
Neutron tagging can greatly reduce spallation
backgrounds in Super-Kamiokande

Obada Nairat ,1,2,* John F. Beacom ,1,2,3,† and Shirley Weishi Li 4,‡

1Center for Cosmology and AstroParticle Physics (CCAPP), Ohio State University,
Columbus, Ohio 43210, USA

2Department of Physics, Ohio State University, Columbus, Ohio 43210, USA
3Department of Astronomy, Ohio State University, Columbus, Ohio 43210, USA

4Department of Physics and Astronomy, University of California, Irvine, California 92697, USA

(Received 6 October 2024; accepted 6 December 2024; published 8 January 2025)

Super-Kamiokande’s spallation backgrounds—the delayed beta decays of nuclides following cosmic-
ray muons—are nearly all produced by the small fraction of muons with hadronic showers. We show that
these hadronic showers also produce neutrons; their captures can be detected with high efficiency due to the
recent addition of dissolved gadolinium to Super-Kamiokande. We show that new cuts based on the
neutron tagging of showers could reduce spallation backgrounds by a factor of at least four beyond present
cuts. With further work, this could lead to a near elimination of detector backgrounds above about 6 MeV,
which would significantly improve the sensitivity of Super-Kamiokande. These findings heighten the
importance of adding gadolinium to Hyper-Kamiokande, which is at a shallower depth. Further, a similar
approach could be used in other detectors, for example, the JUNO liquid-scintillator detector, which is also
at a shallower depth.
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I. INTRODUCTION

Crucial open questions in physics and astronomy depend
upon improved measurements of solar neutrinos. These
questions include precision tests of neutrino mixing [1–6]
and of the physical conditions in the solar interior [6–10].
Here we focus on neutrinos above a few MeV, for which
Super-Kamiokande (Super-K) has the largest statistics, due
to operating since 1996 with a fiducial volume of 22.5 kton
[11,12]. In 2020, Super-K began adding dissolved gado-
linium to enable neutron detection, as proposed in Ref. [13]
and developed in Refs. [14–16]. While a major motivation
for neutron tagging is improving sensitivity to the diffuse
supernova neutrino background (DSNB) [17–20], we show
here that this new capability can also help solar neutrino
(and other) studies by greatly reducing spallation back-
grounds. In Ref. [13], neutron tagging was used to identify
signals; here we use it to identify backgrounds through
their preactivity.

A key component of the detector backgrounds is spalla-
tion, meaning nuclear breakup processes caused by cosmic-
ray muons and their secondaries that lead to delayed beta
decays. In Super-K, these are dominant above∼6 MeV,with
beta decays due to intrinsic radioactivities dominating at
lower energies [21–23]. Even though Super-K is shielded by
1 kmof rock [11,12], the rate of cosmic-raymuons that reach
the detector is ∼2 s−1 [24] and the probability of a muon
producing a relevant isotope is ∼0.02, corresponding to a
spallation decay rate of ∼3000 day−1 above 3.5 MeV. In
contrast, the signal rate from solar neutrino-electron scatter-
ing is ∼20 day−1 above 3.5 MeV [25]. Super-K has
developed empirical background cuts, including one for
approximately localizing isotope production along the muon
track [23,24,26–29]. These cuts remove ∼90% of spallation
backgrounds at a cost of ∼10% detector dead time (signal
loss). Taking into account the directionality of the signal
helps by another factor∼10, but backgrounds comparable to
the signal remain. Therefore, there is sensitivity to be gained
by further reducing spallation backgrounds, which requires a
better physical understanding of their origins.
To date, the only detailed theoretical studies of spallation

in Super-K were by Li and Beacom [30–32]. In their first
paper, they showed that nearly all relevant isotopes are
made by muon secondaries, with their calculations repro-
ducing Super-K’s measured isotope yields within a factor
of a few, consistent with expected hadronic uncertainties. In
their second paper, they showed that nearly all of these
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isotopes are produced in showers, which cause peaks in the
muon Cherenkov light intensity along the track. Further,
they showed that while hadronic showers are rare compared
to electromagnetic showers, they dominate isotope pro-
duction. In their third paper, they showed how to localize
showers along the muon track much more precisely than
done by Super-K. As part of this work, Li and Beacom
found that spallation isotopes are often produced in associ-
ation with neutrons, with their yields increasing with shower
energy (see also Ref. [33]). They privately shared this
idea with Super-K and encouraged its development. In
Refs. [23,25], Super-K demonstrated an improved spallation
cut based on localizing showers by requiring the production
of clouds of neutrons. Super-K’s results so far are for pure
water, in which neutron captures are detected with low
efficiency, so their focus is on large showers, which are rare.
In this paper, we present the first detailed theoretical

calculation of neutron production in association with
spallation isotopes. We focus on both the underlying
physics and on new cuts for Super-K with added gadolin-
ium. We show that the majority of relevant isotopes are
produced by a minority of showers that also produce
neutrons. If these dangerous showers (hadronic or electro-
magnetic with a hadronic or neutronic component) can be
identified, they can be subjected to stronger cuts without
incurring significant dead time. In terms of the underlying
physics, it is enough to tag showers with as few as one
neutron, allowing sensitivity to even small showers. Added
gadolinium makes this feasible.
The ability to use neutron tagging to identify potential

isotope-producing showers depends on the neutron detec-
tion efficiency. We focus on the present Super-K with
gadolinium, showing that it can greatly reduce spallation
backgrounds relative to the previous Super-K with pure
water. This highlights the importance of considering added
gadolinium for Hyper-Kamiokande (Hyper-K) [34,35],
which will be at a shallower depth, where the flux of
muons is about 5 times higher [35]. Further, the physical
insight that isotope production often happens in hadronic
showers with multiple neutrons will also be important for
scintillator detectors like JUNO [36–38], which is also at a
shallower depth. As detailed in the Appendices, our
insights significantly improve upon a standard technique
[three-fold coincidence (TFC) between muon, neutron, and
candidate isotope] used to reject 11C in scintillator detectors
[39,40]. It also generalizes upon new approaches used by
Borexino and KamLAND-Zen that incorporate neutron
multiplicity to tag 11C and xenon spallation events [41,42].
This paper is organized as follows. In Sec. II, we review

the physics of particle showers and their production of
isotopes. In Sec. III, we calculate the neutron yields of
showers induced by hadrons and electrons. In Sec. IV, we
present our main results: we predict the neutron yields for
muons in Super-K, show that the vast majority of isotope-
producing muons also produce neutrons, and propose a

technique to utilize neutron yields as a method to tag those
muons. Finally, in Sec. V, we conclude. In Appendices, we
provide further details, including some new results.

II. REVIEW OF SPALLATION ISOTOPE
PRODUCTION IN SUPER-K

In this section, we briefly review the physics of cosmic-
ray muons in Super-K, their propagation through the
detector, how they produce showers, how those showers
produce isotopes, cuts to reduce the relevant isotopes, and
neutron detection.

