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The physics they affect
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FIG. 17: Solar angle distribution for 3.49 to 19.5 MeV. θsun
is the angle between the incoming neutrino direction rν and
the reconstructed recoil electron direction rrec. θz is the solar
zenith angle. Black points are data while the histogram is
the best fit to the data. The dark (light) shaded region is the
solar neutrino signal (background) component of this fit.

the number of background events in the i-th energy bin,
respectively. Yi is the fraction of signal events in the i-
th energy bin, calculated from solar neutrino simulated
events. The background weights bij = βi(cos θsunij ) and
the signal weights sij = σ(cos θsunij , Eij) are calculated
from the expected shapes of the background and solar
neutrino signal, respectively (probability density func-
tions). The background shapes βi are based on the zenith
and azimuthal angular distributions of real data, while
the signal shapes σ are obtained from the solar neutrino
simulated events. The values of S and Bi are obtained
by maximizing the likelihood. The histogram of Fig. 17
is the best fit to the data, the dark (light) shaded region
is the solar neutrino signal (background) component of
that best fit. The systematic uncertainty for this method
of signal extraction is estimated to be 0.7%.

1. Vertex shift systematic uncertainty

The systematic uncertainty resulting from the fiducial
volume cut comes from event vertex shifts. To calcu-
late the effect on the elastic scattering rate, the recon-
structed vertex positions of solar neutrino MC events are
artificially shifted following the arrows in Fig. 3, and the
number of events passing the fiducial volume cut with
and without the artificial shift are compared. Fig. 18
shows the energy dependence of the systematic uncer-
tainty coming from the shifting of the vertices. The in-
crease below 4.99 MeV comes from the reduced fiducial
volume (smaller surface to volume ratio), not from an
energy dependence of the vertex shift. The systematic
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FIG. 18: Vertex shift systematic uncertainty on the flux. The
increase below 4.99 MeV comes from the tight fiducial volume
cut. (see text)

uncertainty on the total rate is ±0.2%.

2. Trigger efficiency systematic uncertainty

The trigger efficiency depends on the vertex position,
water transparency, number of hit PMTs, and response
of the front-end electronics. The systematic uncertainty
from the trigger efficiency is estimated by comparing Ni-
calibration data (see section II C) with MC simulation.
For 3.49-3.99 MeV and 3.99-4.49 MeV, the difference be-
tween data and MC is −3.43±0.37% and −0.86±0.31%,
respectively [12]. Above 4.49 MeV the trigger efficiency
is 100% and its uncertainty is negligible. The resulting
total flux systematic uncertainty due to the trigger effi-
ciency is ±0.1%.

3. Angular resolution systematic uncertainty

The angular resolution of electrons is defined as the an-
gle which includes 68% of events in the distribution of the
angular difference between their reconstructed direction
and their true direction. The MC prediction of the angu-
lar resolution is checked and the systematic uncertainty
is estimated by comparing the difference in the recon-
structed and true directions of LINAC data and LINAC
(see [9]) simulated events. This difference is shown in Ta-
ble IV for various energies. To estimate the systematic
uncertainty on the total flux, the signal shapes sang+ij and
sang-ij are varied by shifting the reconstructed directions of
the simulated solar neutrino events by the uncertainty in
the angular resolution. These new signal shapes are used
when extracting the total flux, and the resulting ±0.1%
change in the extracted flux is taken as the systematic
uncertainty from angular resolution.
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Current rejection methods

Remove 90% backgrounds
Lose 20% signals

Example: Super-K

Muon rate: 2 Hz
vs. 

Isotope lifetime: ~ 10 s 



Much better background 
reduction is possible 



Simulations are improving
Ø Packages: FLUKA, GEANT4
Ø A factor of ~ 2 accuracies in 12C & 16O

Ø More studies with heavier materials

Geant4 Geant4 Fluka Borexino KamLAND
Model III Model IV

— hEµi = 283 ± 19GeV — hEµi = 260 ± 8GeV

Isotopes Yield [10�7 (µ g/cm2)�1]
12N 1.11± 0.13 3.0± 0.2 0.5± 0.2 < 1.1 1.8± 0.4
12B 30.1± 0.7 29.7± 0.7 28.8± 1.9 56± 3 42.9± 3.3
8He < 0.04 0.18± 0.05 0.30± 0.15 < 1.5 0.7± 0.4
9Li 0.6± 0.1 1.68± 0.16 3.1± 0.4 2.9± 0.3 2.2± 0.2
8B 0.52± 0.09 1.44± 0.15 6.6± 0.6 14± 6 8.4± 2.4
6He 18.5± 0.5 8.9± 0.4 17.3± 1.1 38± 15 not reported
8Li 27.7± 0.7 7.8± 0.4 28.8± 1.0 7± 7 12.2± 2.6
9C 0.16± 0.05 0.99± 0.13 0.91± 0.10 < 16 3.0± 1.2
11Be 0.24± 0.06 0.45± 0.09 0.59± 0.12 < 7.0 1.1± 0.2
10C 15.0± 0.5 41.1± 0.8 14.1± 0.7 18± 5 16.5± 1.9
11C 315± 2 415± 3 467± 23 886± 115 866± 153

Neutrons Yield [10�4 (µ g/cm2)�1]
3.01± 0.05 2.99± 0.03 2.46± 0.12 3.10± 0.11 2.79± 0.31

Table 4. Predicted yields for cosmogenic products obtained from Geant4 (Model III and IV) and
Fluka are compared to data from Borexino . Also shown are results from the KamLAND experiment
[9]. Note that the production yields depend on the number of carbon atoms per weight and the muon
energy spectrum. Thus, a 10 – 20% di↵erence between KamLAND and Borexino results is expected.

6.2.2 Cosmogenic neutrons

Neutron capture time. The simulated neutron capture time of the Borexino scintillator
from Geant4 and Fluka are (275.8± 0.9) µs3 and (253.4± 0.6) µs, respectively. This is
to be compared to the measured capture time of (259.7± 1.3

stat

± 2.0
syst

) µs. The neutron
capture time was also measured in Borexino using an Am-Be neutron source [11] which yields
(254.5± 1.8) µs. The experimental disagreement with the value measured from cosmogenic
neutrons could be explained by a fraction of neutrons which are captured on iron in the
source capsule. This was also observed by KamLAND [9].

Neutron production yield. In table 4, the neutron production yield is reported. The
observed neutron production deficit of the Fluka simulation was studied in [24]. The main
cause of the deficit was found to be the low cosmogenic production rate predicted for 11C
(table 4). At the LNGS depth, the production of 11C in liquid scintillator is followed by a
neutron emission in 95% of all cases as was shown by [16]. Since the measured 11C rate is
almost 30% of the neutron production rate, and the 11C rate given by Fluka is roughly
50% of the measured value, a reduction of the number of predicted cosmogenic neutrons
in the order of 15% is expected. The origin of the low 11C production rate in Fluka is
addressed by improvements to the Fermi break-up model [35, 36] which will be available
with the next Fluka release. The impact of the improved model for the 11C production
in liquid scintillator at LNGS energies is currently under investigation. In addition, Fluka
predicts the production of energetic deuterons (E

kin

> 50MeV) inside the liquid scintillator

3The out-dated Geant4 version 4.9.2.p02 returns (254.9± 0.6) µs and is thus in agreement with the mea-
sured value. No explanation has been found for the discrepancy between the di↵erent Geant4 versions.
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TABLE VI: Measured spallation-induced radioactive isotope yields (Yi’s) in SK. The fitted yields of 8He/9C, 11Be and 15C are
consistent with zero, so we set upper limits at 90% C.L.. The yields from a theoretical calculation [13] are shown in the third
column. KamLAND’s experimental and simulation results [2] are listed in the fourth and fifth columns, respectively. The unit
is 10−7µ−1g−1cm2.

