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Abstract Muon-induced neutrons can lead to potentially

irreducible backgrounds in rare event search experiments.

We have investigated the implication of laboratory depth

on the muon-induced background in a future dark matter

experiment capable of reaching the so-called neutrino floor.

Our simulation study focused on a xenon-based detector

with 70 tonnes of active mass, surrounded by additional veto

systems plus a water shield. Two locations at the Boulby

Underground Laboratory (UK) were analysed as examples:

an experimental cavern in salt at a depth of 2850 m w. e. (sim-

ilar to the location of the existing laboratory), and a deeper

laboratory located in polyhalite rock at a depth of 3575 m w. e.

Our results show that no cosmogenic background events are

likely to survive standard analysis cuts for 10 years of opera-

tion at either location. The largest background component we

identified comes from beta-delayed neutron emission from
17N which is produced from 19F in the fluoropolymer compo-

nents of the experiment. Our results confirm that a dark matter

search with sensitivity to the neutrino floor is viable (from the

point of view of cosmogenic backgrounds) in underground

laboratories at these levels of rock overburden. This work

was conducted in 2019–21 in the context of a feasibility

study to investigate the possibility of developing the Boulby

Underground Laboratory to host a next-generation dark mat-

ter experiment; however, our findings are also relevant for

other underground laboratories.

1 Introduction

One of the key factors influencing the choice of underground

laboratory for a future, high-sensitivity experiment for rare

event searches is the depth (overburden) of the site. Events

a e-mail: viktor.pec@fzu.cz (corresponding author)

triggered by cosmic-ray muons can be a background to dark

matter and neutrinoless double-beta decay (0νββ) searches,

as well as to some low-energy neutrino experiments detect-

ing signals from nuclear reactors or astrophysical sources.

As an example, isolated neutrons produced in muon inter-

actions or muon-induced cascades, if scattering only once

in the detector, will mimic nuclear recoils (NR) caused by

Weakly Interacting Massive Particles (WIMPs). Most of the

(low-energy) events caused by electromagnetic interaction

yielding electron recoils (ER) can be removed by powerful

discrimination techniques focusing on differences in detected

signals caused by electrons and recoiling nuclei. For neu-

trinoless double-beta decay experiments, the muon-induced

neutrons may produce a background via radiative capture

processes or inelastic scattering. Activation of detector com-

ponents mainly by hadrons (including neutrons) in muon-

induced cascades can add to the background, in particular if

this activation results in subsequent decays on time scales of a

few seconds or more. In this case, tagging a background event

via the detection of the muon may significantly increase the

dead time of the experiment, making such tagging inefficient.

The muon flux drops rapidly with depth, and a minimum

depth requirement is one of the main factors that affect the

choice of an underground site for an experiment with a spe-

cific designed sensitivity. Figure 1 shows the muon fluxes as

measured in different underground laboratories as a func-

tion of vertical depth in meters water equivalent (m w. e.),

together with a calculated depth–intensity curve for standard

rock (〈Z〉 = 11, 〈A〉 = 22). The deviation of some of the

data points from the calculated curve are mainly due to a) the

complex surface profile at some locations, and b) different

elemental composition of rock above the laboratory.

Several underground laboratories have muon fluxes simi-

lar to that measured at the existing Boulby facility at 1100 m,

and a number of deeper sites achieve fluxes up to two orders
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Fig. 1 Muon flux as a function of vertical depth in metres water equiva-

lent (m w. e.) for laboratories around the world. Black markers represent

measurements in laboratories with relatively flat surface profile and blue

squares represent laboratories under mountains. The red curve is based

on Monte Carlo simulations of muons propagating through flat over-

burden of ‘standard rock’ [1] (〈Z〉 = 11, 〈A〉 = 22). The red open

diamond represents the estimated flux at a deeper location at Boulby

(1400 m, or 3575 m w. e.). The data points represent the following mea-

surements: CallioLab (Pyhäsalmi, Finland) at various depths [2], LSC

(Canfranc, Spain) [3] (depth taken from [4]), Soudan (MN, USA, no

longer operational) [5], Kamioka (Japan) [6] (conversion from muon

rate to flux based on MC simulations from [7]), Boulby at 1100 m level

(2850 m w. e.) [8], LNGS (Gran Sasso, Italy) [9], SURF (Lead, USA)

[10] (depth taken from [11]), LSM (Modane, France) [12], SNOLab

(Sudbury, Canada) [13], CJPL (Jingping, China) [14]. Reported errors

of the measurements are too small to be visible in the plot.1

of magnitude lower. Our study probed whether the depth such

as at the Boulby site was sufficient to enable a dark matter

search reaching the neutrino floor – requiring a peak cross-

section sensitivity for spin-independent WIMP-nucleon scat-

tering approaching ∼10−49 cm2. Although other rare event

searches were considered, our simulation work focused on

a liquid xenon experiment with 70 tonnes of active mass (a

10-fold upscale of LUX-ZEPLIN (LZ) [15]), as this has been

the leading technology in the field.

Neutrons are produced by muons underground by five

main processes:

1. Negative muon capture, dominating at shallow sites with

a large fraction of stopping muons;

2. Direct muon-induced nucleus spallation;

3. Hadroproduction (including neutron multiplication via

neutron inelastic scattering) that originates primarily in

1 There is an additional uncertainty of about 12−20% in the convention

used for the flux reporting. The MC prediction is for the flux through

a spherical detector and so are some measurements (Boulby, LNGS,

SURF, etc). Some other experiments reported the flux through a hori-

zontal surface. In some references it was not clear what convention was

used. The difference between the two fluxes decreases with depth and

is about 15% at 3 km w. e..

the hadronic cascades caused by muon inelastic scatter-

ing (also called muon nuclear interaction);

4. Photoproduction that takes place primarily in electromag-

netic cascades generated by muons via bremsstrahlung,

e+e−-pair production and δ-electron emission processes;

5. Delayed neutrons due to activation of light isotopes by

hadrons, followed by a beta decay accompanied by neu-

tron emission; this process can be attributed to hadropro-

duction but deserves separate consideration due to a non-

negligible time delay between the muon and the neutron.

