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Cosmic-ray muons that enter the Super-Kamiokande detector cause hadronic showers due to spallation

in water, producing neutrons and radioactive isotopes. These are a major background source for studies of

MeV-scale neutrinos and searches for rare events. In 2020, gadolinium was introduced into the ultra-pure

water in the Super-Kamiokande detector to improve the detection efficiency of neutrons. In this study, the

cosmogenic neutron yield was measured using data acquired during the period after the gadolinium

loading. The yield was found to be ð2.76� 0.02ðstatÞ � 0.19ðsystÞÞ × 10−4 μ−1 g−1 cm2 at an average

muon energy 259 GeV at the Super-Kamiokande detector.

DOI: 10.1103/PhysRevD.107.092009

I. INTRODUCTION

High-energy muons are produced in the atmosphere
from the interactions of cosmic rays and penetrate deep
underground. Muons, or electromagnetic showers caused
by muons, interact with nuclei to produce secondary
particles consisting of nucleons and mesons. These secon-
dary particles are produced when a muon interacts with a
nucleus via a virtual photon, causing a photodisintegration,
or when a nucleus absorbs a γ ray from an electromagnetic
shower caused by a muon [1–4]. Furthermore, secondary
particles interact with nuclei and subsequently produce
neutrons and unstable radioactive isotopes by spallation
processes. In the energy range of muons reaching Super-
Kamiokande (SK), neutrons and isotopes are dominantly
produced by the interactions of π− and nucleons [3,4].
Neutrons produced by spallation are captured after thermal-
ization, and γ rays with energies of several MeV are
emitted, while radioactive isotopes decay with MeV-scale
β or βγ. It is important to understand these spallation
processes as they constitute one of the major backgrounds
for solar neutrinos and the diffuse supernova neutrino
background [5]. Due to the nature of these complicated
spallation processes, many underground experiments rely
on their measurements to estimate the background con-
tamination in the searches. It is important for future projects
to understand their production mechanism to improve the
precision of the background estimation. In this analysis,
muon-induced neutrons are measured in SK for the first
time with the gadolinium loaded water.
Several experiments have measured cosmogenic neutron

production yields at various depths, mostly with liquid
scintillator-based detectors [6–12]. Among these, the
KamLAND detector is located at about the same depth
as the SK detector [10], but the liquid scintillator is
pseudocumene based and therefore contains mostly carbon
and hydrogen. Therefore, a comparison of the neutron
yields in SK and KamLAND provides unique information

to investigate the dependence on the atomic number for
muons with similar energy spectra.
This paper describes the measurement of neutrons

produced by the spallation of cosmic-ray muons in SK.

The overview of the SK detector and trigger system is

explained in Sec. II. The detector simulation is described in

Sec. III. The analysis methods are explained in Sec. IV

where muon selection, neutron detection, and the system-

atic uncertainty are discussed. The results of the neutron

yield measurement and comparisons with other experi-

ments are presented in Sec. V. Finally, we present our

conclusion in Sec. VI.

II. SUPER-KAMIOKANDE

The SK detector is a large water Cherenkov detector
installed 1000 m underground (2700 m water equivalent) in
Kamioka, Japan [13]. The detector is a cylindrical tank with
a diameter of 39.3 m and a height of 41.4 m. The tank is
filled with about 50 kton of gadolinium (Gd) doped ultra-
pure water [14]. The mass concentration of Gd is 0.011
wt %. The SK detector is divided into two concentric
volumes: an inner detector (ID) and an outer detector (OD).
The ID is a cylindrical volume with a diameter of 33.8 m
and a height of 36.2 m. It is surrounded by 11 129 inward-
facing 20-in photomultiplier tubes (PMTs). The OD sur-
rounds the ID with a thickness of 2.05 m on the top and
bottom and 2.2 m on the sides. There are 1885 outward-
facing 8-in PMTs attached to the walls of the OD. The main
purpose of the OD is to identify cosmic-ray muons and to
attenuate γ rays and neutrons produced in the surrounding
rock. When the number of OD PMT hits within 200 ns
exceeds 22, an OD trigger is issued.
Events are triggered by the total number of coincidence

