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00O Abstract

This article describes the Monte Carlo simulation used terpret the measurement of the muon-induced neutron fluken t
Boulby Underground Laboratory (North Yorkshire, UK), ratg performed using a large scintillator veto deployedusr the
ZEPLIN-1l WIMP detector. Version 8.2 of the GEANT4 toolkitag used after relevant benchmarking and validation of nautr
¢) production models. In the direct comparison between MoradoCand experimental data, we find that the simulation pcedu
a 1.8 times higher neutron rate, which we interpret as ovedyrction in lead by GEANT4. The dominance of this matenial i
neutron production allows us to estimate the absolute aputield in lead as (1.3% 0.06)x 1072 neutrongmuorn(g/cn?) for a
mean muon energy of 260 GeV. An analysis of the nuclear redoié to muon-induced neutrons in the ZEPLIN-II target vadum
showed that, although a small rate of events is expected thsrsource of background in the energy range of interestiéok
>< 'matter searches, no event survives an anti-coincidenceittuthe veto.
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« 1. Introduction energy neutrons produces nuclear recoils within the erpect
, , .energy range of interactions from Weakly Interacting Maessi
Neutrons constitute a very important background for experipticies (WIMPS). In double beta decay experiments thay co

OO ments looking for rare events in deep underground [abGesor  ip e to they-ray background via inelastic scattering and cap-
(O The vast majority is produced by natural .radloactlvr[y i th 4 re: they also mimic neutrino detection in scintillatoia in-
«— rock or the materials used in the detectors: traces/®N@mit | ore heta decay. Active vetoes are thus necessary to help re

oL particles which may then interact with light nuclei$80)  mqye this background, by looking at coincidences with high e
to produce neutrons; another contrlbut!gﬁn comes from Spong gy denosits from the primary muon or the associated cascad
taneous fission of heavy elements (maififU). The energy |, spite of this, these neutrons can travel far from the obi

(O range of these neutrons is restricted to a few MeV, and it igy o track, interacting in the detector while leaving néiaé

= therefore possible to shield detectors from rock neutr@M  gignature in the anti-coincidence system or the detectelfit

.= H-rich materials, which moderate and capture them. RadioaGye show in Sectiofil4 that the rate expected from such events
N\ tivity from detector parts can in turn be minimised by an ap-j, the energy range of interest is quite low for the curremt-ge

@ propriate choice of building materials and selection othes.  gr4tion of dark matter experiments based on liquid raresyase
Moreover, these local sources of radioactivity can be a8ses |\ hich have only a few kilograms of active material. But with

with dedicated measurements (see, for example, Ref. [éor ,oiects under way to build detectors with hundreds or thou-

case of the Boulby Underground Laboratory). Detailed Mont&sanqs of kilograms, the precise knowledge of this neutron flu
Carlo (MC) simulations can then use this information t0 Opti 5 the ability to model it correctly becomes paramounttier t
mise the geometry of the passive shielding and to predist thijegjgn of hoth the detectors and the associated anti-ctgincé
contribution to the total background of the experimentstiet  qystems. Moreover, current detectors would also benefit fro

ducing its systematic uncertainties. _ _this, as it would allow for a reduction in the systematic esro
A much smaller contribution comes from muon interactions

. . . . of the expected background.
in the rock and surrounding materials, which produce fastne — pjeasuring the flux of muon-induced neutrons is not trivial,

trons with energies up to the GeV scale. These high energys yhe requirements are almost those of a low-background ex-
neutrons can easily penetrate through passive shieldh@fw  periment: the detector must be sensitive to neutrons areldav
can in fact act as a target for their producti(_)n) and intgiract large mass, it must be placed in an underground laboratady, a
the detectors. In dark matter searches, elastic scattefingh i st pe stable throughout the duration of the measurement
which is typically a few months long. Several experimenigha
*Corresponding author: alex@lipc.fis.uc.pt tried to measure this flux in the last decades, using eithmrac
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erators on the surfacel[2] or dedicated experiments in undetepto- production, mainly in electromagnetic cascadg$adro-
ground laboratories [3, 4, 5] 6, 7, 18,19, 10, 11], and severgbroduction, mainly in hadronic cascades.