Neutron production by muons depends on the muon

energy and on the composition of the material that the muons

pass through. Cosmic-ray muons have a broad energy spec-

trum at any underground site (see, for instance, Ref. [1] for

calculated spectra at different depths) and the mean muon

energy is a convenient parameter to characterise the spectrum

at a particular depth. It has been shown previously (see, for

instance, Refs. [16–20] and references therein) that the neu-

tron yield is approximately proportional to E0.7−0.8
μ , where

the mean muon energy Eμ can replace the muon spectrum

at a particular site. Given the complexity of physics pro-

cesses involved in neutron production, this dependence on

muon energy is approximate and works only for high-energy

muons (above 10 GeV) where negative muon capture can be

neglected on a scale of a few metres (typical detector size).

The dependence of the neutron yield on material compo-

sition reflects the contribution of various mechanisms to neu-

tron production. This has been studied in a variety of papers

(see, for instance, Refs. [16–20] and references therein) and

a proportionality of A0.75−0.80 has been observed, where A is

the mean atomic weight of a material. This is only a trend and,

to calculate neutron production accurately, a detailed simula-

tion including an approximate detector geometry and its sur-

roundings needs to be carried out. Note that the contribution

of different processes to neutron production changes with

increasing A, since the probability of electromagnetic cas-

cade production per atom rises approximately as Z(Z+1)/A,

whereas that for a hadronic cascade slightly decreases as

A−0.2.

A number of experiments measured muon-induced neu-

tron production rate underground in different targets. Exam-

ples include measurements carried out at the Boulby Under-

ground Laboratory (for lead) [8,21], LNGS (for scintillator

and steel) [22,23] and Kamioka (for scintillator) [24]. Based

on the difference between the measured and simulated rates

of neutrons reported in Ref. [8], the authors concluded that

the overall uncertainty in neutron production rate was about

25%. Similar conclusions were reported in several other pub-

lications.

The variety of neutron production mechanisms and their

dependence on muon energy and material composition,

adding to the complex geometry of the setup that includes

123
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Fig. 2 Neutron production rate along the muon initial direction.

100,000 negatively charged muons were propagated through various

materials using Geant4 version 10.5. Production rates are shown sepa-

rately for muon initial kinetic energies 280,GeV (a) and 1000 GeV (b).

The muon starting point was at −2000 g/cm2. Note that the neutron

yield in lead was scaled down by a factor of 2 in a

the detector, shielding, veto systems and the cavern geome-

try, require full Monte Carlo modelling of all particles pro-

duced in muon-induced cascades. These simulations should

account for the realistic correlations between neutron mul-

tiplicities, energies and angles of neutron emission with

respect to the parent muon, and correlations with other par-

ticles able to deposit energy in the various detector systems.

These correlations are exploited in various techniques of

background suppression by tagging the primary muon or

muon-induced cascade.

Below, we describe a set of simulations carried out to char-

acterise cosmogenic backgrounds in a next-generation exper-

iment with a large liquid xenon target. We made use of the

Geant4 simulation toolkit [25–27]. Section 2 presents tests

of neutron production as simulated in Geant4 version 10.5

and comparisons with previous simulations and data. Sec-

tion 3 includes the description of the simplified xenon detec-

tor geometry and the simulation procedure. Results are

reported in Sect. 3.4. We considered, as examples, two possi-

ble locations at Boulby: a site near the existing laboratory in

the NaCl layer and a potential site, deeper by 300 m, in a poly-

halite layer. We draw some generic conclusions in Sect. 4.

This work was conducted in 2019–2021 as part of the

STFC-funded project on the feasibility of Boulby Under-

ground Laboratory to host a future dark matter experiment,

however, its findings are also relevant for other underground

laboratories. Preliminary results have been reported in [28].

2 Neutron production in GEANT4

We began by conducting a comparison of neutron produc-

tion rates against previous simulations and data in order to

validate key physics processes implemented in Geant4. In

the current modelling of muon events, we have used the

version 10.5 of the toolkit (using its data libraries nom-

inal for the toolkit version, i.e. G4NDL4.5 for neutron-

related physics below 20 MeV, G4PhotonEvaporation-5.3,

G4RadioactiveDecay-5.3, etc.) with the ‘Shielding’ physics

list, a common choice in simulations for low-background

experiments.

Muons of specified kinetic energies were propagated

through a box made from various reference materials with

square front face with 2000 g/cm2 lateral dimension and

4000 g/cm2 in length. The muon propagation started at the

centre of the front face and the initial momentum pointed

along the long axis of the box. Produced neutrons were

counted and special care was taken not to double-count neu-

trons after inelastic scattering, for which Geant4 terminates

the track of the initial neutron and treats all the final-state

ones as new particles.2 In order to allow the neutron pro-

duction to reach equilibrium, neutrons were counted only

between 1000 and 3000 g/cm2 along the long axis. Figure 2

shows how the yield stabilizes within the first few 100 g/cm2

of various materials. Yield variations along the muon track

are due to the small-number statistics of large cascades, each

containing many neutrons. These variations contribute sub-

stantially to the uncertainty of neutron yield calculations.

2 In our counting of produced neutrons, we discarded the first daughter

neutron as created by Geant4 in the inelastic scattering process.
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Fig. 3 Neutron yield by production process. a Contribution of vari-

ous processes to neutron production for 280 GeV muons in different

materials as simulated in Geant4 version 10.5. Note that the yields

of lighter materials are scaled up in order to be visible. b Results of

simulations of 260 GeV and 280 GeV muons in lead with Geant4 ver-

sions 9.5 and 10.5, respectively. The dominant processes are: neutron

inelastic (n + N ), photo-nuclear (γ + N ), pion inelastic (π + N ), muon

nuclear (μ + N ), proton inelastic (p + N ), and nuclear capture of π−

at rest (π−cap)

Based on our simulations with Geant4 version 10.5, the

largest contributor to the neutron production in heavier mate-

rials is the neutron inelastic scattering off a nucleus while

for lighter materials, this process has contribution similar to

the nuclear photo-production and pion inelastic scattering.

Figure 3a compares neutron yields for individual processes

in different materials for 280 GeV muons. Surprisingly, the

larger number of electromagnetic cascades, expected to be

produced in lead as compared to the lighter materials, does

not result in an enhanced production of neutrons from gam-

mas in version 10.5. We compared these results with simu-

lations with Geant4 version 9.5, shown in Fig. 3b. There is

marked reduction in the gamma-induced production in ver-

sion 10.5 which cannot be explained by the small difference

(20 GeV) in initial muon energies. Energy spectra of neu-

trons from individual processes for lead are shown in Fig. 4.