ID PMT hits within 200 ns. If an event with 58 or more ID
PMT hits, which corresponds to an electron-equivalent
energy deposit of ∼7.5 MeV near the center of the detector,
is triggered, all PMT hits for 535 μs after the trigger are
recorded. Therefore, once a cosmic-ray muon is triggered,
signals from neutron capture due to the spallation can be
searched for up to 535 μs by offline analysis with the lower
threshold than that of normal trigger. These delayed signals
at the MeV scale after the muon are called “low-energy
events” in this analysis.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
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SK operated with ultra-pure water from April 1996 to
July 2020, a period consisting of five phases. In the fourth
phase (SK-IV), new front-end electronics and a new
trigger system were introduced to allow neutron tagging
and increase data throughput [15]. The SK-IV phase had
the longest operational period, 2970 days, which con-
tinued until the start of the refurbishment work in May
2018. In ultra-pure water, a neutron is captured by a
hydrogen nucleus after about 200 μs on average and this
process emits a γ ray with an energy of 2.2 MeV. Although
this energy is lower than the trigger threshold in SK,
neutrons have been tagged by an analysis using machine
learning methods [16–19]. The neutron detection effi-
ciency was 20–25% in SK-IV. The dissolution of
gadolinium sulfate octahydrate Gd2ðSO4Þ3 · 8H2O in the
ultra-pure water started in July 2020 after a short period
with ultra-pure water operation (SK-V) following the
tank refurbishment work completed in 2019. 12.9 tons
of Gd2ðSO4Þ3 · 8H2O was loaded in 50 kton of ultra-pure
water, corresponding to a mass concentration of 0.011 wt
% Gd, in August 2020 and SK-VI running period has
started [14]. Gadolinium has a large neutron capture cross
section and ∼50% neutrons are captured on Gd after
∼116 μs on average with this Gd concentration. Several γ
rays totaling about 8 MeV are emitted after neutron
capture by Gd. This can be clearly distinguished from
the background consisting of environmental radiation and
dark noise of PMTs. Therefore, the neutron-tagging
efficiency is significantly improved by loading Gd in
water. In this paper, 283.2 days of data taken during SK-
VI from September 2020 to September 2021 is analyzed
after the Gd concentration became uniform throughout the
detector tank. Details of the Gd loading and the detector
status were described in Ref. [14].

III. DETECTOR SIMULATION

Monte Carlo (MC) simulation is used in this study to
calculate the signal efficiencies for event selections and
evaluate the systematic uncertainties when data-driven
estimation is difficult. This simulation is based on
GEANT3 [20]. The simulations take into account the detector
geometry and water quality, particle propagation in water,
Cherenkov light emission, light absorption and scattering,
and PMTand electronics response [21]. In addition, another
simulation based on GEANT4 [22] is used to model the
process of neutron propagation in water with energies
below 20 MeV, which includes neutron capture reactions
by nuclei, and γ-ray emissions. For the multiplicity and
energy spectrum of γ rays in the thermal neutron capture

reaction of 155Gd and 157Gd, a model reflecting the results
measured at the ANNRI neutron beam line at J-PARC/MLF
[23] is incorporated. In this study, neutron capture events
are simulated by generating single neutrons uniformly
throughout the ID. Background samples containing the
dark noise and the radio activities in the detector are

collected from the data using periodic triggers and added
to the simulation. The trigger search is performed on the
simulation results by the same algorithm as the data, and
the reconstruction is applied to each triggered event.

IV. ANALYSIS

Muon events and low-energy events described in the
following sections are selected as the candidates of neu-
trons induced by the cosmic-ray muon spallation and
captured by Gd.

A. Cosmic-ray muons

Cosmic-ray muons are recorded by both ID and OD
triggers. In this analysis, muon candidates are selected by
requiring the total number of observed photoelectrons of
the ID PMTs to be greater than 1000, which corresponds to
∼140 MeV, and the tracks are reconstructed with the muon
fitter. The details of the algorithm for the muon fitter were
described in Refs. [24,25]. The cosmic-ray muons are
classified into four types; single through-going (88.8% of
all muons), stopping (3.9%), multiple (7.3%), and corner-
clipping (0.003%). A single through-going muon has a
single track and penetrates the ID. If a single muon loses
energy and stops inside the ID, it is classified as the
stopping type. When muon bundles pass through the ID,
they are categorized as the multiple type. A single muon
that grazes the edge of the ID is classified as the corner-
clipping type. The total number of muons used in this

