quickly occurs and fully completes within 0.3 s. For compar-
ison purposes, 10° decays are simulated for each of the two
decays.

of cosmic-ray muons and their energy spectrum at the
detector site. The production rates of unstable isotopes
through muon capture on oxygen nuclei are estimated
by simulation-based studies, and then uncertainties are
taken into account. Table VI summarizes the expected
production rate of N produced by the nuclear capture
of negative muon on oxygen in the SK detector [68, 69].

Based on the two theoretical predictions, the daily pro-
duction rate of '®N is small, but the large fiducial volume
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FIG. 5. Kinetic energies of emitted electrons and ~-rays from
decays of 2B and '®B. The blue dashed and magenta dot-
dashed lines show the energies of electrons from 2B and '*B
decays, respectively. The blue right-slanting-line histogram
and magenta checkered histogram show the energies of y-rays
from 2B and "B decays, respectively. For comparison pur-
poses, 10° decays are simulated for each of the two decays
with Geant4 as detailed in Sec. IV A.

TABLE VI. Summary of the expected production rate of '°N
by the nuclear capture of negative muons in water from the
theoretical predictions [68, 69]. No theoretical uncertainty is
mentioned in either publication.

Theoretical prediction '°N production rate

[event /kton/day]
C. Galbiati et al. [68] 3.2
S. W. Li et al. [69] 3.0

and the long operation of the SK detector enable us to
statistically measure the production rate of '®N. Note
that those predictions consider the production rate of
16N only through the nuclear muon capture process on
oxygen in water, and other production methods such as
spallation production due to through-going muon are not
included.

IV. ANALYSIS FOR '*N AND '*C DECAYS

In this section, we present the analysis method and
results for measuring the production rates of N and
15C in the timing window of [0.5, 25.0] s after the stopping
muon. The production rates of 2B and 3B are described
in Sec. V.

A. MC simulation

In order to understand the detector response to cosmic-
ray muons and the decays of unstable nuclei, a detector



simulation based on the GEANT3 toolkit [77] was used for
this study. This simulation has been tuned by comparing
real calibration data with outputs from the MC simula-
tion in SK [49].

The decay kinematics of unstable nuclei are com-
puted using Geant4 [43, 78, 79] version geant4.10.5p1,
with G4PreCompoundModel [80] based on Evalu-
ated Nuclear Structure Data Files (ENSDF) version
G4ENSDFSTATE2.2 [81]. We simulated the decay
times, the momenta of emitting electrons from g decays,
and the sequential de-excitation of progeny nuclei, and
implemented the detector simulation to evaluate the
response of decay products.

As detailed in the next subsections, the stopping-muon
and 6N (}°C) decay events are separately recorded be-
cause of their relatively long half-lives. Therefore, we
produced two different simulations: one simulates the
stopping muon and the other simulates the N and °C
decay events. From the MC simulation for the stopping
muon, we evaluate the selection efficiency of the stopping
muon inside the fiducial volume. We generated '°N and
15C decay events whose generating vertex positions are
taken from the stopping muon MC simulation. By com-
bining two MC simulations, we then evaluate the total
selection efficiency for measuring the production rate of
16N and '5C nuclei. Although we can not distinguish
16N decay events from '°C decay events, we can statis-
tically measure the production rates of N and °C by
considering the difference in their half-lives and @-values;
this process will be explained in Sec. IV D. For the event
generation of the MC simulation, we used the decay time
distribution shown in Fig. 2 and the energy spectra shown
in Fig. 3.

B. Stopping muon selection
1. Reconstruction of cosmic-ray muon

A decay event of 15N (or 1°C, 2B and !*B) is sepa-
rately recorded from a parent stopping muon since the
recorded time of a single event is at most +535 us as ex-
plained in Sec. IIB. We form a possible pair of stopping
muon and decay events by considering the combination
of timing and spatial information.

The first step of the measurement is selecting the stop-
ping muon events inside the SK detector. The recon-
struction of a cosmic-ray muon is performed by a dedi-
cated muon fitter, called the MUBOY algorithm [82, 83].
MUBQOY classifies reconstructed muons into four groups
depending on the number of muon tracks and the event
topology: (I) Single through-going muons, (II) Single
stopping muons, (IIT) Multiple muons, and (IV) Corner-
clipping muons. The procedure of reconstructing the
stopping muon is detailed in Ref. [61] and their entry
position, direction of the muon track, and stopping posi-
tion are reconstructed. Figure 6 shows the reconstructed
stopping muon position in the SK detector.
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FIG. 6. The distributions of stopping muon positions before
and after the muon selection using SK-IV real observed data.
The top (bottom) panel shows the distribution of the recon-
structed vertex of radius 72 (height z). The light-green, blue,
and red histograms show the number of stopping muons in-
side the inner detector, inside the fiducial volume, and after
the muon selection.

Cosmic-ray muons with a short track inside the detec-
tor, as well as corner clipping muons, are sometimes mis-
reconstructed as stopping muons. As detailed in Ref. [61],
we optimized the selection criteria to maximize the selec-
tion efficiency for stopping muons and to minimize the
mis-reconstruction of single-track muons without decays.
The selection uses information on the topology of the
observed muon such as track length, the total amount of
observed charge, the maximum charge of a single PMT,
and other reconstruction variables. When the stopping
position is close to the detector structure, the MUBOY
algorithm can not efficiently tag stopping muons. Based
on the muon selection, stopping muons in the fiducial
volume are selected with an efficiency of (65.68 +0.01)%
for SK-IV while a single penetrating muon is incorrectly
recognized as a stopping muon at a rate less than 0.01%.

Table VII summarizes the selection efficiency for the
stopping muon. After the muon selection, the resolution
of the reconstructing stopping position inside the fiducial
volume is about 50 cm [61].

TABLE VII. Summary of the selection efficiency for stopping
muon in the fiducial volume. In this table, the statistical
uncertainty of the selection efficiency is listed.

SK phase Selection efficiency
in fiducial volume [%)]
SK-1V 65.68 £+ 0.01
SK-V 67.35+0.04
SK-VI 67.26 + 0.03

Figure 7 shows the monthly stopping muon rate before



and after the muon selection. The observed muon rate is
basically stable during the SK operation after correcting
the selection efficiency.
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FIG. 7. The monthly average of the number of stopping
muons as a function of time. The black open circles show
the event rate after the muon selection in units of event/day,
and the red open squares show the estimated observed rate
after correcting for selection efficiency. We should note that
the statistical and systematic uncertainties are smaller than
the symbols in this figure. The gray band shows the period
of refurbishment work toward SK-Gd [51]. The green (blue)
slanting band shows the first (second) Gd loading [51, 52].
In the case of SK-IV, an increase of PMT gain was observed
as explained in Ref. [29], which resulted in a change to the
cut criteria and a subsequent decrease of muon rate after the
muon selection.

Table VIII summarizes the daily observed rates of stop-
ping muons inside the fiducial volume. The observed
rates after correcting the selection efficiency among the
SK phases are consistent within their uncertainties.