A. Exposure to cosmic-ray muons

Super-K is a water-Cherenkov neutrino detector built
1 km underground in the Kamioka mine in Japan [11,12].
The detector consists of a cylindrical stainless steel tank
that is 41.4 m tall and 39.3 m in diameter, containing
50 kton of water. This volume is separated into two
concentric cylinders, with the densely instrumented inner
detector being 36.2 m in height and 33.8 m in diameter, and
the remaining volume being the optically isolated and
sparsely instrumented outer detector (and a 0.5-m dead
zone between the inner and outer detectors). The fiducial
volume is a virtual cylinder with each side 2 m inside the
inner detector, making it about 32.2 m in height and 29.8 m
in diameter, holding 22.5 kton of water.
Despite the rock overburden [11,12], Super-K is exposed

to cosmic-ray muons at a rate of∼2 s−1 [24]. At the depth of
Super-K, the muons have an average energy of 271 GeV
(almost all throughgoing),withmost of the distribution being
in the energy range 30–700 GeV [43]. Isotope production
rates are only moderately sensitive to the detailed shape of
Super-K’s muon spectrum.Most muons are relatively down-
going, with their angular distribution peaking at vertical and
with ∼80% of them being within 60° of vertical. Taking into
account the variations in the muon entry points and angles,
the average muon track length inside the fiducial volume is
∼24 m [44] (for comparison, the longest diagonal path is
∼44 m). The majority (∼89%) of muons arrive as individual
throughgoing particles with long path lengths, but ∼7% of
them arrive in bundles with parallel tracks due to being
generated by the same primary cosmic ray (described further
in Sec. II E), and∼4% are corner-clipping muons with small
track lengths, usually less than ∼7 m.
In the following, as in Refs. [30–32], we focus on single

vertical throughgoing muons that enter the detector at its
center, which is sufficiently general to illustrate our new
physics ideas. Super-K has excellent muon reconstruction
capabilities due to independent measurements in the inner
and outer detectors, so different event classes are easily
identifiable. Further, isotope yields are calculated per
length of (single) muon track (in units of μ−1 g−1 cm2),
so the yields for varying entry points and angles can be
rescaled by the muon track lengths. Muon bundles are
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subjected to strong cuts. Corner-clipping muons can also be
subjected to strong cuts; in any case, they have small track
lengths, so their contribution to isotope production is small.
We also do not consider low-energy muons that stop inside
the detector (∼5% of all muons), which typically have small
isotope yields except due to the nuclear captures of negative
muons. This case, considered in detail in Refs. [31,45], can
be dealt with by excluding small spherical regions around
the muon stopping points, which induces minimal dead
time [24].
We simulate muon propagation in Super-K using the

particle transport code FLUKA (version 4-4.0) [46–48],
which is a Monte Carlo simulation package that has been
previously used to reproduce measured spallation data for a
variety of detectors within hadronic uncertainties. Other
information also suggests that FLUKA models shower well
[23,49–51]. We use a very similar setup to those detailed in
Refs. [30–32,52]. Our simulations are restricted to the
fiducial volume of Super-K, with the target material being
the natural isotopic abundance of water as predefined by
FLUKA, though the effects of 17O and 18O are negligible
[30]. All relevant hadronic and electromagnetic processes
are switched on using the PRECISIOn defaults. The isotope
yields andneutronyields are calculated using amodified user
routine that counts both relevant isotopes (without a 3.5MeV
threshold cut as it makes little difference [30]) and neutron
capture signals. Isotopeyields fromourmodified user routine
are also cross-checked with the built-in RESNUCLEi card.
The neutron yields are calculated assuming Super-K’s
present gadolinium concentration (0.033% by mass).
Gadolinium only affects neutrons once they are slowed to
thermal energies, after which their travel distances are small
without or with gadolinium. And, while we include gado-
linium in our simulations, it is irrelevant as a spallation target
due to its small concentration.
Even if the measured isotope yields differ from pre-

dictions, due to the hadronic uncertainties, that is accept-
able. First, we need only reasonable accuracy to design cuts
that can be studied in further detail through Super-K
measurements and simulations. Second, the experimental
unknowns are the spallation yields, as the energy spectra
and time profiles of almost all of the relevant isotopes are
known from laboratory measurements. Simulations could
thus be recalibrated with measured yields.

B. Muon propagation in water

As muons propagate through water, they lose energy at a
rate [53–55]

−
dE
dX

¼ αðEÞ þ βðEÞE; ð1Þ

where X is the mass column density (ρL, the product of the
mass density and the path length, which is quoted in units
of g cm−2), and where αðEÞ and βðEÞ are the ionization and

radiation coefficients, respectively. The energy dependence
of αðEÞ and βðEÞ is modest; the majority of the energy
dependence in Eq. (1) arises from the explicit E factor in the
second term. The muon critical energy, Ec, is the energy at
which the ionization and radiation losses are equal. In water,
this is 1.03 TeV [54,56]. At the average energy of 271 GeV,
ionization losses are dominant but radiation losses are
appreciable (and cause the most relevant showers).
The αðEÞ term accounts for the energy losses due to the

ionizationor excitationof bound atomic electrons [54,55,57].
At 271 GeV in water, these losses have an average rate of
2.9 MeVg−1 cm2 [54]. This can be separated into two
components based on the energy transferred to the electrons.
One component (the restricted ionization loss) leads to low-
energy scattered electrons and ismostly continuous along the
muon path, having only small fluctuations. Muons in Super-
K have an average restricted ionization loss rate of
∼2 MeVg−1 cm2. Another component (the delta-ray loss)
can create high-energy electrons that can induce electromag-
netic showers.Delta-ray losses,whichhave an average rate of
∼0.9 MeVg−1 cm2, have large fluctuations and can produce
delta rays with energies approaching that of the muon
itself [54,55].
The βðEÞ term accounts for radiation energy losses

through interactions with atomic nuclei. The most relevant
processes here are pair production, bremsstrahlung, and
photonuclear interactions. Pair-production losses are almost
continuous (with small fluctuations), with an average rate of
∼0.4 MeVg−1 cm2, so they contribute to the minimum
energy loss of muons crossing the detector. The other
processes have much larger fluctuations, often yielding
energetic daughter particles that can, in turn, initiate electro-
magnetic or hadronic showers [56]. Importantly, the dom-
inant energy losses of muons are due to electromagnetic
processes, so electromagnetic showers are common and
hadronic showers are rare.
Figure 1 shows the energy loss distribution for vertical

thoroughgoing muons in Super-K, which have a path length
of 32.2 m, corresponding to an average restricted ionization
loss of ∼6.4 GeV and an average pair-production loss of
∼1.3 GeV. These two losses are nearly continuous (with
small fluctuations), causing an energy loss of ∼7.7 GeV on
average, which is very close to the most probable muon
energy loss at 7.6GeVin thedistribution. The tail to the left of
the peak is due to the small fluctuations in these processes,
which causes the minimum ionization loss to fluctuate down
to ∼6.7 GeV in some cases. The average total energy loss is
∼11 GeV (more precisely, 11.4 GeV, as marked in Fig. 1),
which shows the importance of the tail caused by the highly
fluctuating delta-ray and radiation losses. We call the energy
loss beyond the minimum the shower energy, as it is due to
delta-ray production, photonuclear interactions, and other
radiation processes that can produce showers if the secondary
particles are energetic enough. On average, the shower
energy is ∼4 GeV, but fluctuations allow it to be much
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larger. We caution that this shower energy is not perfectly
defined because even what we call the minimum energy loss
has some fluctuations.

C. Showers induced by muons

In a shower, an initial particle produces more and more
particles of lower and lower energy; this multiplication ends
when the average particle energy becomes low enough that
the energy-loss or particle-loss rate is greater than the
particle-production rate. The energy where this occurs is
the critical energy,Ec, already noted in the context of Eq. (1).
In electromagnetic showers, the secondary particles are

mainly electrons, positrons, and gamma rays. The main
processes driving the evolution of the particle shower are
pair production and bremsstrahlung. As the shower devel-
ops, an electron or positron undergoes a bremsstrahlung
interaction that produces an accompanying gamma ray. In
turn, a gamma ray undergoes pair production, yielding an
electron and a positron. Occasionally, secondary gamma
rays in electromagnetic showers undergo photonuclear
interactions that produce neutrons, and less often charged
pions that, in turn, can develop a hadronic component. This
continues until the critical energy is reached; for electro-
magnetic showers in water, this is about 80 MeV [55]. At
that average energy, the number of particles in the shower
reaches a maximum.
Hadronic showers develop similarly to electromagnetic

showers, but the main secondary particles are charged

(πþ; π−) and neutral (π0) pions. Successive inelastic had-
ronic interactions lead to particle multiplication in each
generation. The charged pions generally go through a
succession of inelastic collisions, leading to nuclear
breakup and the production of pions, until all hadrons fall
below the critical energy. In water, this is∼1 GeV; this high
critical energy is part of why hadronic showers are less
common than electromagnetic showers. The neutral pions
promptly decay to gamma rays, π0 → γ þ γ, which in turn
can initiate electromagnetic showers. Since the pions are
produced in hadronic showers with roughly equal numbers
of each charge, about 1=3 of each generation’s energy is
transferred to the electromagnetic shower (with an ultimate
ceiling of about 90% of the initial shower energy [58,59]).
This electromagnetic component of a hadronic shower thus
dominates its total light yield, with that being somewhat
reduced compared to a pure electromagnetic shower. This is
because charged pions have higher Cherenkov thresholds
than electrons and because they lose energy to neutral
particles (especially neutrons) that themselves produce no
Cherenkov light [31].
The length scale of particle showers is determined by the