Isotope Yi in water Expected [13] Yi in scintillator [2] Expected [2]
12B 11.7±0.1±0.6 12 42.9±3.3 27.8±1.9
12N 1.6±0.1±0.1 1.3 1.8±0.4 0.77±0.08
16N 23.4±1.9±1.7 18 - -
11Be <10.0 0.81 1.1±0.2 0.84±0.09
9Li w/o n-tag 0.5±0.2±0.2 1.9
9Li w/ n-tag 0.51±0.07±0.09 1.9 2.2±0.2 3.16±0.25
8He/9C <0.9 1.1 0.7±0.4/3.0±1.2 0.32±0.05/1.35±0.12
8Li/8B, 4.9±0.2±0.2 18.8 12.2±2.6/8.4±2.4 21.1±1.4/5.7±0.4
15C <3.9 0.82 - -

This is the first measurement of the radioactive isotope
yields produced by cosmic-ray muons in underground wa-
ter detectors. The mean values of the 12B, 12N and 16N
theoretical yield calculations are inside the two-sigma
confidence interval of the respective measurements. The
best-fit 12B yield is only 2.5% smaller than the calcula-
tion while the corresponding 8Li yield measurement [2]
(see Table VI) in scintillator is 42% below expectation.
The best-fit 12N yield is 23% larger than the calcula-
tion while the corresponding 8B yield measurement in
scintillator exceeds the calculation by 47%. The best-fit
16N yield is 30% larger than the calculation, the corre-
sponding 12B yield measurement in scintillator exceeds
the calculation by 54%. The upper limit of the 8He/9C
yield is only 10% lower than the theoretical prediction
while the upper limits of 11Be and 15C are consistent.
However, we found that the yields of the spallation eject-
ing many nucleons of the 16O into 8Li/8B and 9Li are
a factor of 3.6−4.1 and 3.1−4.7 below the calculations.
There is no corresponding spallation of the 12C nucleus
in scintillator, since 4Li is very short-lived, and 4H and
5H do not exist. The larger discrepancy could be owed
to the spallation ejecting many nucleons, or a feature of
the π-initiated reaction. While scintillator measurements
show agreement for those isotopes within a factor of two,
isotopes produced by spallation ejecting many nucleons
of 12C are not measured. We also note that the two dif-
ferent measurements on the 9Li yield in SK are in good
agreement, and the one with neutron tagging is better
because of the strong background suppression.
Since the production rates of the radioactive iso-

topes depend on a power law of the muon energy [2],
the measured yields, especially the 9Li yield, can
be directly applied to the evaluation of the spalla-
tion background in SK and future experiments, such
as the Super-Kamiokande gadolinium project (SuperK-
Gd) [41], Hyper-Kamiokande [5], etc.
In SuperK-Gd, the neutron tagging efficiency will be

increased to about 80% (90% capture and 90% recon-
struction efficiencies) when 0.2% of Gd2(SO4)3 by mass
is added into the SK water. Assuming 80% IBD detec-
tion efficiency, we expect 0.5−8.1 SRN signal events /22.5

kton/year in 9.5−29.5 MeV positron kinetic energy range
for various theoretical models [31–40]. From our mea-
surement on the 9Li yield, assuming 80% neutron tag-
ging efficiency and 0.5% probability of the muon-induced
9Li event leakage after the spallation cuts, the expected
background events from the cosmogenic 9Li would be-
come 0.5 ± 0.1 ± 0.2 events/22.5 kton/year in the same
energy window.
Furthermore, as the spectral shapes of the 9Li back-

ground and the SRN signal differ – most of the 9Li events
are found in the bottom three 1 MeV bins, while the
predicted SRN spectra are much flatter – the signal to
noise ratio can be significantly optimized by adjusting the
lower edge of the allowed energy range upward slightly.
Such an energy cut will also serve to shield against oc-
casional highly upward-fluctuated reactor anti-neutrinos.
The study presented herein therefore demonstrates for
the first time that spallation-induced 9Li will have a neg-
ligible effect on SuperK-Gd’s SRN search.

VII. SUMMARY

In summary, the first measurement of the yields of ra-
dioactive isotopes produced by cosmic-ray muons in an
underground water Cherenkov detector was performed
using time distributions in SK-IV data. The path-length
distribution of cosmic-ray muons, the relative time and
distance distributions between parent muons and daugh-
ter isotopes, the energy distribution of 9Li β+n decays,
and so on are expected to facilitate further insights into
the mechanism of spallation in water, which should be
useful in developing a more practically powerful tool to
reject cosmogenic backgrounds in solar, reactor and su-
pernova relic neutrino experiments. Finally, the yield of
9Li was more precisely measured by tagging neutrons.
This information regarding an important potential back-
ground source could aid in the design and optimization
of future water Cherenkov detectors that aim to search
for SRNs. Agreement of the data with theoretical calcu-
lations is in general much better in water than in scintil-
lator; only those isotopes produced as a result of ejecting

Super-K 
2016
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2016

Zhu et al., 
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FIG. 2. Schematic explanation of spallation distance vari-
ables.

each of the four spallation variables. For each muon
categorization, the relic candidates were correlated to
muons preceding the candidate in time (the ‘data sam-
ple’), and correlations were examined. A random sample
was formed by taking the same correlations to muons
immediately following the relic candidate in time. The
random sample histograms were subtracted from the
data histograms (yielding a ‘spallation sample’), for each
muon categorization. These profiles were parameterized,
resulting in functions representing spallation (from the
spallation sample) and accidental correlation background
(from the random sample). These parameterizations,
once normalized, are the PDFs, which are multiplied to-
gether to give the likelihood (for example, see Fig. 3).

For each muon categorization, a cut on the likelihood
was instituted. Cut values were tuned until no statisti-
cally significant difference existed in the distributions of
the data remaining after the cut compared to the random
sample for the ∆t and LTRANS variables. The spallation
contamination remaining after the spallation cut is diffi-
cult to estimate due to the large statistical uncertainties,
but no evidence for remaining background was found.
For the SK-I/III combined sample, we could see any ex-
cess with a resolution of about 4 events; and for SK-II,
with a resolution of about 2 events.

SK-I and SK-III use the same spallation cut. Due to
the differences in cathode coverage, SK-II required sepa-
rate likelihoods and tuning. The lower energy threshold
of the cut is the energy below which keeping the sam-
ple free of any definite spallation contamination becomes
too inefficient to be viable. Fig. 5 shows the half-life
and maximum energy of spallation products in SK; as
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FIG. 3. SK-I/III data with likelihood functions overlaid for
single through-going muons. Top shows transverse distance,
bottom shows longitudinal distance.
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FIG. 4. Example of a dE/dx plot. The red line indicates
where along the muon track the candidate was reconstructed.
This example has particularly good correlation.

spallation products decrease in energy, they tend to have
longer half-lives, and are more difficult to tag. Taking
into account energy resolution, events at 14 MeV such
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FIG. 4. Example of a dE/dx plot. The red line indicates
where along the muon track the candidate was reconstructed.
This example has particularly good correlation.

spallation products decrease in energy, they tend to have
longer half-lives, and are more difficult to tag. Taking
into account energy resolution, events at 14 MeV such
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1. Muons produce showers
Muon secondary spectra9

is small on average, their angular deflections greatly af-
fect how the shower appears in the detector. Note from
Fig. 1 that individual electron paths are short but that
deviations away from the forward direction are common.
We will discuss this in detail in our next paper.

As noted, hadronic showers are similar to electromag-
netic showers in geometry, but there are some di↵erences.
For 1 GeV hadronic showers, the longitudinal extent is
similar to that shown in Fig. 5, but the shape is quite
di↵erent. Because this is so close to the hadronic crit-
ical energy, there are few generations, and we mostly
see the average number of pions decrease according to
an exponential set by the hadronic interaction length.
This might provide a way to identify low-energy hadronic
showers, which are especially important for isotope pro-
duction. The longitudinal profiles for 10 and 100 GeV
hadronic showers are quite similar to those of electro-
magnetic showers. At all energies, the fluctuations in
the longitudinal profiles of individual hadronic showers
around the average are greater than for electromagnetic
shower of the same energy; this might be used to dis-
tinguish hadronic showers on a statistical basis. A more
promising means might be to use the fact that hadronic
showers have larger lateral extent (see Fig. 4 of Ref. [23]).

D. Shower frequency

Cosmic-ray muons abundantly produce daughter par-
ticles that initiate electromagnetic and hadronic showers.
Figure 7 shows the daughter particle production spectra
obtained using the Super-K muon spectrum. The fre-
quencies are scaled by the muon rate in Super-K, and
are thus numbers per muon.

The electron spectrum goes as dN/dlog10 E ⇠ 1/E.
This comes mainly from delta-ray production — colli-
sions of muons with atomic electrons where the energy
transfer is large. (Far more frequently, these collisions
transfer little energy, and are treated as continuous ion-
ization.) For a muon energy of 270 GeV, the average at
Super-K, the maximum energy transfer to an electron is
260 GeV [39]. The di↵erential cross section for delta-ray
production scales as ⇠ 1/E2 for electron energy transfers
well below the maximum [39]. This, plus the fact that
we plot dN/dlog10 E ⇠ EdN/dE, largely explains the
results shown.

The positron spectrum comes entirely from pair pro-
duction, mostly through muon interactions with nuclei.
The di↵erential cross section does not have a simple
power-law form. Using an approximate formula [62, 63],
we find that the di↵erential cross section can be approx-
imated by a broken power law: ⇠ E

�1.5 at low ener-
gies and ⇠ E

�3 at high energies. The transition energy
is around 2(me/mµ)Eµ, which is about 2 GeV for the
muons in Super-K. Again, reasonable agreement is seen.
Electrons are also produced in pair production, and this
component is the same as the positron spectrum.