2. Search for decay electron

After installing the new electronics, the duration of the
time window to record a single event is long enough to tag
a decay electron event after a stopping muon. Hence, we
search for a delayed event within the window of +35 us
after the stopping muon. The majority of non-captured
stopping cosmic-ray muons produce their decay electrons
and this results in expecting a single delayed event in that
search window. Here, we defined the number of delayed
events within +35 us as Niig. Typically, the decay elec-
tron event is recognized as Ny, = 1. In contrast, no de-
layed event in the search window of 435 us is expected
when a nuclear muon capture occurs. In such a case,
Niig = 0 is expected. Figure 8 shows the distribution
of Nyig associated with observed stopping muons. We
should note that Nz > 2 sometimes occurs when the
accidental noise background event due to radioactive im-
purities, such as radon, is coincidentally observed within

the timing window of +35 us. However, the probability
of Nirig > 2 is quite small as demonstrated in Fig. 8.
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FIG. 8. The distributions of delayed events (Nirig) after
stopping muons with and without the muon selection us-
ing the SK-IV data set. The vertical axis shows the daily
number of events before (illustrated in gray filled histogram)
and after the muon selection (illustrated in red slanting his-
togram). The horizontal axis shows the number of delayed
events (Niig).

Figure 9 shows the decay time after the stopping muon
in the window of [0.5,25.0] s. The sample of Nz = 0
demonstrates that N decay candidate events are ob-
served because its half-life is several seconds after stop-
ping muon events are observed, as expected from 6N
decays. On the other hand, no N decay events are ob-
served when sampling the stopping muon with Nje = 1
and Niie > 2. Hence, the distribution in Fig. 9 demon-
strates that N (as well as 15C) events are successfully
tagged by sampling the stopping muons with Nie = 0.
Thus, selecting stopping muons with Nije = 0 improves
the signal-to-noise ratio of tagging N and '°C decay
events.

We should note that contamination of Vi, sometimes
occurs due to an accidental coincidence event just after
the stopping muon. We evaluated the systematic un-
certainty due to mis-counting the decay signals due to
unstable isotopes in Sec. IV E 3.

C. Selection of '*N and '°C decay event
1. Pair construction with stopping muons

Decay events of °N (and '°C) are recorded separately
from stopping muon events due to their long half-lives;
such decay events are triggered by SLE, LE, HE, and
SHE triggers (listed in Table IV) and reconstructed by a
standard reconstruction fitter, called BONSAI [84]. Elec-
trons from N decay or those scattered by ~-rays can
travel only a few cm in water and the location of the
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TABLE VIII. Summary of the daily observed event rate of the stopping muons inside the SK fiducial volume after the muon
selection. The uncertainties described in this table are the combination of statistical uncertainties and systematic uncertainty

described in Sect. IVE 1 and summarized in Table X.

To efficiently select 1N events, we first collected the
stopping cosmic-ray muons and then selected the events
that occurred within a certain distance from the stop-
ping position and a relatively long time window after the
stopping time. We set the lower limit of the time window
as 0.5 s to remove the background events from the de-
cay electrons and the radioactive decays from spallation
products, such as '?B and '?N [31, 32]. This selection
will also include background events randomly occurring

SK phase Observed event rate in fiducial volume [event/day]
Observed event rate  Estimated number of stopping muon
after muon selection corrected by selection efficiency
SK-IV 3512 + 1 (stat.) T3, (syst.) 5347 + 2 (stat.) 55 (syst.)
SK-V 3602 + 3 (stat.) 723 (syst.) 5347 + 6 (stat.) 733 (syst.)
SK-VI 3593 + 3 (stat.) 39 (syst.) 5341 + 4 (stat.) 35 (syst.)
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FIG. 9. Decay time distributions in [0.5,25.0] s with differ-
ent Niig samples using the SK-IV data set. The black open
squares, light-green open triangles, and red open rhombuses
show the number of decay candidate events around the stop-
ping muon position with Niig = 0 (without decay electron),
Nirig = 1 (with decay electron), and Neig > 2 (with decay
electron and accidental coincidence events), respectively. The
sample of Nirig = 0 demonstrates that decay candidate events
are observed.

Cherenkov emission is recognized as a point. Under this
assumption, the vertex position is reconstructed with a
maximum likelihood fit of the photon arrival time on the
PMTs after subtracting the time of flight from the esti-
mated interaction point [52].

The energy of those events is determined based on the
number of hit PMT's with factors to account for delayed
hits due to reflection and scattering in water, dark noise
on nonhit PMTs, photo-cathode coverage, PMT gain,
and water transparency. However, at the stage of the
data acquisition, the energy threshold of the accumulated
events changes depending on the detector conditions to
avoid affecting the data transfer speed as mentioned in
Sec. IIB. The QBEE electronics, installed at the SK-IV,
allow the detector to accumulate more data with high-
speed processing. This results in the lowering of the en-
ergy threshold at the stage of data acquisition. In this
analysis, we set the lower energy threshold of selecting
isotope decay events as 4.0 MeV of the reconstructed to-

For selecting the stopping muon, which is captured by
oxygen in water, we require Niig = 0 and therefore no
delayed signal, such as a decay electron event as well as
~-rays from the excitation N and '°N decays within
[—5,+35] us.

Since 15N and '°C decay with relatively long half-lives,
the event selection described above can accidentally form
an incorrect pair with a stopping muon. Even with the
Nirig = 0 selection, some decay electrons can be missed
due to being too close to the stopping muon in time, and
these incorrectly labeled Ny = 0 stopping muons can
then form a random coincidence with a a delayed sig-
nal which is not a muon capture; this would mimic our
signal and constitute our background. To estimate the
possibility of forming a wrong pair due to the acciden-
tal background events, we also collected events within a
24.5 s time window starting 100 s after stopping muons,
where this interval is the same length as the time window
of the signal selection. Here, we refer to this 100 s de-
layed window after the stopping muon as the background
window. We should note that the selected events in the
background window mainly originate from random back-
ground events due to radioactive impurities in the wa-
ter [30] and spallation products induced by through-going
muons. Such events will not be correlated with stopping
muons with Ny, = 0 because of the sufficiently delayed
time. Figure 10 shows the decay time distribution after
the stopping muon in both the signal window and the
background window.

The events in the background window demonstrate
that the analysis procedure described above can some-
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FIG. 10. Decay time distribution of signal sample in

[0.5,25.0] s and background sample in [100.5,125.0] s after
the selection cuts described in Sec. IV C. After subtracting
the background distribution from the signal distribution, the
analysis sample is produced. The time difference from the
stopping muon in the signal region ([0.5,25.0] s) drawn in
black filled squares and the background region ([100.5,125.0] s
with the upper horizontal axis) drawn in blue filled triangles.
The analysis sample is drawn in red open circles.

times form an accidental coincidence event with a se-
lected stopping muon. However, the event rate of the
background window is flat and smaller than that in the
signal window, as shown in Fig. 10. Based on those dis-
tributions, the probability of forming a wrong pair due to
an accidental background event is small. Hence, we sub-
tracted the event rate in the background window from
those in the signal window to reduce the contamination
of non-1°N (and °C) isotope decays.

Figure 11 shows the reconstructed energy distribution
in both the signal window and the background window.
After subtracting the background distribution, the peak
is clearly visible. Hence, the energy distribution after
subtracting the background distribution shown in Fig. 11
demonstrates that the N and °C decay events are ef-
ficiently selected from the data samples.

8. Optimization of selection cuts

After the initial event reconstruction by BONSAI, sev-
eral cuts are applied to select the decay candidate events
of N and C. Backgrounds from radioactivity and
poorly reconstructed events are seen close to the ID wall.
To reduce these backgrounds, events with reconstructed
vertices within 2 m from the ID wall (outside of the
analysis fiducial volume) are rejected. We also define
a backward-projected distance (the distance from the re-
constructed vertex to the wall opposite from the direction
of travel [25]) and reject events for which this distance is
less than 4 m.