mean free path of their underlying processes in the medium
they transverse [55,60,61]. For electromagnetic showers in
water, the mean free path of bremsstrahlung and pair-
production processes, or the radiation length X0, is about
36 cm [55]. The distance to the shower’s maximum is
X0 lnðE0=EcÞ, where E0 is the initial energy of the first
particle starting the shower. The full length of the shower is
several times larger [62,63]. For hadronic showers, the
mean free path for pion interactions is numerically some-
what larger than X0, but the multiplicity of the particles in
each generation is larger than in electromagnetic showers
[63], leading to a comparable length for the showers. In
Super-K, muon-induced electromagnetic and hadronic
showers are less than 10 m long even at the highest
relevant energies, so they are often fully contained within
the fiducial volume (when they are not, they can be treated
as showers of lower energy).
Electromagnetic showers are quite narrow, with a char-

acteristic (Molière) radius of ∼0.1 m in water [55], while
hadronic showers, which have larger fluctuations at a given
energy, have a characteristic radius of∼1 m, about twice the
hadronic interaction length (see the Appendixes for details).
While many of the secondary particles in both types of
showers are collimated in the direction of the muon, lower-
energy secondaries have a broader range of directions, which
is important for shower reconstruction [32].
At energies below ∼300 MeV, where pion production is

kinematically suppressed, another kind of hadronic shower
—sometimes called a nucleon cascade or neutronic shower
[31,64,65]—is possible. In these showers, gamma rays can
eject one or more nucleons from a nucleus. Protons are
quickly stopped in the medium by their electromagnetic
energy losses, but neutrons can eject nucleons from other

FIG. 1. Top panel: differential distribution for the energy loss of
muons passing vertically through Super-K. Bottom panel: cu-
mulative distribution for the fraction of muons with an energy
loss above a given value. The red dotted line shows the average
muon energy loss.
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nuclei, often leading to more gamma-ray emission from
nuclear deexcitation. These showers are near isotropic and
have an extent below ∼1 m. Ultimately, after losing energy
through inelastic and elastic scattering, the neutrons typ-
ically undergo radiative capture (in Super-K, on hydrogen
unless gadolinium is present).

D. Production of isotopes by showers

The vast majority of relevant isotopes are produced by
secondary particles in showers, not the parent muons. The
isotope yields can be calculated using the convolution of
the path length distributions (the total distances covered by
all particles of a given type and energy) with the cross
sections of the various isotope-production processes. This
convolution can be done by hand (see, e.g., Refs. [39,66])
but is typically done internally by codes like FLUKA.
The total path length of the secondary particles in a shower

is directly related to its initial energy because the number of
secondary particles in a shower grows linearly with shower
energy. The total energy in showers can be estimated from the
total amount of Cherenkov light produced by the muon,
minus the expectation from the nonshowering energy loss
components for the muon [32,67,68]. Therefore, the larger
the light yield of a shower, the greater the cumulative path
length of its secondary particles, which leads to a higher
probability of producing an isotope.
Many of the inelastic nuclear cross sections have been

measured in laboratory experiments [69]. For the most
relevant isotopes, the primary processes of production are
through neutrons and pions breaking oxygen nuclei [30].
The abundance of both neutrons and pions in hadronic
showers makes them very efficient at producing those
isotopes. (To give a sense of the multiplicities, at the end of
a hadronic shower, the number of remaining neutrons is
about 10 times greater than the number of pions; we give
details in Sec. III A and Appendix A.) Next most important
are gamma rays, which sometimes cause photonuclear
interactions. While the photonuclear cross sections are
small, the high frequency of electromagnetic showers
partially overcomes this.
Most of the isotopes produced by muon spallation in

water do not lead to detector backgrounds, because the
isotopes are stable, have very long half-lives, or the decays
do not produce high-energy betas [30]. However, for a
small fraction of unstable isotopes, their beta decays cause
significant backgrounds for neutrino signals in the energy
range of 5–20 MeV. These relevant isotopes are sometimes
called “background isotopes”; unless we say otherwise, we
always mean these when we simply say “isotopes.” As an
example, 16N is important due to its large yield
(∼20 × 10−7 μ−1 g−1 cm2), half-life (∼7 s), and Q value
(∼10.4 MeV) [24,30,45,66]. For throughgoing muons, the
production of 16N is dominated by ðn; pÞ reactions of
secondary neutrons with oxygen nuclei. This makes it
important to study the production of neutrons and other

secondary particles in muon-induced showers to develop
cuts on these isotopes. (There is also an important con-
tribution due to the nuclear capture of stopping
muons [24,66].)

E. Super-K cuts on spallation isotopes

Super-K has developed several cuts to reduce back-
grounds caused by spallation. A simple way to understand
those cuts is to think of them as excluding all particles in
cylinders around the muon tracks for a certain amount of
time after the muon. For a simple estimate, cutting all
events within cylinders of radius 1 m for 20 s can reach a
rejection efficiency of ∼80%. However, such cuts would
cause a significant dead time of ∼20% [30,31], which
makes it important to develop better cuts. (For these and
related estimates, we consider only vertical downgoing
muons and ignore overlaps of the cylinders; this is a good—
in fact, conservative—approximation because the dead time
is small.)
Super-K’s first improvement to this was developing a

sophisticated log-likelihood function that takes into
account three factors: the time difference between the
signal and the preceding muon (t), the transverse distance
between the signal and the muon track (Ltrans), and the
radiative energy loss (shower energy) of the muon (Qres).
As discussed above, the higher the energy of the shower,
the more secondary particles it produces, and therefore the
more likely it is to produce an isotope. Employing this
likelihood cut along with spherical cuts around stopping
muons, Super-K rejected ∼90% of the background at a cost
of ∼20% dead time [24,26,28,29,70,71].

Super-K’s next improvement was in a DSNB analysis,
when they discovered that the spallation decays were
located near the peak in the Cherenkov muon light profile
[27]. However, the localization was poor and the under-
lying physics was not understood. In Refs. [31,32], these
problems were solved. The light yield of a muon arises
from the muon itself plus the secondary particles produced
in the induced showers that move along with the muon. A
peak in the muon light profile corresponds to the location of
a muon-induced shower. At this point, the number of
secondary particles and the probability of producing an
isotope are both at a maximum. This realization was taken
into account in Refs. [23,27,32] by adding another variable
to the likelihood: the longitudinal distance (Llong) between
the possible spallation decay and that peak’s location. This
can be thought of as a way to make the cylinders shorter in
length, such that they only cover the shower region instead
of the full muon track, reducing dead time.
This improved likelihood cut was used in the latest solar

neutrino analysis by Super-K [23]. In addition to that, they
used a preselection cut that targets clusters of two or more
isotopes produced by the same muon, which they referred
to as a multiple spallation cut (Borexino used a similar
multiple-isotope approach to tag 11C isotopes [41]). Unlike
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the likelihood cut, the multiple spallation cut does not
require muon reconstruction, but it does require the
reconstruction of multiple isotope decays. Overall, the
latest Super-K analysis achieved an efficiency of ∼90%
with a 10.5% dead time [25], a significant improvement
over earlier work by Super-K. For the data period with
neutron tagging in pure water, they also applied cuts based
on clouds of neutrons (two or more detected, which implies
∼10 times more produced) [23,50,51]. These cuts used
geometric estimates of the shower size and position based
on the multiplicity and locations of the neutron captures.
The impact of these geometric cuts was limited by the low
neutron statistics. We advise that it is better to estimate the
shower size and position based on its abundant Cherenkov
light. This neutron cloud technique further reduced the
dead time to 8.6% [23,25].
As an aside, we advocate that the multiple spallation

