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Measurement of cosmic-ray muon spallation products in a xenon-loaded
liquid scintillator with KamLLAND
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Cosmic-ray muons produce various radioisotopes when passing through material. These spallation products
can be backgrounds for rare event searches such as in solar neutrino, double-8 decay, and dark matter search
experiments. The KamLAND-Zen experiment searches for neutrinoless double-8 decay in 745 kg of xenon
dissolved in liquid scintillator. The experiment includes dead-time-free electronics with a high efficiency
for detecting muon-induced neutrons. The production yields of different radioisotopes are measured with a
combination of delayed coincidence techniques, newly developed muon reconstruction, and xenon spallation
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identification methods. The observed xenon spallation products are consistent with results from the FLUKA and

GEANT4 simulation codes.

DOI: 10.1103/PhysRevC.107.054612

I. INTRODUCTION

Cosmic-ray muons generate radioisotopes with decay
products that can be critical backgrounds for rare event ex-
periments. Experiments searching for solar neutrinos [1,2],
neutrinoless double-beta (Ovgg) decay [3,4], or dark matter
interactions [5] may suffer from these backgrounds. Muons
can be suppressed by locating the detector underground, for
instance, the KamLAND-Zen [3,6] experiment is sited at a
depth of 2700 m-water-equivalent, reducing the muon rate
passing the detector to 0.34 Hz [7]. Nevertheless, the re-
maining muon flux can induce spallation interactions in the
detector material.

The influence of spallation backgrounds can be reduced
by vetoing the detector for a short time after a muon passes
through, depending on the lifetimes of the produced isotopes.
Since the impact on background estimates also depend on the
Q values, the understanding of isotope production is crucial.
Liquid scintillator (LS) or water Cherenkov detectors mainly
consist of relatively light isotopes such as '>C and '°Q, but
Ov BB decay and direct detection dark matter experiments may
include much heavier isotopes. Heavy isotopes can induce
a larger variety of spallation products with long radioactive
decay chains. Knowledge of the characteristics of the events
generated by spallation processes such as the correlation of
the radioisotope with the muon track and the detailed particle
emission are important for background discrimination tech-
niques. Various spallation studies have been reported from
underground experiments [§—10]. One of the core challenges
in this work is the efficient identification of spallation prod-
ucts. Muons crossing the LS leave a very large signal affecting
the readout electronics and require a large dynamic range
in the data acquisition system. Some spallation backgrounds,
such as the small signals from capture of muon-induced neu-
trons after the muon passing, may be affected by these readout
effects.

Cross section uncertainties impact the spallation back-
ground estimate in the energy spectrum. We compare our
measurements to the energy spectra for spallation back-
grounds which are reconstructed using Monte Carlo simula-
tions (FLUKA [11,12] and GEANT4 [13-15]).

We describe the measurement of muon-induced isotopes
produced in KamLAND. The data was acquired from Feb.
5th, 2019 to May 8th, 2021 and includes the OvSB S search
period using 745 kg of xenon [3]. This paper is structured
as follows. The experimental setup and the data acquisition
system are introduced in Sec. II and the event reconstruction
is reported in Sec. III. Results from FLUKA and GEANT4, the
Monte Carlo (MC) programs used to simulate spallation back-
grounds, are discussed in Sec. IV, followed by the spallation
background measurements in Sec. V, and we summarize in
Sec. VL.

II. DETECTOR

The Kamioka Liquid scintillator Anti-Neutrino Detector
(KamLAND) is located about 1000 m below the peak of
Mt. Ikenoyama, Gifu, Japan. The experiment contains an
inner scintillation detector and an outer water Cherenkov
detector (see Fig. 1). The inner detector (ID) consists of a
18 m-diameter stainless-steel spherical tank with a 13 m-
diameter nylon-EVOH balloon at its center. The balloon is
filled with 1 kton of LS (KamLAND-LS). The KamLAND-LS
is a composition of dodecane (0.753 g/cm?), pseudocumene
(0.875 g/cm?) which is also called 1,2,4-trimethylbenzene or
PC, and PPO (2,5-diphyenyloxazole) as the fluor (see Table I).
The density of the KamLAND-LS is 0.780 g/cm? at 11.5°C.
The remaining volume outside of the balloon is filled with
nonscintillating buffer oil. The buffer oil is a mixture of 57%
isoparaffin and 43% dodecane by volume. The scintillation
light output is about 8000 photons/MeV, which is observed by
1325 17-inch photomultiplier tubes (PMTs) and 554 20-inch
PMTs bolted to the inner surface of the stainless-steel sphere.
The total photocathode coverage is 34%.

For the OvgB B decay search, a 3.8 m-diameter inner bal-
loon (IB) [16] was installed on May 9th 2018, containing
30.5 £ 0.3 m? of xenon-loaded LS (Xe-LS). The composition
of Xe-LS is decane (0.731 g/cm?®), PC (0.875 g/cm?) and
PPO as shown in Table I. The KamLAND-LS is 10% brighter
than Xe-LS. A total of 745 kg of xenon is dissolved in this

Inner Detector (ID)
* Xe-LS 24ton, ¢3.8m
+ KamLAND-LS Ikton, ¢13m
* Non-scintillation buffer oil
+ 1325 17-inch PMTs
* 554 20-inch PMTs

NNNANN

Outer Detector (OD)
* Pure water 3.2kton
+ 140 20-inch PMTs

N\

& ry
€

¢18m

FIG. 1. Schematic view of the KamLAND-Zen detector. The
black dotted rectangle, corresponding to a 1.5 m-radius cylinder in
the upper hemisphere, illustrates a tube cut that is applied to exclude
the droplet-like region of Xe-LS. The 0.7 m-diameter sphere centered
at (x,y,z) = (0,0, —1.9m) is vetoed due to contamination (hot spot
veto).
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TABLE 1. Components of the two liquid scintillators used in
KamLAND-Zen.

Material KamLAND-LS Xe-LS
Dodecane (vol%) 80.2 -
Decane (vol%) - 82.4

PC (vol%) 19.8 17.6
PPO (mg/cm?) 1.36 £ 0.03 2.38 £ 0.02
Xe (Wt%) - 3.13 £ 0.01

scintillator. The xenon components of the Xe-LS are given in
Table II.

