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Abstract Xenon dual-phase time projections chambers
(TPCs) have proven to be a successful technology in study-
ing physical phenomena that require low-background con-
ditions. With 40t of liquid xenon (LXe) in the TPC base-
line design, DARWIN will have a high sensitivity for the
detection of particle dark matter, neutrinoless double beta
decay (0v[33), and axion-like particles (ALPs). Although
cosmic muons are a source of background that cannot be
entirely eliminated, they may be greatly diminished by plac-
ing the detector deep underground. In this study, we used
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Monte Carlo simulations to model the cosmogenic back-
ground expected for the DARWIN observatory at four un-
derground laboratories: Laboratori Nazionali del Gran Sasso
(LNGS), Sanford Underground Research Facility (SURF),
Laboratoire Souterrain de Modane (LSM) and SNOLAB.
We determine the production rates of unstable xenon iso-
topes and tritium due to muon-included neutron fluxes and
muon-induced spallation. These are expected to represent
the dominant contributions to cosmogenic backgrounds and
thus the most relevant for site selection.

1 Introduction

Dual-phase xenon TPCs hold the best constraints for direct
detection of weakly interacting massive particles (WIMPs)
for masses above 6GeV/ ¢? [1,2], and they have increased
the current sensitivity with their upgraded versions [3-5].



Likewise, experiments using xenon in its pure form or dis-
solved in a liquid scintillator provide competitive limits on
the half-life of the neutrinoless double beta decay of '*°Xe
[6-8], with plans to probe half-lives up to two orders of
magnitude larger in future and upgraded versions of these
experiments [9-11]. The latest achievements in background
mitigation, together with the increase of the target masses,
have demonstrated that xenon experiments, and in particular
xenon TPCs, are powerful instruments for other rare-event
searches as well. This includes the observation of the ex-
tremely rare decay of '>*Xe via double electron capture [12],
the search for solar neutrino interactions on nuclei [13], and
searches for solar axions, axion-like particles and dark pho-
tons [14, 15].

DARWIN, a proposed next-generation Xenon experi-
ment, will push the sensitivity to all these phenomena even
further [16—18]. In its baseline design, DARWIN will use
40t of instrumented liquid xenon in a dual-phase xenon TPC
to complete an extensive science program. To fully exploit
the physics goals of DARWIN an unprecedented, ultra-low
background level will be required. To achieve such a level,
external radiogenic backgrounds from detector materials as
well as the concentration of 222Rn, which emanates from
detector components, have to be reduced to negligible con-
tributions. In the ideal scenario, the detector is dominated
by irreducible backgrounds such as neutrino interactions or
decays of xenon isotopes present in the natural xenon. With
this, cosmogenic activation of detector materials can turn out
to be a dominant source of backgrounds.

Even though the detectors are placed deep underground
to shield them from cosmic radiation, muons with an energy
©0(100GeV) can penetrate several kilometers of rock, con-
crete and shielding materials and reach the detector, produc-
ing a considerable amount of secondary neutrons through
hadronic and electromagnetic showers that can potentially
mimic a WIMP nuclear recoil interaction. These muon-
induced neutrons can also produce long-lived radionuclides
via different processes, such as inelastic interactions or cap-
tures. Radionuclides produced in the xenon volume as a con-
sequence of these processes are a constant and irreducible
source of background events in a wide energy range that
can turn dominant if all the other background contributions
are negligible. Additional veto systems, such as muon-veto
water-filled tanks (Sec. 2.2), help suppress the flow of inci-
dent neutrons onto the detector. Moreover, activation of the
xenon above ground during production, storage and trans-
portation, can be problematic too [19]. However, this can be
mitigated by taking proper actions before construction and
filling of the detector.

One of the most significant contributions to the back-
ground in neutrinoless double beta decay experiments using
xenon detectors is the decay of '37Xe which is produced af-
ter a neutron is captured by '*°Xe. This isotope 3-decays to

37Cs with a Qg of 4.162MeV while the neutrinoless double
beta decay of '3®Xe has a Opp of 2.458 MeV. Since the elec-
trons produced in the '*"Xe decay have a continuous energy
spectrum, they can potentially mimic the signal of a neutri-
noless double beta decay, therefore reducing the sensitivity
of the detector to this process. Experiments devoted to the
neutrinoless double beta decay searches using '3Xe, such
as nEXO, KamLAND-Zen or NEXT have estimated a sig-
nificant 1¥7Xe background [9, 20,21].

