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In recent neutrino detectors, neutrons produced in neutrino reactions play an important role. Muon
capture on oxygen nuclei is one of the processes that produce neutrons in water Cherenkov detectors. We
measured neutron multiplicity in the process using cosmic ray muons that stop in the gadolinium-loaded
Super-Kamiokande detector. For this measurement, neutron detection efficiency is obtained with the muon

capture events followed by gamma rays to be 50.

2+2.0

%. By fitting the observed multiplicity considering

the detection efficiency, we measure neutron multiplicity in muon capture as P(0) =24 £ 3%,
P(1) =703%, P(2) = 6.1 £0.5%, P(3) = 0.38 + 0.09%. This is the first measurement of the multi-
plicity of neutrons associated with muon capture on oxygen without neutron energy threshold.

DOI: 10.1103/pmyx-jn3s

Introduction—In recent neutrino detectors, neutrons play
an important role in reducing background events in
searches for diffuse supernova background [1] or nucleon
decay [2] and in distinguishing neutrinos and antineutrinos
in neutrino oscillation analyses [3]. To improve neutrino
analyses, it is crucial to understand the mechanisms of the
neutron production and their multiplicities.

The muon capture reaction on an oxygen nucleus

W+ >y, +A+n+n+---

is one of the processes that produce neutrons after neutrino
reactions in water Cherenkov detectors. Here, Vys Ny and A
denote muon neutrino, neutron, and the residual nucleus,
respectively. After negative muons lose their energy in
water, they are trapped by a nearby oxygen nucleus and
184+ 0.1% of them are captured on the nucleus [4].
Captures on hydrogen are negligible because muonic
hydrogen u~p is a neutral system and easily penetrates
to a nearby nucleus, and the muon is transferred to another
nucleus with a larger atomic number with stronger binding
energy [S].

In the perspective of nuclear physics, neutron multiplic-
ity in the muon capture reaction is governed by the
excitation function of nucleons. Measuring neutron multi-
plicity helps us to estimate the excitation function and to
study the nucleon momentum distribution in oxygen nuclei.

Muon capture reactions have been studied since as early
as the 1950s [6,7]. Recently, for heavier nuclei such as
molybdenum, neutron emission in muon capture reactions
has been measured for double beta decay experiments
[8—10]. The observed multiplicity can be described by the
pre-equilibrium—equilibrium model, which treats a large
number of nucleons in the statistical mechanical way, but
this prescription is not applicable to light nuclei like oxygen.

Particle emissions in muon capture reactions on oxygen
were actively studied in the 1970-1980s as reviewed in [5].
When negative muons are captured on '°0, 10.9 + 1.2%
result in 'N [11], 20 + 6% in >N ground state with one
neutron emission, 39 4+ 7% in 1N 6.32 MeV excited state
with one neutron emission, 0.8 + 0.4% in “N 3.9 MeV
excited state with two neutron emissions [12]. Here, the °N
ground-state yield was deduced by adding the yields with a

5 and 6.5 MeV neutron [12]. However, the branching ratios
have been measured by coincident measurement of neu-
trons and de-excitation gamma rays, and no experiment has
measured the neutron multiplicity directly. Yields of the
residual nucleus are recently measured in this reaction [13].

In this Letter, we report the result of neutron multiplicity
measurement in the muon capture reaction on "*O without
any requirement of coincident de-excitation gamma rays.
We use the gadolinium-loaded Super-Kamiokande (SK)
detector as a neutron detector [14]. It has 4z spatial
coverage and is sensitive to a wide range of neutron energy,
thermal to GeV, without a lower energy threshold, so it
enables unbiased multiplicity measurement independent of
neutron energy or direction. We use the cosmic ray muons
that stopped in the detector as the source. Such events are
frequently recorded during the normal data taking of SK as
a neutrino detector.