cut be replaced by a strong cut on muons with large total
energy losses, as suggested in Ref. [31], which notes that
muons with energy losses of 30 GeV or more produce
≃60% of isotopes and can be strongly cut while incurring
only minimal dead time. This approach has several
advantages. First, it does not require multiple isotopes,
so it applies to lower-energy showers. Second, it
can be adapted to muons that are not vertically down-
going by using a cut at a maximum energy loss of
30 GeV=32.2 m ¼ 0.93 GeV=m. Third, as described
next, it can be used effectively against large muon
bundles. Full reconstruction of the muon(s) should not
be necessary; it should be enough to localize the approxi-
mate entry and exit positions in the outer detector and to
measure the total light produced.
Muon bundles are dangerous if N muons are assumed to

be N − 1 or fewer, leading to a miscalculation of the
distance of an isotope candidate from a muon track. Based
onMACRO data [72,73], double muons should occur at the
∼10% level and higher-multiplicity muons at the ∼1%
level; the typical separation between muons is several
meters. At present, Super-K attempts to reconstruct the
positions and directions of simultaneous muons with even
large multiplicities (up to 10 muons) [74]. For spallation
work, this approach can be replaced with a simple cut based
on the total energy. For example, four vertically downgoing
muons would deposit a minimum total energy of ∼27 GeV,
close to the value noted just above; cutting these events
based on energy alone (or generalizing to energy loss per
meter) would greatly simplify the work needed. Following
reconstructions of not just the muon positions and direc-
tions, but also their energy-loss profiles [32], we expect that
most of the cases with multiplicities of three muons could
be distinguished from single showering muons and thus
rejected. For the most relevant case of two muons, those
with large separations can be treated independently, while
those with small separations can be treated as a single,
brighter muon.

F. Neutron detection in Super-K

Once neutrons have downscattered to thermal energies
[75,76], they undergo radiative capture. In pure water, this
takes place with a capture time of ∼200 μs, and proceeds as

nþ 1
1H → 2

1Hþ γ ð2.2 MeVÞ: ð2Þ

For the Super-K Stage-IV data, the trigger efficiency of
2.2 MeV gamma rays within the fiducial volume is 17%
[23,77]. With an increasing concentration of dissolved
gadolinium in the water, the neutrons will more likely
capture on gadolinium, due to its enormous cross section.
At the present concentration of 0.033% by mass, 75% of
neutrons capture on gadolinium, with a capture time of
∼60 μs [16]. This proceeds as (for one example gadolinium
isotope)

nþ 157
64 Gd → 158

64 Gdþ Σγ ð∼8 MeVÞ; ð3Þ

where the ∼8 MeV is shared among a few gamma rays.
While detecting a 2.2-MeV gamma ray is very challenging,
detecting a total of 8 MeV in gamma rays is much easier, as
this has an electron-equivalent energy of 4–5 MeV [78]. In
Super-K, gamma rays are not detected directly, but only
through the Cherenkov light produced by the relativistic
electrons that they produce through Compton scattering
(and, less often, pair production).
For Super-K with added gadolinium, we can neglect

accidental coincidences of real or apparent neutron captures
with muons. As a simple estimate, the rate of all 4–5 MeV
events before spallation cuts is∼104 day−1 and themuon rate
is∼105 day−1, so for a separation of∼100 μs (∼10−9 day−1),
the accidental coincidence rate is ∼1 day−1. For Super-K
with pure water, the very low-energy threshold required to
detect 2.2 MeV gamma rays opens the door to much larger
backgrounds, such as intrinsic radioactivities and contribu-
tions from fake neutrons associated with dark noise and
afterpulsing of the photomultiplier tubes. These canmake the
rate of accidental coincidences appreciable, and Super-K
uses various cuts to reject them. For example, they cut on all
events within ∼20 μs of a muon to account for afterpulsing,
which causes them to miss the neutron captures that occur
within that short timescale. Overall, these cuts reduce the
tagging efficiency of neutrons in purewater to less than 10%
[23]. The (small) impact of fake neutrons is discussed in
Sec. IVD.

III. NEUTRON PRODUCTION IN SHOWERS

In this section, we calculate the neutron yields of
showers induced by hadrons and electrons as a function
of their energy. This is a prerequisite to making realistic
calculations for Super-K based on their distributions of
shower energies. Here, we define the neutron yields as the
number of neutrons that remain at the end of a shower,
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reach thermal energies, and undergo radiative capture. As
described in Sec. II F, the timescales of the radiative
captures are very long (in the μs range) compared to the
shower development time (in the ns range). Note that this
definition includes neutrons produced in the isotope for-
mation itself through reactions like 16Oðπ−; αþ 2pþ nÞ9Li,
but not the neutrons produced in the eventual decays of
some isotopes, like the β−n decay of 9Li. We also do not
count neutrons that are absorbed during the shower, e.g.,
through ðn; pÞ interactions.

A. Average neutron yields

Neutrons, which are abundantly produced by muons in
underground experiments, can cause a wide variety of
difficult-to-reject detector backgrounds, not only through
spallation decays. This is why neutrons are sometimes
called “the rats of the lab.” There have been many
measurements of neutron yields, but they have typically
been reported as a function of the average energy of the
muons at a given depth; see, e.g., Refs. [44,49,79–81].
These measurements have found a direct relationship
between the average muon energy and the average neutron
(or spallation) yields. While this is useful, the average rate
of neutrons does not fully capture the underlying physics
due to the large fluctuations in the energy losses of
individual muons, and hence their neutron yields.
Instead, it would be better to measure the neutron yield
as a function of the parent shower energy, as this would put
measurements at different depths on a common basis
closely related to the underlying physics. As noted above,
the shower energy can be determined from themeasured total
energy loss in the detector minus the predicted minimum
energy loss. (At energies below the critical energy, it would
be more accurate to say injected energy, as proper showers
will not develop.) The neutron yieldmeasurements would be
even more informative if they were measured separately for
hadronic and electromagnetic showers.
We simulate hadronic showers by injecting charged

pions (equal fractions of πþ and π−) and electromagnetic
showers by injecting electrons (or positrons or gamma rays).
On average, hadronic showers produce about ten times more
neutrons than electromagnetic showers of the same energy.
As we show below, this difference is significantly larger than
the expected fluctuations. Therefore, it should be easy to
separate energetic hadronic and electromagnetic showers
through measurements of the shower energy (Esh) and the
neutron yield (Nn), bearing in mind that hadronic showers
have somewhat lower light yields than electromagnetic
showers for the same injected kinetic energy [31,32]. The
only difficulties would arise when Nn ≲ 1.
Figure 2 shows the average neutron yields of hadronic

and electromagnetic showers of different energies, where
the shower energy is defined by the kinetic energy of the
injected particle. (One might instead use the total energy, as
the mass energy of the pion is ultimately released through

decay, but at the low energies where that distinction could
matter, the particles do not actually shower).
In hadronic showers, neutrons are a major component.

When charged pions multiply through inelastic interactions
with nuclei, they very often produce neutrons. The neutrons
subsequently undergo their own inelastic collisions with
nuclei, ejecting more neutrons (and protons, which quickly
come to rest). Below several MeV, neutrons undergo elastic
collisions until they reach thermal energies, where their
capture cross section is largest, and eventually capture on a
nucleus (in Super-Kamiokande, this is always hydrogen
unless gadolinium is present). At energies above ∼1 GeV,
we find that Nn rises as ∼E0.9

sh , where the slope is less than
unity because of the energy lost to the electromagnetic
component of the hadronic showers through neutral pion
production. At the lowest energies, the slope is flatter
because injected pions have kinetic energies too low to
induce a shower. Injected πþ simply decay to μþ, produc-
ing no neutrons, while injected π− capture on nuclei,
ejecting one or more neutrons [82,83].

In electromagnetic showers, neutrons are a minor com-
ponent. They arise from occasional photonuclear inter-
actions, which typically produce neutrons that in turn
induce neutronic showers when energetic enough. Less
frequently, these interactions can generate charged pions,
which can initiate small hadronic showers. At energies
above ∼1 GeV, we find that Nn rises as ∼Esh. At lower
energies, the slope is steeper because of a drop in the
photonuclear cross section and because any produced pions
are not energetic enough to induce a significant hadronic or
neutronic component.