For the cosmogenic activation during operation, the
depth of the underground laboratory becomes a crucial fac-
tor: the deeper the experimental site, the lower the muon
flux, but, at the same time, the higher the mean energy of
the muons and of their induced secondary particles. Given
that the underground location of the DARWIN experiment
is still to be decided, the study of the production of cosmo-
genic backgrounds at different sites will inform this choice.

An accurate evaluation of the cosmogenic background
requires realistic simulations. Using several already existing
simulation packages, we developed a framework to perform
full Monte Carlo simulations with muons at several under-
ground locations.

This work is organized as follows: In Sect. 2 we describe
the simulation framework. Sect. 3.1 focuses on the most
problematic and abundant particles produced due to muon
interactions, the muon-induced neutrons. In Sect. 3.2 and
Sect. 3.3 we discuss the production of two radionuclides that
can affect the sensitivity of DARWIN to different physics
channels. Finally, we discuss and summarize the main re-
sults of our simulations in Sect. 4.

2 The DARWIN-Geant4 simulation framework

The transport code Geant4 [22] is one of the most ro-
bust simulation tools currently available and its use is very
common in high energy physics. We have developed the
DARWIN-Geant4 software package to perform the entire
set of simulations for our detector. This framework is con-
structed using the libraries distributed with the 10.6.p02
version of Geant4.

In the next subsections, we enumerate the geometry
components that make up the DARWIN experiment (Sub-
sec. 2.1, 2.2, 2.3). This includes the shielding materials of
the experimental hall (rock and concrete) together with the
veto systems and the TPC. Then, we list the set of physics
processes that were used in these simulation (Subsec. 2.4).
Finally, we describe the working principle of the muon gen-
erator tool and how it is adapted to the different underground
locations (Subsec. 2.5)



2.1 Simulation of the experimental hall

Each site considered in this study has advantages and disad-
vantages that must be addressed, regarding not only physics
but also logistics, etc. For this work, the parameters that we
considered relevant were the size of the experimental hall,
the measured total muon flux, the mean energy (that is re-
lated to the depth of the site) and the angular distribution of
the incident muons. In Fig. 1 the measured total muon flux
as a function of the depth for several underground laborato-
ries is shown.
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Fig.1 Total muon flux for several underground laboratories as a func-
tion of the depth in kilometers water equivalent (km w.e.). The lines are
obtained using empirical fits as explained in [23, 24]. The numerical
values for the laboratories studied in this work are shown in Table 4.

Some of these laboratories have several experimental
halls that could be potentially available. However, since
other experiments are underway, we have selected those
halls that can be best adapted to the size of the DARWIN
baseline design and according to our scheduled timeline.
Based on the size of the hall, the number and size of compo-
nents in the experimental setup may be reduced or modified,
especially in the case of the muon veto system (Sec. 2.2).
The four laboratories that were considered in this study are
LNGS, SURF, LSM and SNOLAB. In order to perform a
realistic simulation, we have implemented the geometry of
the experimental halls in our simulation framework using
the technical drawings provided by the laboratories.

Since all these facilities are shielded by several kilo-
meters of rock, it is necessary to determine how much
surrounding material needs to be simulated. To ensure an
equilibrium between the secondary particles production and
muon fluxes, we used 5m of rock for the walls of the halls.
This value has been shown in previous cosmogenic simula-
tions to be sufficient to achieve this equilibrium [25], and
we used it in all four locations of this study. Besides the
rock, other shielding materials, such as concrete, may be

also present. The additional layers of concrete were simu-
lated following the specifications indicated by the technical
drawings.

We now briefly describe the four laboratories, including
the values of the geometrical parameters that were imple-
mented in our simulation framework.

LNGS

Laboratori Nazionali del Gran Sasso (LNGS) are located in
Italy and hosts, among others, the XENONnT dark mat-
ter experiment. It has three main experimental halls and
for these simulations, we have implemented Hall B. Its xy-
projection is a rectangle of 18.2m x 60.0m and the ceiling
is a cylindrical vault with a maximum height of 20m. The
inner part of the hall is covered with a layer of concrete of
50cm thickness. The chemical composition that we imple-
mented in the code for the rock and concrete materials is
defined in [26].

SURF

Sanford Underground Research Facility (SURF) is a former
gold mine located in South Dakota and currently is hosting
the LZ dark matter experiment. In our code, we simulated
the Davis cavern as abox of 17m (1) x 10m(w) x 12m (h).
It has no concrete layer, and therefore the entire hall is made
of rock. The chemical composition of the SURF rock is im-
plemented as in [27].