analysis, Nμ, is counted as Nμ ¼ 4.77 × 107 for 283.2 days

of exposure, corresponding to 1.95 muons/s.
Figure 1 shows the distributions of the track lengths in

the detector. The peak of the track length distribution at
around 3700 cm corresponds to muons that penetrate both
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FIG. 1. Distributions of path length Lμ for single through-going
(solid), multiple (dashed), stopping (dotted), and corner-clipping
(dot-dashed) muons. The distribution of corner-clipping muons is
scaled by a factor of 1000.
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the top and bottom end caps traveling straight down
through the detector. The average path length Lμ was
obtained to be Lμ ¼ 2427 cm.

The number of neutrons produced in muon spallation
depends on the energy of the muon. The energy of cosmic-
ray muons at the SK site is estimated using simulation.
The muon flux at sea level is modeled by modifying
Gaisser’s parametrization [26] according to Ref. [27]. The
MUSIC code [28] is used to simulate muon propagation in
the rock. The simulations account for the topography of
Mount Ikenoyama surrounding the SK area [10,29] and
the rock models of standard [30,31] and Ikenoyama [27].
The density of the rock is assumed to be 2.65–2.75 g=cm3.

The average muon energy incident on the SK detector Ēμ

is estimated to be Ēμ ¼ 259� 9 GeV with the calculation

method from Ref. [27], where the uncertainty was esti-
mated by varying the rock model and density. Figure 2
shows the cosine of the zenith angle and azimuthal angle
of muons at the SK site. The muon flux from the MUSIC

code is overlaid with the reconstructed directions of
the data.

B. Neutron capture event selection

To select neutron captures on Gd, several cuts are applied
to the low-energy events following the muon.

1. Basic reduction

The time difference between the muon and the following
events are defined as Δt. Neutron capture candidates are
searched within the time window 40 μs ≤ Δt ≤ 530 μs.
The time Δt < 40 μs is not used to avoid contamination of
the decay electron from a muon and PMT afterpulses.
In order to exclude background due to radioactive decay

near the ID wall [32] and neutrons entering from the
surrounding rock, a fiducial volume cut is applied based on
the reconstructed vertex position. The fiducial volume of
this analysis is defined with the boundary 4 m away from
the ID wall, and the ratio of the fiducial volume to the total
volume of the ID is accounted for as the signal efficiency of
the volume cut. The fiducial volume is smaller than the
other analysis in SK [18] in order to suppress the systematic
uncertainty due to leak-in/-out of neutrons, as described in
Sec. IV D, while the statistical uncertainty is still smaller
than the systematic uncertainty.

2. Event quality

Unlike signal events, which have a peaked timing
distribution and a ring pattern, the time and location of
PMT hits for background events are randomly distributed
within the detector. Therefore, event reconstruction often
does not work well. Such background can be reduced by
evaluating the goodness of event reconstruction [33]. The
timing information of the hit PMTs is used to reconstruct
the event vertex. For the ith hit PMT, a residual time Δτi is
defined as

Δτi ¼ ti − ttof − t0; ð1Þ

where ti is the time when the signal was detected, ttof is the
time of flight of the photon to reach the hit PMT from the
event vertex, and t0 is the time of the γ-ray emission from
the neutron capture. The event vertex is determined by
minimizing the width of the ti − ttof distribution. The
parameter gt, which represents the degree of certainty of
the vertex reconstruction, is defined as

gt ¼

P

i exp
h

−
1

2

�

Δτi
ω

�

2
i

exp
h

−
1

2

�

Δτi
σ

�

2
i

P

i exp
h

−
1

2

�

Δτi
ω

�

2
i ; ð2Þ

where ω gives the weight to suppress the dark noise and σ is
the time resolution of the PMT for a single photoelectron
signal, which are set to 60 and 5 ns, respectively.
The event direction is reconstructed using the maximum-

likelihood method, which finds the Cherenkov ring that best
matches the positions of the hit PMTs. The goodness-of-
direction reconstruction, gp, is the Kolmogorov-Smirnov
statistic from a comparison between the observed hit PMTs
and the expectation assuming ϕ symmetry around the
reconstructed direction [34].
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FIG. 2. Zenith (θ) and azimuthal (ϕ) dependence of the muon
rate at the SK site. Reconstructed directions of the muons from
the data (black points) are overlaid with the muon flux at the SK
site calculated by the MUSIC code (red lines). Muon flux
distributions are normalized to the data. ϕ ¼ 0 corresponds to
the direction from east to west.
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gt (gp) is a variable that takes values close to one (zero)

for higher degrees of confidence in the reconstruction. The
distribution of gt and gp for neutron capture on Gd in the