FIG. 2. Predicted neutron yields remaining at the end of
hadronic and electromagnetic showers as a function of shower
energy. The dashed line indicates one neutron in the fiducial
volume of Super-K.
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A key point is that a ∼1 GeV hadronic shower yields
three neutrons on average. This is around the critical energy
of hadronic showers in water, which means that almost any
proper hadronic shower induced by a muon is very likely to
produce at least one neutron, even after downward stat-
istical fluctuations. Meanwhile, electromagnetic showers
must be above ∼20 GeV to produce even one neutron on
average. In subsequent sections, we show that these points
can be used to reject showers that are likely hadronic (or
have a hadronic or neutronic component) and thus likely
produce isotopes. Because electromagnetic showers have
such a high frequency, they are moderately important for
producing isotopes despite the small probability of their
developing a hadronic or neutronic component.
In Appendix A, we give further details on the correlated

yields of final-state neutrons, pions (and hence muons), and
spallation isotopes, showing that they are all significantly

higher for hadronic shower than electromagnetic show-
ers (Fig. 13).

B. Neutron yield distributions

Figure 3 shows our calculated neutron yield probability
distributions for hadronic and electromagnetic showers at
four specific energies. These and similar distributions
would allow the calculation of the probability that a given
shower is hadronic or electromagnetic from its energy and
neutron yield. The very small overlapping regions between
these distributions (note the logarithmic scale on the y axes)
would allow determining the type of shower with great
confidence.
As a simple example, for a 10-GeV shower, there is a

crossover at about five neutrons. Below this, a shower is
much more likely to be electromagnetic; above it, it is much

FIG. 3. Neutron yield distributions (bins of one count) for hadronic and electromagnetic showers (each normalized to unity, so the
relative frequencies are not taken into account) of selected energies. Note variations among the x axes. Here and in subsequent figures,
we set the bin left edge (not the center) at the bin value, e.g., the bin for Nn ¼ 0 runs from 0 to 1.
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more likely to be hadronic. However, the actual case is
more complicated than this, because muon-induced show-
ers in water are dominantly electromagnetic, therefore, an
accurate classification requires taking into account the
relative frequencies of muon-induced hadronic and electro-
magnetic showers.
In the next section, we show that a simpler approach is to

use neutron yields to tag the most dangerous muon-induced
showers, without the need to classify them as hadronic or
electromagnetic. In other words, we can classify muons
simply based on their neutron yields.

IV. TAGGING SPALLATION PRODUCTION
WITH NEUTRONS

In this section, we present our main results. We calculate
the spectra of muon-induced showers, the neutron yields of
those showers, the association of isotopes with neutrons,
the frequency of neutron-producing showers, and recom-
mendations on how to implement our results. A key point is
that while it would be helpful to separate showers as
dominantly hadronic or electromagnetic, it is enough to
separate them as neutron producing or not. This then
includes the small fraction of electromagnetic showers that
develop hadronic or neutronic components and thus are
also likely to produce isotopes.
As noted in Sec. I, we seek only to identify a high

probability of spallation production; a small number of
neutrons is enough for this. In contrast, Ref. [23] sought to
localize the site of spallation production, which requires a
large number of neutrons. Our approach is thus sensitive to
lower-energy, more-frequent showers.

A. Energy spectra of muon-induced showers

For the results that follow, we simulate showers pro-
duced by vertical throughgoing muons (using the spectrum
from Ref. [43]) passing through Super-K’s fiducial volume.
This gives the energy spectra and types of muon-induced
showers. To proceed, we must address three issues that
were simple in Sec. III but which have some ambiguities
here. These issues can all be dealt with reasonably.
(1) Above, we call a shower hadronic if we initiated it

with a charged pion and electromagnetic if we
initiated it with an electron, positron, or gamma
ray. In practice, it is convenient to call a shower
hadronic as long as it is partially so—containing at
least one pion or kaon—which then includes electro-
magnetic showers that develop even a small had-
ronic component. This approach helps identify
showers that are likely to produce isotopes while
keeping the frequency relative to the muon rate low
enough.

(2) Above, we define the shower energy by the kinetic
energy of the injected particle. In practice, it is more
convenient to define the shower energy as the total

energy loss of the muon minus the minimum
expected energy loss. While this definition of the
shower energy is somewhat ambiguous due to
fluctuations, this approach helps because it is easy
to use and the exact energy scale is not important.

(3) Above, we define the shower energy assuming a
single shower. In practice, it is more convenient to
sum the energy of all showers along a muon track. It
is common to have one significant shower be
accompanied by smaller, unrelated showers along
the same muon track. This approach helps focus on
the total probability of producing an isotope in
association with a muon.

Figure 4 shows the energy distribution of muon-induced
showers in Super-K. This shows in detail the effects of the
energy loss tail in Fig. 1, following subtraction of the
minimum energy loss, which we take to be 6.7 GeV.
Here we use a log scale on the x axis to show the wide
range of values. Correspondingly, on the y axis, we use
dN=dlog10E ¼ 2.3EdN=dE. With this choice, the relative
values at any two energies reflect their relative contributions
to the integral.
We separate Fig. 4 into hadronic and electromagnetic

showers, as defined in this subsection, which leaves the
electromagnetic showers as being “pure” (no pions),
though they may still produce neutrons. As we show
below, with this definition, hadronic showers (rare) are
effective at producing neutrons and isotopes while electro-
magnetic showers (common) are not. This allows strong
and effective cuts that focus on a minority of muons so that
the efficiency and/or dead time can be improved.

FIG. 4. Calculated energy spectra of muon-induced showers in
Super-K, separated into electromagnetic and hadronic cases.
These are normalized per vertical throughgoing muon.
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Electromagnetic showers dominate the spectrum, com-
prising ∼97% of all showers in Super-K. This shower
spectrum peaks at ∼1 GeV because the peak corresponding
to the most probable energy loss in Fig. 1 is about 1 GeV
above the minimum. The tail at low energies reflects the
small fluctuations in the continuous ionization and pair-
production losses. The tail at high energies reflects the large
fluctuations of the delta-ray, bremsstrahlung, and photo-
nuclear energy losses, with the delta-ray component being
the most important [31,54]. For that process, the differential
cross section scales with the energy transferred to electrons
as ∼1=E2, so the plotted EdN=dE spectrum falls as ∼1=E.
At higher energies, the electromagnetic shower spectrum
steepens because of the increasing probability of develop-
ing a hadronic component and thus being reclassified.
Hadronic showers, which are subdominant, are mostly

caused by photonuclear interactions of muons that produce
charged pions, and less often from photonuclear inter-
actions of gamma rays in electromagnetic showers. When
any produced charged pions have energies above the
hadronic critical energy of ∼1 GeV, they are likely to
produce a shower with multiple generations of charged and
neutral pions and a large neutron yield, making them very
efficient at producing isotopes. Even when the pions are not
energetic enough to induce showers, π− captures on nuclei
often produce isotopes.
The differential cross section of muon photonuclear

interactions scales with the transferred energy to pions
as ∼1=E1.5 [54], which makes the hadronic spectrum less
steep than that of electromagnetic showers. Pion-producing
photonuclear interactions also have a higher kinematic
threshold, causing the spectrum to be shifted to higher

energies. The kinetic energy spectrum of individually
produced pions has a wide distribution, with a slight peak
near∼0.4 GeV and a well-populated tail extending to much
higher energies [31]. Muon photonuclear interactions often
lead to the production of multiple pions, since we are
summing the energy of all showers, the hadronic shower
spectrum rises rapidly around a total shower energy of
∼1 GeV and peaks at ∼3 GeV. At the highest energies,
there is a sharp drop because energy losses above
∼300 GeV require a muon with energy at least equal to
that, where the spectrum of muons at Super-K falls as 1=E3

at these high energies [30,43].