The outer detector (OD) is a shield for y rays and fast
neutrons from the surrounding rock. It is a 20 m-diameter and
20 m-high cylindrical cavern filled with 3.2 kton of pure wa-
ter. Cosmic-ray muons are identified by detecting Cherenkov
light with 20-inch PMTs, including ones with high quantum
efficiency [18].

PMT waveforms are digitized by two separate data acqui-
sition (DAQ) systems. The KamLAND Front-End Electronics
(KamFEE) system has been working as the main DAQ since
the beginning of KamLAND in 2002. The other system,
Module for General-Use Rapid Application (MoGURA), was
installed in Aug. 2010 and plays an essential role in tagging
muon-induced neutrons. These neutrons are quickly thermal-
ized with a mean capture time of 207.5 us, and can be
identified by a 2.2 MeV capture y ray on 'H [7].

The KamFEE system samples PMT signals with the analog
transient waveform digitizer (ATWD) from the 17-inch and
20-inch PMTs. Three amplifier gains (x 0.5, x 4, x 20) cover
a wide dynamic range from 1 photoelectron (p.e.) to 1000 p.e.
and the waveform from each gain is digitized. An ATWD
stores 128 samples with 10-bit resolution and a sampling
interval of 1.5 ns. Since the analog-to-digital conversion takes
27 us, two ATWDs are assigned to each PMT in order to
avoid potential dead-time. Nevertheless, the high event rate
after muon-induced events and a baseline distortion of the
PMT signal introduce a significant amount of dead-time in
the KamFEE electronics following muon events.

The MoGURA system was designed to be a dead-time-free
DAQ system. Data are read out from 17-inch PMTs only.
Unlike KamFEE, MoGURA implements a 1 GHz sampling
8-bit fast-ADC which is connected to a x 120 gain amplifier,
and three 200 MHz 8-bit sampling pipeline-ADCs each con-
nected to separate amplifiers gains (x 24, x 2.4, x 0.24). The

TABLE II. Xenon composition in the Xe-LS, based on the qual-
ity specification sheet.

Atomic mass (u) Volume ratio (%) Mass (kg)
136X e 135.907 [17] 90.85 6774
134X e 133.905 8.82 64.8
132Xe 131.904 0.17 1.3
Others - 0.16 1.5
Total 135.80 100.00 745.0

PMT signal
Overshoot

After-pulsing
+(n,7)

FIG. 2. Schematic of KamFEE, BLR and MoGURA. After a
high charge event, the PMT baseline overshoot is subtracted and the
baseline stabilized.

dynamic range of 10° covers from 1 p.e. to the cosmic-ray
muon signal.

When high charge events occur, such as from muons, the
PMT baseline is distorted for O (1 ms). Small neutron capture
signals follow shortly later [<O(100 us)], so the neutron cap-
ture signals cannot be easily identified. The neutron tagging
is enabled by a baseline restorer (BLR) and MoGURA’s so-
called adaptive mode. The BLR is an electric circuit which
contributes to reducing the dead-time. The signal from each
PMT is divided between a KamFEE channel and BLR (see
Fig. 2). The BLR stabilizes the baseline by subtracting the
overshoot region and the signal is sent to the MoGURA board.
The MoGURA trigger system is continuously calculating the
total number of hits (Ngj) from 17-inch PMTs in a sliding
time-window of 120 ns. A special trigger is launched if Nyj
exceeds a threshold of ~800 and MoGURA is switched to
the adaptive mode for 1 ms. In that condition, ANy, defined
as MNgi: subtracted by its 240 ns average, is calculated. Based
on the ANy value, adaptive triggers are issued to record
neutron capture events (see Fig. 3). The adaptive trigger helps
discriminating signals from artifacts such as PMT after-
pulsing and ringing.

III. EVENT RECONSTRUCTION

Cosmic-ray muons traversing the detector may be followed
by neutron captures, 8 decays, and « decays of the spallation
isotopes. The time-space correlations between the muons and
subsequent events are key for our spallation identification
techniques. Recent simulation [8] reports that the 8 decay
isotopes are produced by muon-induced shower secondaries,
rather than the cosmic-ray muons themselves, so the energy
deposit of the secondaries reflect the position of spallation re-
actions. These aspects were taken into account by introducing
track and shower position information to our delayed coinci-
dence methods (see Sec. V). The space correlation between
the B decay and neutron capture is also included in our meth-
ods. This section describes the energy calibration, cosmic-ray
muon related parameters (identification, track, shower), and
vertex reconstruction of neutron capture.

054612-3
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(a)

NHit

(b)

ANnit

t

FIG. 3. Illustration of the adaptive trigger in MoGURA.
(a) Number of PMT hits in a 120 ns window following a muon
crossing. The red dashed line shows the average of Ny; for 240 ns.
(b) The adaptive trigger uses the difference of Ny; and its 240-ns
average to efficiently extract the sharp peaks from neutron capture
events.

A. Energy calibration

The KamLAND experiment was calibrated with the ra-
dioactive sources listed in Table IIIl. The sources were
deployed at various positions within 5.5 m from the detector
center by introducing an off-axis calibration system [19]. In
addition, neutrons and 2B from spallation reactions were
utilized. ’B (t12 =20.2 ms, Q = 13.4 MeV) is produced
uniformly in the detector and its §~ decay spectrum pro-
vides a high-energy calibration source. Neutron captures on
protons produce a monochromatic y ray at 2.2 MeV which

TABLE III. Calibration sources used in the KamLAND experi-
ment [19].

Source y (MeV)
203Hg 0.279
37¢Cs 0.662
BGe 2 x 0.511
%7n 1.116
0Co 1.173+1.333

2 Am —°Be 2.22%, (4.44,7.65, 9.64)°

A +n — 2H+y (2.22 MeV).
b*Be +a — BC* — 2CHn+ys.

Muon track

' Earliest PMT

Entrance

Exit

<« PMT with most intense light

FIG. 4. Schematic of the main muon track reconstruction algo-
rithm. The entrance point is determined by the earliest hit PMT, while
the muon exit point is determined by the PMT with the largest signal.
The earliest scintillation light and Cherenkov light propagate with
Cherenkov angle 6.

is uniformly distributed in the LS. We correct the non-linear
relation between the visible energy and the deposited energy
from B rays and y rays with a phenomenological model based
on Birks quenching [20].