groups have projects for new measurements (see, for example Negative muon capture is only dominant for shallow depths
[12,(13]). But these results are often mutually inconsisteee (<100 m w.e.), where abundant stopping muons can be cap-
[14,[15,/16] for a more detailed discussion of available Yata tured resulting in highly excited isotopes which then enni¢ o
Moreover, at the time when these experiments were performeat more neutrons. In direct muon spallation the muon-nicleu
detailed MC simulations were not possible due to the lack ofnteraction may be described through the exchange of aabirtu
computational power and adequate theoretical models. photon, resulting in nuclear disintegration. This treatire-

Powerful simulation packages based on advanced theorefows the use of measuredN cross sections (real photons) to
cal models, such as GEANTH4 |17] and FLUKA [18], are now model this process, but breaks down at low energies, when the
available, and although they had some success in explaitming virtuality of the photon becomes comparable to the muon en-
neutron yield in low-A materials, both fail to explain oldeea-  ergy [16].
surements of neutron production in lead, as was investigate Many particles and mechanisms are involved in neutron pro-
[15]. Extracting the neutron yield from available data ig no duction within showers, and so it is not surprising that many
straightforward, as it requires a detailed descriptionigitays-  physics models are required to describe them ovézrint en-
ical processes involved and of the geometrical setup usiimin ergy ranges. In addition, GEANT4 majffer alternative models
experiment. Moreover, such simulations are not trividh&it  to treat each physical processes, which can be selectetdacco
a good knowledge of the muon flux and energy spectrum foing to the particular requirements of each simulation (¢hg.
the particular underground site is essential, as they mhirter  trade-df between computationatfeciency and accuracy is of-
the neutron energy spectrum and yield; the statistifadiency  ten considered). Some of the models available for desgribin
is very low, i.e. a very large number of muons has to be siminteractions of muons and their associated showers weesltes
ulated in order to produce a statistically significant resahd  previously [15] using version 6.2 of the toolkit against eth
it is all too easy to bias the final result while trying to impeo  simulation results; in this work we use a similar set of medel
this dficiency. with version 8.2:

Recent works have used these simulation packages to try to
explain published data [15,119] or to predict the muon-iretiic
neutron background in underground experiments and opimis
the shielding and veto systems (elg./[20, 21]).

‘New measurements of total neutron yield inifelient ma- e photo-productiony inelastic scattering): final states are
terials, the energy spectrum and lateral distribution reigg generated by a chiral-invariant phase-space (CHIPS) de-
the primary muon track are therefore urgent, but should pe su cay model below 3 GeV photon energy, while a theoret-

ported by detailed MC simulations, preferably using mplii- ical quark-gluon string (QGS) model is used at higher
pose packages (such as GEANT4 and FLUKA) so that their energies.

results can be applied to the design of other experiments.
A new such measurement has been performed recently in e hadronic interactions of nucleons, pions and kaons: a

e muon-induced spallation: available above 1 GeV muon
energy; the resulting final states are obtained from pa-
rameterised hadronic models.

the Boulby Underground Laboratory (Boulby mine, North York QGS modelis used for high energies and an intra-nuclear
shire, UK) [22]. Here, a large mass of lead was used as passive  binary cascade (BiC) for low energies. An older parame-
v-ray shielding that completely surrounded the experimenta terised model (LEP) can be used to cover the intermediate
apparatus. A detailed MC simulation of the entire setupnad|o range. This is discussed in more detail further ahead.

for the first time, to test theoretical models directly andiake
a robust prediction of the neutron yield in lead.

In this paper we present the details of the GEANT4-based
MC simulation that was performed in parallel with these mea-
surements. We begin (Sectibh 2) by discussing the validatio , neytron interactions are treated using data-driven models
tests that determined the choice of the model used in the-simu below 19 MeV.
lation of the complete experiment, which is described iniac
[3. In Sectio ¥ we discuss these results and compare them with For electromagnetic interactions the so-called ‘Low Egerg
the experimental data. package was used with production thresholds of a few tens of
keV fory-rays and~1 MeV for e and € in all materials. Such
low thresholds are justified by the importance of the photo-
nuclear process as a significant source of neutrons.

Processes responsible for neutron production by muons can Theimportance of the energy scale at which the changeover
be categorised in four main classey:muon capture and) ~ Petween the BiC and the QGS hadronic models occurs was
direct muon spallation result from direct interactions afons ~ Studied. The former aims to describe interactions in the low

with nuclei. In thick targets showers initiated by a muodtined ~ €nergy range (Ref.[23] recomends its usage below 3 GeV for

spallation are the dominant source of neutrdiis:photo- and P @ndn, and 1.5 GeV for pions, pointing out that it should
work reasonably well up to 10 GeV fqr,n). At very low

e de-excitation of the residual nucleysand fragment evap-
oration, fission, Fermi break-up and multi-fragmentation
(for highly excited nuclei).