It can be seen that the significant reduction in neutron yield

from photon interactions in version 10.5 is responsible for

the change in the spectrum at a few MeV. We can conclude

that the smaller neutron yield from gammas in version 10.5 is

responsible for the reduction in the total neutron yield when

compared to version 9.5. The exact reason for this change is

not clear and further investigation goes beyond the scope of

the current work.

Final energy spectrum of neutrons in three different mate-

rials is shown in Fig. 5a. The neutron production in lead is

enhanced compared to the lighter materials but this enhance-

ment is substantial mainly at lower neutron energies (below

about 50 MeV), whereas the difference in spectral shapes

and the absolute neutron yields becomes less significant for

larger neutron energies, as had already been reported in Ref.

[20]. The spectrum in polyethylene (CnH2n) is compared

with the results of simulations with Geant4 version 8.2 pre-

sented in Ref. [20] and the new version gives about 1.5 greater

total yield. Figure 5b compares spectra in lead as simulated

in Geant4 versions 10.5 and 9.5. The changes in neutron

production between the two versions of the toolkit were dis-

cussed in the previous paragraph.

We also studied the dependence of neutron yield on the

type of material and on the muon energy for our nominal

Geant4 version 10.5. Figure 6 shows the dependence of the

total neutron yield on the atomic weight for several materials

(Fig. 6a) and the yield dependence on the initial muon energy

in polyethylene (CnH2n) (Fig. 6b). The results are compared

to the simulations reported in Ref. [20] where various simula-

tion software packages were used. Comparison between the

Geant4 version 10.5 and previous versions shows continu-

ous development of the neutron production models resulting

in a noticeable change in neutron yield across multiple mate-

rials and muon energies. For the yield dependence on muon

energy, Fig. 6b, we included data points from available mea-

surements in a scintillator with a chemical formula similar to

123
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Fig. 4 Energy spectra of neutrons produced in lead from different production processes. Production spectra a from 280 GeV muons were simulated

with Geant4 version 10.5 and b from 260 GeV muons were simulated with version 9.5. The dominant processes are described in the caption of

Fig. 3

Fig. 5 Energy spectrum of muon-induced neutrons. a Simulations with

Geant4 version 10.5 of 280 GeV muons in CnH2n , NaCl, and lead are

compared, together with Geant4 version 8.2 simulations in CnH2n

from Ref. [20]. The peak visible at 420 keV for the CnH2n sample is

from the π− capture at rest on hydrogen, π− + p → n +π0. b Simula-

tions of 260 GeV muons in lead with Geant4 version 9.5 are compared

to simulations of 280 GeV muons with version 10.5 of the toolkit

CnH2n [22–24,29–33]. A good agreement is seen between

data and our simulations for muon energy close to 280 GeV,

equivalent to the mean cosmic-ray muon energy at the depths

relevant to this work.

We summarize neutron yields in polyethylene (or scin-

tillator of similar composition) and lead as simulated with

different versions of Geant4 in Table 1. We also add mea-

surements of yields. It can be seen that the simulated yields

in polyethylene agreed among each other within 35% in

the older software and that it has approached the measured

yield which varied only within 10%. We need to note here

that Refs. [22–24] evaluated neutron yield for the whole

spectrum of muon energies corresponding to the depths in

question, while we studied neutron yield for fixed muon

energy. Simulated yield in lead varied more substantially.

Two experimental data sets, [8,21], for depths relevant to

123
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Fig. 6 Neutron yields as functions of the mean atomic weight 〈A〉

of the target material (for 280 GeV muons) (a) and of the initial

muon energy (b) (for polyethylene). In a, current simulations with

Geant4 version 10.5 are compared with Fluka and Geant4 simu-

lations from Ref. [20]. In b, our simulations are compared to previous

simulations from Refs. [19,20]. Measurements of neutron yields from

cosmic muons in organic scintillator at various depths are included as

black up-triangles for older measurements in Refs. [29–33] and as blue

down-triangles for more recent and more accurate measurements at

similar depths in Refs. [22–24]

this work, give significantly different neutron yields even

when interpreted with the same Geant4 version. Also,

data from [21] (1.31×10−3n/μ/(g/cm2)) were reinterpreted

with newer version of Geant4 [8] with a different result

(3.40×10−3n/μ/(g/cm2)).

We note that the interpretation of data in terms of neu-

tron yield is complicated and is dependent on full Monte

Carlo simulations of the experimental setup, including muon

propagation, development of cascades, neutron production

and detection (via thermal neutron capture). In the measure-

ments mentioned in the previous paragraph, it was assumed

that the discrepancy between measurements and simulations

was solely due to the modelling of muon induced neutron pro-

duction. It is clear that continuous development and improve-

ments in Geant4 affect many models, not just those which

affect neutron production, and it will affect the interpre-

tation of measurements of neutron production yields. The

direct comparison between previous measurements and cur-

rent simulations is not straightforward. However, re-analysis

of previous measurements informed by the newer version of

Geant4 is beyond the scope of this work.

In conclusion, there seems to be better agreement for

lighter elements than for lead where the measured neutron

yields quoted in Table 1 differ by a factor of up to 2.5 from

our nominal simulations. Our geometry contains mainly light

elements and heavy targets like lead are unlikely to make

up a significant fraction of future experiment’s construction

materials (with the exception of xenon itself, but the neu-

tron production in xenon can be easily tagged). We can use a

factor of 2 as a conservative estimate of the systematic uncer-

tainty in cosmogenic neutron production in our simulations

described in the next section.

A comparison of neutron capture rate in muon events

has also been reported in [34]. An agreement within 40%

has been found between data and simulations using Fluka

and Geant4 for all isotopes, supporting our conservative

approach for systematic uncertainty.

One aspect of neutron production worth mentioning is

the delayed neutron emission after activation of materials

by muon-induced showers. This process has previously been

observed in scintillators [22,24,35] and is also included in

the physics of Geant4, but has not been commonly dis-

cussed in the context of dark matter experiments. In addition

to the scintillator, there are other materials used in detector

components which are susceptible to emit delayed neutrons,

in particular polytetrafluoroethylene (PTFE) used as reflec-

tive material which contains fluorine. Our simulation with

Geant4 predicts cosmogenic production of 17N from 19F.