The gamma-ray spectrum is rather flat, which follows

FIG. 7. Daughter particle (first-generation secondary par-
ticle) kinetic energy spectra of electrons, positrons, gamma
rays, and pions made directly by muons, normalized per
muon, after convolution with the Super-K muon spectrum.
The ⇡ line is the sum of ⇡+ and ⇡

�; the ⇡

0 line is about half
of the ⇡ line and is not shown.

from the form of the bremsstrahlung di↵erential cross sec-
tion, which is ⇠ 1/E [39]. Except at the highest energies,
showers initiated by gamma rays are subdominant.
The rate of hadronic showers is small because muons

primarily lose energy by electromagnetic processes. The
dominant hadrons made directly by muons are pions,
with comparable numbers of each charge.
Relative to a mono-energetic muon spectrum, using

the full Super-K spectrum in Fig. 7 (as we do) leads
to only modest di↵erences. At the highest energies, the
di↵erential cross sections for delta-ray production and
pair production quickly increase with muon energy [39].
Consequently, the electron and positron production are
increased at high energies. For the other particles and
energies, the di↵erences are less.
The spectra of muon daughter particles, and hence the

showers they induce, favor low energies. For electromag-
netic showers, because of the dominant rate of delta-ray
production, the total spectrum has a dN/dlog10 E ⇠ 1/E
shape. The delta-ray spectrum does not stop at 0.1 GeV
but keeps rising at lower energies. These low-energy delta
rays do not shower or make isotopes, but they do create
an almost continuous light intensity on top of the flat
light profile from the muon, with little variation between
muons. The hadronic shower spectrum is relatively flat,
with a wide peak near 0.4 GeV. (The hadronic compo-
nent in electromagnetic showers is of comparable, but
smaller frequency.) Though hadronic showers are rare,
with rate below 1% of all showers, they are quite im-

E.M. Shower 4

gamma rays contribute negligibly to Cherenkov light pro-
duction, we discuss their behavior in showers.

In the remainder of this section, we first study the
physics of showers in water independent of primary
muons. Then we discuss how cosmic-ray muons make
daughter particles and thus showers with a variety of en-
ergies in Super-K.

A. Electromagnetic shower spectra

Some important aspects of electromagnetic show-
ers can be understood using simple principles. In a
model proposed by Heitler [38], it is assumed that
bremsstrahlung and pair production have the same mean
free path (radiation length X0), that this is energy inde-
pendent, and that all other interactions, including elec-
tron ionization, can be ignored. Further, it is assumed
that in each generation, particles travel the same fixed
distance (d = X0 ln 2) before they split into two parti-
cles, each with half the parent particle energy.

Figure 2 illustrates this process. If the shower starts
with one particle of energy E0, then after n generations,
there are 2n secondary particles, each with energy

En =
E0

2n
. (1)

The shower stops growing when the average particle
energy is below the critical energy Ec, which is set
by the electron ionization energy loss in one radiation
length [39]. Then, a shower reaches its maximum, where
the number of particles is the greatest, after log2(E0/Ec)
generations. Because the particles are mostly forward
due to being relativistic, the distance to the shower max-
imum is

` = d log2

✓
E0

Ec

◆
= X0 ln

✓
E0

Ec

◆
. (2)

In water, X0 = 36 cm and Ec = 80 MeV [39]. Electrons
with energy Ec lose all of their energy by ionization in
one radiation length. After shower maximum, gamma
rays and the electrons they scatter will travel somewhat
further (a few radiation lengths). For a 10 GeV shower,
the longitudinal extent of a shower would be ⇠ 2 m, far
less than the height of Super-K. The true shower extent
is greater than this, but not much, and is discussed in
Sec. II C.

Further properties of showers can be obtained analyti-
cally with more complex models [40–46]. An example of
the latter is the work by Rossi and Greisen [42], where
they derived results by solving the Boltzmann equations
under certain assumptions. In their Approximation A,
which is only valid for high particle energies, asymptotic
cross sections for bremsstrahlung and pair production are
assumed and electron ionization energy loss is neglected.
For the electron path length spectrum in an electron-
initiated shower, they find
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FIG. 2. Schematic diagram of Heitler’s model for electromag-
netic showers in the growing phase, which continues until the
particle energies are below Ec.

for electron energies E � Ec. For electrons with energy
greater than E, the distance to their maximum is
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This is similar to the Heitler result if Eq. (4) is (inappro-
priately) evaluated at Ec.
Contemporary work on showers is based on Monte

Carlo simulation of all microscopic processes [47–50].
The fluctuations (distance, energy, etc.) in every in-
teraction are taken into account, instead of solving for
the average behavior with the Boltzmann equation. This
enables the study of individual showers, as well as the
variations among them. The simulation results are valid
for the entire energy range, and the precision is excellent.
In the following, we use theoretical insights to illustrate
the physics behind our numerical results.
Figure 3 shows particle path length spectra for

electron-initiated showers. We inject electrons with fixed
energies into the Super-K FV, which is large enough to
contain all secondary particles. We discuss Fig. 3 from
high to low energy. As individual showers develop, the
average energy of the shower particles decreases. At the
peak, which is somewhat below Ec, the particle number
is at a maximum. At lower energies, particles stop mul-
tiplying and the path length decreases due to particle
ionization losses.
The way these and other results are shown is designed

to highlight key physics points. As discussed, the numer-
ator is the total path length traveled by a group of parti-
cles, and not just the number of particles. We divide by

Shower rate is low, ~ 0.5 per Super-K muon
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is small on average, their angular deflections greatly af-
fect how the shower appears in the detector. Note from
Fig. 1 that individual electron paths are short but that
deviations away from the forward direction are common.
We will discuss this in detail in our next paper.

As noted, hadronic showers are similar to electromag-
netic showers in geometry, but there are some di↵erences.
For 1 GeV hadronic showers, the longitudinal extent is
similar to that shown in Fig. 5, but the shape is quite
di↵erent. Because this is so close to the hadronic crit-
ical energy, there are few generations, and we mostly
see the average number of pions decrease according to
an exponential set by the hadronic interaction length.
This might provide a way to identify low-energy hadronic
showers, which are especially important for isotope pro-
duction. The longitudinal profiles for 10 and 100 GeV
hadronic showers are quite similar to those of electro-
magnetic showers. At all energies, the fluctuations in
the longitudinal profiles of individual hadronic showers
around the average are greater than for electromagnetic
shower of the same energy; this might be used to dis-
tinguish hadronic showers on a statistical basis. A more
promising means might be to use the fact that hadronic
showers have larger lateral extent (see Fig. 4 of Ref. [23]).

D. Shower frequency

Cosmic-ray muons abundantly produce daughter par-
ticles that initiate electromagnetic and hadronic showers.
Figure 7 shows the daughter particle production spectra
obtained using the Super-K muon spectrum. The fre-
quencies are scaled by the muon rate in Super-K, and
are thus numbers per muon.

The electron spectrum goes as dN/dlog10 E ⇠ 1/E.
This comes mainly from delta-ray production — colli-
sions of muons with atomic electrons where the energy
transfer is large. (Far more frequently, these collisions
transfer little energy, and are treated as continuous ion-
ization.) For a muon energy of 270 GeV, the average at
Super-K, the maximum energy transfer to an electron is
260 GeV [39]. The di↵erential cross section for delta-ray
production scales as ⇠ 1/E2 for electron energy transfers
well below the maximum [39]. This, plus the fact that
we plot dN/dlog10 E ⇠ EdN/dE, largely explains the
results shown.

The positron spectrum comes entirely from pair pro-
duction, mostly through muon interactions with nuclei.
The di↵erential cross section does not have a simple
power-law form. Using an approximate formula [62, 63],
we find that the di↵erential cross section can be approx-
imated by a broken power law: ⇠ E

�1.5 at low ener-
gies and ⇠ E

�3 at high energies. The transition energy
is around 2(me/mµ)Eµ, which is about 2 GeV for the
muons in Super-K. Again, reasonable agreement is seen.
Electrons are also produced in pair production, and this
component is the same as the positron spectrum.