B. Cosmic-ray muon identification

Cosmic-ray muons are identified by measuring the large
amount of scintillation and Cherenkov light associated with
muons crossing the LS (LS muons). The selection criteria are
defined by the total number of photoelectrons observed by the
17-inch PMTs in the ID (Q;p), where Q;p > 40000 p.e. is an
indication for a muon event.

C. Cosmic-ray muon track

A muon track is reconstructed by finding the detector en-
trance and exit points. The photons arriving first at the PMT
determine the entrance point. For relativistic muons, both the
earliest scintillation light and the Cherenkov light are emitted
along the muon track with the Cherenkov angle, so that the
muon exit is expected to be near the PMT which observes
the most intense light. By connecting the earliest hit PMT
(largest signal PMT) and the center of the detector, as shown
in Fig. 4, the entrance (exit) is found at the intersection with
the balloon surface. The tilt and position of the reconstructed
track are corrected to minimize the deviation of the Cherenkov
hit timing distribution. The algorithm can cover 97% of muons
passing through the ID, but is not suitable for muon bundles,
stopping muons and muons inducing energetic showers. These
are identified as misreconstructed muons.

D. Muon-induced showers

Cosmic-ray muons induce particle showers by electromag-
netic interactions and by hadronic interactions. Considering a
shower along the muon track, the scintillation light emitted in
a direction apart from the Cherenkov angle contributes to the

054612-4
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Muon track

Entrance

Aty =1+ top

Exit

PMT with most intense light

FIG. 5. Schematic of the scintillation light path of a muon event.
tuie 1s the expected hit timing calculated by adding the arrival time
and the time of flight.

photons which have time delays relative to the expected hits
from Cherenkov angles. Assuming all photons are produced
on the track, time delay can be translated to shower positions.
The shower charge along the longitudinal distance is extracted
from the digital waveform for each PMT. The expected hit
timing () is calculated by

tgic = to + tror, (1

where ¢ is the time when the muon arrives at the entrance and
tror 1s the time of flight for a given position on the track (see
Fig. 5). i is compared with the observed waveform, and the
position of photon emission is determined by minimizing the
difference. Figure 6 shows an example of the reconstructed
shower charge projected onto the longitudinal distance (Liong)
of the muon track. The peak around Lo, ~ 1000 cm indi-
cates the reconstructed position of a spallation reaction.

TABLE IV. Number of target nuclei (kton™') in KamLAND-
LS and Xe-LS. KamLAND contains 1 kton of KamLAND-LS and
24 ton of Xe-LS.

Element KamLAND-LS Xe-LS

Hydrogen 8.47 x 107! 8.39 x 107!
Carbon 4.30 x 10%! 4.17 x 10!
Nitrogen 5 x 107 8.31 x 10%
Oxygen 5 x 1077 8.31 x 10%
Xenon - 1.39 x 10%

E. Muon-induced neutron vertex

Most of the neutrons observed in KamLAND are initiated
by spallation reactions. They are immediately thermalized and
captured by the components of the LS. The capture cross
sections and the number of target nuclei given in Tables IV
and V show that 99% of neutrons are captured by 'H.

The capture y-ray events are selected from the data ac-
quired by MoGURA. The event vertex reconstruction uses a
maximum likelihood estimate. We define on-time and off-time
windows as follows.

(i) On-time: —15 < t; —t;,,, < 15ms,
(ii) Off-time: —100 < t; —t;,,, < —15mnsor
15 < i —tipor < 100 ns,

where ;. is the time of flight between the assumed vertex
and ith PMT which detected a hit at #;. The scintillation photon
hits are counted in a 200 ns time window, including multiple
hits per PMT. The contribution of scintillation to the number
of hits is estimated by introducing the quantity Ny which is
defined as the difference of the number of on-time hits (Non)
and off-time hits (Nogr),

30
Ns = Nox — Norr X 70" ()
The last factor is to compensate for the difference in time-
window length. The vertex reconstruction algorithm loops
over all hits. Ny is repeatedly calculated by shifting the 200 ns-
time window every 20 ns. Finally, the vertex is determined for
the position with maximum Nj.

Muon-induced neutron captures are extracted from Ng and
the time difference to the muon (AT). Figure 7 shows that the
neutron capture events on 'H are clustering around Ng ~ 180,
while noise events such as after-pulsing and ringing are at
AT <30 us. The neutron capture on '?C is indicated around

TABLE V. Neutron capture isotopes and their contribution to the
total neutron capture in the Xe-LS [21].

z °F
E s
a c
& F
=
s
e

O:H‘\‘Hm”m s .

0 200 400 600 800 1000 1200 1400 1600

Llong(cm)

FIG. 6. An example of the reconstructed shower charge along
the track of a measured muon. The red line (Ligng = 995 cm) is
the position of the interaction. As detailed in Sec. V B, the shower
charge, dQ/dLions = 3.96 x 10° p.e./cm, is calculated by integrat-
ing the deposition in the orange band.

Nucleus y MeV) Cross section (mb) (%)

'H 2.223 332.6+0.7 99.361
2c 4.945 3.53+£0.07 0.519
B¢ 8.174 1.37+£0.04 0.002
136Xe 4.025 238 +19 [22] 0.107
134X e 6.36 265.1 0.011

054612-5



S. ABE et al.

PHYSICAL REVIEW C 107, 054612 (2023)

10*

10°

10%

i CA RN ST

elamen G
300 400 500 600 700 800 900 1000
AT(ps)

Gl P L 1

FIG. 7. Ns and AT distribution of neutron capture candidates in
aradius less than 5.5 m. "H(n, y )*H events concentrate around Ny =~
180. Noise events are localized around AT < 30 us. The selection
criteria for neutron capture events are indicated by the red lines.

N5 ~ 350 (see Fig. 8). Ng gives an estimate of the y-ray
energy.