The 17N radioisotope undergoes β-decay with a half-life of

4.2 s to the metastable state 17∗O, which then promptly decays

to 16O emitting the neutron. We determined the neutron yield

in PTFE from 280 GeV muons to be 0.65×10−3n/μ/(g/cm2),
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Table 1 Neutron yields in simulations with different versions of

Geant4 (and one instance of Fluka simulation) for CnH2n(or scin-

tillator of similar composition) and lead for similar muon energies. The

simulated neutron yield is shown in the third column. The ratio of the

referenced simulations to our work is in column four. Neutron yields

from data interpretation, where available, are included in column five.

Column six includes the ratio of data and simulations from the refer-

enced work

G4 version Eμ Yield [n/μ/(g/cm2)] Ratio to our work Interpreted data [n/μ/(g/cm2)] Data/Sims.

Scintillator/CnH2n

8.2 [20] 280 2.00×10−4 0.65 – –

Fluka 2006.3b [24] 260 2.34×10−4 0.76 2.80×10−4 1.19

9.3 [23] 280 2.17×10−4 0.70 2.90×10−4 1.34

9.6 [22] 283 3.01×10−4 0.97 3.10×10−4 1.03

Our work 10.5 280 3.10×10−4 – – –

Lead

8.2 [21] 260 2.37×10−3 0.72 1.31×10−3 0.55

9.5 [8] 4.59×10−3 1.40 5.78×10−3 1.26

9.5 [21]/[8] 4.59×10−3 1.40 3.40×10−3 0.74

Our work 10.5 3.27×10−3 – – –

Table 2 Neutron yields in

various materials for an initial

muon energy of 280 GeV as

simulated with Geant4 version

10.5. The stated errors represent

statistical uncertainty estimated

by dividing the simulated

dataset into smaller samples and

it is driven by variations in

neutron production along the

muon path due to large cascades

(which is also reflected in Fig. 2)

Material Neutron yield Material Neutron yield

[×10−3n/μ/(g/cm2)] [×10−3n/μ/(g/cm2)]

CnH2n 0.31± 0.01 Mg 0.49± 0.02

H2O 0.37± 0.01 Ti 1.39±0.06

polyhalite 0.46± 0.02 Mn 1.46± 0.04

PTFE 0.65± 0.03 Fe 1.31±0.05

NaCl 0.81± 0.03 Cu 1.30±0.05

Pb 3.27± 0.13

of which 0.66% comes from the delayed emission mecha-

nism. We have summarised our calculated neutron yields in

various materials in Table 2.

3 Muon-induced neutron background in a

next-generation liquid xenon experiment

We carried out simulations to determine the rate of potential

background events caused by cosmic-ray muons in a next

generation dark matter experiment operating at a depth of

around 3 km w. e. The main detector is a dual-phase xenon

time projection chamber (hereafter LXe-TPC) containing

70 tonnes of active liquid xenon (LXe), corresponding to a

∼10-fold upscale of the existing experiments LZ [36] and

XENONnT [37]. Our main case study is the existing site

at the Boulby Underground Laboratory (UK) at a depth of

2850 m w. e., with a muon flux of 3.75 × 10−8 cm−2s−1 [8]

(this flux is very similar to that at the LNGS in Italy). A

potential, deeper location was also investigated at a depth

of 3575 m w. e. with an estimated muon flux of 1.13 ×

10−8 cm−2s−1.

3.1 Simplified geometry model

A simplified experimental hall and detector geometry model

was used in simulations and is shown in Fig. 7. The main

elements of the experiment were a vacuum cryostat approx-

imately 4 m in diameter and 5 m in height containing the

xenon detector, an anti-coincidence veto system surrounding

the main detector, all located within a water tank with 12 m

in diameter for shielding of local radioactivity backgrounds.

The model was based loosely on the LZ and XENONnT

designs [36,37] and scaled to larger mass to meet the required

sensitivity: a tenfold improvement over that of the current

generation of liquid xenon experiments. The main ingredi-

ents to the design of the simulation were as follows:

• The rock material around the cavern was included as this

allowed starting the propagation of cosmic muons from

within the rock. This ensured that production of high-

energy cascades and fast neutrons in the rock that can

propagate down to the shielding, veto system and the

detector itself, was taken into account.
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• All materials with significant mass which were expected

to play a role in the particle production and propagation in

and around the active part of the detector were included.

• The expected structure of the detection elements and

the shielding was modelled to a certain level of detail

(e.g. a water tank used to attenuate any external neutrons

and gammas, a layer of liquid scintillator which is envi-

sioned as an optional additional external veto system).

• A realistic layout of the space in the experimental cavern

was considered: significant space is required above the

water tank and the water tank is expected to be offset

from the centre of the cavern in order to make efficient

use of space for ancillary subsystems during installation

and operation.

A visualisation of the full geometry model can be seen in

Fig. 7a. The model included a cylindrical cavern (diameter

and height of 30 m) surrounded by rock. The detector was

placed at the bottom of the cavern and offset from the cen-

tre by ∼4 m. It consisted of a cylindrical cryostat containing

the TPC and was surrounded by 50 cm of liquid scintillator

and placed within a water tank (WT) (12 m diameter × 11 m

height). The water and the scintillator served as both shield-

ing against external radiation and as active veto outside the

TPC.

The total shielding thickness was informed by previous

experience with the LUX, LZ, XENON1t and other exper-

iments and simulations. A factor of 10 suppression of the

neutron flux from radioactivity in rock (MeV energies) is

achieved with about 10 cm of water [38–40]. Neutrons from

rock can then be efficiently attenuated by 1 m of water for a

multi-tonne (>10 tonne) dark matter experiment. Gamma-ray

flux from radioactivity in rock (below 3 MeV) is reduced by

a factor of 10 with about 50 cm of water [38–40]. LZ simula-

tions [41,42] showed that 3 m of water+scintillator shield are

sufficient to attenuate γ -rays from rock to a level where its ER

background can be neglected compared to other sources, for

instance, the background from neutrino-electron scattering of

solar neutrinos and 136Xe two-neutrino double beta decay.