In addition to the vertex and timing window cuts, we
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FIG. 11. Reconstructed total energy distribution of signal

sample in a [0.5,25.0] s timing window and background sam-
ple in a [100.5,125.0] s timing window after the selection cuts
described in Sec. IV C. After subtracting the background dis-
tribution from the signal distribution, the analysis sample is
produced. The definition of colors is the same as in Fig. 10.

also apply an event quality cut, for which the quality of
event reconstruction is quantified by two variables based
on PMT hit timing (g;) and hit pattern (g,) [28]. Some
radioactive background events, originating mainly from
the PMT enclosures, PMT glass, and detector wall struc-
ture, are mis-reconstructed inside the fiducial volume
even though the true vertex lies outside the fiducial vol-
ume. To reject such backgrounds we select events whose
gi2 — gp2 is larger than 0.26. Table IX summarizes the
selection efficiencies of selection cuts in the SK-IV phase.

In addition to the standard event selection cuts de-
scribed above, we also optimize the efficiency of form-
ing the pair of the stopping muon and the decay can-
didate events. To maximize the signal-to-noise ratio to
select both °N and '°C events associated with the nu-
clear muon capture on oxygen in water, we calculated the
significance of the event selection,

NSignal (1)
vV NSignal + NBG

where Ngignal (NBc) is the number of selected events in
the signal timing window (background timing window).
This selection considers the different durations of the tim-
ing window and the distance between the muon stop-
ping position and the vertex position of decay candidate
events. In the case of the signal timing window, both
the decay of unstable isotopes and the accidental back-
ground events are selected. To remove the background
events and improve the purity of the isotope in the analy-
sis sample, we have subtracted the number of background
events selected in the background timing window. Fig-
ure 12 shows the example of significance curves of the
distance cut to select "N and '°C events near the stop-

Significance =
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TABLE IX. Summary of selection efficiencies for N, *C, 2B, and *B decay events using the SK-IV MC simulation with a
timing window of [0.5,25.0] s. Here, efficiency of 100% is the generated MC decay events inside the analysis fiducial volume.
Note that both '*B and '®B decay events are completely rejected by the timing cut (> 0.5 s) due to their short half-lives.
Systematic uncertainties of other phases are summarized in Appendix A.

Selection cut

Selection efficiency [%]

16N 15C 12B 13B

1st reduction cut 89.70 £ 0.02 84.12 + 0.02 83.88 £ 0.02 84.52 £+ 0.02
Fiducial volume cut 94.74 £+ 0.02 94.16 £+ 0.02 93.83 £0.02 94.01 £ 0.02
Fit quality cut 86.62 + 0.02 81.34 £ 0.01 83.52 £+ 0.02 84.02 £ 0.01
Effective wall cut 92.81 £+ 0.02 92.10 £ 0.02 91.38 £ 0.02 91.57 £ 0.02
Energy cut 90.11 + 0.02 84.95 + 0.02 83.46 + 0.02 84.24 £+ 0.02
Timing cut 86.48 + 0.02 86.59 + 0.02 0 0
Distance cut 63.58 £ 0.01 61.36 £ 0.01 60.29 £ 0.01 60.90 £ 0.01
Total efficiency 52.34 £0.01 46.56 £ 0.01 0 0

ping muon position. Based on this evaluation, we set the

distance cut to 160 cm.

2 2 2
XTotal (R16N7 Rlsc) = XTime T XEnergy (2)
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FIG. 12. Significance curves for the event selection of

16N (and '°C) as a function of the distance between the stop-
ping muon and the candidate event positions with different
time windows. The plots with different colors and symbols
show the significance values with different timing windows
using the SK-IV data. The vertical red dashed line shows the
maximum significance at 160 cm with [0.5,25.0] s of the tim-
ing window.

D. x? method

To determine the production rates of N and 1°C via
a nuclear muon capture on oxygen in water, the decay
times between the stopping muon and the selected event
and the energy spectra of the selected events after sub-
tracting the accidental backgrounds are simultaneously
fit to the distributions derived from the MC simulation.
The definition of total chi-square (x%,.1) is

where 2 is chi-square for each distribution, Ricy and
Risc are the given production rates for 1N and '°C in
unit of event/kton/day, respectively. The x? for each
distribution are defined as,

MTime

Data MC)2
2 (Nz B Nz )
XTime =
e 2 o (O (P

%

NEnergy (N,Data . N,MC)2 1—p 2
2 _ 7 7
XEnergy - (aData)2 + (OMC)Q (O-E—scale )
i i

i

3)

where NP (NMC) is the number of selected events in
i-th bin of the observed data (MC) distribution, n is the
number of bins, eP*2 (M) is the statistical uncertainty
on each bin of the observed data (MC), and """ is
the systematic uncertainty on each bin which will be de-
scribed in Sec. IV E, respectively. Since the energy scale
of the detector response affects the value of X%nergy, the
pull term is introduced only for X%ncrgy, where g-scale jg
the systematic uncertainty of the energy scale determined
from LINAC calibration [62]. The details are described

in the next section.

E. Systematic uncertainties

In this section, we provide an overview of the sys-
tematic uncertainties for the measurement of production
rates of 15N and '°C. The systematic uncertainties listed
in this section are also used in the analysis for the °B
and 3B measurements.



1. Reconstruction and selection for the stopping muon
events

The systematic uncertainties on the number of selected
stopping muons are estimated based on MC simulation.
The accuracy of the reconstructed stopping muon direc-
tion as well as the track length is critical to select the
stopping muon event. For direction and track length sys-
tematic uncertainties, we estimated the change in num-
ber of events which pass our selection based on truth
and reconstruction differences in MC simulation and es-
timated the systematic uncertainty based on this. In
addition to the track reconstruction, the observed charge
is also critical to selecting the stopping muon. The en-
ergy scale of the stopping muon is estimated by its track
length in the water tank and the variations are typically
at the £2% level among SK phases [85]. By scaling the
observed charge of PMTs in the MC simulation, we es-
timated the number of events after the muon selection.
Table X summarizes the systematic uncertainties to se-
lect the stopping muon events. The systematic uncer-
tainties originating from the stopping muon selection are
consistent among the three SK phases.

2. Reconstruction and selection cuts for the isotope decay
events

In general, the systematic uncertainties of the number
of selected events are estimated using calibration data
and simulation. To calculate uncertainty on the efficiency
of the reduction steps and the accuracy of event recon-
struction, calibration data and the MC simulated events
are compared by using LINAC [62] and DT calibration
devices [63], and a Ni calibration source [49] as used in
the solar neutrino analysis [29]. Table XI summarizes the
systematic uncertainties on selection cuts determined by
comparing calibration data with MC simulation and by
shifting the cut parameter values.

3. Mis-counting of Nirig

As demonstrated in Fig. 9, the event selection with
Nirig = 0 clearly improves the signal-to-noise ratio of
finding the unstable isotope decays after the stopping
muon events. However, the mis-counting of Vi, some-
times occurs due to an accidental coincidence event or
PMT after-pulse contamination just after stopping muon.
To evaluate the mis-counting of Ni.ig, we performed the
same analysis procedure on the sample with Ny, > 1
and then evaluated the number of extra events in the
signal sample after subtracting the number of events in
the background sample. Table XII summarizes the num-
ber of selected events after subtracting the background
sample with different Niyg.

Even though we selected events with Nje > 1, a small
excess of the selected events exists in the analysis sample

13

after subtracting the background sample. To compen-
sate for those events, we assigned the systematic uncer-
tainty on the number of selected events in the analysis
sample. We should note that the different relative frac-
tions among the three phases originate from the statisti-
cal uncertainties of the selected events after subtracting
the background sample from the signal sample. We fi-
nally assign the systematic uncertainties on the number
of selected events with Nz = 0 as +1.3%, £5.0%, and
+4.0% for the SK-1V, SK-V, and SK-VI samples, respec-
tively.