The gamma-ray spectrum is rather flat, which follows

FIG. 7. Daughter particle (first-generation secondary par-
ticle) kinetic energy spectra of electrons, positrons, gamma
rays, and pions made directly by muons, normalized per
muon, after convolution with the Super-K muon spectrum.
The ⇡ line is the sum of ⇡+ and ⇡

�; the ⇡

0 line is about half
of the ⇡ line and is not shown.

from the form of the bremsstrahlung di↵erential cross sec-
tion, which is ⇠ 1/E [39]. Except at the highest energies,
showers initiated by gamma rays are subdominant.
The rate of hadronic showers is small because muons

primarily lose energy by electromagnetic processes. The
dominant hadrons made directly by muons are pions,
with comparable numbers of each charge.
Relative to a mono-energetic muon spectrum, using

the full Super-K spectrum in Fig. 7 (as we do) leads
to only modest di↵erences. At the highest energies, the
di↵erential cross sections for delta-ray production and
pair production quickly increase with muon energy [39].
Consequently, the electron and positron production are
increased at high energies. For the other particles and
energies, the di↵erences are less.
The spectra of muon daughter particles, and hence the

showers they induce, favor low energies. For electromag-
netic showers, because of the dominant rate of delta-ray
production, the total spectrum has a dN/dlog10 E ⇠ 1/E
shape. The delta-ray spectrum does not stop at 0.1 GeV
but keeps rising at lower energies. These low-energy delta
rays do not shower or make isotopes, but they do create
an almost continuous light intensity on top of the flat
light profile from the muon, with little variation between
muons. The hadronic shower spectrum is relatively flat,
with a wide peak near 0.4 GeV. (The hadronic compo-
nent in electromagnetic showers is of comparable, but
smaller frequency.) Though hadronic showers are rare,
with rate below 1% of all showers, they are quite im-

Shower length is small, ~ 5 m
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In terms of light yield, pions are subdominant even in
pion-initiated showers [45]. The visible energies for E0 =
1, 10 and 100 GeV pion showers are 0.57, 6.3, and 74
GeV.

The general features of the pion spectrum follow from
the same principles that govern the electron spectrum:
showering processes dominate at high energies, causing
the increase in path length with decreasing energy, while
ionization dominates at low energies, causing the de-
crease in path length with decreasing energy. The crit-
ical energy for hadronic showers is higher than that for
electromagnetic showers, due to the large pion mass and
other factors, and the behavior of the path length spec-
trum in the peak region is more complex. The peak near
0.4 GeV corresponds the most probable pion production
energy. At slightly lower energies, 0.1–0.3 GeV, some pi-
ons disappear through inelastic interactions of the form
⇡

� + p ! n and ⇡

+ + n ! p with bound nucleons, with
the residual energy and momentum absorbed by their
nuclei. Once charged pions become nonrelativistic, the
ionization rate increases quickly and the path length ac-
cumulated is small and decreases more steeply than for
electrons below the peak.

When the pion injection energy is too low to create
new pions, an electromagnetic shower cannot typically
develop. The pion path length spectrum is large, as all
the energy remains with the pions, and this is the same
for both ⇡

+ and ⇡

�. For the E0 = 0.1 GeV case shown
in Fig. 4, the total pion path length is 23 cm. Although
this curve is much higher than the others, its integral is
only slightly larger, corresponding to 230 cm / GeV, be-
cause nonrelativistic particles lose energy rapidly. Rarely,
a charged pion interacts with a nucleon and converts to
a neutral pion, leading to some electromagnetic activity
(on average 11 cm of electron path length). Low energy
⇡

� are especially e�cient at making isotopes through
atomic and then nuclear capture [59]; low energy ⇡

+ do
not e�ciently make isotopes because they decay, not cap-
ture, once at rest.

C. Shower geometry

The physical distributions of showers and how they
compare to the size of the Super-K detector are crucial for
understanding why the new Super-K cut technique [19]
gives such a big improvement. The longitudinal and lat-
eral sizes of showers define the region around the muon
track where isotopes are made. The exact profile and
the deflection of shower particles determine the pattern
of Cherenkov light. We focus on electromagnetic showers
in this section, because they are more common, because
hadronic showers have a large electromagnetic shower
component, and because hadronic showers are similar to
electromagnetic showers in geometry (slightly di↵erent,
and discussed below).

Figure 5 shows the average longitudinal shower profile
for three di↵erent injection energies. We plot the electron

FIG. 5. Average longitudinal profiles for showers initiated by
electrons of energy E0 = 1, 10 and 100 GeV. Here dL is the
charged-particle path length in all directions accumulated in
a step dz = 10 cm along the initial direction. We separately
shift the starting positions of the showers, each with one elec-
tron and height ⇠ 1/E0, so that the peaks line up at z = 0.
All profiles are normalized by E0.

path length per unit length along the initial direction,
i.e., the Cherenkov intensity from the shower relative to
that from a single particle. This is roughly the instan-
taneous number of charged particles in the shower times
(GeV/E0). This is not exactly true due to nonforward
motion and particles starting or stopping within bins;
in addition, these curves represent averages over many
showers. The area under the curve is the total electron
path length scaled by the injection energy, and is nearly
the same for all energies. The showers extend 4–6 m for
energies between 1–100 GeV. This length is much shorter
than the height of the Super-K FV, even for high-energy
showers, which are rare.
These average profiles show a rising phase, a peak,

and a declining phase. The distance to the peak po-
sition of the shower is an important parameter. Even
though Eq. (2) and Eq. (4) were derived from simplified
models, they are in good agreement with the full numer-
ical results. In more detail, the shape is consistent with
standard formulas for the longitudinal profiles of showers,
such as the Greisen [43] and Gaisser-Hillas profiles [60].
The overall profile shape, especially the length asym-

metry between the rising and falling parts of the shower,
is important for our discussions of shower correlations
with spallation backgrounds in Super-K. Compared to
the naive Heitler model, where all electrons stop in one
radiation length after shower maximum, the tails of real-
istic showers are long. This arises from two types of fluc-
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is small on average, their angular deflections greatly af-
fect how the shower appears in the detector. Note from
Fig. 1 that individual electron paths are short but that
deviations away from the forward direction are common.
We will discuss this in detail in our next paper.

As noted, hadronic showers are similar to electromag-
netic showers in geometry, but there are some di↵erences.
For 1 GeV hadronic showers, the longitudinal extent is
similar to that shown in Fig. 5, but the shape is quite
di↵erent. Because this is so close to the hadronic crit-
ical energy, there are few generations, and we mostly
see the average number of pions decrease according to
an exponential set by the hadronic interaction length.
This might provide a way to identify low-energy hadronic
showers, which are especially important for isotope pro-
duction. The longitudinal profiles for 10 and 100 GeV
hadronic showers are quite similar to those of electro-
magnetic showers. At all energies, the fluctuations in
the longitudinal profiles of individual hadronic showers
around the average are greater than for electromagnetic
shower of the same energy; this might be used to dis-
tinguish hadronic showers on a statistical basis. A more
promising means might be to use the fact that hadronic
showers have larger lateral extent (see Fig. 4 of Ref. [23]).

D. Shower frequency

Cosmic-ray muons abundantly produce daughter par-
ticles that initiate electromagnetic and hadronic showers.
Figure 7 shows the daughter particle production spectra
obtained using the Super-K muon spectrum. The fre-
quencies are scaled by the muon rate in Super-K, and
are thus numbers per muon.

The electron spectrum goes as dN/dlog10 E ⇠ 1/E.
This comes mainly from delta-ray production — colli-
sions of muons with atomic electrons where the energy
transfer is large. (Far more frequently, these collisions
transfer little energy, and are treated as continuous ion-
ization.) For a muon energy of 270 GeV, the average at
Super-K, the maximum energy transfer to an electron is
260 GeV [39]. The di↵erential cross section for delta-ray
production scales as ⇠ 1/E2 for electron energy transfers
well below the maximum [39]. This, plus the fact that
we plot dN/dlog10 E ⇠ EdN/dE, largely explains the
results shown.

The positron spectrum comes entirely from pair pro-
duction, mostly through muon interactions with nuclei.
The di↵erential cross section does not have a simple
power-law form. Using an approximate formula [62, 63],
we find that the di↵erential cross section can be approx-
imated by a broken power law: ⇠ E

�1.5 at low ener-
gies and ⇠ E

�3 at high energies. The transition energy
is around 2(me/mµ)Eµ, which is about 2 GeV for the
muons in Super-K. Again, reasonable agreement is seen.
Electrons are also produced in pair production, and this
component is the same as the positron spectrum.