MC is shown in Fig. 3. In this analysis, events with gt > 0.4
and gp < 0.4 are retained as signal candidates. The signal

efficiency for the event quality cut is evaluated with the MC
as ð92.62� 0.29Þ% with the MC statistical uncertainty.

3. Number of hit PMTs

Energy reconstruction is based on the number of hit
PMTs as most of them are single photoelectron signals.
Since the background due to the radioactivities exists
dominantly at low energy below the signal from neutron
capture on Gd, event selection is applied by setting a
threshold for the number of hit PMTs. The time of flight of
photons from the reconstructed vertex to the hit PMTs is
subtracted from the PMT hit time. The number of hit PMTs
in a 50-ns time window is then defined as N50. The N50

distributions for both data and the MC are shown in Fig. 4.
Background events due to accidental coincidence are
evaluated from the off-time window and subtracted. In
order to suppress the contamination of the hydrogen
capture events, the cut criterion is set to 24 ≤ N50 ≤ 70.
The signal efficiency for N50 cut is obtained as ð80.22�
0.27Þ% using the distribution of neutron captures in
the MC. The uncertainty is due to the MC statistics.
The explanation of systematic uncertainty is described
in Sec. IV D.

4. Distance from muon track

To select muon-induced neutrons, it is effective to use
the transverse distance between the muon track and the
reconstructed vertex. The definition of the transverse
distance Lt is shown in Fig. 5. Lt correlates with the
distance that the secondary particles produced by the

muon-induced hadronic shower travel through water.
For multiple muons, Lt is defined as the distance between
the reconstructed vertex and the closest muon track. The Lt

distribution of the data is shown in Fig. 6 for events after
all cuts except for the Lt cut. In this analysis, the selection
criterion is determined as Lt < 500 cm and the signal
efficiency is evaluated as ð97.25� 0.10Þ% from the data
after subtraction of off-time.

C. Number of neutrons

The total number of neutron capture signals is extracted
by using the time difference between the muon and the
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FIG. 5. Definition of transverse distance (Lt) between the muon
track and the reconstructed vertex.
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following neutron candidates Δt. The Δt distribution

is shown in Fig. 7. The capture time of neutrons in SK is

measured using the americium beryllium (Am/Be)

source [14]. It should be taken into account that a single

neutron is emitted from the Am/Be source, while several

neutrons are often emitted from muon spallation. Figure 8

shows the number of neutron capture candidates observed

following a muon that remain after the event selections.

Neutron capture occurs frequently over short time intervals

in case several neutrons are produced in the detector by the

muon spallation. Neutron capture candidates are searched

with sliding time windows and the PMT hit information

for 1.3 μs around the candidate is identified as a single

event. If there are multiple neutron captures within 1.3 μs,

only one of them is selected as a signal candidate. Since the

effect of the dead time follows an exponential function, the

Δt distribution is fitted with the function

fðΔtÞ ¼

�

Aexp

�

−
Δt

τn

�

þB

��

1−Cexp

�

−
Δt

τd

��

; ð3Þ

where τn is the neutron capture time constant obtained from

measurements of Am/Be calibration, τn ¼ 116.4� 0.3 μs.

B represents the background events and is fixed to be 27.80,

which was determined using the data obtained with random

triggers. The first part of Eq. (3) corresponds to the neutron

capture component and the second part represents the

inefficiency due to the dead time effect. The uncertainty

on the background estimation is accounted as the systematic

uncertainty (Sec. IVD). A and C are parameters determined

by a fit. A represents the normalization of neutron events.

The second term absorbs the effect of dead time with the

time constant τd, with C as the normalization parameter.