4. Absolute energy scale

The energy reconstruction (energy scale) is critical in
this study to analyze the shape of the energy distribution.
The energy reconstruction is tuned by comparing calibra-
tion data against MC simulation with LINAC [62] and
deuterium-tritium neutron (DT) generator [63] sources.
The former determines the absolute energy scale by in-
jecting mono-energetic electron beams and the latter
evaluates the directional dependence of the energy scale
as well as the stability of the energy scale in time with
high statistics radioactive 8 decays. The energy calibra-
tion is explained in detail in Appendix. E.

Table XIIT summarizes the systematic uncertainties on
the energy scale determined by two calibration sources,
for each of the SK phases analysed [29]. The relatively
large errors for SK-V and SK-VI are a result of the lim-
ited number of LINAC calibrations compared to SK-1V,
due to their short running times.

5. Charge ratio of cosmic-ray muons

Since a negatively charged muon undergoes nuclear
capture by oxygen in water, the fraction of negative
muons in the cosmic-ray muon sample affects the mea-
surement of the branching ratio. The charge ratio (R,,)
of cosmic-ray muons is defined as R, = N,+/N,-,
where N,,+ (N,-) is the number of positively (negatively)
charged cosmic-ray muons.

The SK detector cannot determine the charge of
cosmic-ray muons. However, the SK detector can statis-
tically measure the charge ratio of stopping cosmic-ray
muons by evaluating the decay time of paired muons and
decay electrons because of the different decay times of
positive and negative muons. Table XIV summarizes the
charge ratio of cosmic-ray muons measured by the SK de-
tector after installing the new front-end electronics [61].

We used the uncertainties of the charge ratio measure-

ment as the systematic uncertainty of the production
rates measurement.
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TABLE X. Summary of systematic uncertainties on the number of stopping muon events in SK-IV, SK-V, and SK-VI. The
detail of the selection cut is described in Sect. IVB1 [61].

Selection cut Systematic uncertainty [%]

SK-IV SK-V SK-VI
Track length cut +0.4 +0.4 +0.4
Stopping muon direction cut +0.5 +0.5 +0.5

Total charge cut +0.4/—-0.6 404/ —0.5 +0.4/ — 0.5
Maximum charge cut +0.5 +0.4 +0.4
Total systematic uncertainty +0.9/ — 1.0 +0.8/ — 0.9 +0.8/ — 0.9

TABLE XI. Summary of systematic uncertainties on the num-
ber of events for °N and '°C decay events with the timing
window of [0.5,25.0] s using the SK-IV MC simulation. Sys-
tematic uncertainties of other phases are summarized in Ap-
pendix A.

Selection cut Systematic uncertainty [%)]

N 15
1st reduction cut < 0.1 <0.1
Fiducial volume cut +0.2 +0.2
Fit quality cut +0.4 +0.2
Effective wall cut +0.1 +0.1
Energy cut +0.2 +0.2
Timing cut <0.1 <0.1
Distance cut +0.1 +0.1
Total +0.5 +0.4

6. Natural abundance of oxygen

Three stable isotopes of oxygen (1¢O, 70, and '20)
exist, and their natural abundance should be considered
when measuring the production rate of isotopes (as well
as the branching ratio). The ratio of formation of muonic
atom due to Coulomb force on each element can be ex-
pressed by the number of nuclei and the relative prob-
abilities P(Z), where Z is the atomic number, and the
parameter P(Z) is experimentally measured [86]. Since
they have the same number of protons, P(Z) is the same
among the three isotopes. Hence, the systematic uncer-
tainty of the number of nuclear muon captures on oxygen
is evaluated based on their natural abundance. Accord-
ing to the NuDat database [87], the dominant compo-
nent is 10, whose natural abundance is 99.76% while
the small contributions are 7O and '®0, whose natural
abundances are 0.04% and 0.20%, respectively.

As listed in Table VIII, the event rate of stopping
muons is 5347 £ 2 event/day in the fiducial volume after
correcting for the selection efficiency of stopping muons
in SK-IV. Then, the number of the nuclear muon cap-
tures on oxygen is estimated as 424.1 &+ 6.0 event/day
after additionally considering the charge ratio of stop-
ping muons [61] and the probability of nuclear muon cap-
ture by oxygen, which is expressed as Pe,p = (18.44 £
0.01)% [88]. Considering the natural abundances, we
estimated the number of nuclear muon captures as

423.0 event/day on '°0, 0.2 event/day on 7O, and
0.9 event/day on 80, respectively. Table XV summa-
rizes the estimated number of nuclear muon captures on
160, 170, and '20.

Based on the calculation above, the sum of nuclear
muon captures by 7O and 80 is smaller than the total
uncertainty of nuclear muon capture on °0. Therefore,
we ignored their contributions in this study.

7. Nuclear capture after gadolinium loading

As briefly mentioned in Sec. IT A, the SK-VI phase
started after the first gadolinium loading in July 2020.
During this loading work, 13 tons of Gd2(SO4)s - 8H2O
was dissolved, resulting in 0.021% of Gd2(SO4)3 concen-
tration in the SK tank [51]. These additional elements
may produce additional muonic atoms instead of oxygen
in water.

As detailed in Ref. [61], the fraction of such addi-
tional muonic atoms is small, and their production rate
is smaller than that of nuclear muon capture by oxygen
in water. We ignored their contribution in this analysis.

F. Measurement of production rates of '°N and *°C

To determine the production rates of naturally pro-
duced '°N and '°C through the nuclear muon capture
on oxygen in water, we calculated the 2 defined in
Eq. (2) and then extracted the difference between each
value and the minimum value of x2, which is expressed as
AX2(R16N, RISC) . X2(R16N, RISC) — Xi/lim where Xi/ﬁn
is the minimum value of x2. Figure 13 shows the re-
sult of Ay? calculation using SK-IV, SK-V, and SK-VI
data sets. Based on the x? method, we determined the
production rates of 1N and C. Because non-zero °C
contribution does not explain the decay time and energy
distributions, the observed data demonstrate the contri-
bution from '5C decay events. The measured production
rates of '®N and '°C are consistent within their estimated
uncertainties.

Table XVI summarizes the measured production rates
of 15N and '°C among the SK phases. The combined val-
ues are Risy = 1.71+0.01 (stat. + syst.) event/kton/day
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TABLE XII. Summary of the number of selected events with the different NVi;iz. In this table, the number of events after

subtracting the background sample distribution is listed.

SK phase Timing window
[0.5,25.0] s [0.001,0.5] s
Nirig = 0 Nirig > 1 Assigned systematics| Nirig = 0 Nirig > 1 Assigned systematics
SK-IV 41624 533 +1.3% 7504 113 +1.5%
SK-V 4755 237 +5.0% 932 38 +4.1%
SK-VI 6664 269 +4.0% 1267 60 +4.7%
TABLE XIII. Summary of systematic uncertainties on the %0'35 L L T N A R A
energy scale, determined by the LINAC and DT calibra- 2 L o SKIV SKV » SKVI e Combined ]
tions [29, 62, 63]. é 0.30[— -+ SK-IV1g +SK-V10 =*SKVI1lg =— Combined 10 -]
SK phase Systematic % F ]
uncertainty [%)] © 0.25 —
SK-1V [29] +0.48 L 1
SK-V [61] +0.87 2 0200 ]
SK-VI [61] +1.32 R " 1
o - 2 -
‘é 0.15- -
o L . . _
0.10 -
TABLE XIV. The summary of the charge ratio (R, = L % ]
Ny /N,-) measured by the SK detector [61]. As explained 0.05~ T E
in Sec. II B 1, such a measurement could not be performed up - =
to and including SK-IIT due to electronics performance. (0oL O O S RIS R NV N O A N

1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85

Production rate of 1N [event/kton/day]

Phase Charge ratio (R,)
SK-IV 1.32 £ 0.03
SK-V 1.26 + 0.07
SK-VI 1.33 £ 0.06
Combined 1.32+£0.02

TABLE XV. Summary of the estimated number of nuclear
muon capture process on %0, 170, and ¥0 in the analysis
fiducial volume (22.5 kton) in a single day. Based on this
calculation, the contributions of 7O and '80 are negligible
due to their low natural abundance.