Detector and data—The SK detector is a 50-kton water
Cherenkov detector located 1000 m underground in the
Kamioka mine in Japan [15,16]. A cylindrical tank of water
is optically separated into an inner detector (ID) and an
outer detector (OD) surrounding the ID. The total volume
of the ID is 32 kton and it is observed by over 11000
inward photomultiplier tubes (PMTs) on the wall, while the
two-meter-thick OD works as an active veto for cosmic ray
muons and as a shield for incoming neutrons and gamma
rays. Relativistic charged particles emit cones of
Cherenkov photons in the detector. Charge and timing
information of photons from the Cherenkov radiation
observed by ID PMTs enable us to reconstruct event
vertex, direction, and momentum, and to classify the event
as e-like for electrons and gamma rays or p-like for muons
and charged pions.

In 2020, gadolinium (Gd) sulfate was dissolved into the
detector’s water to achieve 0.011% Gd concentration in
order to improve neutron detection efficiency [14]. With
this concentration, half of thermal neutrons in the detector
are captured on Gd with a subsequent 8§ MeV gamma ray
cascade, while the other half are captured on free protons
with a 2.2 MeV gamma ray. By detecting gamma rays
following primary events, neutrons can be identified with
an efficiency of 50.273)%. This Letter also reports how this
efficiency is obtained.
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The analysis begins with selecting and reconstructing
cosmic ray muon events which stopped in the ID (stopping
muons). Events are selected as stopping muons when there
is only one hit cluster in the OD PMTs corresponding to
the muon entrance point. The entrance point, direction, and
momentum of the muon are reconstructed from the
observed charge distribution and the hit timing in the ID
PMTs. Assuming energy loss of muons in water [17], the
stopping point of the muon is reconstructed. From
the simulated stopping muon events, the resolution of
the stopping point is estimated to be 102 cm. To ensure
that neutrons emitted at the stopping point are captured by
Gd or protons in the inner region of the ID, we required that
the reconstructed stopping point be more than 300 cm away
from the ID wall. In the 562.4 live days of data from 2020
to 2022 that we use in the analysis, 1,986,465 events are
selected as stopping muons, corresponding to 3,532
events/day.

Neutron efficiency measurement—For the estimation of
the neutron tagging efficiency, we use stopping muon
events followed by high-energy gamma rays. Among the
decay branches of the 'N* formed in muon capture
reactions, those accompanied by de-excitation gamma rays
above several MeV are >N with one neutron emission
(67 £8% [12]) and N with two neutron emissions
(estimated roughly 0.8% [5]). Here, the fractions in the
parentheses show the branching ratios among total muon
captures on '%0. Other states in N and '*N have lower
excited energies. Especially, the lowest excited state of !N
above 1 MeV is at 7.5 MeV, but this is high enough to emit
a neutron, and the 7.5 MeV gamma ray is not observed
from the '®N* state. Thus, we define a “control sample” as a
subsample of the muon capture events with a high-energy
gamma ray signature, predominantly corresponding to
single-neutron emission. Though there is a small contami-
nation from other channels, it provides a reasonably pure
single-neutron reference. We use events with gamma rays
with more than 30 PMT hits in ID as a reference sample.
This threshold corresponds to 5 MeV of visible energy.

De-excitation gamma rays after muon capture reactions
are observed in the same way as decay electrons, but their
energies are lower than those of decay electrons. Figure 1
shows the reconstructed energy spectrum of decay elec-
trons (for MC) and of decay electrons and de-excitation
gamma rays (for data). The signals are required to be
detected within [1.1,5] ps after the stopping muon. At
shorter time scales, the spectrum is distorted by the dead
time of the data acquisition system, which is 900 ns after a
PMT hit [18]. At longer time scales, false-tagged signals
which are expected to be flat in time account for a larger
proportion of the signal. The energy in MC is scaled by
+2.0% to match the observed energy spectrum. This 2.0%
is consistent with the systematic energy uncertainty evalu-
ated for other analyses [3].
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FIG. 1. The observed and simulated energy spectrum of decay

electrons and de-excitation gamma rays following stopping
muons. The time difference between the decay electron or the
gamma ray and the preceding stopping muon is required to be
within [1.1,5] ps. The simulation includes only decay electrons
and is normalized with the number of stopping muons. The
energy in MC is scaled by +2.0% to match the spectrum in data.
The fit includes events with energies greater than 15 MeV.