IV. MONTE CARLO SIMULATIONS

We study spallation production with two different Monte
Carlo simulation tools. The radioisotopes resulting from muon
interaction with the LS are simulated with FLUKA [11,12] and
subsequently their decay paths are simulated with GEANT4
[13-15]. In this section, we discuss the simulation and un-
certainties of spallation isotopes in xenon with FLUKA. In
addition, we discuss the reconstruction of the energy spectrum
for each isotope with GEANT4.

lo% ’% ﬁ fzc
AR
Eoo I Wy

50 100 150 200 250 300 350 400 450 500

Ng

FIG. 8. Nj of the neutron capture candidates in the Xe-LS with a
radius less than 1.9 m. The 2.223 (4.945) MeV y ray from neutron
capture on 'H ('2C) gives a peak around Ny =~ 180 (350). The
4.025 MeV y ray from neutron capture on *®Xe is expected at
N =~ 290 but is not visible due to background.

A. FLUKA

FLUKA is a well-studied Monte Carlo simulation tool mod-
eling hadronic interactions. We used FLUKA 2011.08.patch to
calculate the spallation production yield. The physics models
that were activated for this purpose are listed in Table VI. The
decay of produced radioactive nuclei and isomer production
were not activated, since we traced the decay paths with
GEANT4 as discussed in Sec. IV B. FLUKA was used together
with the heavy ion interaction models, rQMD-2.4 [23] and
DPMIJET-3 [24] by linking the library.

The reproducibility of muon induced xenon spallation
cross sections in FLUKA has not been tested, since there are
no measurements of these cross sections yet. However, the
measurement of charged hadron production with a 490 GeV
positive muon beam on gaseous xenon was reported in [24].
DPMIJET-3, the MC generator implemented in FLUKA, repro-
duced the measurement as presented in [24] demonstrating
the appropriate modeling of the physics processes such as
muon-nucleon scattering and hadronization processes. FLUKA
is widely adopted to estimate production of particles in related
fields [9,25].

To quantitatively estimate the uncertainty on produc-
tion rates in FLUKA, we compared our simulation with
the measurement of residual isotope production from beam
experiments. Production cross sections were measured by ir-
radiating a 1 cm?-liquid hydrogen target with a '3®Xe beam,
where the incident energy per nucleon was 500 MeV [26]
and 1 GeV [27]. The simulation prediction and measured
cross sections are compared in Fig. 9. The deviation for the
produced isotopes is large in 7 < Z < 35 and 40 < Z < 50,
while the simulation shows good agreement in Z > 50 where
the primary production yield is dominant.

The decay energy spectrum for each spallation product was
determined (see Sec. IV B). The comparison between data and
simulation is shown in Fig. 10 for both the 500 MeV /nucleon
and 1 GeV /nucleon beams. Focusing on the region of interest
(ROI) for the OvBB decay search (2.35 < E < 2.70MeV),
the result from the 500 MeV /nucleon beam shows a larger
deviation, which indicates the cross section is larger for data.
In the spectrum fit for the Ov88 decay search [3], the sim-
ulated shape of the xenon spallation spectrum is allowed to
float within the deviation from the 500 MeV /nucleon beam
measurement for a conservative approach.

The spallation product yield in the Xe-LS is calculated
by emitting 2 x 107 cosmic-ray muons into a 40 m-high and
10 m-radius cylinder. The initial muon energy is generated
with the MUSIC simulation framework [7,28-30]. With a
detailed geometric description of Mt. Ikenoyama, MUSIC can
calculate muon transportation in rock and output the survival
probability. We used Gaisser’s surface muon flux model [7].
The MUSIC-generated muon angular and energy spectra are
sampled and act as input for the FLUKA calculation. The mean
simulated muon energy is 260 £ 1GeV. The regions 10 m
from the muon entrance and 5 m from the cylinder exit are
removed from analysis in order to avoid boundary effects.
The corresponding detector livetime is 9 yr as calculated from
the total muon track length. The simulation with the same
geometry but made of KamLAND-LS predicts the neutron
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TABLE VI. FLUKA physics processes. Radioactive decay is deactivated in FLUKA since we use GEANT4 to calculate it.

Card Physics Status

DEFAULTS A set of physics models PRECISIO(n)
PHOTONUC((lear) Gamma interactions with nuclei Activated
MUPHOTON Muon photonuclear interaction Activated

PHYSICS Emission of light fragments Activated by COALESCE(nse)
PHYSICS Emission of heavy fragments Activated by EVAPORAT (ion)
PHYSICS Ion electromagnetic-dissociation Activated by EM-DISSO(ciation)
PHYSICS Decay and isomer production Deactivated by RADDECAY

capture time to be 7, = 207.0 & 0.3 us which is consistent
with measurement [7]. The neutron capture rate is given in
Table VII and radioisotope production is presented in Fig. 11.
The simulated muon charge ratio is ™/~ = 1.3 [31].

We also provide a prediction of the muon-induced spalla-
tion production yield in natural liquid xenon experiments (see
Fig. 12). The simulation configuration is similar to Xe-LS, but
only muons of a fixed energy are injected into a cylinder made

500MeV/nucleon
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FIG. 9. The cross section ratio of the measurements to the
FLUKA simulations, for a 500 MeV /nucleon '**Xe beam (top) and
a 1 GeV/nucleon '*Xe beam (bottom). Only Z > 40 was reported
in [26].

of liquid xenon. We note that FLUKA 2021.2.7 was used for the
liquid xenon simulation in Fig. 12.

B. GEANT4

The xenon spallation products include long-lived isotopes.
Unlike carbon, xenon can provide various unstable isotopes
because of its large mass number, so sequential decays have
to be taken into account for a comprehensive understanding of
the backgrounds.

We use GEANT4 to estimate the radioactive decay times
and to reconstruct the energy spectra. In this calcula-
tion, GEANT4 version GEANT4.10.6.p01 is used with version
G4ENSDFSTATE2.2 for the Evaluated Nuclear Structure
Data File (ENSDF) [21]. We confirmed the Q values, half-
lives, and branching ratios for more than a thousand isotopes
by comparing the GEANT4 version with the online database
version of ENSDF. All sequential decay products and their en-
ergy deposits were recorded and the visible energy spectrum
for each isotope was simulated including the detector energy
resolution and quenching effect. For each of the spallation
products listed by FLUKA, 10° events were generated to trace
the decay path. The energy spectra of some xenon isotopes are
shown in Fig. 13. The simulation is executed without defining
a detector geometry.