To account for the higher sensitivity of the future experi-

ment to probe WIMP-nucleon cross-sections down to a few

×10−49cm2 at the minimum of the sensitivity curve at about

30 GeV/c2 WIMP mass [43] and, in particular, to decrease the

background for a 0νββ search with 136Xe, we increased this

thickness to 4 m on all sides except below the detector. This

is a conservative approach supported by recent simulations

of gamma-ray transport through the shielding and evaluation

of the backgroud near Q-value for the 136Xe ββ-decay [44].

The water+scintillator thickness there was reduced to 2 m

and an additional 30 cm layer of steel was placed beneath the

water tank, providing the same total areal density of shield-

ing. This reduction in height below the heavy cryostat and

the scintillator containers will ease the design of the support

structures.

The detector cryostat was approximated as a cylinder with

an overall diameter of 3.9 m and a height of 4.9 m. The cryo-

stat was made of two titanium vessels 2 cm thick with 5 cm

of evacuated space in between. The inner cryostat vessel

was filled with LXe up to the top of the TPC, topped by

gaseous xenon (GXe). The active volume of the LXe-TPC

(3.5 m diameter × 2.5 m height, between a cathode at the bot-

tom and a gate grid just below the liquid surface; neither of

which were included in the model) was enclosed by a 3 cm

thick PTFE ‘field cage’. (Note that the thickness of PTFE in

the field cage will eventually be determined by the structural

analysis of the TPC and the outgassing rate, and the current

value translating to about 2.8 tonnes of PTFE is unlikely to

be adopted in a realistic design.) The active volume would

be readout by two arrays of photomultiplier tubes (PMTs)

located at the bottom and top of the field cage, in the liq-

uid and gaseous phases, respectively. The arrays were mod-

elled as two uniform volumes of steel with reduced density

of 0.4g/cm3, or about 5% of the standard density of steel,

simulating metal components of the structure of the arrays

and matching its mass. Other materials which often appear in

such structures were neglected. In addition to the drift volume

there was a separate volume of Reversed Field Region (RFR)

at the bottom of the TPC. A thin layer (8 cm) of LXe (‘LXe

skin’) was kept between the TPC and the cryostat walls. This

layer would be used as an additional anti-coincidence sys-

tem based on detection of scintillation light, similar to the

LZ design. A closeup of the cross section of the modelled

cryostat can be seen in Fig. 7b. Dimensions of the main fea-

tures of the geometry used in the simulations are summarized

in Table 3. We note that this is not the proposed design of

the next-generation experiment, but a simplified setup for the

presented study.

To study the dependence of the results on the rock compo-

sition and the size of the cavern, several sets of simulations

were carried out. The rock around the lab in the nominal

simulations was made of either salt (NaCl, for the existing

Boulby lab site) or polyhalite (K2Ca2Mg(SO4)4·2 H2O), as

appropriate for a deeper site at 1400 m (3575 m w. e.). In addi-

tion to the nominal cavern model specified above, an alterna-

tive geometry was simulated which included a smaller, cubic

cavern with a side of 19 m. Two samples of limited statistics

with rock made of NaCl and CaCO3 were simulated for this

alternative geometry. No noticeable differences were found

in the nuclear recoil (NR) spectra in the main LXe target

between the different simulations. The background estima-

tions reported here are results of analysis of the simulations

with the nominal geometry and with salt and polyhalite as

the rock materials.
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Fig. 7 Visualisations of the simplified geometry model used in the

simulations. a Cross-sectional view of full cylindrical cavern (gray)

surrounded by rock material (dark red). The water tank (cyan) con-

taining the detector is off-set from the cavern centre. The detector is

enveloped with a layer of scintillator (green). b Labeled cross-sectional

view of the detector cryostat

3.2 Simulation of cosmic-ray muons underground

Distributions of primary energies and directions of cosmic-

ray muons were calculated using the MUSIC and MUSUN

codes [1,45] (Ref. [1] describes the procedure and muon

transport through rock down to the experimental site). Muons

were sampled on the top and side surfaces of a 40 m cube that

surrounded the cavern such that they needed to travel through

at least 7 m of rock at the top of the cavern and through at

least 5 m of rock on the sides. Production of high-energy

cascades and fast neutrons in the rock that could propagate

into the cavern was expected to reach equilibrium with their

absorption within that distance.

The rate of simulated muons was 0.8759 s−1 for the exist-

ing Boulby site within salt at 2850 m w. e. vertical overbur-

den. The mean muon energy and zenith angle were calculated

as 261 GeV and 30.6◦, respectively. The surface profile was

assumed to be flat in these simulations (in reality, variations

in elevation up to 30 m exist on the surface over areas of a

few km2) but the normalisation of the muon flux was done

based on the measurements and the overall uncertainty is

dominated by that from neutron production (see Sect. 2). For

the proposed deeper site in polyhalite at 3575 m w. e. vertical

overburden, the same muon distributions were used, but the

equivalent sampling rate was recalculated to be 0.2625 s−1.

Muon transport through the modelled experimental site

was done using the Geant4 version 10.5 simulation toolkit.

Physical processes were modelled according to the toolkit’s

modular physics list Shielding. We have compared this ver-

sion with other simulations and measurements as described

in Sect. 2.

In total, 800 million muons were simulated for each rock

material, salt and polyhalite. These numbers correspond to

approximately 29 years and 97 years of live time of the exper-

iment, respectively, accounting for the larger depth of the site

in polyhalite.

3.3 Analysis of simulated data

The expected WIMP signature in a typical dark matter exper-

iment, and in a xenon-based experiment in particular, consists

of a single scatter event at low energy, usually �50 keV, in

anti-coincidence with other detectors (veto systems), which

is classified as a nuclear recoil using specific discrimina-

tion techniques. Here we assumed a nuclear recoil energy

threshold of 1 keV. For a proper analysis and interpreta-

tion of the results (limit setting, at the moment), usually

the profile likelihood ratio technique is used for signal (and

background) estimation, utilising probability density func-

tions constructed from detailed signal models plus signal-free

ancillary data. In this work we adopted instead a simple back-

ground counting technique with the potential (irreducible)

background satisfying the signal conditions described above.

We analysed the simulation output in the following way.