Using the energy spectrum, the events below 10 MeV are
selected as gamma ray candidates. There are N, = 26,
454 candidate events selected in data, and Ngeeay = 9, 425
decay electrons are expected to contaminate the candidates
from the MC spectrum.

Other possible sources of contamination originating
from stopping muons are radioactive isotopes and neutron
capture signals, both of which are longer lived than 100 ps
after the parent muons. Background signals independent of
stopping muons, such as radioactive background [19] and
spallation products [20], are expected to occur accidentally.
Thus, background contamination other than decay elec-
trons is estimated as a flat component in the decay time
distribution of the candidate events. Among the candidate
events, the number of events originating from u* is
calculated as N = Ngecay[r/(1 + 7 = peap)] Where r =
1.32 £ 0.02 is the charge ratio of cosmic ray muons [21]
and pg,, = 0.184 +0.001 is the probability that a p~ is
captured on a nucleus [4]. The other events are assumed to
be originating from y~: N_ = N, — N_. Then the decay
time distribution of the candidate events is fitted with

N. t\ N_ t
Do L—JFGXP<—T—+> +T—_6XP(—T—_>} +pi (1)

131801-4



PHYSICAL REVIEW LETTERS 136, 131801 (2026)

where 7* are the lifetimes of u*, fixed at 7+ = 2.197 us

and 7~ = 1.795 ps in oxygen [4], and p, and p; are free
parameters. The number of contaminating events is esti-
mated to be N g = 621 from the best-fit value of p;.

The candidate event sample contains N, = Ny, —
Ngecay = Neonst = 16,408 de-excitation gamma rays from
IN*, and N, is expected to be equal to the number of
neutrons emitted in the candidate event sample because
muon capture events followed by high energy de-excitation
gamma rays form a single-neutron control sample.

In the candidate events, 8,568 neutron signals are tagged
by the method by [22,23]. The method searches for PMT
hit clusters following muon events, and applies a neural
network trained with simulated neutron signals to identify
neutrons. Figure 2 shows the distribution of the neutron
detection time with respect to stopping muons. The dis-
tribution is fitted with

N x5 ps
1(6_18 ps/t _ o935 ps/r)

e'/*+B (2)

with 7, N, and B as fitting parameters, where 7 is the time
constant of the neutron capture reaction. Here, 5 ps
corresponds to the bin width of Fig. 2, and 18 and
535 ps are the start and end times of the neutron search
window after the stopping muon. By integrating the
function over the search time window, N gives the number
of the detected neutron signals, and B represents time-
independent backgrounds which are made up of the false
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FIG. 2. The detection time of neutrons with respect to the
preceding stopping muons in those events with de-excitation
gamma ray candidates. The search window is [18,535] ps after
the stopping muons to avoid after-pulse of PMTs, which happens
12-18 ps after a large hit [24]. The red line shows the fitting
result by Eq. (2). The hatched box represents the B component,
corresponding to the false tagged signals.

tagged signals. The fitted value of 7 = 114.2 2.6 ps is
consistent with measurements with an americium-beryl-
lium neutron source [14].

The number of the detected neutrons is obtained as
N = 8,242, with which the neutron tagging efficiency is
calculated by N/N,.

The effect of energy scaling by 2.0% of the decay
electron spectrum in MC in Fig. 1 is treated as systematic
uncertainty. To estimate the number of de-excitation
gamma rays, the time-independent contamination events,
Neonst> are discarded because the tagged events are not de-
excitation gamma rays. However, in those events, decay
electrons are not detected as well, so they can be muon
capture events and they can be accompanied by neutrons.
Therefore, we should not ignore those events in calculating
N,, and the number of those discarded events, N g, 18
considered as a systematic uncertainty of N,.

This analysis assumes that muon capture events with
> 5 MeV gamma rays are accompanied by one neutron.
Previous measurements of neutrons and gamma rays from
the muon capture reaction reported that 0.8% of the
reaction is associated with gamma rays with a total energy
of 3.9 MeV and two neutrons [12]. From the similarity in
branching ratios in '%O(y~,vnn) and '°O(y, pn) reactions,
it is estimated that the branching ratios to the 3.9 MeV state
and 7.0 MeV state of '“N are roughly equal in both
reactions [5]. Hence 0.8% of muon capture events are
estimated to contain two neutrons and 7.0 MeV gamma
rays, though the gamma rays are confused with the
numerous "N gamma rays in the measurements. This
branch can cause bias in the efficiency measurement in
this analysis, and the ratio is considered as a systematic
uncertainty in the efficiency. The fraction of this branching
ratio, Br('*N(7.0 MeV))/Br(**Nexcited states) = 1.2%,
is set as a relative uncertainty of the detection efficiency.