The gamma-ray spectrum is rather flat, which follows

FIG. 7. Daughter particle (first-generation secondary par-
ticle) kinetic energy spectra of electrons, positrons, gamma
rays, and pions made directly by muons, normalized per
muon, after convolution with the Super-K muon spectrum.
The ⇡ line is the sum of ⇡+ and ⇡

�; the ⇡

0 line is about half
of the ⇡ line and is not shown.

from the form of the bremsstrahlung di↵erential cross sec-
tion, which is ⇠ 1/E [39]. Except at the highest energies,
showers initiated by gamma rays are subdominant.
The rate of hadronic showers is small because muons

primarily lose energy by electromagnetic processes. The
dominant hadrons made directly by muons are pions,
with comparable numbers of each charge.
Relative to a mono-energetic muon spectrum, using

the full Super-K spectrum in Fig. 7 (as we do) leads
to only modest di↵erences. At the highest energies, the
di↵erential cross sections for delta-ray production and
pair production quickly increase with muon energy [39].
Consequently, the electron and positron production are
increased at high energies. For the other particles and
energies, the di↵erences are less.
The spectra of muon daughter particles, and hence the

showers they induce, favor low energies. For electromag-
netic showers, because of the dominant rate of delta-ray
production, the total spectrum has a dN/dlog10 E ⇠ 1/E
shape. The delta-ray spectrum does not stop at 0.1 GeV
but keeps rising at lower energies. These low-energy delta
rays do not shower or make isotopes, but they do create
an almost continuous light intensity on top of the flat
light profile from the muon, with little variation between
muons. The hadronic shower spectrum is relatively flat,
with a wide peak near 0.4 GeV. (The hadronic compo-
nent in electromagnetic showers is of comparable, but
smaller frequency.) Though hadronic showers are rare,
with rate below 1% of all showers, they are quite im-
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In terms of light yield, pions are subdominant even in
pion-initiated showers [45]. The visible energies for E0 =
1, 10 and 100 GeV pion showers are 0.57, 6.3, and 74
GeV.

The general features of the pion spectrum follow from
the same principles that govern the electron spectrum:
showering processes dominate at high energies, causing
the increase in path length with decreasing energy, while
ionization dominates at low energies, causing the de-
crease in path length with decreasing energy. The crit-
ical energy for hadronic showers is higher than that for
electromagnetic showers, due to the large pion mass and
other factors, and the behavior of the path length spec-
trum in the peak region is more complex. The peak near
0.4 GeV corresponds the most probable pion production
energy. At slightly lower energies, 0.1–0.3 GeV, some pi-
ons disappear through inelastic interactions of the form
⇡

� + p ! n and ⇡

+ + n ! p with bound nucleons, with
the residual energy and momentum absorbed by their
nuclei. Once charged pions become nonrelativistic, the
ionization rate increases quickly and the path length ac-
cumulated is small and decreases more steeply than for
electrons below the peak.

When the pion injection energy is too low to create
new pions, an electromagnetic shower cannot typically
develop. The pion path length spectrum is large, as all
the energy remains with the pions, and this is the same
for both ⇡

+ and ⇡

�. For the E0 = 0.1 GeV case shown
in Fig. 4, the total pion path length is 23 cm. Although
this curve is much higher than the others, its integral is
only slightly larger, corresponding to 230 cm / GeV, be-
cause nonrelativistic particles lose energy rapidly. Rarely,
a charged pion interacts with a nucleon and converts to
a neutral pion, leading to some electromagnetic activity
(on average 11 cm of electron path length). Low energy
⇡

� are especially e�cient at making isotopes through
atomic and then nuclear capture [59]; low energy ⇡

+ do
not e�ciently make isotopes because they decay, not cap-
ture, once at rest.

C. Shower geometry

The physical distributions of showers and how they
compare to the size of the Super-K detector are crucial for
understanding why the new Super-K cut technique [19]
gives such a big improvement. The longitudinal and lat-
eral sizes of showers define the region around the muon
track where isotopes are made. The exact profile and
the deflection of shower particles determine the pattern
of Cherenkov light. We focus on electromagnetic showers
in this section, because they are more common, because
hadronic showers have a large electromagnetic shower
component, and because hadronic showers are similar to
electromagnetic showers in geometry (slightly di↵erent,
and discussed below).

Figure 5 shows the average longitudinal shower profile
for three di↵erent injection energies. We plot the electron

FIG. 5. Average longitudinal profiles for showers initiated by
electrons of energy E0 = 1, 10 and 100 GeV. Here dL is the
charged-particle path length in all directions accumulated in
a step dz = 10 cm along the initial direction. We separately
shift the starting positions of the showers, each with one elec-
tron and height ⇠ 1/E0, so that the peaks line up at z = 0.
All profiles are normalized by E0.

path length per unit length along the initial direction,
i.e., the Cherenkov intensity from the shower relative to
that from a single particle. This is roughly the instan-
taneous number of charged particles in the shower times
(GeV/E0). This is not exactly true due to nonforward
motion and particles starting or stopping within bins;
in addition, these curves represent averages over many
showers. The area under the curve is the total electron
path length scaled by the injection energy, and is nearly
the same for all energies. The showers extend 4–6 m for
energies between 1–100 GeV. This length is much shorter
than the height of the Super-K FV, even for high-energy
showers, which are rare.
These average profiles show a rising phase, a peak,

and a declining phase. The distance to the peak po-
sition of the shower is an important parameter. Even
though Eq. (2) and Eq. (4) were derived from simplified
models, they are in good agreement with the full numer-
ical results. In more detail, the shape is consistent with
standard formulas for the longitudinal profiles of showers,
such as the Greisen [43] and Gaisser-Hillas profiles [60].
The overall profile shape, especially the length asym-

metry between the rising and falling parts of the shower,
is important for our discussions of shower correlations
with spallation backgrounds in Super-K. Compared to
the naive Heitler model, where all electrons stop in one
radiation length after shower maximum, the tails of real-
istic showers are long. This arises from two types of fluc-
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Figure 7. Parent particle kinetic energy spectra in Super-K. Left panel: For background isotopes. Right panel: All isotopes
(including the ones that are stable, have long half-lives, or decay invisibly or with a low beta energy). The absolute normalization
for the y-axis is arbitrary (but is the same for both figures); only the relative height and shape matter. The plot symbols are
consistent with those of Fig. 3.

isotopes are made by the (�,n) reaction, which corre-
sponds to 15O in water and 11C in scintillator. They have
yields of 351 and 416 [41] in the units of 10�7

µ

�1 g�1

cm2. Luckily, 15O has a low beta-decay energy; in scin-
tillator, 11C is a serious background. The most abundant
background isotope in water is 16N, which corresponds to
12B in scintillator, which has a comparable yield for the
same muon path length.

D. Parent Particle Energy Spectrum

To understand isotope production mechanisms in more
detail, we look at the energy spectra for secondaries mak-
ing isotopes. Figure 7 (left panel) shows the spectra
of parent particles of spallation background isotopes in
Super-K. Here the y axis is a histogram of event number
per MeV with arbitrary absolute normalization. The rel-
ative height reflects how important each parent particle
is.

For making spallation backgrounds in Super-K, the
most important parent particle is the neutron, as it con-
tributes almost 10 times more than any others. The
shape of the spectrum is a convolution of the neutron
path length shown in Fig. 3 and the neutron-nucleus cross
section. The peak below 20 MeV comes from the (n, p)
cross section [13]. Due to the nuclear capture of ⇡� at
rest, there is also a huge peak for low energy ⇡

�. Gamma,
⇡

+, and high energy ⇡

� contribute roughly equally, each
only about half as much as the first ⇡� bin. The parent

particles of fast neutrons are similar to those for isotopes.
Wang et al. [38] showed that at Eµ = 270 GeV, most
neutrons are produced by ⇡

�, followed by gamma and
neutron.

One interesting feature is that, even though the domi-
nant secondaries produced directly by muons are gammas
and electrons, the ones that make background isotopes
in water are mainly hadrons. This is consistent with the
primary processes shown in Table I. The fact that the
gamma and pion curves initially rise with energy is con-
sistent with the path length spectra in Fig. 3. The fact
that these curves continue to high energies indicates the
importance of showers for isotope production.

As discussed above, the result is somewhat di↵erent
from muon spallation in scintillator. A rough count from
the KamLAND result tells us that the main parent par-
ticle to produce isotopes is gamma, as it is responsible
for 11C and 7Be production. This is consistent with the
result shown in Fig. 7 (right panel). Here we show the
parent particle spectra for all isotopes produced in wa-
ter, including the stable ones and those that decay invis-
ibly. The gamma contribution is significant, comparable
to that of the neutron. Also, the relative height between
the two panels shows the fraction of isotopes that are
dangerous in Super-K relative to all isotopes. The reason
for the big di↵erence between the left and right panels is
simply that in water, some of the most abundant isotopes
made by gammas, e.g., 15O, 15N, and 12C, are invisible
in Super-K.

Isotope parent spectra

Hadronic showers have π, n; they produce isotopes
E.M. showers have γLi & Beacom
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phisticated likelihood techniques.) In Ref. [19], Super-K
introduced a new cut on “showering muons,” defined to
be those with an energy loss & 60 GeV; for these, all data
in the next 4 s from the whole detector are discarded. We
estimate that this has substantially worse e�ciency and
deadtime than our proposed new cut.