~ 50

> C

45 L —— 500 MeV/nucleon

s 40

- — 1 GeV/nucl

A o eV/nucleon
30—
20[=

10

v b b b b e b b e b v

1 1.5 2 2.5 3 3.5 4 4.5
Visible energy(MeV)

h
.
.

19,

FIG. 10. Deviation of the visible spallation isotope decay energy
spectrum compared to FLUKA. The data spectrum is constructed from
the measured cross sections of the 500 MeV /nucleon **Xe beam
experiment (red solid) [26] and the 1 GeV/nucleon '**Xe beam
experiment (blue dashed) [27]. The ROI is indicated by the band.
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TABLE VII. Neutron capture rate in the LS with statistical un-
certainty. The measured values have a 7.8 % systematic uncertainty
derived from the fiducial volume, while FLUKA has a 7.2% systematic
error from the estimates of R, and L,.

KamLAND-LS (kton day)~!

Data 3781 &£ 28(stat.) £ 295(syst.)
FLUKA 4046 £ 1(stat.) £ 292(syst.)

Xe-LS (kton day)~!

Data 4347 £ 98(stat.) £ 339(syst.)
FLUKA 4647 + 1(stat.) £ 336(syst.)

V. SPALLATION PRODUCTION

This section discusses neutron capture rates and spalla-
tion productions of carbon and xenon. Since the statistics in
Xe-LS is too low, the carbon spallation is estimated from
KamLAND-LS data. We used FLUKA predictions for the se-
lection efficiencies. The xenon spallation is estimated directly
from the Xe-LS data, but the decomposition of individual
isotopes is not possible due to the limited statistics. The
uncertainties on the relative contributions are estimated based
on the beam data (see Sec. IV A).

A. Neutron capture on 'H and *C

The number of neutron captures (NV,) is obtained by fitting
to the data with a function of the mean capture time (t,,):

R(t) = Vet 4 const, 3)
n

where 7, is constrained to 207.5 £ 2.8 us [7] with a Gaus-
sian penalty x? term. The fit range is set to 490 < AT <
1000pus (AT =t —1t,) to meet the constraint and to avoid
after-pulsing and PMT baseline overshoot effects. Figure 14
shows the time correlation between a cosmic-ray muon and
subsequent neutron captures, where the neutron capture events
are selected with 30 < AT < 1000 us and Ns > 60 in the

KamLAND Xe-LS
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FIG. 11. Muon-induced spallation production yields in the Xe-
LS from FLUKA simulation.
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FIG. 12. Muon-induced spallation production yields in the liquid
xenon from FLUKA simulations. The initial muon energy is 273 GeV
and 283 GeV for XENON [32] (top) and LZ [33] (bottom), respec-
tively. A < 4 is omitted.
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FIG. 13. Simulated visible energy spectra of spallation isotopes
in Xe-LS. The colored histograms show the contribution from a part
of the spallation daughters which have large impacts in the ROIL
The black histogram is the total of all spallation isotopes. The Ov38
decay search ROl is indicated by black dashed lines.
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FIG. 14. Time difference between the cosmic-ray muon and neu-
tron capture in the KamLAND-LS (2.5 < r < 4.5m with the tube
cut). The red line shows the exponential fit constrained to 207.5 £+
2.8 us. Fit range is illustrated by the shaded region. The detection
efficiency is lower at small AT due to PMT baseline overshoot.

KamLAND-LS outside of the IB (2.5 < r < 4.5 m). In addi-
tion to these selections, we apply the tube cut shown in Fig. 1.
The neutron capture rate in the KamLAND-LS is found to be

Ny _
R, = —= = 3781 + 28 (ktonday)™", @)
pVT

where p = 0.780 g/cm?® and V = 301.4 m? are the density
and volume of the LS, respectively, and T = 711 day is
the detector livetime. More generally, the neutron capture
rate (and all other rates provided below) can be converted to
units of cm?/(g ), using the rate of muons passing through
the KamLAND-LS, R, = 0.198 £ 0.014 Hz, and the mean
track length, L, = 874 £ 13cm [7],

R, = L
R.TpL,

= (2.91 £ 0.02) x 10~*cm?/(g ). 5)

Similarly, the neutron capture rate in the Xe-LS is obtained
by selecting » < 1.9 m with the hot spot veto. The results
are summarized in Table VII, together with the FLUKA pre-
dictions.

As shown in Fig. 15, the difference in capture rate between
Xe-LS and KamLAND-LS appears to follow a 3 distribution,
which is in agreement with the estimation of FLUKA.

B. Carbon spallation

Cosmic-ray muons produce radioactive isotopes and neu-
trons in the detector. A portion of the carbon spallation
backgrounds are identified by a three-fold decay coincidence
(n-tag) of a LS muon (1), muon-induced neutron captures (2),
and a § decay (3) with the following cuts:

(1) QID > 40000 p-c.,
(2) Ng > 60 and 30 < AT,_, < 1000 us,
(3) ARpin < 1.6 m.

5400~
52001
5000
4800 ; M
4600
400 1
bl
4000 f ﬁ ﬂﬂ At by
38001

3600

0 1 2 3 4 5 6 7 8
(1/1.9m)’

Events/bin

by
byt b
s g

t

FIG. 15. Spatial distribution of neutron capture events. r is the
distance from the detector center. The boundary of Xe-LS and
KamLAND-LS is indicated by the red line. The vertex resolution
and droplet-like shape of the inner balloon cause the deviation from
a step function.