The detector response (i.e. the digitised PMT waveforms

resulting from the prompt and delayed scintillation signals

from each energy deposition in the active volume) was con-

sidered only in terms of the characteristic times over which

signals were collected and the equivalent energy thresholds

in the respective active volumes – LXe-TPC, LXe skin, liquid

scintillator, water tank. Energy depositions by ionising parti-

cles in the LXe-TPC were summed over 1 ms to accumulate

interactions within the TPC over the realistic readout time
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Table 3 Summary of the elements in the simulated geometry model.

The elements are ordered hierarchically from the inner most to the all-

including rock volume. Most of the elements were modeled as cylin-

drical and their diameter (D) and height (H) are listed. Where appropri-

ate, thickness of a layer of the material is listed. For the rock volume,

width of its bottom sides and the height are included in the D and H

columns. The total amount of LXe contained in the geometry model was

108 tonnes (ρXe = 2.953 g/cm3), with 70 tonnes in the TPC, 5.7 tonnes

in the RFR, 31 tonnes in the skin (including 22.5 tonnes in the bottom

part of the cryostat). We note that this is not the proposed design of

the next-generation experiment, but a simplified setup for the presented

study

Volume D (m) H (m) Thickness Comments

Cylindrical

LXe-TPC 3.5 2.5

Field cage (PTFE) 3 cm

RFR 3.5 0.2

PMT array 3.5 0.4 On top and at bottom of TPC

LXe skin 8 cm/70 cm Side/bottom

GXe 3.72 0.93 Starts level with top PTFE

Cryo Inner 3.72 4.76 2 cm Inner D and H

Cryo Vacuum 5 cm

Cryo Outer 3.9 4.94 2 cm Outer D and H

GdLS 4.9 5.94 50 cm

Water 11.9 10.94 3.5 m/3.5 m/1.5 m Side/top/bottom

Steel shield 6.9 0.3 30 cm Centred below WT

Hall 30 30 TPC off-set by 4.05 m from centre

Box

Rock 40 40 5 m/7 m/3 m Min. amount of rock around the cavern,

Side/top/bottom

similar to the maximum electron drift time. This is equivalent

to the collection of all prompt and delayed signals within a

single readout. (Note that potential background events stored

in this way have later been generated again and analysed with

a much better time resolution to remove multiple scatters.)

We distinguished the depositions by their origin as xenon

nuclear recoils, muon ionisation, electromagnetic activity,

and others. The simulations and analysis procedure allowed

reprocessing of selected events to follow closely individual

interactions within the time window of 1 ms. Energy depo-

sitions in the skin, liquid scintillator and water tank were

summed over 1µs, irrespective of their origin. This time

window is close to the realistic time window from existing

experiments for anti-coincidences between prompt signals

from different systems to remove background events. We

chose thresholds of 100 keV, 200 keV and 200 MeV in the

skin, liquid scintillator and water tank, respectively, to trigger

veto signals. Summed depositions in the LXe-TPC were then

tested for anti-coincidence with the veto signals by requiring

no veto signal to be present within 0.5 ms before or after any

TPC signal. This time window was chosen to tag the delayed

signals from neutron capture. The depositions in the LXe-

TPC by nuclear recoils were required to be larger than 1 keV

while all the other depositions were required to be below

10 keV. These requirements gave us pre-selected candidates

for the background events. The threshold energies and the

anti-coincidence window are summarised in the upper part

of Table 4.

To be considered as a background to a WIMP search,

events in the LXe-TPC were restricted to have only sin-

gle nuclear recoils above 1 keV, no other energy deposition

above 10 keV (this is a conservative cut since these deposi-

tions would be easily detected and the event rejected), and no

other nuclear recoils of energy above 0.5 keV (this would be

identified as a multi-scatter nuclear recoil event and rejected).

Since nuclear recoils from neutron scattering (neutrons origi-

nated from outside the TPC) tend to occur near the periphery,

fiducialization helps significantly to remove a large fraction

of the background events, and we required the nuclear recoils

to happen further than 5 cm from the boundary of the active

volume (yielding fiducial mass of 64 t). These applied cuts

are summarised in the lower part of Table 4. In summary,

events that passed the initial cuts (discussed in the previous

paragraph and summarised in the upper part of Table 4), were

re-processed and examined closely and they were considered

as background events if they passed the cuts from the lower

part of Table 4.

A geometry model without the presence of the liquid scin-

tillator veto system was also investigated in order to deter-

mine whether this additional detector was needed to suppress

backgrounds from cosmogenic neutrons. The same simu-

lated data were used and the absence of the scintillator was
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Table 4 Summary of criteria used to select background events. The top

part of the table lists criteria used to filter down events based on energy

and timing. The bottom part lists conditions applied to the events at the

single-recoil level. Energy thresholds are listed for depositions in indi-

vidual parts of the detector system, the TPC, the LXe skin, liquid scin-

tillator (LS), and water tank (WT). Depositions in the TPC were treated

separately for Xe nuclear recoils (NR), and all other sources (non-NR).

An anti-coincidence time window was applied between depositions in

the TPC and the other 3 volumes

TPC (NR) TPC (non-NR) Skin LS WT

Threshold 1 keV 10 keV 100 keV 200 keV 200 MeV

Anti-coincidence ±0.5 ms

Fiducial volume 5 cm from LXe boundary

Single recoil >1 keV (no other depositions > 10 keV)

No other recoil >0.5 keV

emulated by treating both volumes, scintillator and water, as

a single volume of ‘water’ with the corresponding energy

threshold.

3.4 Results

Simulations of the cosmic-ray muons show that, in the case

of the shallower location in NaCl, about 380 muons per

day pass through the active TPC region while there’s about

4900 muons per day passing through the water tank. For the

deeper location in polyhalite the numbers are 115 muons per

day and 1500 muons per day, respectively.

These muons generated neutrons that may cause unwanted

backgrounds, as discussed above. Spectra of total energy

depositions from nuclear recoils in the active volume of the

TPC are shown in Fig. 8a (for the standard 2850 m w. e. over-

burden with NaCl rock). The figure shows depositions in

events without any selection requirements (most events also

contained other energy depositions which were not included

in the plotted energies) and in events where there were no

depositions in the TPC other than from the recoils. The verti-

cal black lines indicate 5 events with only nuclear recoils and

without any coincident signals in the skin, liquid scintillator,

or water volumes, i.e. these are events passing the first part

of the selection as described in Sect. 3.3 (also Table 4, upper

part; no multiple scatter or fiducial volume cuts applied yet).