Our investigations also demonstrate that no spallation
cuts are necessary along the tracks of stopping muons.
Muons with low energy (. 7 GeV) lose all their energy
by ionization in the FV. Because their energies are low,
they do not typically lose energy by radiative processes.
Consequently, very few isotopes (0.4% of all isotopes)
are produced along their tracks. At the ends of their
tracks, however, negative muons can capture on oxygen,
which can lead to nuclear breakup. Thus, a separate
cut for stopping muons where only events inside a sphere
centered on the end of the muon track are rejected would
be highly e�cient with minimal deadtime (Super-K has
such a cut for 16N [65]).

Figure 9 shows a histogram of muon energy loss for
muons that make isotopes, weighted by the number of
isotopes produced. The shape of the histogram is the
frequency of muon energy loss in Super-K (Fig. 2 of
Ref. [23]) multiplied with the yield of isotopes from
muons in Super-K (Fig. 8). We focus on a small energy
range (below 30 GeV), assuming that high-energy-loss
muons can be cut as suggested above. This figure shows
that the most probable energy loss for isotope production
is small. However, there is a long tail, extending to hun-
dreds of GeV. Once the energy loss range is constrained
to a reasonable range, the cut should be optimized for
small energy losses.

B. Individual showers are the cause

When we average over muons and along their tracks,
as above, light and isotope production are correlated
through the total muon energy loss. Here we break that
energy loss into individual showers, and detail how light
and isotopes are causally related to showers with di↵erent
injection energies and initiating particles. These relation-
ships determine the geometry of the spallation cuts.

Figure 10 shows our results for the average yields of
light and isotopes made by showers as a function of
energy. To calculate how muon-induced showers pro-
duce light and isotopes, we obtain the number spectra
of daughter particles produced directly by muons us-
ing Fig. 7, then multiply these number spectra with the
yields of light and isotopes by showers with those ener-
gies. This approach accounts for nearly all the daughter
particles from the radiative energy losses of muons; we
discuss the exceptions below. We define showers initi-
ated by ⇡

± (including a small contribution from kaons
and other hadrons) to be hadronic, and those initiated
by e

±, �, or ⇡0 to be electromagnetic. To compare to ex-
periment, we use visible energy, determined from the to-
tal Cherenkov light (proportional to the integrated path

FIG. 10. Light yield (top panel) and background isotope yield
(bottom panel) for showers of di↵erent types and energies.
The “EM” curves include showers initiated by e

±, �, and ⇡

0;
the “hadr.” curves include showers initiated by charged pions,
kaons, and other hadrons. Yields are per vertical through-
going muon in Super-K, taking into account the cosmic-ray
muon spectrum.

length above the Cherenkov thresholds) made by rela-
tivistic particles (see Sec. II A, II B). At injection ener-
gies below 0.1 GeV, the curves drop o↵ because showers
do not form; at energies above 103 GeV, they drop o↵
because such injection energies are rare.
An immediate conclusion is that light production is

strongly dominated by electromagnetic showers, which are
by far the most common. Another is that background

isotope production is somewhat dominated by hadronic

showers, even though they are much more rare.
The light yield distributions depend on the physics of

muon energy loss and of shower development. At lowest
order, the light yield dL/dlog10 E follows EdN/dlog10 E,
which can be obtained by multiplying Fig. 7 by E. Elec-
tromagnetic showers in this energy range are primar-
ily induced by delta rays from muons, and their fre-
quency falls as ' 1 (GeV/E0) shower per energy decade
per muon traveling the length of the Super-K FV (3220
cm). The light yield of an electromagnetic shower rises
as ' 500 cm (E0/GeV). In combination, the result is
' 500 cm, almost independent of shower energy. (This
continues to even lower energies, dropping slightly, due
to low-energy delta rays.) That is, 5000 cm of light is
equally likely to be from one 10 GeV shower or ten 1 GeV
showers; these cases can be distinguished by reconstruc-
tion of the light profile along the muon track. Hadronic
showers in this energy range are primarily induced by pi-
ons from muons; the rate relative to delta-ray production

E.M. vs. hadronic showers



2. Showers produce isotopes
10

Figure 7. Parent particle kinetic energy spectra in Super-K. Left panel: For background isotopes. Right panel: All isotopes
(including the ones that are stable, have long half-lives, or decay invisibly or with a low beta energy). The absolute normalization
for the y-axis is arbitrary (but is the same for both figures); only the relative height and shape matter. The plot symbols are
consistent with those of Fig. 3.

isotopes are made by the (�,n) reaction, which corre-
sponds to 15O in water and 11C in scintillator. They have
yields of 351 and 416 [41] in the units of 10�7

µ

�1 g�1

cm2. Luckily, 15O has a low beta-decay energy; in scin-
tillator, 11C is a serious background. The most abundant
background isotope in water is 16N, which corresponds to
12B in scintillator, which has a comparable yield for the
same muon path length.

D. Parent Particle Energy Spectrum

To understand isotope production mechanisms in more
detail, we look at the energy spectra for secondaries mak-
ing isotopes. Figure 7 (left panel) shows the spectra
of parent particles of spallation background isotopes in
Super-K. Here the y axis is a histogram of event number
per MeV with arbitrary absolute normalization. The rel-
ative height reflects how important each parent particle
is.

For making spallation backgrounds in Super-K, the
most important parent particle is the neutron, as it con-
tributes almost 10 times more than any others. The
shape of the spectrum is a convolution of the neutron
path length shown in Fig. 3 and the neutron-nucleus cross
section. The peak below 20 MeV comes from the (n, p)
cross section [13]. Due to the nuclear capture of ⇡� at
rest, there is also a huge peak for low energy ⇡

�. Gamma,
⇡

+, and high energy ⇡

� contribute roughly equally, each
only about half as much as the first ⇡� bin. The parent

particles of fast neutrons are similar to those for isotopes.
Wang et al. [38] showed that at Eµ = 270 GeV, most
neutrons are produced by ⇡

�, followed by gamma and
neutron.

One interesting feature is that, even though the domi-
nant secondaries produced directly by muons are gammas
and electrons, the ones that make background isotopes
in water are mainly hadrons. This is consistent with the
primary processes shown in Table I. The fact that the
gamma and pion curves initially rise with energy is con-
sistent with the path length spectra in Fig. 3. The fact
that these curves continue to high energies indicates the
importance of showers for isotope production.

As discussed above, the result is somewhat di↵erent
from muon spallation in scintillator. A rough count from
the KamLAND result tells us that the main parent par-
ticle to produce isotopes is gamma, as it is responsible
for 11C and 7Be production. This is consistent with the
result shown in Fig. 7 (right panel). Here we show the
parent particle spectra for all isotopes produced in wa-
ter, including the stable ones and those that decay invis-
ibly. The gamma contribution is significant, comparable
to that of the neutron. Also, the relative height between
the two panels shows the fraction of isotopes that are
dangerous in Super-K relative to all isotopes. The reason
for the big di↵erence between the left and right panels is
simply that in water, some of the most abundant isotopes
made by gammas, e.g., 15O, 15N, and 12C, are invisible
in Super-K.

Isotope parent spectra

Hadronic showers have π, n; they produce isotopes
E.M. showers have γLi & Beacom

2014, 2015
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phisticated likelihood techniques.) In Ref. [19], Super-K
introduced a new cut on “showering muons,” defined to
be those with an energy loss & 60 GeV; for these, all data
in the next 4 s from the whole detector are discarded. We
estimate that this has substantially worse e�ciency and
deadtime than our proposed new cut.

Our investigations also demonstrate that no spallation
cuts are necessary along the tracks of stopping muons.
Muons with low energy (. 7 GeV) lose all their energy
by ionization in the FV. Because their energies are low,
they do not typically lose energy by radiative processes.
Consequently, very few isotopes (0.4% of all isotopes)
are produced along their tracks. At the ends of their
tracks, however, negative muons can capture on oxygen,
which can lead to nuclear breakup. Thus, a separate
cut for stopping muons where only events inside a sphere
centered on the end of the muon track are rejected would
be highly e�cient with minimal deadtime (Super-K has
such a cut for 16N [65]).

Figure 9 shows a histogram of muon energy loss for
muons that make isotopes, weighted by the number of
isotopes produced. The shape of the histogram is the
frequency of muon energy loss in Super-K (Fig. 2 of
Ref. [23]) multiplied with the yield of isotopes from
muons in Super-K (Fig. 8). We focus on a small energy
range (below 30 GeV), assuming that high-energy-loss
muons can be cut as suggested above. This figure shows
that the most probable energy loss for isotope production
is small. However, there is a long tail, extending to hun-
dreds of GeV. Once the energy loss range is constrained
to a reasonable range, the cut should be optimized for
small energy losses.