LSM

In France, Laboratoire Souterrain de Modane (LSM) has
also hosted dark matter experiments such as EDELWEISS.
The only available place is the Grand Hall, with an area of
10m x 20m. The ceiling is an elliptical dome that provides
a maximum height of approximately 17 m. The inner part of
the hall is covered by a 30cm layer of concrete. The chem-
ical composition of rock and concrete was implemented as
in [28].

SNOLAB

The deepest location considered in this study is SNOLAB. It
is located in Canada and in the future it will host the Super-
CDMS dark matter experiment. For this work, we simulated
the Cube hall. It is a box 18m(1) x 15m(w) x 20m(h).
For the shielding materials we used the composition in the
SNOLAB reference manual [29].



2.2 The muon veto system

In the DARWIN baseline design, the LXe TPC is located
inside of a water tank that serves as water-Cherenkov muon
veto. This water tank is implemented here as a 0.5 cm thick
stainless steel cylinder with a truncated cone on top filled
with water. For the cylinder of radius R and height £, the top
cone has a height of /5 and a top radius of R/4.

In the baseline design, the water tank has a radius of 6m.
However, a tank of this size does not fit in all underground
locations of this study. We adapted the size of the tank where
necessary while preserving the aspect ratio, as indicated in
Table 1. The muon veto influences the cosmogenic back-
ground rate both by moderating neutrons produced in the
rock wall, and by actively vetoing muons with trajectories
that pass the TPC.

Table1 Summary of the geometrical parameters implemented for the
underground laboratories of this study. The second column shows the
names of the experimental hall, together with the shape of the ceil-
ing (third column). Fourth and fifth columns show the radius and total
height of the water tank simulated for each hall.

Site Hall Shape R,; (m) h,, (m)
LNGS B Vault 6 12.0
SURF Davis Cavern  Box 4 9.6
LSM Grand Hall Vault 4 9.6
SNOLAB  Cube Hall Box 6 14.4

2.3 The DARWIN cryostat and TPC

For the simulations, we have used the same detector geome-
try as implemented in [18]. In the baseline design, the DAR-
WIN TPC consists of a cylindrical dual-phase TPC with a
diameter and height of 2.6 m (aspect ratio 1:1), see Fig. 2. It
has two photosensor arrays (on top and bottom) formed by
995 R11410-21 Hamamatsu photomultiplier tubes (PMTs)
[30]. The PMTs are held in place by polytetrafluoroethylene
(PTFE) and copper disks. The lateral part of the cylinder is
fully covered with PTFE reflector panels and 24 supporting
PTFE pillars. The detector is equipped with a set of elec-
trodes and 92 copper field cage surrounding the TPC.

The TPC is placed inside a double-walled vacuum in-
sulated cryostat with a wall thickness of 5Smm made of ti-
tanium. The vessels are simulated as cylindrical bodies fin-
ished with torus-spherical domes (DIN 28011 [31]) on top
and bottom. Stiffener rings are also added to the design in
order to prevent deformations of the vessel due to the pres-
sure. Additionally, a filler vessel, consisting of a metallic
shell filled with pressurized gas, is positioned in the bottom
dome to yield a flat bottom surface and minimize the liquid
xenon filling mass.

top sensor array
~ (955 PMTs, electronics,
outer cryostat copper + PTFE panels)

inner cryostat top electrode

field cage frames (Titanium)

(copper, 92 rings)
TPC reflector

support structure (PTFE, 24 panels)

(PTFE, 24 pillars)
bottom electrode
frames (Titanium)

bottom sensor array

pressure vessel

Fig. 2 Schematic overview of the DARWIN geometry implemented
in the DARWIN-Geant4 framework. It consists of a cylindrical TPC,
with two sensor arrays, electrodes and field shaping rings surrounding
the active volume. The TPC is placed inside a double walled cryostat
made of titanium.

The active volume is filled with a total mass of 40t of
natural liquid xenon together with 30kg of gaseous xenon
on the top part of the TPC and the upper dome. For the sim-
ulation of the active xenon material, we have used the iso-
topic composition of natural xenon provided by the Geant4
material database. The mixture, together with the abundance
of each isotope, is detailed in Table 2.

Table 2 Natural abundance of xenon isotopes used in these simula-
tions. The values are given by the Geant4 internal material database
(NIST).