Here, AT,_, is the time difference between a cosmic-
ray muon and neutron capture, while ARy, is the distance
between the 8 decay and the nearest neutron capture. On the
other hand, the time correlation between muon and isotope
decay (t —t,,) is used in Eq. (6).

n-tag can discriminate neutron emitting interactions, while
non-neutron emitting interactions and the 8 decays isolated
from neutrons (AR, = 1.6 m) are covered by a shower like-
lihood method (shower-tag). The likelihood is constructed as
a function of the reconstructed shower charge [Qgnower (Liong)]
and transverse distance from the muon track (L.,s) based
on the position of the isotope decay candidate events. The
probability density function (PDF) of charge along the muon
track (d Qsnower/dLiong) is provided by the shower reconstruc-
tion as described in Sec. IIID. A 1.7 m window is opened
around the maximum of d Qshower/d Liong and the Qghower (Liong)
is defined as the integral of dQgnower/dLiong in the window.
The likelihood function for carbon spallation products was
created based on 2B B~ decay events, which are not selected
by n-tag. '>B is separated by requiring a visible energy of
more than 6 MeV and the time difference from a muon to
be less than 150 ms. The function for accidental events is
constructed assuming uniform distribution in time.

The selection efficiency of the shower likelihood method
(€i-shower) depends on the isotope, which in turn can be derived
from the interaction difference of the primary particles. For
example, a neutron is the most probable particle to generate
12B and it prefers long Lyns. Pions are the leading particles
in 19C creation and they distribute closer to the muon track.
That causes differences in the selection efficiencies between
isotopes for given L. The likelihood PDFs were created
with 2B events because of high statistics, but the fraction of
W~ capture process causes isotope dependence in the PDFs.
To suppress the influence, we refer to the efficiency of SLi
events obtained by (b) and (c), described later. The shower-
tag is applied for '°C, ®He and !'Be, and their efficiencies
are estimated as the discrepancies from 8Li, calculated with
FLUKA.
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FIG. 16. Time difference between the cosmic-ray muon and the
spallation isotope’s B decay selected by n-tag. The energy binis 2 <
E < 3MeV and the g decay candidates in 2.5 < r < 4.0 m with
the tube cut are shown.

We use a binned maximum likelihood to analyze our data.
It is a function of production yield of the ith isotope A,
lifetime 7;, and decay energy:

d i
d_/;[ — Z '/%/.e*(’*’u)/“ + const. (6)

The observed data are filled into log scale time bins and
simultaneously fit with energy bins. Prior to this fit, the S
decay candidates are categorized into three groups, in order
to reduce the statistical uncertainties due to accidental back-
ground subtractions:

(a) Selected by n-tag (Nip-tag)-

(b) Not selected by n-tag (Misolated)-
(c) Not selected by n-tag and selected by shower-tag
(M—shower)-

Note that (b) is the complement of (a), and (c) is a subset of
(b). Equation (6) is used for each category and the production
rates obtained by

(A) M = M-n—tag + -/\/i-isolated or
(B) M = M—n—tag + /\[i—shower/ei—shower-

Background discrimination is more difficult for isotopes
with a long lifetime, such as '°C, ®He, and !'Be. That is why
the production rates of those three are estimated using (B),
while the others are calculated with (A). Neutron emitters
(®He and °Li) are estimated first, and short-lived isotopes ('*B
and !>N) are second, because they have better separation. We
set constraints on these four isotopes in the fit for the other
isotopes.

Figure 16 shows one example of the AT fit result. Total
production rate (kton day)~' of ith isotope is given as

_ N

T opvT’
where the definitions of p, V and T are the same as in Eq. (4).
The isotope production yield in the KamLLAND-LS is summa-
rized in Table VIII. The yield in the Xe-LS is also calculated
with FLUKA and the differences in carbon spallation products

are a few percent, while the neutron capture rate is about 15%
higher in the Xe-LS.

(N

i

C. Xenon spallation

This section discusses xenon spallation with the xenon
isotope composition given in Table II. 137 Xe will be addressed
in Sec. V D. The spallation radioisotopes can be divided into

TABLE VIII. Summary of carbon spallation production rate and neutron capture rate in the KamLAND-LS. A unit conversion factor is
provided as (kton day)~! = 7.69 x 10~® cm?/(g ). Spallation reactions were simulated for a KamLAND-LS cylinder and a Xe-LS cylinder,
and the results are compared in the last column. For the precise estimation of ''C B decay, we require large statistics and the results from

KamLAND is presented [34].

Production rate (kton day)~!

Tl/2 Q (MCV) 7zn-lag Risolated

RFLUKA

Data FLUKA FLUKA
RT(J[&] R / R

KamLAND-LS Xe-LS KamLAND-LS

$He 119.1 ms 10.7 (87) 0.5*)1 0.3 103 0.8 )2 0.5540.04 0.96 & 0.03
°Li 178.3 ms 13.6 (87) 2.5 %03 0.1 792 27593 49+04 1.00 £ 0.01
B 20.2 ms 13.4(B7) 431 14.4 706 58 13 42+3 1.013 £ 0.003
2N 11.0 ms 173 (8") 0.8 703 0.07 ¥0% 0.9 03 0.7440.06 1.02 £0.03
SLi 839.9 ms 16.0 (87) 2171 0.9 45 221 47+3 1.021 £ 0.004
‘B 770 ms 18.0 (81) 34 0.8 59 471 11.0£0.8 1.024 £ 0.008
°C 126.5 ms 16.5 (81) 173 0213 2% 1.5+0.1 1.02 +£0.02
Be 13.8s 11.5(87) 1243 0 506 12793 1.09 £0.08 1.02 £ 0.02
e 19.29 s 3.65 (BY) 19 3 0.5 ¢ 1913 2342 1.029 £ 0.005
®He 806.7 ms 3.51(87) 10 7} 11 1% 2842 1.022 £ 0.005
'c 1221.8's 1.98 (8%) - - 973 £ 10 [34] 679 +49 1.012 £ 0.001
n 207.5 us 2.223(cap.y) - - 3781 £ 296 4046 £ 292 1.1485 £ 0.0004
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TABLE IX. Simulated production rate of dominant isotopes in
235 < E < 2.70 MeV in Xe-LS.

(kton day)~!