SK phase | Nuclear muon capture | Estimated number
[event /day] %0 70 80
SK-1V 4241+ 6.0 423.1 0.2 0.9
SK-V 435.3 +13.7 434.3 0.2 0.9
SK-VI 421.8 £11.1 420.8 0.2 0.9

and Risg = 0.11 £ 0.01 (stat. + syst.) event/kton/day,
respectively.

Figure 14 shows examples of decay time and energy
distributions using the SK-IV data together with their
best-fit distributions. The distributions using other SK
phases are shown in the Appendix D.

FIG. 13. The 1o allowed regions of the production rates
of 1N and '°C using SK-IV, SK-V, and SK-VI data sets.
The red open square (dashed line), green open square (dot-
ted line), and blue open upward-triangle (dashed-dotted line)
show the best-fit values (their 1o allowed regions determined
by Ax? (Riey, Risc) = 2.30) of SK-TIV, SK-V, and SK-VI,
respectively. The black filled circle (solid line) shows the com-
bined value (1o allowed region).

G. Comparison with theoretical predictions

In order to test the theoretical predictions as intro-
duced in Sec III, we compared the measured production
rates with them. Figure 15 shows the comparison of the
production rate of "N measured by the SK detector with
theoretical predictions. The combined production rate of
16N is 1.7140.01 (stat. + syst.) event/kton/day, where we
merged the measurement results from SK-IV, SK-V, and
SK-VI. Comparing the measured production rates with
the theoretical predictions [68, 69], the estimated pro-
duction rate is roughly a factor of two larger than that
measured in this study.

To properly compare theoretical and experimental pro-
duction rates, differences in stopping muon rates must be
understood. Theoretical predictions consider only ver-
tically down-going muons in their calculation. For the



TABLE XVI. Summary of the production rates of N and
15C in water measured by the SK detector. The uncertainties
shown in this table include both statistical and systematic
uncertainties.

SK phase Production rate
[event/kton/day]
167\ 150y
SK-IV 1.71+0.02 0.11 +£0.02
SK-V 1.66 +0.05 0.19 £ 0.05
SK-VI 1.68 £0.04 0.11 +£0.04

Combined 1.71 £0.01 0.11 +0.01
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FIG. 14. Distributions of the time difference (top) in the
timing window of [0.5,25.0] s and the reconstructed total en-
ergy (bottom) together with the best fit of the components
from !N and '°C using the SK-IV data. Red-filled circles
show the observed data after the selection cuts. The light-
green right slanting histogram and the light-blue filled his-
togram show the best fit of N, and '°C components, re-
spectively. The distributions of other phases are shown in
Appendix D.
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theoretical predictions, the average track length is about
32.2 m, and muons with energies below 6.4 GeV at the
experimental site are recognized as stopping muons. This
corresponds to 5% of cosmic-ray muons reaching the SK
detector. In a realistic situation, muons with non-vertical
angles can also be detected, and the measured average
track length is about 24.3 m [58]. Based on this value,
muons with energies below approximately 4.8 GeV will
stop inside the detector, which corresponds to 3% of
cosmic-ray muons. Taking into account the differences
in the stopping muon rates, the theroetical predictions
for the production rates of 6N are corrected to about
1.9 event/kton/day [68] and 1.8 event/kton/day [69], re-
spectively. This consideration of stopping muon rate sig-
nificantly reduces the discrepancy between the predic-
tions and measurements, as shown in Fig. 15. However,
there still exists a difference between the measurement
and predictions. This remaining discrepancy suggests
that the simulation of the production of radioactive iso-
topes be updated by including this measurement result.

E T T T T T T =
SK-IvV ; . L] SK measurement results —
; SK combined value é
SK-V E .- A Original theoretical prediction =
E v Corrected theoretical prediction =
SK-VI £ - =
S.W.Lietal [E v B E
C. Galbiati etal [~ v . =
E 1 1 1 1 1 1 =
1 15 2 25 3 3.5 4 45
Production rate of “°N [event/kton/day]
FIG. 15. Comparison of the measurement of the produc-

tion rate of N through nuclear muon capture in water with
the predictions from two theoretical models [68, 69]. The
red square points show the measured production rate of °N,
the red band shows the combined value of the SK measure-
ment (range of 1lo), the blue filled upward-triangle points
show the original theoretical predictions, and the blue open
downward-triangle points show the corrected theoretical pre-
dictions by considering the topology of stopping muon track
at the SK experimental site.

V. ANALYSIS FOR 2B AND ¥B DECAYS

In this section, we present the analysis method and
the result of measuring the production rates of 2B and
138 in the timing window of [0.001,0.5] s after the stop-
ping muon. We basically follow the procedure of the
decay event selection for N and '*C measurements as
described in Sect. IV C.



A. Analysis for 1?B and '*B measurement

As demonstrated in Fig. 4, both the 2B and *B de-
cay events are expected to be observed within 0.5 s after
stopping muons due to their short half-lives. To evaluate
the detector response of 2B and '3B decay events using
the MC simulation, we generated their decays based on
distributions shown in Fig. 4 and Fig. 5. The selection of
both decays is performed by sampling the events within
a relatively short time window after stopping muons. For
the range of the timing window, we set the upper limit
of 0.5 s so that the time interval of the N and '°C mea-
surement does not overlap with it. We also set the lower
limit of 0.001 s because of the following reasons: After in-
stalling the new electronics in SK-IV onwards, the DAQ
system generates the additional trigger (AFT trigger),
whose range of recording delayed events is at most 535 us.
We use the time window of [0.001,0.5] s for measuring
the production rates of 2B and '®B isotopes. Because
the measured four isotopes have similar ()-values, the
vertex resolutions of selected decay events do not change
even in the different timing windows. Hence, the distance
cut (160 cm) is the same as that for N and °C mea-
surements. Other selection criteria are also optimized by
following the procedure described in Sect. IV C 3.

Table XVII summarizes the selection efficiencies for the
timing window of [0.001, 0.5] s. Although the duration of
the timing window is short, background events from 6N
and 15C exist in the window.

We also estimated the systematic uncertainties for 1B
and 3B measurements. Table XVIII summarizes the
systematic uncertainty of the selection cuts. Other sys-
tematic uncertainties are the same as those described in
Sec. IVE.