Isotope  Abundance (%)
124%e 0.09
1265 0.09
128x e 1.92
129% e 26.44
130xe 4.08
13Ixe 21.18
132x e 26.89
134xe 10.44
1365 8.87

2.4 Geant4 physics lists

The Geant4 toolkit distributes a set of physics lists that are
maintained and updated with each version. A full detailed
description of these physics lists can be found in the Geant4
physics reference manual [32], together with their recom-
mended usage.

We incorporated the modular nature of Geant4 in our
simulation framework, which allows the user to create cus-
tom physics lists. We have carried out a systematic study of



the features and consistency of several of them by means of
toy Monte Carlo simulations. These simulations had a very
simplified geometry formed by a rectangular block of rock
of 5m thickness and a cylinder of 2m radius, 2m height
filled with liquid xenon. The primary particles were vertical
muons with fixed energy of 300 GeV. As control parameters,
we have chosen the muon-induced neutrons produced in the
rock and the '*"Xe production rate.

The physics lists that we used in these toy simulations
were implemented in two different ways: pure and mixed
configurations. In the pure version, we used the physics
lists as they are distributed with our Geant4 release. In this
configuration, we tested the Shielding, ShieldingLEND,
QGSPBICHP and QGSP.BERT.HP lists. For the mixed con-
figurations, we use the emlivermore physics list for the
electromagnetic processes, while for the hadronic inter-
actions we used the hadronic part of the Shielding,
ShieldingLEND, QGSP-BICHP and QGSP-BERTHP physics
lists. These physics lists have been validated in simulations
of experiments placed underground, being the Shielding
list the recommended by the Geant4 developers in these
type of simulations. The ShieldingLEND list is a flavour
of Shielding that uses the Low-Energy Nuclear Database
(LEND) database to describe the transport of low-energy
neutrons.

The results produced by the toy simulations did not show
a significant discrepancy in the values of the control param-
eters. All results were of the same order of magnitude and
they were compatible within a factor 0.7 in the '3"Xe pro-
duction rate. We attribute this to the difference between the
models implemented in the physics lists. Even though the
pure configurations produced similar results as the mixed,
the computational time of the second is significantly larger
than the first. In this set of toy simulations, we estimated that
simulations using the pure configurations are ~ 20% faster.

Therefore, we decided to perform the full simulations
using the pure Shielding as the main list together with the
pure ShieldingLEND and QGSP-BICHP lists as control sim-
ulations.

2.5 The primary muon generator

We used the MUSIC-MUSUN software [33] to obtain the
kinematic information of muons that serves as input to a
custom muon generator in Geant4. With this software it is
possible to simulate the energy-direction correlation of the
muons at each underground facility taking into account pa-
rameters such as rock density or the orography of the lab.
The input consists of a mixture of p* and u~ muons with
aratio of ™/~ = 1.3 in their populations. A summary of
the properties of the primary muons is found in Table 3.
For each event, the generator reads a line of the MUSUN
file containing the muon-type (1t or w™), its energy and the

Table 3 Mean values of the energy and angles (direction) of the pri-
mary muons produced with the MUSUN software for the underground
locations considered in this study. The right column shows the density
of the shielding rock used in MUSUN and in our Geant4 code.

(Ex)  (8) () (p)

Site (GeV)  (deg) (deg) (g/cm?)
LNGS 272.7 37.42  200.90 2.71
SURF 2847 27.09 170.38 2.70
LSM 301.3 37.55 169.90 2.65
SNOLAB 309.6 24.69 179.96 2.83

direction of propagation. The position of the primary ver-
tex is found using a three-step algorithm that we call ran-
dom sampling-rotation-projection. In this algorithm we use
a disk of radius R centred at the origin of the coordinate sys-
tem, which is set at the center of the TPC. This algorithm,
is analogous to the sampling methods used in [25, 28] and
works as follows:

1. Random sampling. A random point is generated inside a
disk of radius R on the horizontal z = 0 plane. We trans-
port the direction vector to this point.

2. Rotation. We rotate the disk on z = 0 until it becomes
perpendicular to the direction vector.

3. Projection. The point on the rotated disk is projected to
the external surface of the rock volume, assuming a lin-
ear trajectory.

The radius R of the sampling disk has to be large enough
to cover the whole experimental setup, but at the same time
not excessively large, as a very large disk could imply that
we are sampling muons that have no physical meaning or
that are so far away from the experiment that they are irrele-
vant for the simulation. Since the live-time of the simulation
is estimated from the size of the disk, a large disk translates
into more computational time needed to produce significant
statistics. Since every muon has its initial position at the ex-
ternal surface of the shielding materials, the muon generator
ensures that all the primary muons are propagated through
at least 5m of rock.