The best-fit parameters are A ¼ ð4.39� 0.02Þ × 104,

C ¼ 0.256� 0.003, and τd ¼ 216.6� 10.0 μs. The total

number of detected neutrons from captures, Sn (defined

hereafter as signal neutrons), is obtained as Sn ¼ ð3.57�

0.02Þ × 106 using the integral

Sn ¼

Z
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In order to evaluate the signal efficiency for the time
window, the function is obtained by the fit to the region
Δt < 40 μs. The time for the neutrons to thermalize in
water is taken into account in the following function:

fthðΔtÞ ¼ A

�

1 − exp

�

−
Δt

τth

��

exp

�

−
Δt

τn

�

; ð5Þ

where τth is the time constant for thermalization of neutrons

in water, τth ¼ 4.3 μs [14]. From the ratio of integrals from

40 to 530 μs to integrals from zero to infinity for the

function fthðΔtÞ, the signal efficiency for the time window

is estimated to be ð72.45� 0.39Þ%.
The total number of neutrons produced by the muons can

be obtained by correcting Sn using the signal efficiency:

Nn ¼
Sn

ϵ
; ð6Þ

where Nn is the total number of neutrons and ϵ is the signal

efficiency. The signal efficiencies for each event selection

are summarized in Table I. The neutron capture fraction on

Gd depends on the Gd concentration in water and the

neutron capture time constant. The Gd capture fraction is

estimated to be 47% from the correlation with the neutron

capture time constant given by the GEANT4-based simu-

lation, and the uncertainty is estimated as 1%, which

corresponds to a systematic uncertainty in Nn of 2.2%.

Signal efficiency including all effects was obtained as

ð11.17� 0.08Þ%.

D. Systematic uncertainty

The systematic uncertainties are summarized in Table II.
The uncertainties on the number of muons and muon path
length come from the performance of the muon fitter. For
multiple muons, the number of simultaneously incident
muons is counted up to ten and reconstructed assuming that
they penetrate the ID in parallel. To validate the accuracy of

the muon fitter’s counting, the event displays are checked

and the number of muon tracks is counted. The discrepancy

from the muon fitter result is 2.0% and this value is

accounted for as the systematic uncertainty on Nμ due to

the muon fitter accuracy. The systematic uncertainty on the

neutron yield due to the measurement of Lμ is estimated to

be 1.3% from the accuracy of the path length reconstruction,

which is about 30 cm.

The uncertainty for the Gd capture fraction was discussed

in Sec. IV C. The systematic uncertainty on the Gd capture

time is estimated as 1.2% by considering the uncertainty on

τn. The systematic uncertainty due to the model of neutron

thermalization is estimated to be 2.2% by using simulations

assuming different thermal scattering processes. The sys-

tematic uncertainty of the Lt cut is evaluated by applying

different Lt cuts with the thresholds ranging from 400 to

600 cm. The relative variation is below 0.6%, which is

assigned as the systematic uncertainty. This range of the

variation of the threshold comes from the resolutions of the

entrance position of the muon reconstruction and the vertex

position of the low-energy events.

The largest source of the systematic uncertainty is the

signal efficiency for the N50 cut. In the N50 distribution

shown in Fig. 4, there is a 4.1% discrepancy in the N50

scale between the data and the MC. This value is estimated

by scaling the MC distribution to fit the data in the range

24 ≤ N50 ≤ 70. While neutrons are generated uniformly in

the ID one at a time in the MC, several neutrons are

produced at once from muon spallation and multiple

neutron captures can occur simultaneously. Because of

this feature in the selection of neutron candidates within the

same time window, the N50 distribution for the data

becomes larger than that for MC. The correlation between

the number of neutron capture events following a muon and

the discrepancy in N50 distributions between data and MC

is shown in Fig. 9. For candidates with single neutron

capture the discrepancy is 1.6%, while it is 7.9% for events

with greater than or equal to ten neutron captures. As the

number of neutron candidates increases, the discrepancy

increases due to the pile-up effect. This pile-up effect is also

confirmed in the MC with multiple neutrons generated

simultaneously. As there is no reliable model to predict the

number of neutrons produced from the spallation of

cosmic-ray muons at the underground detector, the sys-

tematic uncertainty of 4.7% is assigned to account for the

variation in the signal efficiency for the N50 cut when the

N50 distribution is scaled by 4.1%.
The fraction of neutron capture on hydrogen nuclei is

0.4% in the range 24 ≤ N50 ≤ 70 for the MC shown in
Fig. 4. This value is accounted for as the systematic
uncertainty.
Leak-in/-out of neutrons is one of the main sources of the

systematic uncertainty. The event rate of neutron capture
around the center of the ID is expected to be uniform as the

TABLE I. Summary of the signal efficiencies for each event
selection. The errors are statistical only.