B. x? method for B and '*B measurement

To determine the production rates of 2B and 3B iso-
topes, the x? calculation described in Eq. (2) is modified
by introducing the contribution of 2B and '*B decays as
following;

2 Best Best
XTotal (Bi6N > Ris¢y , Rizp, Risg)

2 2
= XTime + XEnergy

+((1—a>N§%ﬂ§t)2+((1—/3)N§C5t)2 @

UE‘EI\SIt O.Ee(s}t
where Rizp (Risp) is the production rate of 12B (}*B) to
be measured by this method, Rﬁﬁf}t (R?fgt) is the mea-
sured production rate in N (15C) by the analysis de-
scribed in Sec. IV above, X3, . and X]ZE)nergy are the same
ones defined in Eq. (3), oB%' (oB%') is the total uncer-
tainty of production rate as summarized in Table XVI,
NE?\I“ (NIB;’CSt) is the estimated number of decay events in
the analysis sample after the selection cuts for 1°N (1°C),
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and a parameter « () is a scaling factor for the fluctua-

tion of the number of Nl%el\?t (NlBsegt) decay events in the
signal region.

C. Measurement of production rates of 2B and *B

To determine the production rates of naturally pro-
duced 2B and !3B through the nuclear muon capture on
oxygen in water, we calculated the x? defined in Eq. (4)
and followed procedure outlined in Sec. IV F. Figure 16
shows the result of the Ay? calculation using SK-IV, SK-
V, and SK-VI data sets.

o
D)
=}

LA L L L L O L I

o SK-IV SK-V
---SK-IV1lo

A SK-VI
SK-V1c ---SK-VIlg — Combined 10

® Combined

o
[N
©

© IS}
= =
N o

o
o
©

Production rate of 1*B [event/kton/day]
o o
= [
o S
H‘H\‘H\‘\H‘\H‘H\‘H\‘\H‘\H‘H

01\\‘\\\‘\\\‘\\\‘\\\‘\"'L\A‘ Pl e L Py a

0.0
0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28

Production rate of 1B [event/kton/day]

FIG. 16. The allowed regions of the production rates of **B
and '®B using SK-IV, SK-V, and SK-VI data sets calculated
by Eq. (4). The red open square (dashed line), green open
square (dotted line), and blue open upward-triangle (dashed-
dotted line) show the best-fit values (their 1o allowed regions
determined by Ax? (Rizp, Risg) = 2.30) of SK-IV, SK-V,
and SK-VI, respectively. The black filled circle (solid line)
shows the combined value (1o allowed region).

Table XIX summarizes the measured production rates
of 2B and ®B isotopes among the SK phases. The
values obtained when combining the SK phases are
Ri2g = 0.18 £ 0.02 event/kton/day, and Risg = 0.03 &+
0.02 event/kton/day, where uncertainty is both statisti-
cal and systematic.

Figure 17 shows examples of decay time and energy
distributions using the SK-IV data together with their
best-fit distributions. The distributions using other SK
phases are shown in Appendix D. Based on the analysis
of the SK-IV data sample, we statistically extracted the
excess of B events over the distributions of 16N, C,
and 2B, as shown in Fig. 17. However, SK phases other
than SK-IV do not have enough statistics to extract >B
events due to their short operation period and the low
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TABLE XVIIL. Summary of selection efficiencies for °N, '5C, 2B, and B decay events using the SK-IV MC simulation with
a timing window of [0.001,0.5] s. Except for the timing cut, the efficiency of selection cuts is the same as Table IX. Selection
efficiencies and their uncertainties of other phases are summarized in Appendix A.

Selection cut
16N

Selection efficiency [%)]
15y 151 13

Timing cut
([0.001,0.5] s)
Selection cuts

4.75+0.01 13.30£0.01 96.66 £ 0.02 96.04 & 0.02

Same as Table IX

Total efficiency 2.88 4+ 0.01

7.14 £0.01 53.78 £0.01 54.19+0.01

TABLE XVIII. Summary of systematic uncertainties on the
number of events for 1°B and '®B decay events with the tim-
ing window of [0.001,0.5] s using the SK-IV MC simulation.
Systematic uncertainties of other phases are summarized in
Appendix A.

Selection cut

Systematic uncertainty [%]

i2p 13
1st reduction cut < 0.1 < 0.1
Fiducial volume cut +0.1 +0.1
Fit quality cut +0.4 +0.4
Effective wall cut +0.1 +0.1
Energy cut +0.1 +0.1
Timing cut <0.1 <0.1
Distance cut +0.2 +0.1
Total +0.4 +0.4

TABLE XIX. Summary of the production rates of B and '*B
measured by the SK detector. The uncertainty shown in this
table includes both statistical and systematic uncertainties.
For the production rate of 3B, we list both the 1o and 90%
C.L. values when the 1o uncertainty is lower than the mean
value, and only the 90% C.L. value otherwise.

SK phase

Production rate
[event/kton/day]

128 3B (1o) B (90% C.L.)
0.17 4 0.03 0.04 +0.03 < 0.09
SK-V 0.2210-0% - <0.12
SK-VI 0.2075:05 <0.13
Combined 0.18 £ 0.02 0.03 & 0.02 <0.07

SK-1IV

production rate of 3B.

Due to the low production rate of B, the sensitivity
of the measurement is still limited, where the excess of
3B at the 1o level as summarized in Table XIX. Hence,
further data accumulation is required to precisely mea-
sure the production rate of '*B by improving energy and
timing resolutions.

VI. MEASUREMENT OF BRANCHING RATIO
A. Measurement of branching ratios

By considering the charge ratio of stopping muons, the
number of nuclear muon captures can be estimated. The
branching ratio of unstable isotopes can be determined
by dividing the production ratio of isotopes by the total
number of stopping negative muons with the correction
of selection efficiencies. The branching ratio Br (i) of i-th
isotope can be expressed as,

_ R(i) xV
Nsl:OP (1+1Ru) Peap

where R(4) is the production rate of i-th isotope, V' is the
fiducial volume of the analysis sample (22.5 kton), N,
is the total number of stopping muon inside the fiducial
volume, R, is the charge ratio of stopping muon listed
in Table XIV, and P, is the fraction of nuclear capture
by oxygen [88].

Based on the measured production rates de-
scribed in Sect. IV, we can calculate the branch-
ing ratio from Eq. (5). Table XX summarizes
the branching ratio measured by the SK detec-
tor. By combining the SK measurements, we
obtained Br(N) = (9.0 + 0.1(stat. + syst.))%,
Br(!3C) = (0.6 + 0.1 (stat. +syst.))%, Br(*?B) =
(0.98 + 0.18 (stat. + syst.))%, and Br(**B) = (0.14 +
0.12 (stat. + syst.))%, respectively, where the range of
their uncertainty is 1lo.

Br(i) ; (5)

B. Comparison with theoretical predictions and
experimental measurements

In this section, we compare the measurement results
described in the former sections with the measurements
by other groups and the predictions by simulations.

As mentioned in Sec. I, the branching ratio is not
fully understood because only a limited number of un-
stable isotopes have been measured. Figure 18 shows the
branching ratios measured by the SK detector together
with past measurements by other groups [40, 42] and
three simulations.
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TABLE XX. Summary of branching ratio of negative muon capture on oxygen nuclei measured by the SK detector. Owing to
the low production rate of 3B, the upper limits of the branching ratio are set for SK-IV, SK-V, and SK-VI.

SK phase Branching ratio [%)]

16N 15¢ 2B BB (1) B (90% C.L.)
SK-TV 91+02 06+01 0924014 0.20°0713 < 0.49
SK-V 8.6+ 0.4 1.0+0.3 11793 - < 0.6
SK-VI 9.0+ 0.3 0.6 +0.2 11703 — < 0.7
Combined 90+£01 06+01 098£0.18 0.14+0.12 <0.39

For the N isotope, the branching ratio measured by
the SK detector is consistent with that measured by
Ref. [39, 40, 88, 89] within at most 1.90. Considering the
total uncertainty, the branching ratio measured by the
SK detector is three times more accurate than the pre-
vious measurement. This measurement of the branching
ratio of '®N is currently the most accurate in the world.