In Table 4 we summarised the experimentally measured
muon fluxes at the locations of this work together with the
radius of the sampling disk used in the muon generator and
the equivalent live-time of the simulations.

3 Results
3.1 Muon-induced neutrons

Muons produce cascades of secondary particles when they
interact with the different materials of the experiment. A
full description of such cascades is complicated due to the
types of particles and the diversity of physical processes in-
volved. The interaction of cosmic muons with the shielding



Table 4 Measured muon fluxes, ¢ + & (¢), for the underground labo-
ratories considered in this study. The third column shows the radius of
the disk used in the muon generator and the last column is the equiva-
lent live-time.

Site Muon flux (cm?s~1) R(m) T (yr)
LNGS (3.43240.003) - 1078 [34] 10 29.41
SURF (5.31£0.17)-1077 [35] 8 29.70
LSM (6.25+0.23) - 107° [36] 6 44.86
SNOLAB  (3.31+0.09)- 10710 [37] 9 232.93

rock of the experiment is the main source of environmen-
tal neutrons. The rate of these neutrons, for the underground
locations considered in this study, is about one order of mag-
nitude smaller compared to the neutrons produced in the
spontaneous fission and (x,#) reactions of 28U and 2**Th
present in the rock and concrete. However, muon-induced
neutrons can reach energies up to several GeV. It is thus
very difficult to completely stop them and, therefore, they
can be a potential background source inside the detector.

Fig. 3 shows the energy spectrum of the muon-induced
neutrons obtained in our simulations for the four under-
ground laboratories using the Shielding physics list. The
neutrons shown in the figure are the neutrons that enter the
experimental hall from the rock and concrete walls. The
double counting of the neutrons, such as neutrons bounc-
ing off the walls, was avoided by a careful selection based
on the track information provided by Geant4. For these, only
the first step with the initial energy of the neutron entering
the laboratory is considered.
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Fig.3 Spectrum of the muon-induced neutrons produced in rock (and
concrete) for the underground laboratories considered in this work. The
size of the energy bins is 50MeV.

Past versions of Geant4 underestimated the production
of these neutrons. The simulations done in [25] studying
the efficiency of the muon veto system for the XENONIT
experiment show a muon-induced neutron rate an order of

magnitude smaller compared to similar simulations done
with the FLUKA simulation package [23]. This large dis-
crepancy suggested that the neutron yields calculated with
Geant4 (version 9.3) were systematically underestimated
due to the lack of implementation of the cross sections of
the muon interactions. This issue is not noticed in the Geant4
version 10.6.p2.

Table 5 shows the integrated values of the neutron fluxes
for different energy thresholds estimated in this work com-
pared to the FLUKA simulations in [23].

Table 5 Integrated muon-induced neutron flux (in 10 %cm2s71)
for the underground laboratories considered in this study using the
Shielding physics list. The values in brackets are the FLUKA sim-
ulations in [23].

Site E>1MeV  E>10MeV E > 100MeV
LNGS 0.83(0.81)  037(0.73)  0.14(0.201)
SURF 0.15 0.067 0.024

LSM 0.16 0.071 0.027
SNOLAB  0.015 (0.020)  0.005 (0.018)  0.0017 (0.005)

The integrated spectra differ around 2 — 3 % and they are
of the same order of magnitude in the three energy ranges of
interest. From these results, we conclude that the current ver-
sion of Geant4 and the implementations done in the physics
lists provide a similar description of the production of neu-
trons in rock and concrete as FLUKA.

3.2 Production of 37Xe

For all the rates presented in this work, the value obtained
by the Shielding physics list is the final production rate,
and the systematic uncertainty is estimated using the other
two:

Oy (Rop) = \/ (Rsh — Rnr.)? ‘ZF (Rsh — Rpic)* )
where Ry, Ry, and Ry, are the rates obtained with
Shielding, ShieldingLEND, and QGSP-BICHP respec-
tively.

For the total uncertainty in the rate, two extra compo-
nents are considered: first, the uncertainty in the number
of isotopes (statistical) and second the experimental uncer-
tainty of the measured muon flux. The first is assumed to
be Poisson-like distributed and therefore the associated un-
certainty is /n, being n the number of produced isotopes.
The uncertainty in the muon flux translates into an uncer-
tainty in the simulated live-time (7"). Both components are
then added in quadrature to provide the total uncertainty of
the rate:

o2(9)

1
O(Ron) =Ry~ [ -+ YRR 2



where 7 is the number of isotopes and ¢ the measured muon
flux with uncertainty o (@) as seen in Table 4.