B. Individual showers are the cause

When we average over muons and along their tracks,
as above, light and isotope production are correlated
through the total muon energy loss. Here we break that
energy loss into individual showers, and detail how light
and isotopes are causally related to showers with di↵erent
injection energies and initiating particles. These relation-
ships determine the geometry of the spallation cuts.

Figure 10 shows our results for the average yields of
light and isotopes made by showers as a function of
energy. To calculate how muon-induced showers pro-
duce light and isotopes, we obtain the number spectra
of daughter particles produced directly by muons us-
ing Fig. 7, then multiply these number spectra with the
yields of light and isotopes by showers with those ener-
gies. This approach accounts for nearly all the daughter
particles from the radiative energy losses of muons; we
discuss the exceptions below. We define showers initi-
ated by ⇡

± (including a small contribution from kaons
and other hadrons) to be hadronic, and those initiated
by e

±, �, or ⇡0 to be electromagnetic. To compare to ex-
periment, we use visible energy, determined from the to-
tal Cherenkov light (proportional to the integrated path

FIG. 10. Light yield (top panel) and background isotope yield
(bottom panel) for showers of di↵erent types and energies.
The “EM” curves include showers initiated by e

±, �, and ⇡

0;
the “hadr.” curves include showers initiated by charged pions,
kaons, and other hadrons. Yields are per vertical through-
going muon in Super-K, taking into account the cosmic-ray
muon spectrum.

length above the Cherenkov thresholds) made by rela-
tivistic particles (see Sec. II A, II B). At injection ener-
gies below 0.1 GeV, the curves drop o↵ because showers
do not form; at energies above 103 GeV, they drop o↵
because such injection energies are rare.
An immediate conclusion is that light production is

strongly dominated by electromagnetic showers, which are
by far the most common. Another is that background

isotope production is somewhat dominated by hadronic

showers, even though they are much more rare.
The light yield distributions depend on the physics of

muon energy loss and of shower development. At lowest
order, the light yield dL/dlog10 E follows EdN/dlog10 E,
which can be obtained by multiplying Fig. 7 by E. Elec-
tromagnetic showers in this energy range are primar-
ily induced by delta rays from muons, and their fre-
quency falls as ' 1 (GeV/E0) shower per energy decade
per muon traveling the length of the Super-K FV (3220
cm). The light yield of an electromagnetic shower rises
as ' 500 cm (E0/GeV). In combination, the result is
' 500 cm, almost independent of shower energy. (This
continues to even lower energies, dropping slightly, due
to low-energy delta rays.) That is, 5000 cm of light is
equally likely to be from one 10 GeV shower or ten 1 GeV
showers; these cases can be distinguished by reconstruc-
tion of the light profile along the muon track. Hadronic
showers in this energy range are primarily induced by pi-
ons from muons; the rate relative to delta-ray production

E.M. vs. hadronic showers

Material dependent
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FIG. 2. Schematic explanation of spallation distance vari-
ables.

each of the four spallation variables. For each muon
categorization, the relic candidates were correlated to
muons preceding the candidate in time (the ‘data sam-
ple’), and correlations were examined. A random sample
was formed by taking the same correlations to muons
immediately following the relic candidate in time. The
random sample histograms were subtracted from the
data histograms (yielding a ‘spallation sample’), for each
muon categorization. These profiles were parameterized,
resulting in functions representing spallation (from the
spallation sample) and accidental correlation background
(from the random sample). These parameterizations,
once normalized, are the PDFs, which are multiplied to-
gether to give the likelihood (for example, see Fig. 3).

For each muon categorization, a cut on the likelihood
was instituted. Cut values were tuned until no statisti-
cally significant difference existed in the distributions of
the data remaining after the cut compared to the random
sample for the ∆t and LTRANS variables. The spallation
contamination remaining after the spallation cut is diffi-
cult to estimate due to the large statistical uncertainties,
but no evidence for remaining background was found.
For the SK-I/III combined sample, we could see any ex-
cess with a resolution of about 4 events; and for SK-II,
with a resolution of about 2 events.

SK-I and SK-III use the same spallation cut. Due to
the differences in cathode coverage, SK-II required sepa-
rate likelihoods and tuning. The lower energy threshold
of the cut is the energy below which keeping the sam-
ple free of any definite spallation contamination becomes
too inefficient to be viable. Fig. 5 shows the half-life
and maximum energy of spallation products in SK; as
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bottom shows longitudinal distance.
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FIG. 4. Example of a dE/dx plot. The red line indicates
where along the muon track the candidate was reconstructed.
This example has particularly good correlation.

spallation products decrease in energy, they tend to have
longer half-lives, and are more difficult to tag. Taking
into account energy resolution, events at 14 MeV such

Care is needed to properly reconstruct showers
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each of the four spallation variables. For each muon
categorization, the relic candidates were correlated to
muons preceding the candidate in time (the ‘data sam-
ple’), and correlations were examined. A random sample
was formed by taking the same correlations to muons
immediately following the relic candidate in time. The
random sample histograms were subtracted from the
data histograms (yielding a ‘spallation sample’), for each
muon categorization. These profiles were parameterized,
resulting in functions representing spallation (from the
spallation sample) and accidental correlation background
(from the random sample). These parameterizations,
once normalized, are the PDFs, which are multiplied to-
gether to give the likelihood (for example, see Fig. 3).

For each muon categorization, a cut on the likelihood
was instituted. Cut values were tuned until no statisti-
cally significant difference existed in the distributions of
the data remaining after the cut compared to the random
sample for the ∆t and LTRANS variables. The spallation
contamination remaining after the spallation cut is diffi-
cult to estimate due to the large statistical uncertainties,
but no evidence for remaining background was found.
For the SK-I/III combined sample, we could see any ex-
cess with a resolution of about 4 events; and for SK-II,
with a resolution of about 2 events.

SK-I and SK-III use the same spallation cut. Due to
the differences in cathode coverage, SK-II required sepa-
rate likelihoods and tuning. The lower energy threshold
of the cut is the energy below which keeping the sam-
ple free of any definite spallation contamination becomes
too inefficient to be viable. Fig. 5 shows the half-life
and maximum energy of spallation products in SK; as
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FIG. 4. Example of a dE/dx plot. The red line indicates
where along the muon track the candidate was reconstructed.
This example has particularly good correlation.

spallation products decrease in energy, they tend to have
longer half-lives, and are more difficult to tag. Taking
into account energy resolution, events at 14 MeV such

Care is needed to properly reconstruct showers
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FIG. 10. Shower reconstruction example—two comparable showers. Descriptions as in Fig. 9. The only di↵erence is that we
use a bin size of 1 m in the left panel to reduce fluctuations.

FIG. 11. Shower reconstruction example—hadronic showers. Descriptions as in Fig. 9
Li & Beacom

2015



Ways to identify showers
Neutron captures

cally produced radionuclides, such as the �-neutron emit-
ting isotopes 9Li and 8He, that may act as backgrounds
in future water-based antineutrino detectors. The 9Li de-
tection efficiency was determined via a GEANT4 simu-
lation, which was tuned from calibrations. From 207 live
days, the WATCHBOY detector observed 20.2±25.4 9Li
events. The 90% upper limit on the yield of 9Li , derived
from these results was 1.9⇥ 10

�7µ�1
g

�1
cm

2, at a depth
of approximately 400 m.w.e. The primary source of back-
grounds in WATCHBOY were correlated pairs of neutron
captures, initiated by fast neutrons from the surround-
ing rock. WATCHBOY observes a total of 799 of these
events, at a rate of 3.9 per day. In addition, WATCHBOY
observes a clear excess of single � emitting radionuclide
candidates following showering muons, where showering
muons are defined as muons followed by at least two cor-
related neutron captures (see A). Though these single
� emitting radionuclides are not antineutrino detector
backgrounds, their detection does serve as a verification
of the detector’s capabilities. A more complete study,
including a determination of the total radionuclide yield
following showering muons, will be provided in a later
paper. In the near future the rate of correlated neutron
backgrounds will be compared with measurements of the
fast neutron energy spectrum currently being completed
by the WATCHBOY's sister project called MARS [35]
(Multiplicity and Recoil Spectrometer), as a cross check.
The predicted rate of 9Li backgrounds at WATCHMAN,
based on these measurements is less than ⇠ 2 events per
day, sufficiently low to allow for the successful detection
of antineutrinos from the nearby Perry reactor.
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Appendix A: Single � Production Following
Muon-Induced Hadronic Showers