For °C, 2B, and !3B isotopes, these are the first
branching ratio measurements and provide new inputs
for updating simulations of the nuclear muon capture
process.

Figure 19 shows the deviation of the predicted branch-
ing ratio from the SK measurement result. Because of
high precision measurements, the SK data can test the
predicted values extracted from the MC simulation.

In the case of N measurement, the SK measurement
data completely exclude the predicted values from three
simulations, PHITS, Geant4, and Fluka. The '°C mea-
surement is consistent with Geant4 and Fluka simula-
tions within 1o while excluding the PHITS prediction by
5.30. Due to the current accuracy of the measurement,
the branching ratio of 3B is consistent with PHITS and
Fluka within 1lo. Finally, the 2B measurement is con-
sistent with the PHITS simulation within 1o while com-
pletely excludes the Geant4 and Fluka predictions.

We suggest that further improvement of simulations
for muonic capture processes is required for future studies
based on those measurement results.

C. Comparison with the neutron multiplicity
measurement in SK-VI

In an independent analysis, we measured the neutron
multiplicity in the nuclear muon capture reaction using
the SK-VI data set [66]. This measurement utilizes -
rays emitted from Gd(n,y) reactions to detect free neu-
trons. In the stopping muon sample, we counted the
number of detected neutrons per event, and the observed
distribution is corrected with the neutron detection effi-
ciency and the false-positive rate by a y? method. The
corrected distribution is scaled by the expected number
of nuclear muon capture events in the sample to obtain
branching ratios for each neutron multiplicity. As a re-
sult, the probability P(i) of ¢ neutrons emitted in the nu-
clear muon capture process on oxygen is obtained to be

P(0) = (24£3)%, P(1) = (7073)%, P(2) = (6.14+0.5)%,
and P(3) = (0.38 & 0.09)%, respectively.

When the isotopes measured in the main text are pro-
duced in the nuclear muon capture, no neutron is ex-
pected to be emitted for 1N, 1°C, and 2B isotopes, while
one neutron is expected for the B isotope, as summa-
rized in Table II. The total branching ratio for 16N, 15C,
and !?B in this measurement is 10.6% and is around half
of P(0) from the neutron measurement. That indicates
other branches contribute to P(0) with a large fraction.

The measurement of isotope production, together with
the neutron multiplicity measurement, can provide in-
puts for theoretical studies of nuclear structure on light
nuclei.

VII. SUMMARY AND PROSPECTS

The measurement of production rates of isotopes pro-
duced by a nuclear muon capture can validate models of
background due to muons in underground detectors and
provide input for the simulation of nuclear structure. We
selected stopping muons in the SK detector and success-
fully measured the production rates of 1N, °C, 2B, and
13B as Risy = 1.714:0.01 (stat. + syst.) event/kton/day,
Risc = 0.1140.01 (stat. + syst.) event/kton/day, Rizg =
0.18 + 0.02 (stat. + syst.) event/kton/day, and Risg =
0.03 £ 0.02 (stat. + syst.), respectively. Those measure-
ments are useful in the SK experiment for modeling the
realistic background due to muons overlapped with solar
neutrinos, diffuse supernova neutrino background, and
reactor neutrinos.

Based on the production rates of the unsta-
ble isotopes, we measured the branching ra-
tio as Br(!**N) = (9.0 & 0.1(stat. + syst.))%,

Br(*3C) = (0.6 &+ 0.1 (stat. +syst.))%, Br(*?B) =
(0.98 + 0.18(stat. +syst.))%, and Br(1*B) =
(0.14 + 0.12 (stat. + syst.))%, respectively.  The re-
sult for '®N is the most precise measurement at present
and consistent with past results measured by other
groups within 1.90. The results for °C, 2B, and *B
are the first measurements of branching ratios of those
isotopes.

Based on those measurement results, we suggest that
further improvement of simulations for muonic capture
processes is required for future studies. The measure-
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FIG. 17. Distributions of the time difference (top) in the
timing window of [0.001,0.5] s and the reconstructed en-
ergy (bottom) together with the best-fit of the components
from '2B,"B,'°N, and '°C using the SK-IV data. Red filled
circle shows the observed data after the selection cuts. Light-
gray left slanting histogram, light-purple horizontal lines his-
togram, light-green right slanting histogram, and light-blue
filled histogram show the best-fit of 2B,'*B,'SN, and !°C
components, respectively. The distributions for other SK
phases are shown in Appendix D.

ment results are also helpful to test theoretical models,
which calculate muon capture rates with the momentum
transfer near the muon mass, and to further study low-
energy neutrino-nucleus reactions [90].

We also suggest that the modeling of background due
to muons in underground experiments be tuned and up-
dated according to the measured production rates of
unstable isotopes resulting from nuclear muon capture.
Such updates are helpful to improve the sensitivities for
astrophysical neutrinos, such as solar neutrinos, diffuse
supernova neutrino background, etc.
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Appendix A: Selection efficiencies among the SK
phases

In the main text, the cut criteria and the selection effi-
ciencies for isotope decay events are described using the
SK-IV data because of that phase’s long and stable op-
eration. In this appendix, we summarize the cut criteria
and selection efficiencies for each SK phase.

Based on the significance value defined in Eq. (1), we
determined the selection criteria for both the distance cut
and the time window. Among SK phases, the selection
criteria are the same, which are explained in Sec. IV C 3.
We also optimized the selection cuts in the same man-
ner. Table XXI shows the selection efficiencies among the
three SK phases for the search window of [0.5,25.0] s.
The selection efficiencies in both SK-V and SK-VI are
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lower than that in SK-IV because of the worse ID PMT
response under single electron yield. In particular, the
timing resolution of the PMT was changed in SK-V on-
wards due to the change of the high-voltage setting of
the ID PMTs.

TABLE XXI. Summary of the selection efficiency for the tim-
ing window of [0.5, 25.0] s among the SK phases. As explained
in Sec. IV, the decay events of *B and '®B are completely
rejected by the timing cut because of their relatively short
lifetimes.

SK phase Selection efficiency [%)]
16 15y
SK-IV 52.34 £0.01 46.56 = 0.01
SK-V 45.43 £0.05 38.57 £ 0.05
SK-VI 44.76 £0.04 37.81 £0.04

Table XXII shows the selection efficiencies among the
three SK phases for the search window of [0.001,0.5] s.
The differences in efficiency between periods can be ex-
plained by the same reason mentioned above.

Appendix B: Systematic uncertainties for the event
selection cuts

In Sect. IV E we show the list of systematic uncertain-
ties caused by the selection cuts in SK-IV data set. Here,
we list the estimated systematic uncertainties in other SK
phases. Table XXIII summarizes the total systematic un-
certainties originating from the selection cuts of isotope
decay events.

Appendix C: Ni,ig distributions in SK-V and SK-VI
data sets

In the main text, we show the distributions using SK-
IV data set since the livetime is the longest among the
three SK phases. Figure 20 shows the N, distributions
using the SK-V and SK-VI data sets. Comparing the
distributions with those in the SK-IV phase, no clear
change was observed. In particular, gadolinium loading
from SK-VI onwards does not affect the distribution [52].

Appendix D: Distributions of other SK data samples

In this section, the energy and the decay time distri-
butions measured by the SK phases are shown except for
the SK-IV phase which was already shown in the main
text.

Figure 21 shows the distributions of the decay time
and the energy in the time window of [0.5,25.0] s using
the SK-V sample.
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TABLE XXII. Summary of the total selection efficiency for the timing window of [0.001,0.5] s among the three SK phases.
The details of selection cuts are summarized in Table IX. As explained in Sec. V, some of °N and '°C decays enter into this

timing window due to their relatively long lifetimes.