2. Model validation



energies (below-70 MeV, but the real threshold depends on FLUKA, while the agreement with version 6.2 of GEANT4 is
atomic massA) it reverts to a ‘precompound’ model, which better at higher energies.

handles the nuclear de-excitation in the pre-equilibritags.

On the other hand, QGS is targeted at high energies (above

20 GeV) and depends on other models to fragment and de-

excite the damaged nucleus after the initial interactiohisT 1072

may involve either the precompound model (this associasion = FLUKA 2003 [14]
usually known as QGSP) or the CHIPS model (QGSC). There 27" GEANT4V6.2[14] % i
. . . —=— GEANT4v8.2 Ry
is currently no theoretical model available to cover thergne A Exp. data 7

region between the BiC and QGS models; the solution com-
monly adopted is a low-energy parameterisation model (I.EP)
but this is not kinematically correct for a single interact{23].

We analysed dierent possibilities to bridge this energy ran-
ge. Firstly the LEP model was avoided altogethergandn,
using changeover energies of 6 GeV (first test) and of 10 GeV
(second test) between the BiC and QGSP models. A third test
relied on LEP forp and n between 10 and 20 GeV (this is
very similar to the approach used in the QGBIE_HP ref-
erence physics list provided by GEANT4 [24]). As for pions
we never extended the recommended range of the BiC model
(1.5 GeV), and thus had to use LEP to bridge to the QGSP min- 5
imum energy (note that this is unlike the QGBRC_HP ref- 10
erence physics list, where the LEP model is used down to low
energies). For all other hadrons, low- and high-energymeara
terised models were used.

These approaches were tested in various materialsfferdi Fi_g‘ure 1: Variation of the neutron _yield (per un?t muon traekgth) with the
ent muon energies. We found that the resulting neutrons/ield'”'t'a' muon energy fqr GH2n scintillator. Experimental data are tak_en from

o L : measurements at various depths between 20 and 5200 m wne. thgimean
always agreed within 10%, which is a smaller discrepancy thamyon energy for the respective depth. Lines connecting taekens are to
that observed between versions 6.2 and 8.2 of the toolkiguide the eye only.

GEANT4 ofers an alternative model to BiC for the treatment

of low energy hadronic reactions, the Bertini Cascade [28%

is similarly found not to alter the total yields noticeabR&]. Figure[2 shows the fierential energy spectrum of neutrons
We thus opted for a direct changeover at 6 GeV between Bi@roduced by 280 GeV muons in this material, as well as the
and QGSP fop andn, as it enables a more direct Comparisoncontributionsfrom the mostimportant individual processehe

neutron production rate, n/u/(g/cmz)
=
IS
T

2 3
10 10 10
E, GeV

with earlier work [15]. photonuclear interaction gf-rays dominates for low energy
) neutrons £40 MeV), while pion spallation is the biggest con-
2.1. Total yield in dfferent materials tributor above this energy. The pion absorption process/isho

We began by benchmarking the neutron yield simulationgh€ expected cutibright below the pion rest mass subtracted
reported in Ref/[15] for dferent materials using a similar setup. Py the nucleon binding energy, but unlike what has been re-

This consisted of a beam of mono-energgtidncident at the ~ Ported in Ref. [[21], where the classical GEANT4 nuclear cap-
centre of a slab of material with thickness 320@rg?; only ~ ture model was used, does not exhibit a distinct peak betitse t

neutrons produced in the central half-length of the slabewerCut-off. In this work we used a new CHIPS-based model, which

counted to avoid edgefects. Treatment of secondary neutronsProduces a smoother spectrum with more low energy neutrons.
produced in inelastic scattering was also considered teepte Muon spallation, responsible for initiating the electrgmatic
double counting. and hadronic showers, clearly contributes very little taech