Li and Beacom [31] assert that essentially all radionu-
clides in the SK (undoped) water Cherenkov detector
are produced during muon-induced hadronic showers. A
“showering” muon is characterized by multiple hadronic
interactions, which generate multiple neutrons and pions
along the muon’s track. In addition, certain radionuclide
production processes themselves create secondary neu-

trons. Based on these assumptions, we identify shower-
ing muons in WATCHBOY using the following method:
if two or more neutron-like events occur in the target
within 1ms of a muon, the muon is tagged as a show-
ering muon and subsequent � events (at times greater
than 1ms) are identified. The muon may traverse either
the target or the veto. We require at least two neutron-
like events to reduce the likelihood of accidental coinci-
dences and ensure a clean sample of showering muons.
The reduction in background that results from this re-
quirement is illustrated in Fig. 10. If the claim is true,
an excess of single �-like events correlated with shower-
ing muons should be observed. We observe an average
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FIG. 10. The distribution of event times following muons in
WATCHBOY. A showering muon is identified by the presence
of 2 or more neutron-like events within 1ms. This tagging
procedure allows the removal of nearly all backgrounds due
to pile up of other muons. The uncorrelated events were fitted
in the region of 1 ms to 2 second, where good agreement is
observed between the data and the uncorrelated expectation.

of 9.8 showering muons per day tagged in this fashion.
Because of the low rate of these muons, a good separa-
tion between correlated events and non-correlated events
can be achieved, as is shown in Fig. 10 and Fig. 11. Tag-
ging random non-showering muons was done as a cross-
check on the potentially correlated � spectrum; this spec-
trum is shown in Fig. 11. There is a selection of events
that show correlation to showering muons, revealed as
the excess when comparing the uncorrelated and corre-
lated spectra. In addition to the correlated events shown,
we include the time profile of a GEANT4 simulation of
neutron capture events throughout the target assuming
a flat input neutron energy spectrum extending up to 1
GeV. These events follow an exponential curve consistent
with neutron thermalization and capture on gadolinium.
The measured and simulated time profiles are consistent
above ⇠ 30µs. Below 30µs the number of detected corre-
lated events is below expectation. The difference is due to
the presence of baseline variability which tends to follow
extremely bright events, such as muons. Baseline vari-
ability is revealed by anomalously high or low baseline

9

4.2.5 Neutron multiplicity

In Figure 7 the multiplicity of thermal neutron captures per muon-induced cosmogenic event is
shown. Both the Borexino experimental result (red symbols) and the FLUKA predicted distribu-
tions (black histogram) from [22] are reproduced in the graph on the left. This comparison is
absolute which is di↵erent from that of the lateral distance distribution. The measured distribu-
tion is biased at large multiplicities due to detector performance with respect to energetic and/or
muon bundle events. This e↵ect was best reproduced in the simulation by selecting only events
with single muon tracks crossing the Borexino inner volume. Good agreement in the shape of the
distribution is found except at very low neutron multiplicity events.

“Hard” energy losses by energetic muons, which in turn can produce nuclear showers, are
more likely initiated by muon bremsstrahlung and muon-nuclear interactions. The contribution
to the neutron multiplicity spectrum attributed to both muon bremsstrahlung and muon-nuclear
interactions is shown by the dashed green line. “Soft” energy losses on the other hand proceed
mainly via electron pair and delta electron production (ionization). Their contribution to the
neutron multiplicity spectrum is shown by the dashed blue line. The fraction of the individual
muon interaction types which result in the capture of cosmogenic neutrons as a function of
neutron capture multiplicity are given in the graph on the right in Figure 7. Almost 90% of the
events which feature a single neutron capture are triggered by muons after delta electron and
electron pair production.
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Figure 7. (left) Absolute comparison of muon-induced cosmogenic thermal neutron capture multiplicity as
measured by Borexino, red symbols, and predicted by FLUKA, black histogram. For the simulated spectrum
contributions from muon interactions associated with “soft” (dashed blue line) and “hard” (dashed green
line) energy loss processes are shown separately. (right) Fractions of di↵erent muon interactions which
trigger the production of neutrons in liquid scintillator as a function of neutron capture multiplicity. The
fraction of µ� capture is magnified by a factor of 50 for visibility.

The electromagnetic interaction of muons is well known and this has been carefully bench-
marked in FLUKA. As reported in section 2.2, muon-nuclear interactions in FLUKA are simulated
via virtual photon interactions. However, only incoherent interactions on single nucleons are sim-
ulated at low energy while coherent muon interactions, with multiple nucleons are expected to
contribute. These “soft” muon-nuclear interactions are not implemented in the present FLUKA
code, and may account for at least some of the underpredicted yield in Figure 7(left).

4.2.6 Muon rate producing neutrons

The reported rate of cosmogenic muon events resulting in one or more thermal neutron captures
in Borexino is 67± 1 per day. The corresponding FLUKA simulated rate of 41± 3 per day is quite
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Conclusions
Ø Cosmogenic backgrounds are critical for solar 

(8B, pep, CNO), reactor, 0νββ studies

Ø The main difficulty: no efficient way to tag the 
background-producing muons

Ø New opportunities arise: isotopes are made in 
muon-induced showers

Ø Need to identify showers better: light, neutron 
capture
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Studies with more materials
40Ar 

Region/
Nuclide

Half-
life

Total
energy
(keV)

2.3–2.6
MeV

efficiency

EXO-200
SS ROI

efficiency

Geant4
rate

(yr�1)

FLUKA
rate

(yr�1)
HFE-7000 16N 7.1 s 10420 0.015% 0.001% 2380± 90 2910± 110

TPC vessel 60Co 5.3 y 2823 0.19% 0.0002% 2.6± 0.3 2.9± 0.6
TPC LXe 130I 12 h 2949 8.5% 0.001% 7.3± 0.5 21.6± 1.8
TPC LXe 132I 2.3 h 3581 5.5% 0.013% 7.7± 0.5 22.2± 1.8
TPC LXe 134I 53 m 4175 4.5% 0.012% 7.3± 0.5 20.4± 1.7
TPC LXe 135I 6.6 h 2627 2.9% 0.035% 8.6± 0.6 21.6± 1.8

TPC LXe 135Xe 9.1 h 1165 — — 1110± 40 1060± 40
TPC LXe 137Xe 3.8 m 4173 4.1% 1.5% 439± 17 403± 16

Table 3. Summary of cosmogenic radionuclides of interest. All listed nuclides decay through �-
emission, some with associated �s. The half-lives and total decay energy are listed [13, 32–37]. The
efficiencies listed have been estimated using EXOsim. The Geant4 and FLUKA columns give the
estimated production rate for the listed nuclide in atoms per year. Iodine efficiencies listed do not
account for iodine removal during recirculation. Only the 137Xe production is dominated by thermal
neutron capture, so the FLUKA temperature correction has been applied only to that nuclide. Uncer-
tainties include the MC statistical uncertainty and the muon flux uncertainty. Significant differences
in the predicted rates from FLUKA and Geant4 were seen for nuclides (such as the iodine isotopes)
which are primarily produced with high energy (E > 10 MeV) interactions.

simulating prompt �s after neutron capture, better accuracy can be achieved using custom
capture � cascades. These cascades were used in EXOsim to generate PDFs for fits to data.
In each case, the �s in the cascade are distributed isotropically, and, with the exception of
HFE-7000, captures were generated uniformly in each volume. Our simulations showed that
thermal neutron capture is the dominant event class in the data, so the cascades were all
based on thermal capture measurements.

• 137Xe atoms are produced in a capture state with excited state energy 4025.46 ±
0.27 keV [38]. They relax into the ground state promptly, primarily through � emis-
sion. The main 136Xe(n, �)137Xe cascade was modeled using thermal neutron capture
data by Prussin et al. [39]. The evaluated � and level data were converted into a de-
excitation chain model to generate the cascade. For levels where an imbalance exists
between incoming and outgoing � intensity, it was assumed that an unknown “contin-
uum” state exists, and the imbalance was resolved with an additional transition to a
randomly chosen level in the continuum. To evaluate possible systematic uncertainties
in this important capture cascade, a simulation was conducted based on preliminary
data from a measurement of 136Xe(n, �)137Xe at the Detector for Advanced Neutron
Capture Experiments. The DICEBOX code [40] was used to help model the cascade.
Efficiency differences between this model and the primary model are treated as a sys-
tematic uncertainty.

• 1H(n, �)2H results in the emission of a single � with an energy of 2223 keV. As the HFE-
7000 volume is much thicker than the thermal neutron interaction length, we divided its
volume into 6 concentric cylindrical shells of roughly equal thickness for simulation in
EXOsim and FLUKA, to account for the varying capture rates and spectral variations
at different positions.
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