Event selection Efficiency (%)

Analysis volume
(with respect to the ID of 32.5 kton)

45.39

Event quality 92.62� 0.29
N50 80.22� 0.27
Lt 97.25� 0.10
Time window 72.45� 0.39
Gd capture 47

Total 11.17� 0.08
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numbers of neutrons that leak in and out are likely
balanced. On the other hand, the event rate near the ID
wall is expected to be lower than that around the center.
This is because when muons penetrate the surrounding rock
or the OD, neutrons from their spallation are not counted
even if they are reconstructed in the ID because the parent
muons are not tagged in this analysis. A systematic
uncertainty of 2.2% is assigned to account for the leak-
in/-out by changing the boundary of the fiducial volume
from 4 to 7 m from the ID wall.
The uncertainty on the background estimation is esti-

mated to be 0.3%. This value is evaluated by fitting the Δt
distribution shown in Fig. 7 while varying the parameter B
by �5.7%, which comes from the statistical uncertainty of
the random trigger sample.
The total systematic uncertainty is estimated to be 6.7%

by adding all in quadrature.

V. RESULTS

The neutron yield Yn is defined as the neutron produc-
tion rate per unit muon track length and per unit density,
and can be calculated as

Yn ¼
Nn

NμLμρ
¼

Sn

ϵNμLμρ
; ð7Þ

where ρ is the density of the Gd sulfate solution,

ρ ¼ 1.000 g=cm3. The uncertainty is negligible because it
is smaller than 0.1%. The other parameters are explained in
the previous sections. It should be noted that the neutron
yield includes both primary and secondary neutrons. The
neutron yield is measured to be ð2.76� 0.02ðstatÞ�
0.19ðsystÞÞ × 10−4 μ−1 g−1 cm2.
Comparisons with other experiments are shown in

Fig. 10. Most of those yields were measured using liquid
scintillators, except for the SNO experiment which mea-
sured the yield in heavy water [35]. SK is the first
experiment to measure the yield in light water. The
KamLAND detector is located in the same mountain as
the SK detector at almost the same depth. Although the
target material in the SK detector is water and different
from the KamLAND detector, the measured neutron yields
are consistent within the uncertainties.
In addition, neutron yields are calculated for each muon

direction. Due to the shape of the mountains surrounding
SK, the flux of muons from each azimuthal angle and the
average energy at the detector site are different. The
azimuthal dependence of the muon flux is shown in
Fig. 2. The azimuthal distribution is divided into four parts

TABLE II. Summary of the systematic uncertainties.

Source Uncertainty (%)

Number of muons 2.0
Muon path length 1.3
Gd capture fraction 2.2
Gd capture time 1.2
Neutron thermalization 2.2
Signal efficiency for Lt cut 0.6
Signal efficiency for N50 cut 4.7
Contamination of hydrogen capture 0.4
Leak-in/-out of neutrons 2.2
Background estimation 0.3

Total 6.7
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of 90° each, and the muon energy and neutron yield are
estimated for each region. The results shown in Table III
can be interpreted as the higher the muon energy, the
greater the neutron yield, as expected.

VI. CONCLUSION

This paper presented the measurement of the neutron
yield produced by cosmic-ray muon spallation in SK. The
yield was found to be ð2.76� 0.02ðstatÞ � 0.19ðsystÞÞ ×
10−4 μ−1 g−1 cm2 at an average muon energy of 259 GeV.
The yield is consistent with the measurement by
KamLAND at a similar depth, although the target material
is different. The energy dependence of the yield was also
confirmed from a comparison for each muon direction.
As additional information, the Gd concentration was

increased in July 2022 from 0.011 to 0.033 wt%. This has
increased the fraction of neutron capture by Gd to 75%, and
even more efficient measurements are expected for future
analysis in SK.
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