As most of the available neutron yield data are for organid’eutron production for muon energies above 100 GeV.
scintillators, we started by studying a generic hydrocarbo ~ We also tested other materials of relevance for low back-
CnHan with densityp = 0.8 gicm?®. This can also represent ground experiments, namely NaCl (which dominates the com-
hydrocarbons usually used as passive neutron shieldiggrési  Position of Boulby rock) and Pb (usually used as pasgivay
[ shows the neutron yield as a function of the incident muorshielding). For this study we used 280 GeV muons, close to
energy for this material. Statistical uncertainties arepa- ~ the mean muon energy at Boulby260 GeV), and kept the
rable to the size of the markers. Also shown for comparisor$€lection rules mentioned previously. Figlire 3 shows thed to
are the yields obtained with GEANT4 version 6.2 and FLUKA nheutron yield as a function of atomic weight (average atomic
2003 as reported in Ref. [15]. Itis clear that version 8.2jlevh Weight for compounds). Results obtained with an older versi
still consistent with the experimental measurements, ypeed ~ Of FLUKA [14] and GEANT4 6.2[[15] are shown for compar-
systematically fewer neutrons than both FLUKA and GEANT4ison, along with the respective fits to the power IBwe bA’,
6.2. At low energies the yield is closer to that predicted byWwhereR is the neutron rate and the atomic weight. These

3
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Figure 2: Diterential energy spectrum of neutrons produced ji£ by Figure 3: Neutron yield as a function of the average atomiightédor incident
280 GeV muons (in thick black). Also shown are the contritmai of the most ~ muons of 280 GeV. Shown for comparison are the results aairth FLUKA
important individual processes: photonuclear interactby-rays ¢ — N), in [14] and GEANT4 6.2/[155] and the respective power-law paeterisations.
neutron inelastic scatteringn (> N), pion spallation £ — N) and absorption

(=~abg, and proton p — N) and muon g — N) spallation.

process for neutron production, and its importance deeseas
with both energy and atomic weight [15, 16]. Nevertheless we
discuss it here in more detail in order to test a new implement

. : . 20 i .
ELLJKA ggi;i|_ctchoCr|1$|sirétgg/h_lgr;)ebr rates:30% higher in tion based on the CHIPS concept, which has become available
niizn, ~o0/0 1N VAL an 0N 7D in recent versions of GEANT4.

f Eigure@ sho:/vs the s_pe_c(;[ra for neutro:;&rtgﬂu\se? inNeaCclh CHIPS (see [26, 27] and references therein) was first avail-
of these materials using incident muons o N (for a%able in this toolkit as a nuclear de-excitation model, meant
and GHz,) and 260 GeV (for Pb). It is clear that the increase iNye used in conjunction with other models (such as the QGS)
neutron yield seen in materials with large atomic numberemm

v f | 0 MeV). Th which handled the initial interaction. Recently, new CHIPS
mainly from low energy neutronsy20 Mev). ese spgctra based implementations have become available which include
can be compared with the spectra from rock radioactivite (se

r . the cross-sections of the primary interaction and simutage
Ref. 1] f_or the case of Boulby). wh_|le neutrons from the rock entire reaction for a number of projectiles including muons
are restricted to a few MeV, muon induced neutrons extend to As reported in Refs| [15, 19] the older GEANT4 model for
tens and even hundreds of MeV._ the simulation of muon-induced spallation (MuNuclear)efdi
In COﬂC.|US.IC.)n, the neutron y_|elds from GEANT4 have r_10tt0 describe the results obtained by the CERN NA55 experi-
changed significantly from version 6.2 to 8.2 for the materia ment [2], which claimed to have measured fast neutron pro-

and energies of interest for our experimental setufeBnces duction in graphite, copper and lead using a beam of 190 GeV
to the FLUKA results are still present and in some cases evell ions. Neutron (;Ietectors with a reported threshold- 10

accentuated, with the latter producing nearly twice as many, v/ were placed at 45 90° and 138 regarding the initial

neutrons in Iead_. As was dl_squssed in Ref. [15] thffeden_ce . muon beam. However, the thin target assumption in this exper

in the qeutron yield may originate from an oyer—productlon | iment has been questioned[[15]. We investigated whether the

hadronic cascad(_as by FLQKA: as th_e emission of fast r‘LJ(:Ie"’VieWIy available models could explain the discrepanciesdou

fragments from highly excited nuclei IS not modelled, mate e previously. Four simulations were conductejlusing only the

ergy is available for neutran evaporation. previous GEANT4 muon spallation proces$using the com-

plete set of physics processes described previowlysing

only the new CHIPS model for the simulation of muon pho-
As mentioned previously, the muon-nucleus interaction cafonuclear interactions; ardj using the complete set of physics

be modelled by the eXChange of a virtual photon, which a”OW%)rocesseS, but Se|ecting CHIPS versions whenever a\m(m

the use of cross-sections parameterised for the case oéahe r mely for all lepto-nuclear interactions, capture of neggli

photonuclear interaction. For thick targets this is not@@ant  charged particles at rest, and nuclear de-excitation)e it

yields are consistent with those obtained with version\title

2.2. Muon-induced spallation



three angles. CHIPS produces a better agreement for geaphit
but is still lower for 4% at high energies. The filerences be-
tween simulation and data are not as evident in copper as in
lead, but both models still clearly fail in describing thee-
haviour.