B. Neutron yields of hadronic showers are large

Here we calculate the neutron yields for different types of
muon-induced showers in Super-K.
Figure 5 shows that hadronic showers almost always

produce neutrons. As in Sec. III, we define Nn as the
number of low-energy neutrons left at the end of a shower;
this is the same number that will undergo capture, for which
the detection efficiency depends on the gadolinium con-
centration. The number of neutrons produced is often large
(as shown above in Fig. 3). If we remake Fig. 5, instead
requiring, for example, Nn ≥ 3, the results only change
slightly. The fraction of hadronic showers that do not
produce any neutrons is only 3%. The logarithmic scale on
the y axis highlights the differences—which are statistically
significant—in the energy spectra between the Nn ¼ 0 and
Nn ≥ 1 cases. The majority of the showers without neu-
trons are either low-energy hadronic showers or electro-
magnetic showers with small hadronic components, both of
which are less efficient at producing isotopes anyway.

FIG. 5. Spectrum of muon-induced hadronic showers from
Fig. 4, separated into two components based on neutron yield,
normalized per vertical throughgoing muon.

FIG. 6. Spectrum of muon-induced electromagnetic showers
from Fig. 4, separated into two components based on neutron
yield, normalized per vertical throughgoing muon.
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These points mean that neutrons are extremely efficient at
identifying hadronic showers, which is good.
Figure 6 shows that electromagnetic showers almost

never produce neutrons, with the probability to obtain even
one neutron being only 9%. As a reminder, we have defined
a shower as hadronic if it has even a single pion or kaon, so
most of the neutrons here are being produced through ðγ; nÞ
processes and neutronic showers. If we remake this figure,
instead requiring, for example, Nn ≥ 3, the results change
significantly, with the fraction of neutron-producing events
becoming much smaller. Moreover, showers at high energy
should always be cut [31], making it even more rare for
relevant electromagnetic showers to have neutrons. These
points mean that neutrons are extremely inefficient at
identifying electromagnetic showers, which is also good.
Figure 7 shows the neutron yield distributions for the

hadronic and electromagnetic showers that occur in Super-
K when we integrate over the muon spectrum. Because the
muon rate is about 2 s−1 and there are ∼105 s per day, a
relative frequency of 10−5 corresponds to a rate of about
two events per day, for example. For electromagnetic
showers, the yield distribution peaks at zero neutrons
and then falls steeply, with an average of Nn ¼ 0.14.
For hadronic showers, it is common to produce multiple
neutrons, with the yield distribution falling slowly and
extending up to thousands of neutrons (see Appendix A),
with an average of Nn ¼ 19. Those with Nn ¼ 0 are mostly
low-energy hadronic showers that either produce no neu-
trons or produce one neutron that undergoes an ðn; pÞ
interaction. These points further illustrate our remarks
about how Figs. 5 and 6 would change if we changed
the criterion from Nn ≥ 1 to, say, Nn ≥ 3.

C. Isotopes are produced with neutrons

Figure 8 shows the neutron yield distributions for only
showers that produce isotopes. For electromagnetic show-
ers, the frequency drops dramatically relative to Fig. 7
because most electromagnetic showers do not produce
isotopes, while for hadronic showers, the frequency drops
more modestly. At low Nn, the drops are especially large
because showers with fewer neutrons are less efficient at
producing isotopes. For the rare electromagnetic showers
that produce isotopes, the average neutron yield isNn ¼ 2.7,
which means neutrons can be used to tag isotope-producing
showers even if they are electromagnetic. At largeNn for the
hadronic case (for which the average is now Nn ¼ 60), the
fact that the distribution barely drops indicates the high
probability of isotope production in such cases. When we
restrict to isotope-producing cases, electromagnetic showers
are suppressed to a frequency comparable to that of hadronic
showers. Further, it is enough to cut on a small number of
neutrons, making our technique sensitive to even small
showers. Together, these points mean that one simple cut
can greatly reduce spallation backgrounds while incurring
little dead time.
Figure 9 shows the energy spectra of the muon-induced

showers that produce isotopes, weighted by the number of
isotopes produced by each shower (which can be more than
one for large showers). The general shape can be explained
as the product of the muon-induced hadronic shower
spectrum in Fig. 4 with the increasing average isotope
yields of hadronic showers, as shown in the Appendix A.
The energy spectrum of hadronic showers falls as ∼E−0.5

and the isotope yield of hadronic showers rises as ∼E0.9, so
the energy spectrum of isotopes in Fig. 9 rises as ∼E0.4 up

FIG. 7. Probability distributions of neutron yields of muons in
Super-K, integrated over the muon spectrum. These are normal-
ized per vertical throughgoing muon.

FIG. 8. The same as Fig. 7, but now only for muons that
produce isotopes.
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until energies of ∼100 GeV, after which the spectrum falls
again due to the drop in the muon spectrum. At energies of
∼30 GeV, the average isotope yield per hadronic shower is
∼1, and above that energy multiple isotopes are often
produced in the same hadronic shower. Cutting muons with
large energy losses was suggested in Ref. [31] and
employed by Super-K with their multiple spallation cut
[23]. Figure 9 shows that these large showers also produce
many neutrons.
The lower the threshold on the neutron yield, the more

efficient the cut will be in rejecting hadronic showers, and
therefore in cutting isotopes. How low in yield we can go
depends on the neutron detection efficiency. Even if this

efficiency were perfect, we would miss the small fraction of
hadronic showers with zero neutrons, either because the
shower energy is low or because the neutrons undergo
isotope-producing interactions.
Figure 10—one of our main results—shows the fraction

of isotopes produced with a neutron yield at or above a
given value, assuming different neutron tagging efficien-
cies. In other words, it shows the fractions of the integral
contributed by the green shaded regions in Fig. 9 for
different Nn thresholds. The x axis here is the detected
neutron yield, as opposed to the actual neutron yield. In the
case of 100% neutron tagging efficiency, these are the
same, but for lower efficiencies, the detected neutron yield

FIG. 9. Parent shower energy distributions corresponding to the production of isotopes, normalized per vertical throughgoing muon.
We separate the distributions into components based on different neutron yield criteria.

FIG. 10. Cumulative distribution for the fraction of isotopes
produced with a neutron yield at or above a given value, for
100%, 90%, 60%, 10% neutron tagging efficiencies. Values are
given in Table I in the Appendixes.

FIG. 11. Cumulative distribution for the fraction of muons with
a neutron yield at or above a given value, for 100%, 90%, 60%,
10% neutron tagging efficiencies. Values are given in Table I in
the Appendixes.
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is calculated using Poisson statistics with an expectation
value equal to the actual neutron yield multiplied by the
tagging efficiency.
Figure 10 represents the fraction of isotopes that would

be eliminated if all muons with certain neutron yields were
rejected. For example, with 90% tagging efficiency, more
than 95% of isotopes can be rejected by applying cuts to
muons with Nn ≥ 1. Even a higher and more conservative
criterion of Nn ≥ 3 would reject about 90% of isotope
backgrounds, reaching an efficiency comparable to that of
current cuts, while affecting a much smaller fraction of
muons, as we show below. For Super-K with pure water,
where the neutron detection efficiency is ∼10%, our
method can still be beneficial. A threshold of Nn ≥ 1
corresponds to an actual neutron yield of order ∼10, which
can reject up to 80% of isotopes with negligible dead time.

D. Neutron-producing muons are rare

To estimate the dead time that cuts on neutron-producing
muons would cause, we need to calculate the fraction of
muons that would be affected by those cuts.
Figure 11—another of our main results—shows the

fraction of muons with neutron yields at or above a given
value, assuming different tagging efficiencies. These values
represent the fraction of the integral contributed by the bins
in Fig. 7 above different Nn thresholds. The sharp drop in
the fraction of muons from Nn ¼ 0 to Nn ¼ 1 shows that
about 89% of muons that cross Super-K produce no
neutrons at all. This number results from the facts that
each throughgoing muon produces on average one shower
(as defined above), ∼97% of these muon-induced showers
are electromagnetic (Fig. 4), and ∼91% of those electro-
magnetic showers do not produce neutrons (Fig. 6). Since
the rate of all muons is ∼2 s−1, the rate of neutron-
producing muons is only ∼0.2 s−1.
The results in Figs. 10 and 11 show that increasing the

threshold for the neutron yield would affect significantly
fewer muons, while only slightly decreasing the back-
ground rejection rate. For example, the previously dis-
cussed Nn ≥ 3 criterion rejects up to 90% of the
background (Fig. 10), while only affecting 3.5% of the
muons, corresponding to a rate of ∼0.07 s−1.
With limited tagging efficiencies, these fractions are even

smaller. In pure water (∼10% tagging efficiency), the
contribution from fake neutrons was taken into account by
adding their occurrence rate (0.044 per muon [23]). In fact,
the fraction of muons with one neutron or more (∼5%) is
dominated by this contribution from fake neutrons.However,
their overall fraction of all muons is still very small.