Other uncertainties are summarized in Table I. The
neutron tagging efficiency in the muon capture reaction
is measured to be 50.27% with statistical and systematic
uncertainties. This efficiency is stable throughout the
observation period and is uniform in any region in the
fiducial volume in the detector.

Neutron multiplicity measurement—As the next step, we
measure neutron multiplicity in the muon capture process.
We use the same data set as we used in the efficiency
estimation. This time, to collect all muon capture events
without any bias from de-excitation gamma rays, we
remove stopping muon events with decay electrons whose
energy is higher than 15 MeV. Here, we assume that no
muon capture results in more than 15 MeV of de-excitation
gamma rays. From the MC sample, the selection efficiency
of this cut for muon capture events is estimated to
be 99.88%.

The distribution of the number of detected neutrons in
the selected events is shown in the second row in Table II.
PMT hits from each neutron capture are distributed over a
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TABLE I. Summary of the systematic uncertainties of the
measured neutron detection efficiency. The uncertainty sizes
are expressed as the absolute uncertainty in the detection
efficiency.

Source Uncertainty
Energy scaling +1.9%
Time-independent contamination to y —-1.9%
Capture time fit (including statistics) +0.8%
1%0(u~, vnn)'“N reaction —0.6%
Muon charge ratio, r < 0.01%
Capture probability, pcy, < 0.001%
Lifetime of u* +0.02%
Distortion by neutron thermalization +0.02%
Total +2.0/ —2.1%

time of order 100 ns while the capture time constant is
around 100 ps, so the detected neutrons can be assumed to
be statistically independent. The multiplicity distribution is
distorted by tagging efficiency ¢ and false tagged signals
whose rate is p in units of event™!. When we denote the
number of events where i neutrons are generated as n;, the
number of events with i tagged neutrons is

= injC(j, el —e), (3)

where C(j,i) is the number of i-combinations from j
elements. By adding false tagged signals, the expected
number of events with i observed signals is written as

E(n) = t(1-p)+ Y 1,0 )
=0

as a function of assumed true multiplicity n. The number of
detected false neutron signals is obtained from the fitted B
in Eq. (2) of neutron detection time distribution, and the
false tagging rate is obtained as p = 0.0083(4) per event.

TABLE II. The numbers of neutron signals in a event. The
second row shows the observed distribution in the events after
the decay electron cut in a search window of [18, 535] ps after the
preceding muons. The third row shows the fitted distribution
assuming Eqgs. (3) and (4), which is considered to be total
generated neutrons. The fourth row shows the distribution in
muon capture events obtained by subtracting contribution of
decay events.

Number of

neutrons 0 1 2 3 45 Sum
Observed 816249 66514 3197 112 5 2 886079
Fitted 766292 109527 9574 592 0 32 886018

In capture events 37821 109527 9574 592 0 32 157547

The observed multiplicity O; is unfolded to obtain the
generated multiplicity n; by minimizing a y° statistic
defined as

where &) and p, (o, and ) are the estimated prefit values
(uncertainties) of e and p, respectively. The statistic
compares the expected and observed multiplicity assuming
Poisson fluctuations with two systematic uncertainties as
nuisance parameters.

The »* is minimized against n;, €, and p while all the
fitting parameters are constrained to be equal to or greater
than zero. Figure 3 shows the one-dimensional Ay?
contours of the parameters, obtained as the difference
between the global minimum y? and the minimum y? with
one parameter of interest fixed. The best-fit values of n;
are listed in the third row in Table II. For i > 3, the fitted
parameter regions are close to the unphysical regions, so
uncertainties of the parameters are obtained by the
Feldman-Cousins approach [25]. The critical values are
overlaid in Fig. 3. The fit was performed up to n5 here, but
including ng4 does not lead to significant changes in the fit
result.