The sharp rise in the number of events at about 10 keV for the

histogram labeled ‘All events’ is due to the nuclear recoils

from muon Coulomb scattering where Geant4 ‘produces’ a

recoiling nucleus only above a certain energy threshold. This

feature is not visible in the other spectra since events where

muons had deposited energy inside the TPC were rejected.

Figure 8b shows the spectra of events in the LXe skin (top),

liquid scintillator (middle) and water (bottom) in coincidence

with events in the TPC which have nuclear recoils only.

Figure 9 shows the spectra of total energy depositions

summed over all deposition types in the TPC for the simula-

tion in the polyhalite rock. Distributions for all events and for

events with only nuclear recoils are compared. Histograms

for events after the veto cuts are also included. Almost all

events below 50 keV are coming from NRs before the veto

cut is applied and all events below 100 keV are NRs after the

veto cut. Hence, considering only NR depositions in further

analysis is justified.

Simulations for the two different types of rock for the two

cavern sizes are compared in Fig. 10a and b, respectively.

Material composition definitely affects the neutron produc-

tion (see Fig. 5a). However, we expect only the high-energy

neutrons produced in the rock to reach the TPC. For these,

the rock composition is not critical. This is confirmed by the

similar shape in the distributions of energy depositions and

absolute rate of events with only nuclear recoils in the TPC

for the two rock compositions (after appropriate scaling to

the same simulated exposure), demonstrated in Fig. 10a.

Naïvely, the size of the cavern should not affect the neu-

tron background for uniform and isotropic neutron emission.

However, fast neutron emission (and we are concerned pri-

marily with high-energy neutrons) is anisotropic [16] and

simple considerations from diffusion theory may not apply.

Moreover, neutron back-scattering at the cavern walls [46],

which is important mostly for thermal and low-energy neu-

trons, may change the neutron distribution for caverns of

different sizes. No noticeable difference in spectral shapes

or absolute numbers were found for the nuclear recoil spec-

tra for all events and for events with nuclear recoils only

(after appropriate scaling to the same simulated exposure,

see Fig. 10b).

It was found that only a very small number of produced

neutrons reach the TPC volume without having any corre-

lated signal in the veto systems (LXe skin, liquid scintillator

or water tank). A small fraction of those originated directly

in the primary muon interactions with the surrounding rock

or with parts of the detector, and they produce signals in the

active TPC volume within about 1 ms after the initial muon. A

larger fraction of neutrons come from the activation of 17N

from 19F within the PTFE-made field cage. The activation

process is similar to the production of 9Li and 8He in scin-

tillators as reported by the KamLAND [24], Borexino [22]

and Daya Bay [35] collaborations. In our case, the neutron

emission from 9Li and 8He in the scintillator is easily tagged
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Fig. 8 a Energy spectrum of energy depositions from nuclear recoils

(NR) inside the TPC from the simulation with NaCl as the rock material.

The solid histogram represents all simulated events in the sample with

depositions from NR. The dashed histogram shows all events where

energy depositions other than from NR were below the imposed thresh-

old. Short vertical lines mark energies of 5 single events which also

passed veto in the skin, scintillator, and water tank. Note the histograms

are binned in logarithmic scale with 10 bins per decade in energy. b

Energy spectra in the veto detectors: skin, liquid scintillator, and water

tank. Events in coincidence with NR-only depositions in the TPC are

included. Depositions above threshold are highlighted with the coloured

area

Fig. 9 Energy depositions inside the TPC for simulations with poly-

halite as the surrounding rock material. The distribution from all events

with NR depositions is compared to the distribution from events with

only NR. Added are also the same distributions but only for events pass-

ing the veto. Note the histograms are binned in logarithmic scale with

10 bins per decade in energy

by the detection of the electron from the beta decay. Also,

the scintillator is further away from the TPC than the PTFE

field cage and the lifetimes of 9Li and 8He are less than one

second, making rejection of these events easier by requir-

ing a delayed anti-coincidence with a muon. Neutrons from
17N decays (4.2 s lifetime) produce signals with a significant

delay after the direct activity induced by the primary muon,

and therefore they avoid any efficient veto from the observed

muon. The simulation produces about 40 (1.3) delayed neu-

trons per 1 t of PTFE per 10 years at the location in NaCl (in

polyhalite). The simulation considered approximately 3.3 t

of PTFE in the field cage around the active region of the

TPC. Smaller amounts of the material may help in reducing

the background rate from this process.

The resulting numbers of selected neutron events are sum-

marised in Table 5. After the full selection process described

in the previous subsection (including multiple-scatter and

fiducial-volume cut as in Table 4, lower part), no events

passed in the sample with NaCl as the material of the sur-

rounding rock. A single event passed the selection in the sam-

ple with polyhalite. In the case where no liquid scintillator is

used as an additional veto system, no events were observed

for the site in salt, and a total of 2 events were observed

for the site in polyhalite. The table includes the estimated

confidence intervals for event rates, based on the statisti-

cal uncertainties only. The estimated rates in both cases are

well below the expected physics background (from atmo-

spheric neutrinos and two-neutrino double-beta decay) of a

few tens of events in 10 years extrapolated from the estimates

in Table 6 of Ref. [36]. We note that the rate of 0.1 events in

10 years of running, listed in Table 5, corresponds to a rate

of 4 × 10−10 events/kg/day.

Conservative systematic uncertainties due to neutron pro-

duction are about a factor of 2. Uncertainties linked to the

muon flux are about 10% for the existing site where the flux

has been measured (but may still be slightly different depend-
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Fig. 10 Spectra of energy depositions from nuclear recoils (NR) inside

the TPC for the two types of rock (NaCl and polyhalite) and two cavern

sizes. The red and orange histograms represent all simulated events in

the sample that contain energy depositions from nuclear recoils. The

blue and green histograms show all events where energy depositions

other than from nuclear recoils were below the imposed threshold. a

Results of simulation with NaCl (solid line) and polyhalite (dashed

line) as the rock material. b Results of simulation with the nominal

(dashed line) and reduced (solid line) cavern sizes with NaCl chosen as

the rock material. The sample with the smaller geometry was scaled up

to the same equivalent exposure as for the nominal geometry

Table 5 Results of MC simulations for the two considered locations.