Fig. 4 shows the cross section for the neutron capture
process in xenon isotopes as a function of the incident neu-
tron energy.

Despite the neutron capture cross section being higher
for low energy neutrons, there are resonances for energies
below 1 MeV and therefore neutrons that are not fully ther-
mal can be captured too. In addition, since 136X e has the
smallest neutron capture cross section (olive curve), the
amount of neutrons available to be captured by '*0Xe is
reduced by the presence of the other xenon isotopes. Fur-
ther studies are being performed to study the cosmogenic
137Xe production rate as a function of the isotopic compo-
sition of xenon at several underground locations. This new
study will give more information on whether using enriched-
depleted xenon in DARWIN is more convenient for the sci-
entific channels of interest.
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Fig. 4 Neutron capture cross sections for the xenon isotopes as a
function of the neutron energy, taken from [38].

Our simulations indicate that the muon-induced neu-
trons produced in the walls of the laboratory are properly
thermalized and captured by the muon veto water tank and
they do not contribute to the production of '3"Xe. We con-
clude that approximately 95% of the 13"Xe isotopes are pro-
duced by the capture of neutrons produced by muons cross-
ing the liquid xenon. The rest are produced by secondary
neutron cascades originated in the detector materials.

Table 6 summarizes the production of '37Xe for the con-
sidered underground locations. In Appendix A the complete
set of rates obtained for all locations with the three physics
lists are shown. From those tables we have a maximum dis-
crepancy of a factor ~ 20% between rates, which is expected
due to the different physical models used in the definitions
of the lists.

Table 6 Muon-induced '*"Xe production rate at the different under-
ground laboratories. The central value is the rate obtained with the
Shielding physics list and the systematic error is calculated using the
complementary simulations with the ShieldingLEND and QGSP-BIC.HP
physics lists.

Site Rate (kg 'yr 1)

LNGS (8.224£0.27 £1.00,y,) - 1074
SURF (1.42£0.12£0.21,y,) - 1074
LSM (1.6540.11£0.305,) - 107*
SNOLAB  (6.750.60 = 1.00,,) - 1076

The value obtained in this work for the '37Xe production
rate at LNGS is a factor ~ 8 smaller compared to previous
DARWIN study of the sensitivity to the neutrinoless double
beta decay [18]. With the result presented in this work, the
contribution of the decay of '*"Xe to the neutrinoless double
beta decay background is lower than the contribution of the
solar 3B neutrinos at all underground locations.

3.3 Production of tritium

In 2020, the XENON collaboration reported an excess of
events at energies below 7keV [15]. One of the possible
explanations is the (-decay of tritium atoms present in
the active xenon inside the TPC. This decay has a Qg of
18.591keV and a half-life of 12.3yr. It was reported that
the excess would correspond to a tritium concentration of
(6.2 + 2.0)- 1072 mol /mol.

Tritium is mainly produced by neutron inelastic scat-
tering and muon spallation processes. Although emanation
from materials was considered as the primary source of tri-
tium, cosmic muons and their secondary induced neutrons
could be a continuous source of tritium. Spallation reactions
of the xenon isotopes and in the surrounding materials of
the TPC could induce the presence of tritium in the sensitive
volume. Table 7 summarizes the production of 3H for the
considered underground locations.

Table 7 Muon-induced *H production rate at the different under-
ground laboratories. The central value is the rate obtained with the
Shielding physics list and the systematic error is calculated using the
complementary simulations with the ShieldingLEND and QGSP-BIC.HP
physics lists.

Site Rate (kg~'yr™1)

LNGS (1.224£0.01 £0.01,y,) - 1072
SURF (1.98£0.01 £0.04,y,) - 1073
LSM (2.44£0.01 £0.04,,) - 1073
SNOLAB  (1.40+£0.05+£0.50,,)-107*

Assuming the worst case scenario, in which all the tri-
tium that has been produced cannot be removed and it re-



mains in the active volume, after one year at LNGS, we ex-
pect 11.63H/t0n or the equivalent of 2.6 - 10~>’ mol/mol.
This value has a discrepancy of two orders of magni-
tude with the tritium concentration that could explain the
XENONIT excess. In the analysis of low-energy electronic
recoil data from the first science run of the XENONnT ex-
periment, the excess observed in XENONIT disappeared
[39].