The fitted number of events with 0 neutrons contains
stopping muon events where the muon is not captured but
decays into an electron. The number of muon capture
events is calculated as

Multiplicity 0

Multiplicity 1 Multiplicity 2

5,
N . x10° gL,
760 770 78 100 110 120 8000 10000
Multiplicity 3 Multiplicity 4 Multiplicity 5
10k 1 15
~ 10
=
g sf
,,,,, SH\ . T
0™"400 600 800 100 0 100200 % 50 100
Number of events Number of events Number of events
FIG. 3. Ay? contours for the number of events with each

neutron multiplicity obtained by unfolding the observed distri-
bution. Blue lines with dot markers show the Feldman-Cousins
critical values [25] for 1o, 90%, and 26 confidence level from
bottom to top. Green dashed lines represent A)(z =1,2.71, and 4,
roughly corresponding to 1o, 90%, and 26 confidence levels,
from bottom to top.
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1
Ncap = N”I—Hpcap = 157, 547, (6)

where N, is the number of stopping muon events, r is the
muon charge ratio, and p,, is the capture probability of y~.
We decrease the number of events with 0 neutrons so that
the total number of events agrees with N,,. In this way, we
obtain the n; distribution in muon capture events as in the
fourth row in Table II.

As we described earlier, the muon capture process on
hydrogen 'H can be ignored, but we have gadolinium and
sulfur atoms in the detector water. In chemical compounds,
muon Coulomb capture probability is calculated as the
number ratio of nuclei multiplied by relative capture
probability R(Z), where Z is the atomic number of the
nuclei. R(Z) was experimentally measured [26]. In the
detector water with 0.021% Gd,(SOy)5, 0.007% of stop-
ping negative muons are Coulomb captured by gadolinium,
and 0.002% are Coulomb captured by sulfur. Among the
1,986,465 stopping muons in our sample, 62 and 20 y~ are
estimated to be captured on gadolinium and sulfur respec-
tively. Neutron multiplicity in muon captures on these
nuclei is uncertain, so conservatively we set the sum of
these numbers, 82, for a systematic uncertainty of the
numbers in the fourth row in Table II. With this uncertainty,
the numbers of events of multiplicities four and five cannot
be distinguished from those of captures on gadolinium or
sulfur.

As a result, the probability P(i) of i neutrons emitted in
the muon capture process on oxygen of natural abundance
is calculated to be P(0)=2443%, P(1)=70"3%,
P(2) =6.1+£0.5%, P(3)=0.383+0.09%. Systematic
uncertainties from the charge ratio r(ut/u7)=
1.32 £ 0.02 of cosmic ray muons [21], and the capture
probability of = pe,, = 18.4 £ 0.1% [4] are considered in
addition to the fitting uncertainty coming from statistics,
neutron detection efficiency, and neutron false tagging rate.
The uncertainties are evaluated from the variance of P(i)
resulting from varying r and p.,,. The uncertainties of r
and p,, are correlated, but the correlation is estimated to be
a factor of 20 smaller than the total uncertainty of r, so this
correlation is ignored in this Letter.

P(2) = 6.1 £ 0.5% measured in this Letter is larger than
in the previous measurement [5,12], where neutrons with
energies greater than 0.9 MeV were measured. It suggests
that more neutrons are emitted at lower energy in muon
capture reactions.

Summary—We have measured neutron multiplicity for
up to three neutron emissions in the muon capture reaction
on oxygen nuclei of natural abundance with stopping muon
events in the gadolinium-loaded Super-Kamiokande detec-
tor. For this measurement, neutron detection efficiency has
been obtained to be 50.2“_“22;?% by using capture events with
gamma rays as a one-neutron control sample. This is the

first study to measure neutron multiplicity in this reaction
directly without a neutron energy threshold in the reaction.

Our results will improve neutron simulation in water
Cherenkov detectors and therefore contribute to more
precise neutrino oscillation measurements and rare event
searches. In addition, the precise measurement of the
neutron multiplicity gives the excitation function in the
process and could help to study nucleon momentum
distribution in nuclei.
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