The column ‘Preselection’ includes all events with nuclear recoils only

(for the exposure time given in the 2nd column) before removing multi-

scatter events and those which are outside of the fiducial volume. The

column ‘Observed events’ includes only single scatters in the fiducial

volume. The upper part of the table refers to the analysis with the liq-

uid scintillator veto. The lower part refers to the no-liquid-scintillator

case. Unified confidence intervals, as suggested in [47], are given for

the number of background events in 10 years at 90% CL and include

only statistical uncertainty; systematic uncertainties in the muon flux

and in the neutron production yield were not included in this table

Equivalent Preselection Observed Rate

Depth/material Exposure (year) Events (per 10 years) 90% CL

With liquid scintillator veto

2850 m w. e./NaCl 29 5 0 <0.84

3575 m w. e./polyhalite 97 10 1 0.10 0.01–0.45

Without liquid scintillator veto

2850 m w. e./NaCl 29 27 0 <0.84

3575 m w. e./polyhalite 97 38 2 0.21 0.05–0.61

ing on the exact location of the laboratory) and about 20%

for a deeper site where the flux has been calculated based

on the geophysical model of the Boulby mine but the exact

location is not determined. We calculated the mean muon

energies to be 259 GeV and 282 GeV for the 2850 m w. e. and

3575 m w. e. sites, respectively. Our simulations did not take

this difference in the muon spectra into account and there is

a small increase in the neutron production yield of (6–7)%

associated with such increase in the mean muon energy. This

change is small compared with the other systematic uncer-

tainties mentioned.

A simplified visualisation of example events is shown in

Fig. 11. The one event which passed all the selection cri-

teria, including the LS veto, for the sample in polyhalite is

shown in Fig. 11a. The observed nuclear recoils are located

at the boundary of the fiducial volume and are caused by a

delayed neutron from the 17N activation in PTFE. The activa-

tion in a muon-induced hadronic shower was a result of π−

absorption on 19F. The small coincident depositions in the

veto systems never crossed the required threshold. No other

delayed activity was recorded within the TPC. The event

passing our selection for the case with no LS veto is shown

in Fig. 11b. The single nuclear recoil is at the boundary of

the fiducial volume. The coincident energy deposition in the

LS volume caused it to be rejected in the scenario with the

LS veto, however, the 2.7 MeV deposition was insufficient to

trigger a WT veto. Similarly to the former event, the recoil

was caused by a delayed neutron from the activation in the
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Fig. 11 Visualisations of individual nuclear recoils in some events of

interest. Two events passing all signal selection criteria for simulations

in polyhalite and within the scenario of no LS veto present are shown

in a and b. The first event, (a), also passed the selection criteria within

the scenario where the LS veto was considered. The event shown in c

was rejected based on the large coincident deposition in the WS and

event d was rejected based on the presence of multiple nuclear recoils

above the assumed energy threshold of 0.5 keV. Locations of individual

recoils of Xe nuclei withing the active volume of the TPC are indicated

in coloured markers. The vertical coordinate Z and radius R from the

TPC’s vertical axis are used. The colours indicate whether the recoil

deposited energy of more than 1 keV (red), between 0.5 keV and 1 keV

(light blue), or below 0.5 keV (blue). Each event visualisation includes

additional information: initial energy of the simulated muon Eμ, time

of the energy depositions since the generation of the primary muon,

number of recoils within the ranges of energy depositions described

above, amounts of energy deposited by the nuclear recoils in the TPC

(Xe), and amounts of energy deposited in the veto systems (LXe skin,

liquid scintillator and water tank) if non-zero

PTFE. The activation was due to a neutron from a muon-

induced hadronic shower within the PTFE. An example event

which was rejected due to the veto from the WT is shown in

Fig. 11c. The nuclear recoils within the detector were initi-

ated by a neutron originating from a muon-induced hadronic

shower in the polyhalite rock. Figure 11d shows an example

of an event which was rejected due to the presence of multiple

nuclear recoils within the TPC.

4 Conclusions

The goal of the work presented here was to investigate the

implication of laboratory depth on the muon-induced back-

ground in a future dark matter, xenon-based experiment capa-

ble of reaching the so-called neutrino floor. As a case study,

we considered two locations at the Boulby Underground Lab-

oratory (UK): an experimental cavern in salt at a depth of

2850 m w. e., and a deeper laboratory located in polyhalite

rock at a depth of 3575 m w. e. These depths are similar to

other underground laboratories around the world, and our
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conclusions apply to those with straightforward scaling for

the actual muon flux. We have carried out detailed simula-

tions of cosmogenic background in a simplified experimental

geometry with the Geant4 simulation toolkit.

We have tested muon-induced neutron production in

Geant4 version 10.5 and compared the results to previ-

ous versions and available measurements. This allowed us

to evaluate a conservative systematic uncertainty of our sim-

ulations to be about a factor of 2.

We have performed simulations for an experiment simi-

lar in configuration to an scaled-up LZ detector. The detec-

tor model contained ∼100 tonnes of LXe with 70 tonnes of

active mass, surrounded by a LXe ‘skin’ and an additional

veto system. We conclude that, after applying a standard sim-

plified analysis procedure and cuts, the event rate caused

by cosmogenic activity stays below 1 event per 10 years in

the fiducial volume of the LXe-TPC (64 tonnes). This rate is

well below the expected background of tens of events from

ERs/NRs from physics backgrounds such as two-neutrino

double beta decay of 136Xe and solar/atmospheric neutrinos

with ER events leaking into NR band due to limited discrim-

ination. From the point of view of cosmogenic background,

a depth of about 3 km w. e. or deeper is sufficient for a next-

generation dark matter experiment based on liquid xenon.

The observed residual background of NR events comes from

the production and delayed β − n decay of 17N in PTFE

(on fluorine) where only neutron scattering is detected. Our

material budget contained about 2.8 t of PTFE. Although the

residual background is very low, the design of a future exper-

iment may need to limit PTFE usage to the necessary mini-

mum.

We have also investigated two veto system configurations:

a default one with instrumented liquid scintillator surround-

ing the cryostat, and an option without the scintillator. No

significant difference was observed between the two scenar-

ios, which lead us to conclude that the additional veto system

is not required to suppress cosmogenic backgrounds for the

goal sensitivity at the studied depth. This conclusion, how-

ever, does not apply to other types of backgrounds where

liquid scintillator is particularly efficient in tagging neutron

events from detector components.
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