T2 (8) 0 (MeV) ROI Total
By 9.212 x 10° 3.62 (EC/Bty)  0.110  0.136
Somlzy 8.092 x 107! 2.31 (IT) 0.012  0.093
ONb 5.256 x 10* 6.11 (EC/Bty)  0.024  0.095
%Te 3.698 x 10° 297 (EC/Bty) 0012  0.059
%Rh 5.232 x 102 5.06 (EC/Bty) 0011  0.076
10Rh 7.488 x 10* 3.63 (EC/B*y)  0.088  0.234
104Ag 4152 x 103 428 (EC/BTy) 0012  0.160
WamlAg 2010 x 10° 428 (EC/B*y)  0.018  0.111
071 1.944 x 10° 343 (EC/B*y)  0.019  0.135
1081 3.480 x 10° 5.16 (EC/Bty)  0.089  0.194
101y 1.771 x 10* 3.89 (EC/B*y)  0.053  0.236
Homlpy 4.146 x 10° 3.89 (EC/B*y)  0.066  0.351
1950 1.080 x 10° 3.85 (EC/B*y)  0.027  0.122
1135b 4.002 x 107 3.92 (EC/B*y)  0.036  0.231
1145h 2.094 x 102 5.88 (EC/Bty)  0.020 0297
L158p 1.926 x 10° 3.03 (EC/8*y)  0.031  0.839
1165b 9.480 x 102 471 (EC/B*Ty)  0.071  0.939
1185h 2.160 x 102 3.66 (EC/B*y)  0.165  1.288
1245b 5.201 x 10° 290 (EC/B~y) 0016  0.054
5Te 3.480 x 10? 4.64 (EC/B*y) 0012  0.124
e 3.720 x 10° 3.54 (EC/Bty)  0.052  0.594
o 1.146 x 10° 3.51 (EC/B*y)  0.053  0.533
1201 4.896 x 10° 5.62 (EC/Bty)  0.091 0953
1221 2.178 x 102 423 (EC/B*y) 0289  1.965
1241 3.608 x 10° 3.16 (EC/8*y)  0.190  1.654
1301 4.450 x 10* 2.95 (87 y) 0.195  1.188
1321 8.262 x 10° 3.58 (B7y) 0.148 0427
134 3.150 x 10° 4.18 (B~y) 0.043  0.183
121%e 2.406 x 103 3.75(EC/B*y)  0.100  0.540
125Cs 2.802 x 103 3.09 (EC/B*y)  0.012  0.266
126Cg 9.840 x 10! 482 (EC/B*y)  0.011 0.080
128Cs 2.196 x 10? 3.93 (EC/B*y)  0.031  0.229

two categories: isotopes directly created by spallation and
their daughter isotopes. The former is given by the FLUKA
simulation and GEANT4 is used for the latter. We assume that
the abundance of daughter nuclei are in equilibrium, so that
the production yield of the nth daughter particle in a decay
chain is given by

1 « " hy
o= £ T (25
n r— i i

j#i
®)
Ny is the initial abundance of the parent isotope, r is the
continuous production rate of the parent, and A, is the decay
constant for the nth isotope. Production yields of daugh-
ters are calculated using RadioactiveDecay in GEANT4. The
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FIG. 17. PDFs of neutron capture events and accidental coinci-
dences in Eq. (10) are given as red solid line and blue dashed line,
respectively.

equilibrium of a parent isotope can be approximated as a
2000 days exposure of cosmic-ray muons to Xe-LS.

The dominant backgrounds due to xenon spallation in the
ROI are enumerated in Table IX. Many isotopes have lifetimes
of a few days or longer. A simple delayed coincidence method
for rejection is therefore not practical considering the detector
livetime.

Most of the listed isotopes are directly produced by spal-
lation reactions. A lager mass difference between '**Xe and
the daughter particle is an indication of a greater amount of
neutron emission in the xenon spallation reaction. That is
the reason we introduced neutron multiplicity into our xenon
spallation identification.

The xenon spallation events are selected by a cut to the
likelihood ratio,

_ EXE
B [-:xe + £acc '

where L,.(Lqc) is a likelihood of the xenon spallation (ac-
cidentals) constructed as a function of AT, ARy, and the
effective number of neutron captures (N, ). AT and ARpin

are introduced in Secs. V A and V B, while N, is defined as
follows:

LR €))

Ny =Y P,(AR))
" L Py(AR)) + Pocc(AR))’

J

(10)

where AR; is the distance between a 8 decay and the jth
neutron capture, P, and P, are PDFs of neutron capture
events and accidental coincidences (see Figs. 17, 18).

L. is calculated by iterating over the ith daughter nucleus:

Lie =) Pie,(ARuin, Ny AT), (11)

Eacc = acc(ARmin: Nneff7 AT), (12)

where the likelihood PDFs of xenon spallation (P,,,) are made
assuming the production ratio of daughters follow the FLUKA
prediction, while accidental PDFs (P,.) to be uniform in time
and space. Selected events with AT < 4 x 10° s are vetoed,
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Events (arb. units)

FIG. 18. Neutron multiplicity of '°C from simulation (red line)
and data (black points) in » < 4 m with the tube cut and the hot spot
veto.

~9% of dead-time. The choice of the veto time is based on the
trade off between veto efficiency and dead-time. The selection
efficiency is evaluated to be 42.0 £ 8.8 %.

In the Ov B8 decay search, we estimate the Ov 88 decay rate
and xenon spallation rate by the fit to the energy spectrum. The
background models and vetoes are detailed in [3]. After apply-
ing the vetoes and the xenon spallation likelihood selection to
the OvBB decay candidates, the xenon spallation production
rate is evaluated from a Poisson-x2 scan as shown in Fig. 19.
We observe a xenon spallation rate of 3.5 £ 0.6 (kton day)™!
in2.35 < E < 2.70 MeV, while the simulation prediction is
2.6 & 0.2 (kton day)~'.