E. Recommendations for implementation

The primary point of our new methods is that much
harder cuts can be applied to a much smaller fraction of
muons. Throughout this paper, we focus on the physics of

neutron production with isotopes, making various simpli-
fications on other aspects (e.g., assuming vertical through-
going muons). To estimate the relative impact of our new
methods, we use simple cuts for the before and after
assessments. For the absolute impact, it will be important to
use the likelihood methods developed by Super-K (and
used by us in Ref. [32]). Because we make conservative
choices, we expect the absolute impact to be even better
than the relative impact.
To assess the relative impact of our new methods, we

approximate Super-K’s likelihood cut with a collection of
hard cuts that are applied to a small fraction of muons.
These start with a cylinder cut, characterized by the time
delay (t) and the transverse distance to the muon track
(Ltrans). We choose 35 s for the time delay, which is about 3
times longer than the mean lifetime of 16N, an isotope with
a large production rate, decay energy, and lifetime. We set
the cylinder radius to be 3 m, large enough to capture nearly
all activity (see Appendix B for details). We shorten the
length of the cylinder by exploiting the correlation in the
longitudinal separation between the isotope position and
the shower peak (Llong); for this, we use 10 m (see
Appendix B). Last, as detailed below, we add a cut on
either the radiation energy loss (shower energy, Esh, which
Super-K calls Qres) or the number of neutrons.
In this simple treatment, all data that falls inside the

individual hard cuts would simply be discarded. We then
calculate the remaining fraction of backgrounds. The dead
time is estimated as the fraction of the lost exposure due to
these cylinder cuts (neglecting overlaps). A more accurate
way of estimating the dead time would be to generate a
random sample of events uniformly distributed in space and
time, calculating the fraction of this sample that is affected by
the cuts. The latter method gives slightly smaller dead times
since it takes into account overlaps of the muons, but herewe
use the former as a simple and conservative estimate.
Figure 12 (before case) shows the dead time and back-

ground-rejection efficiency for cylinder cuts where we vary
the threshold for Esh, meaning that showers above a certain
energy are always rejected. These cuts can approximate (for
a cutoff between 6–7 GeV) the performance of the current
likelihood used by Super-K, which rejects ∼90% of the
backgrounds with ∼10% dead time.

Figure 12 (after case) also shows the dead time and
background-rejection efficiency for similar cylinder cuts
when we vary the threshold for Nn. At ∼10% dead time,
applying cylinder cuts to muons based on their neutron
yields can reduce the remaining background by a factor of
∼4 compared to cuts based on their shower energy. One of
our key results is that neutron yields are far better indicator
of a shower’s likelihood to produce isotopes than its energy.
In a fuller treatment, we would take into account the

correlations of the cut variables, the overlap of muon tracks
in assessing the dead time, and new cuts on the muons that
are not subjected to hard cuts. All of these would act in the
sense of giving better results.
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V. CONCLUSIONS

Progress in MeV-range neutrino astronomy is limited by
detector backgrounds. One of the most significant is
delayed beta decays of unstable isotopes produced by
cosmic-ray muons. In Super-K, which is our focus, these
spallation backgrounds are significant even after cuts
developed over decades of experimental work. For solar
neutrinos, spallation backgrounds degrade Super-K’s sen-
sitivity to the day-night effect, the shape of the 8B spectrum,
and the search for the hep flux [6]. For the DSNB,
spallation backgrounds and those due to atmospheric
neutrinos [18,20,84] degrade Super-K’s sensitivity at lower
and higher energies, respectively. These difficulties are also
important for other neutrino detectors.
Herewe show a newway forward, taking advantage of the

addition of gadolinium to Super-K to enable neutron
detection and our extensive earlier work on spallation
[30–32,52,66]. We find—based on the results of careful
simulations and key theoretical insights—that isotope pro-
duction is almost always accompanied by neutron produc-
tion and that muons rarely produce either. This means that
the relevant muons for isotope production can be identified
through neutron detection. By applying stronger cuts to a
smaller fraction of muons, we can simultaneously improve
cut efficiency and dead time. Our results will increase the
effective depth of detectors. In more detail, the main benefits
are as follows:
(1) For Super-K with gadolinium. Because the neutron

detection efficiency is high, it should be possible to

identify relevant muons through the detection of
even a single neutron. This should reduce spallation
backgrounds by a factor of at least four with a low
dead time. In combination with other spallation-
reduction techniques, it should be possible to nearly
eliminate spallation backgrounds. This would apply
to data taken since August of 2020 (SK-Gd) [15].

(2) For Super-K without gadolinium. With the lower
neutron-detection efficiency of pure water, it would
still be possible to tag muons that produce ∼10
neutrons with at least one detectable neutron cap-
ture. Even this should be a helpful new cut,
especially when combined with other spallation-
reduction techniques. This could be applied to
reanalyze substantial earlier data (SK-IV, for which
adequate low-level information was saved) [25].

(3) For Hyper-K. Compared to Super-K (at a depth of
1000 m of rock), Hyper-K will be at a shallower
depth of 600 m, where the muon flux is about five
times larger [35]. With added gadolinium, Hyper-K
could greatly reduce spallation backgrounds and
thus take full advantage of its large size, leading
to breakthroughs in solar and DSNB science.

In addition, there are bonus benefits:
(1) For JUNO and other detectors. JUNO will be at a

depth of 700 m, where the muon flux is about two
times larger than at Super-K [37]. While there will be
adjustments needed in the details of our predictions,
the basic ideas of our approach will work for JUNO
and other scintillator detectors, as well as for other
detector types.

(2) Asanew tool for supernova calibration. AMilkyWay
supernova is expected to create∼104 events in Super-
K. We find that large bursts of neutron captures (and
isotope production) happen frequently enough in
Super-K that they could be used to test the supernova
response. See Appendix A for details.
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APPENDIX A: FINAL-STATE YIELDS FROM
SHOWERS

As a shower develops, the number of particles in it rises
and then falls. Here we provide further details on the yields

FIG. 12. Dead time and efficiency comparison for cylinder cuts
based on shower energy (blue solid line) and neutron yields
(dotted green line). The blue and green points represent different
thresholds for Esh and Nn with increments of 1 GeV and 1
neutron, respectively. The gray band highlights the efficiency
improvement at ∼10% dead time.
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of the residual particles remaining after a shower has ended.
Because typical showers in Super-K have lengths of up to
several meters, the duration of the shower is at most a few
tens of ns, with the path lengths and timescales of the last
shower particles being even less. The residuals we consider
produce detectable signals on much longer timescales.
The residuals may include charged pions and muons,

neutrons, and isotopes, eventually all at rest (more accurately,

thermal energies).Negative pions andmuons undergoatomic
and then nuclear capture, transforming protons into neutrons
and often breaking nuclei [82,83]. Positive pions decay into
positive muons with a mean life of 26 ns, which then decay
into positrons with a mean life of 2.2 μs. Neutrons undergo
capture in tens of μs, depending on the gadolinium concen-
tration. And isotopes decay with mean life values up to
several seconds.
Figure 13 shows the neutron, muon, and isotope yields in

hadronic and electromagnetic showers as a function of the
shower energy. The main feature is that the yields are

FIG. 13. Numbers of neutron captures, muon decays, and
isotopes left after hadronic and electromagnetic showers as a
function of their energy. The differences between the hadronic
and electromagnetic showers are large.