SK phase Selection efficiency [%)]

16 15y 12 13
SK-IV 2.88+0.01 7.144+0.01 53.78+£0.01 54.19+0.01
SK-V 2.474+0.01 5.904+0.02 47.954+0.06 48.23 £ 0.06
SK-VI 243+0.01 5.81+£0.01 47.39+£0.05 47.74 £0.05

TABLE XXIII. Summary of total systematic uncertainties
originating from the selection cuts of the isotope decay events.
The list of the selection cuts is described in Table XI and Ta-
ble XVIII.

SK phase Total systematic uncertainties [%)]
16N 15C 12B 13B

SK-1V +0.5 £0.4 +£0.4 +0.4
SK-V +1.4 £1.9 £1.0 +1.0
SK-VI +1.5 £1.8 £1.1 +1.1

Figure 22 shows the distributions of the decay time and
the energy in the [0.001,0.5] s time window using SK-V
sample.

Figure 23 shows the distributions of the decay time
and the energy in the time window of [0.5,25.0] s using
SK-VI sample.

Figure 24 shows the distributions of the decay time
and the energy in the time window of [0.001,0.5] s using
SK-VI sample.

Appendix E: Energy scale evaluation using °*N and
15C sample

Since N (and '°C) isotope is naturally produced via
a negative muon capture on oxygen nuclei in the wa-
ter during the usual operation of the SK detector, their
decays produce background events when their energies
overlap those of solar neutrinos, diffuse supernova neu-
trinos, and reactor neutrinos. However, selecting such
pure samples of isotopes with long lifetimes allows us
to monitor the stability of the energy scale in the MeV
region of the detector. Furthermore, the position and di-
rection dependence of the energy scale can be evaluated
by analyzing these isotopes because the nuclear capture
process occurs throughout the detector volume, as shown
in Fig. 6, and the decay particles are isotropically emit-
ted [63, 91]. For that purpose, we collected N (and
150) decay events as the natural source sample, and we
evaluated the energy scale during the usual operation of
the SK detector. Then, we demonstrate the consistency
of the energy scale with another calibration source, e.g.,
the DT generator [63], in this Appendix.
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1. Monitoring the energy scale

For monitoring purposes, we first selected N and *C
decay events in the timing window of [0.5,25.0] s accord-
ing to the analysis method described in Sec. III. In par-
allel, we also generated realistic MC simulations of both
16N and '°C whose fraction is fixed with the measured
values described in Sec. III.
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For the evaluation of the energy scale, we used the
effective hit parameter Neg, which is defined as the num-
ber of PMT hits after applying a correction for the rela-
tive difference of PMT performance, the contributions of
dark rate and late arrival hits, the effective surface area
of PMTs, and light attenuation in the water [29].

Figure 25 shows the time variation of Neg and com-
pares the energy scale by the natural source sample with
that evaluated by the DT calibration [63]. The energy
scale is evaluated by the natural source sample and it was
found that the estimated energy scale is stable within a
+1% level when we ignore the offset from the zero. This
demonstrates that we can monitor the energy scale by us-
ing the natural source sample during the usual operation
of the SK detector.

As detailed in Ref. [29], we carried out water convec-

tion throughout the SK detector by controlling the sup-
ply water temperature to achieve the uniformity of the
water quality. During that period, the energy scale eval-
uated by the DT calibration is almost zero (right most
point in the bottom panel of Fig. 25) and this demon-
strates that the difference between the DT calibration
data and the MC simulation in the SK-IV data sample
can be explained by the incomplete modeling of the water
properties. Although completeness exists in the MC sim-
ulation, the energy scale estimated by the DT calibration
keeps within a +0.5% level.

Due to low statistics of natural source samples, there
exist larger uncertainties compared with those of DT cal-
ibration. But, we demonstrated the consistency of two
calibration results within a +2% level as shown in Fig. 25.
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2. Position dependence of energy scale

In general, the solar neutrino interactions uniformly
occur throughout the detector volume. The uniformity
of the water pattern inside the SK detector affects the en-
ergy scale because the propagation of photons reflects the
situation of absorption, reflection, and scattering in wa-
ter. Hence, the position dependence of the energy scale is
critical for the precise measurement of the solar neutrino
spectrum in the SK detector. Figure 26 shows the posi-
tion dependence of the energy scale. Although the statis-
tical fluctuation can be seen, the natural source sample
demonstrates the position dependence of the energy scale
within a +2% level and is consistent with that evaluated
by the DT calibration source.

3. Directional dependence of energy scale

The direct test of matter effects on neutrino oscilla-
tions is the day/night cycle of solar neutrino interaction
rates [92, 93]. The solar zenith angle of the scattered
electron signal is used to approximate the neutrino travel-
ling length through the Earth. To measure the day-night
flux asymmetry of solar neutrinos in the SK detector,
the directional dependence of the energy scale is impor-
tant [94]. Figure 27 shows the directional dependence
of the energy scale by natural source samples together
with the DT calibration. As was seen for position de-
pendence, the natural source sample also demonstrates
the directional dependence of the energy scale within a
+2% level and is consistent with that evaluated by the
DT calibration source.
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FIG. 25. Top panel: The energy scale using the effective

hit Neg as a function of time estimated by the '®N sample as
well as the DT calibration [29, 63] during the SK-IV period
from 2008 to 2018. Due to low statistics, two years of natural
source sample are merged into one dataset. Bottom panel:
Their relative difference between the data and the MC simu-
lations.
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FIG. 26. The position dependence of the relative difference
between the calibration data and the MC simulation by the
natural source sample as well as the DT calibration [29, 63].
The top panel shows the position dependence on the ver-
tex Z (height of the SK detector) and the bottom panel shows
that on the detector’s radius.

4. Summary of this section

As demonstrated in this article, naturally produced
16N via negative muon capture on nuclei can statistically
monitor the energy scale in the energy region of MeV
during the usual operation of the detector even though
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the production rate is low. Omnce the detector volume
becomes larger, such as will be the case for the Hyper-
Kamiokande detector [95], this analysis technique using
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FIG. 27. The directional dependence of the relative difference
between the calibration data and the MC simulation by the
natural source sample as well as the DT calibration [29, 63].
The top panel shows the angular dependence on the azimuthal
angle and the bottom panel shows that on the zenith angle.
As mentioned in Ref. [29], the upward events are affected by
the shadow due to the DT device above the target position.
Hence, in the most upward bin (0.8 < €0s0zenith < 1.0) is
noticeably reduced due to the actual shadow effect in the
calibration data while such effect is not included in the MC
simulation.

natural source samples is quite helpful for monitoring the
energy scale in the MeV range during usual operation
without calibration devices.

Appendix F: Correction of SK-I result

In the previous study [63], we
that the production rate of 1N is 11.9 +
1.0 (stat. 4+ syst.) event/11.5kton/day by analyzing
the SK-I data set assuming about 4% of the contamina-
tion of °C isotope decay events. This value corresponds
to a '®N production rate of 1.0 + 0.1 event/kton/day.
However, this value is completely different from that
measured in this analysis, listed in Table XVI. This
discrepancy happens because of the improper treatment
of the selection efficiency of the stopping muon in the
detector in the previous analysis. In fact, the selection
efficiency of stopping muons in the previous analysis was
estimated as 100%. Owing to this improper selection
efficiency of stopping muon, we wrongly reported the
low production rate of '®N in the previous publication.

explained
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