3.4 Activation of other xenon isotopes

Neutron captures can produce xenon isotopes inside the TPC
that are unstable. In the low-energy region (below 30keV),
the decays of these isotopes could be relevant for the WIMP
and other rare-event searches. For example, !°Xe decays to
1251 with a half-life of 16.9hr. The gamma lines from the
125Xe decay are above 200keV, hence they are not of inter-
est for the WIMP analysis. However, the '2°I also decays to
125Te, with a half-life of 59.4d. In this case, the three lines
from the '2°I decay are below 100keV. They correspond
to the atomic K-shell, L-shell, and M-shell with decreas-
ing probability and produce peaks at 67.3keV, 40.4keV,
and 36.5keV, respectively. In addition to neutron capture,
other processes such as muon spallation or photodisintegra-
tion contribute to the formation of the isotopes mentioned
above. The KamLAND collaboration recently published a
list of isotopes produced after muon spallation that have a
non-negligible impact on the ROI of the Ov {33 process [40].

The isotopes considered in this study are '»Xe (t; 2=
16.9hr), '*"Xe (1), = 36.4d), **Xe (t;, = 5.24d) and
133Xe (1) /, = 9.14hr). The activation rates of these isotopes
for the underground laboratories are shown in Table 8. We
observe an agreement between the three physics lists used
in our simulations.

3.5 Activation of isotopes in the xenon storage system

Muon-induced neutrons coming from the walls of the lab-
oratory are moderated in the water tank and they have no
influence on the activation of isotopes such as '3’Xe. How-
ever, the xenon storage and purification systems are placed
outside the protection provided by the water tank, and ex-
posed to high-energy neutrons and susceptible to activation.
Since the liquid xenon is circulating between the purification
systems and the TPC, radioactive isotopes activated outside
the detector can end inside the active volume.

As the design of the DARWIN purification system is not
finished yet, in a first approximation we simulated the stor-
age system as a stainless-steel cylinder with a thickness of
0.5cm, 0.5m radius, and 5m height at the LNGS Hall B, as
seen in Fig. 5. In total, this column contains 11.2tonnes of

liquid xenon in addition to those already present inside the
detector.

2.5

0.0

-2.5

-5.0
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x (m)

Fig.5 Cross-sectional view of the simulated LNGS experimental hall
B with a storage column outside the water tank. The black region rep-
resents the concrete layer, the turquoise is the water tank, the grey is
the cryostat and the red is the cylindrical storage column. The TPC and
the shielding rock are removed for simplicity.

We simulated a total live-time of approximately 9.3 yr
using the information for muons provided by MUSUN in
our muon generator and the Shielding physics list. From
this simulation, we obtain production rates for tritium and
37Xe of 10 2kg~'yr ' and 3-10~*kg~'yr!, respectively.
These values are compatible with those shown in Tables 6
and 7. However, unshielded xenon is exposed to the radia-
tion coming from the fission and (&, n) reactions from the
rock and concrete walls, especially if it is placed near to
them.

We also recorded the production of several isotopes that
could contribute significantly to the background of various
science channels, specially at the low-energy electronic re-
coil region. For example, we noticed a non-negligible pres-
ence of nuclei from isotopic chains that start at '2'Cs, '>3Sn
or '3Te. More detailed simulations are ongoing to assess
possible impact on the background of those isotopes in fu-
ture studies.

4 Summary and Conclusions

We have performed Monte Carlo simulations of the cosmo-
genic background for the DARWIN experiment. The study
was done for four underground laboratories that are candi-
dates for the location of the detector.

We developed a custom-made DARWIN-Geant4 simu-
lation framework in which we implemented new features
to perform full muon simulations. First, we performed a
detailed simulation of the underground experimental halls.
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Table 8 Muon-induced '»Xe, 12"Xe, 3*Xe and '3°Xe production rates (all processes) in kg~ 'yr—!

at the different underground laboratories.

The central value is the rate obtained with the Shielding physics list and the systematic error is calculated using the complementary simulations

with the ShieldingLEND and QGSPBICHP physics lists.