The time difference between the cosmic-ray muon and
xenon spallation candidates provides another estimate for the
xenon spallation production (Fig. 20). Xenon spallation can-
didates in 2.4 < E < 3.0 MeV and r < 1.6 m with the hot

o 10, .
2< E / '
9F !
g \v e KLZ 400 phase2 ! K
E - -- KLZ 800 /
7; ’
E — Combined )
6 /!
S K
4F
R]=
2 _
15 A ;
Qb il e T ‘\L/M’T‘ L Cl

1 2 3 4 5 6 7
Xe spallation rate ((kton day)™)

FIG. 19. Ax? of the xenon spallation rate fitted to the en-
ergy spectrum. The results of KamLLAND-Zen 400 phase2 and
KamLAND-Zen 800 are shown as blue and red dashed lines, and the
combined result is shown in black. The FLUKA prediction is indicated
with an orange band.
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FIG. 20. Time difference between the cosmic-ray muon and
xenon spallation candidates. The data was plotted after correcting
the muon detection efficiency.

spot veto are selected, where the detector livetime is 625 days
and Xe-LS mass 13 ton. In order to discriminate the spallation
events other than xenon spallation, (a) a 150-ms-veto, (b)
a 180-s-veto, and (c) a 27-min-veto were applied after the
muon, where (b) and (c) require three-fold tagged events.
Short lifetime spallation events are removed by (a). '°C g+
decay is discriminated by (b) and '¥’Xe B~ decay is sup-
pressed using (c) in combination with the requirement of more
than one emitted neutron with Ng > 240.

Accidental coincidences are discriminated by requiring
N,; = 6. We assume that accidental coincidences follow a
Poisson distribution with an average event rate of 3.6 /day.
The number of observed events in 0 < AT < 1 day is 16,
which deviates from the accidental only model by 4.8 o.
Poisson-x? is calculated as a function of the production ratio
of measurement to simulation. The ratio was estimated at
1.27 49047

D. Neutron capture on **Xe

The neutron capture reaction on '*Xe is followed by
137Xe B~ decay (112 = 3.8 min, Q = 4.173 MeV):

(1) B*Xe+n — ¥'Xe+y,
) "Xe — PYCs+B+ v, +y.

Using the neutron capture ratio of '**Xe, according to
Table V, and the measured neutron capture rate in the Xe-LS,
see Table VII, the event rate of neutron capture on 1365 e is
expected to be

RmXe = 4347 x 0.00107
= 4.6 £ 0.5 (kton day)™", (13)

while the FLUKA prediction is 5.5 & 0.4 (kton day)~"'.

We identify '*’Xe B~ decay by a triple coincidence of a
LS muon, the y ray from neutron capture (£, = 4.025MeV)
and the subsequent S~ decay. The y ray and the §~ decay are
selected by a likelihood

L = max(P(AR) - P(Ns)) - P(Ny;), (14)
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FIG. 21. Upper figure shows the PDFs of neutron multiplicity
of 17Xe events (red solid line) and other xenon spallation events
(blue dashed line). Bottom figure shows the PDFs of Ny for neutron
captures on '**Xe (red solid line) and 'H and '2C (blue dashed line).

where AR, Ng, and N, are defined in previous sections and
the PDFs are given in Figs. 17 and 21. P(AR) - P(Ny) is
calculated for each neutron capture and search for a neutron
close to the 8 decay with high Ng.

The dominant backgrounds for the measurement of neu-
tron capture on '*Xe are carbon and xenon spallation,
two-neutrino double-8 decay and radioactive impurities. The
"c B* decay and two-neutrino double-8 decay rates are
negligible in 2.4 < E < 3.2 MeV, while '>B B~ decay is
rejected by a 150 ms-veto after a cosmic-ray muon. Other
carbon spallation backgrounds, with '°C B+ decay the most
critical, are suppressed by vetoing the events which are se-
lected by n-tag in Sec. VB and observed within 80 s from
the cosmic-ray muon. The xenon spallation backgrounds and
radioactive impurities are suppressed by a cut to the likelihood
ratio.

Similar to the measurement of carbon spallation production
in Eq. (6), the capture rate is obtained from a simultaneous fit
to time and energy. Figure 22 shows the time difference be-
tween a cosmic-ray muon and the '¥’Xe A~ decay candidate
which is located within 1.9 m from the detector center. The
detector livetime is 646 d and the Xe-LS mass is 22 ton. The
visible energy spectrum of the '¥’Xe B~ decay candidates
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FIG. 22. Time difference between a cosmic-ray muon and the
137Xe B~ decay candidate in 2.4 < E < 3.2 MeV. *®TI g~ decay
is derived from the ***Th series.

in 80 < AT < 1980 s is shown in Fig. 23. The event rate
of 1°C BT decay and xenon spallation are constraint from
the measurements in Secs. VB and VC. The number of
events is evaluated from a Poisson- x 2 scan. We observe 4.6 +
2.8 (stat.) & 0.2 (syst.) (kton day)~! of neutron captures on
136Xe, corresponding to 236 + 145 mb. The measurement is
consistent with the expectation in Eq. (13) using the '*¢Xe
capture cross section of [22].

VI. SUMMARY

The radioisotopes production caused by cosmic-ray muon
spallation in a xenon-loaded liquid scintillator was mea-
sured with KamLAND and compared to results from the
FLUKA and GEANT4 simulation codes. The production yield
of carbon spallation isotopes is consistent with our previous
measurement [7] and additionally the ®He production rate
is measured for the first time. These measurements were
done using a combination of delayed coincidence with a
higher neutron detection efficiency and the shower likelihood
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FIG. 23. Visible energy of the '¥’Xe B~ decay candidates in
80 < AT < 1980s.
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method to cover the contribution from non-neutron emitting
reactions.

The xenon spallation productions including their sub-
sequent decays were studied with FLUKA and GEANT4
simulations. Figure 13 and Table IX show the non-negligible
isotopes for the Ov B8 decay search. Their contributions in the
ROI is estimated to be 2.6 £ 0.2 (kton day)~!.

We developed a likelihood method which effectively uti-
lizes the space correlation of muon-induced neutron captures
and their multiplicity, resulting in a xenon spallation selection
efficiency of 42.0 + 8.8 %. The observed amount of xenon
spallation production is 3.5 % 0.6 (ktonday)~! in 2.35 <
E < 2.70MeV, an important background for the Ov 8 8 decay
search. One of the possible approaches to refine the back-
ground discrimination is through particle identification, since
most of the xenon spallation decays are accompanied by y
rays.

The '¥’Xe B~ decay is an inevitable background for
the OvBp search with *°Xe. We measured the production
yield using a two-dimensional binned likelihood fit. Although
there are large statistical uncertainties, a significant amount
of neutron capture on '*°Xe is observed. The observation is
consistent with the expectation from [22].
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