FIG. 14. Neutron yield distribution for muons at Super-K,
similar to Fig. 7, but extending to larger neutron yields and using
bin widths of dNn ¼ 100 instead of 1.

FIG. 15. Isotope yield distribution for muons at Super-K, with
bin widths of dNiso ¼ 3.
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approximately 1 order of magnitude lower in the electro-
magnetic case. In the hadronic case at the lowest energies, the
results are significantly affected by the fact that half of
the pions we inject are negative. In scintillator detectors, the
muonandneutronyields are comparable, but the isotopeyield
is much higher, principally due to 11C (see Appendix C).
Figure 14 shows the neutron yield distributions for muon-

induced hadronic and electromagnetic showers at Super-K.
Here we extend to much larger yields than in Fig. 7, so we
take the continuum limit, showing dPðNnÞ=dNn, with
dNn ¼ 100. The two figures would agree if the yield
distributions were near flat; they are not, so this figure should
be viewed as approximate. The key point is that muons can
often produce very large numbers of neutrons. Near
Nn ¼ 1000, for example, dPðNnÞ=dNn ∼ 10−7, so the
probability of observing a number of neutrons in the range
1000–1099 is ∼10−5. Because the muon rate is about 2 s−1
(and there are ∼105 s per day), that means that yields of
neutrons this large happen daily.As another example, neutron
yields in the range 8000–8099 happen on a yearly basis.
Figure 15 shows the isotope yield distributions for

muons at Super-K. This is related to Fig. 14 by a change
of variables fromNn toNiso. The neutron yields of hadronic
showers are ∼34 times larger than the isotope yields (see
Fig. 13), so here the bin widths are changed to be
dNiso ¼ 3. The points we mentioned regarding the fre-
quency of large neutron yields apply to isotope yields as
well. For example, the daily muons with ∼1000 neutrons
also produce ∼30 background isotope events, and the
yearly muons with ∼8000 neutrons produce ∼240 isotopes.
This large number of events can be utilized to test and
calibrate the detector response to a supernova event.

APPENDIX B: SPATIAL PROFILES

Here we calculate the average longitudinal and lateral
profiles of typical muon-induced showers. For neutrons, we
record their positions at capture (while the presence of
gadolinium shortens the capture time, it hardly changes the
capture positions). For isotopes, we record their positions at
production (we neglect motion caused by convective
currents, as Super-K data suggests that these are small
[15,16,29]). For electrons, we record the positions where
their energy falls below 100 keV, the default transport
cutoff energy in FLUKA.
The spatial profiles of muon-induced showers are

needed to determine the cuts necessary to fully contain
these showers. For electromagnetic showers, the average
and individual longitudinal profiles—and the physics
behind them—are discussed in Ref. [31]. For hadronic
showers, the average longitudinal profiles are similar to
those for electromagnetic showers, with some differences
due to the pion multiplicity. In addition for hadronic

showers, the individual longitudinal profiles have larger
fluctuations than for electromagnetic showers [31].

Here we provide more details, focusing on 10-GeV
showers as being representative of moderate-energy show-
ers, defined as being electromagnetic or hadronic based on
the injected particles, as in Sec. III. For the average results,
we sample over many individual showers. For different
shower energies (not shown), the average profiles are
similar. As the shower energy increases, the fluctuations

FIG. 16. Average longitudinal profiles of neutron captures,
isotope production locations, and electron stopping points in
10-GeV hadronic and electromagnetic showers. The differences
between hadronic and electromagnetic showers are small.
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decrease and the longitudinal shower extent slowly
increases [31]. The lateral extent of the showers varies
very little as the energy increases.
Figure 16 shows the average longitudinal profiles of

neutron captures, isotope production, and electron stopping
points in 10-GeV electromagnetic and hadronic showers.
Both have a longitudinal extent of ∼6 m, and the shapes of
their longitudinal profiles have small differences. One of
the main differences is that the neutron and isotope profiles
in hadronic showers peak at a smaller distance. This is
because the initial interactions of the injected pions can
produce neutrons and isotopes.

Figure 17 shows the average lateral profiles of neutron
captures, isotope production, and electron stopping points
around the tracks of 10-GeV electromagnetic and hadronic
showers. The area factor 2πrdr is included. Compared to
the longitudinal profiles, the lateral profiles of electromag-
netic showers and hadronic showers have large differences.
In earlier work, we have shown that the lateral profiles of
different isotopes are quite similar [30].
For electromagnetic showers, the lateral extent is char-

acterized by the Molière radius (∼10 cm in water). The
majority of the shower energy is deposited within 0.5 m
around the shower track, as seen in the bottom panel of
Fig. 17. At 10 GeV, electromagnetic showers have an
average neutron yield of ∼0.6. Neutrons at energies above
tens of MeV can travel far away from the track because they
undergo many scattering interactions before capturing,
unlike thermal neutrons, but most of them still capture
within ∼1.5 m from the shower. Isotope production in
electromagnetic showers is mainly caused by these neu-
trons, so the isotopes are also contained within ∼1.5 m, but
there is a larger peak at close distances to the shower
because of isotopes produced by gamma rays directly or by
neutrons that interact quickly.
On the other hand, hadronic showers have a larger lateral

extent because of the much larger mean free paths for pions
and fast neutrons. In this case, one needs a radius of about
∼3 m to contain all of the particles. (Even for low-energy
hadronic showers, the lateral extent remains large.) The
distribution of isotope production locations peaks closer to
the shower track because of isotopes produced directly by
the injected pions.

APPENDIX C: COMPARISONS TO
SCINTILLATOR DETECTORS

Our proposal to reduce spallation backgrounds by
neutron tagging of showers is significantly different from
a technique first developed by Borexino and used for other
scintillator detectors [39–42]. This technique is designed to
reduce backgrounds due to 11C, an important spallation
product. This isotope can be produced by a gamma ray
from a muon-induced electromagnetic shower initiating a
ðγ; nÞ interaction. For possible 11C beta-decay events, one
evaluates a threefold coincidence between the possible
decay event and the distances to the muon and the nearest
neutron capture. In contrast, our proposal is based on the
presence of neutrons due to hadronic showers, preceding
isotope production. Recently, Borexino used a neutron-
multiplicity technique to improve on the threefold coinci-
dence veto for 11C [41]. In related work, KamLAND-Zen
utilized neutron multiplicities for spallation studies on
xenon [42] Our approach is significantly more general
than these—e.g., in that it applies to many isotopes—and is
supported by the extensive theoretical work above.

FIG. 17. Average lateral profiles of neutron captures, relevant
isotope production locations, and electron stopping points in
10-GeV hadronic and electromagnetic showers. The differences
between hadronic and electromagnetic showers are large.
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In more detail, there are some key similarities and
differences between spallation in scintillator and water.
The neutron yields per muon are comparable. And the
production rate of 11C in scintillator is comparable to that of
15O in water, which is about ∼0.1 of the neutron yield, both
dominated by ðγ; nÞ processes. However, while 11C is an
important background in scintillator, 15O is not one in water
because its beta-decay energy is so low. All other isotopes
in both scintillator and water detectors—which are pro-
duced at much lower levels—are primarily caused by
hadronic processes.
Due to these points, our results would have some

different features in scintillator detectors. In Fig. 8, the
Nn ¼ 1 bin would have a much larger fraction of the
isotope-producing muons because of the very frequent
electromagnetic showers that produce 11C through ðγ; nÞ,

which yields one neutron. This means that the efficiency
would decrease rapidly if the threshold were increased from
Nn ¼ 1 to any larger value. In Fig. 10, the cumulative
fraction of isotopes would drop sharply from ∼97% at
Nn ¼ 1 to about ∼70% at Nn ¼ 2 in scintillator detectors
(compared to ∼95% in water detectors). Therefore, this
technique would require a perfect neutron capture detection
efficiency (for Nn ¼ 1) to achieve a high rejection rate, but
in water detectors neutron tagging can still work well even
with a limited neutron detection efficiency.

APPENDIX D: CUMULATIVE FRACTIONS

Table I shows the values of the cumulative distribution
functions for background isotopes and muons in Figs. 10
and 11.
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