Isotope LNGS SURF LSM SNOLAB
125%e  (2.2840.024+0.505;) 1072 (3.09£0.01 £0.505,,)- 1073 (4.33£0.17£0.805,) - 1073 (2.18 £0.09 +0.505y,) - 10~
27Xe  (6.394£0.024£0.60,;)-1072  (1.02£0.03£0.805,)- 1072 (1.25£0.05£0.12,) - 1072 (6.38+0.21 £0.70y,) - 10~
3Xe  (1.16£0.01£0.10,) - 107" (1.80£0.054£0.02,,)- 1072 (2.234+0.08£0.16,) 1072 (1.20£0.04 £0.07,y,) - 103
35%e  (4.6340.0240.165)-1072  (7.4240.25+0.28,,5)-1073  (9.10£0.30+£0.505,) - 1073 (5.01 +0.0240.02,,) - 10~
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Appendix A: Detailed tables of the production rates

In this work we have performed simulations with three dif-
ferent physics lists distributed with Geant4: Shielding,
ShieldingLEND, and QGSP-BICHP. Each list is constructed
using hadronic and electromagnetic models together with a
set of cross section databases. It is therefore possible to ob-
serve differences in the relative rates of processes such as
neutron yields or isotope activation, reason why such differ-
ences have been propagated as uncertainties in these results.

For reference, Fig. 6 shows a comparative table of the
lists used in this work. For each list, the hadronic component
consists of elastic, inelastic and capture-stopping models,
depending on the energy of the particle. The name conven-
tion used on the table for the models is: Quark-gluon String
with Precompound (QGSP), Fritiof Parton model with Pre-
compound (FTFP), Binary Light Ion Cascade (BIC), CHiral
Invariant Phase Space (CHIPS), Low Energy Nuclear Data
(LEND), High Precision neutron model (HP).

Elastic model | NeutronHP CHIPS
Shielding Inelastic model | NeutronHP Bertini___| FTFP
Capture model | NeutronHP nRadCapture
Elastic model LEND CHIPS
ShieldingLEND | Inelastic model LEND Bertini | FTFP
Capture model LEND nRadCapture
Elastic model | NeutronHP CHIPS
QGSP_BIC_HP | Inelastic model | NeutronHP BIC QGSP
Capture model | NeutronHP nRadCapture

\ ~keV 1 MJeV 1 GJeV 1 TJeV ‘
Il

Fig. 6 Hadronic models defined in the Geant4 physics lists consid-
ered in this study. The energy scale at the bottom is placed for visual
reference. The detailed energy ranges for each model is found in the
Geant4 physics list guide [32]. Cross sections libraries used for each
model are not shown.
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Table 9 Muon-induced *"Xe production rate at the different underground laboratories given in kg~'yr—!. We compare the results obtained with
the Shielding, ShieldingLEND and QGSP_BIC.HP physics lists.

Site Shielding ShieldigLEND QGSP_BICHP
LNGS 8.22-10* 8.46-10* 6.87-10~*
SURF 1.42-107* 1.35-107* 1.13-107*
LSM 1.65-10~* 1.66-10~* 1.23-10~*

SNOLAB 6.75-10°° 8.10-107° 6.75-107°

Table 10 Muon-induced *H production rate at the different underground laboratories given in kg~ !yr—!. We compare the results obtained with
the Shielding, ShieldingLEND and QGSP_BIC.HP physics lists.

Site Shielding ShieldigLEND QGSP_BICHP
LNGS 1.16-1072 1.17-1072 1.33.1072
SURF 1.82-1073 1.68-1073 2.45.1073
LSM 2.17-1073 2.35-1073 2.79-1073

SNOLAB  1.05-107* 1.63-107* 1.51-107*

Table 11 Muon-induced activation rates (all processes) of 125Xe, 1277Xe, 133Xe and *°Xe given in kg*lyr’l. ‘We compare the results obtained
with the Shielding, ShieldingLEND and QGSP-BICHP physics lists.

List Isotope  LNGS SURF LSM SNOLAB
Shielding 125%e  2.28-1072  3.29-107° 4.33-1073  2.18-10~*
ShieldingLEND 241-1072  3.36-1073  4.94.107° 2.59.107*
QGSPBICHP 1.62-1072  2.62-1073 333.107% 1.63-107*
Shielding 27%e  6.39-1072  1.02-10°2 125-1002 6.38-107*
ShieldingLEND 6.78-1072  1.11-1072 1.40-1072 7.24-107*
QGSP.BICHP 559-1072  9.52.107% 1.18-107% 6.01-107*
Shielding 3¥Xe  1.16-107'  1.80-107%2 223-1072 1.20-1073
ShieldingLEND 1.20-107"  1.82-1072 245.1072 1.29-1073
QGSPBICHP 1.10-107'  1.81-107%2 2.24-107% 1.18-1073
Shielding 133Xe  4.63-1072  7.42-107°  9.10-1073  5.01-107*
ShieldingLEND 4.80-1072  7.42-1073 970-107% 5.15-107*

QGSPBICHP 447-1072  7.82-1073 934.1073 5.17-107*
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