From the analysis of Figurés 5 ahH 6 it is clear that none
of the tested models is able to describe the whole set oftsesul
from the NA55 experiment.

2.3. Muon transport

We also tested muon transport in GEANT4 against FLUKA
and the muon propagation code MUSIC|[30]. For the case
of GEANT4 the two models described[inR.2 to handle direct
muon spallation (MuNuclear and CHIPS) were used, but no
other change was done to the physics list.

B - 2 3 4
10 10 1 10 10 10 10
E,, MeV 0° _ vusic
- FLUKA
fffff GEANT4 - MuNuclear

Figure 4: Diferential energy spectra for neutrons produced in Pb (tines), Eooo GEANT4 - CHIPS
NaCl (dashed lines) and,El2, (dotted lines) for 280 GeV incident muons (ex-
cept for Pb, in which case 260 GeV muons were used). Meaniesafithese .
distributions are 8.8 MeV, 23.4 MeV and 65.3 MeV for Pb, Na@dl &5,H2, 210
respectively. %
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5

g
a) andc) should produce results similar t1) andd), respec- = 102
tively, if the thin target assumption is correct.

Figure® shows the fierential cross-sections obtained from

considering only the primary muon interaction (left) or thié
physics processes (right). Results with the standard péiysi
processesd) andb)) reproduce those obtained with older ver- N ‘ ‘ ‘ ‘
sions [15/ 19], and fail to explain the experimental resultse 0 200 400 600 800 1000
new CHIPS model for muon spallation produces a dramatic in- E, GeV

crease for graphite, showing a reasonable agreement véth th
data; using the complete set of physics processes doesarajeh
this result. As for copper, the primary process by itseiéadty
produces more neutrons than the older one, but in this case |t
is only the use of the complete physics list that brings the si
ulation result closer to the measured yields, showing thiat t First, one million muons with 100 GeV and 1000 GeV were
could not be considered as a thin target. propagated through slabs ofiirent materials with a thickness
The very large discrepancy observed for lead remains unexequivalent to 10 m w.e. Figuid 7 shows the energy distribu-
plained, with the CHIPS-based models yielding approxityate tions of 1000 GeV muons upon exiting a slab of water. Both
the same result as the older versions, about one order ofimagiGEANT4 models agree well with MUSIC and FLUKA, with
tude lower than the measurement. Considering a lower energjte only exception of a factor of 2 enhancement in the num-
threshold for the neutron detectors helps to reduce tltisrdi  ber of muons below 50 GeV (5% of the initial energy) for the
ence, but a value as low as 3 MeV is required for a reasonableHIPS model. We would like to point out, however, that, since
agreement. In any case the shape of the distribution st di electromagnetic processes, such as ionisation, brermkstta
agrees with the measurements. and pair production dominate in muon energy losses, fileete
Figurel6 compares the neutron energy spectra using physie$ muon inelastic scattering (or hadroproduction) can lydrd
lists with complete sets of processes (cagesndd)) for each  seen with this approach.
of these materials. Results from both simulations are niore s We have also checked the reliability of GEANT4 to prop-
ilar in the case of lead, but as already indicated from Fi§ire agate muons through a large thickness of matter. This is rel-
completely fail in reproducing the experimental resultsdd  evant for the calculation of muon fluxes and spectra at large

Figure 7: Energy spectrum of 1000 GeV muons after crossirigra thick slab
water.



do/dQ, barn/sr

A Pb A Pb )
2| m Cu 4 2| m Cu 4
10 F g ¢ 4 10 Fq¢ 4

Muon spallation only

-1 -08-06-04-02 0 02 04 06 08 1

do/dQ, barn/sr

All Physics

-1 -08-06-04-02 0 02 04 06 08 1

cos 0 cos 6

Figure 5: Diferential cross-section of neutron production in (curvesnfbottom to top) graphite, copper and lead by 190 GeV muarsa(l0 MeV threshold).
Plot on the left shows GEANT4 simulations considering oty tirect muon spallation interaction — casgsnd c) — while the one on the right includes the
complete physics lists — cassandd). Solid lines show standard process results; dotted limeséw CHIPS-based processes; markers show the NA55 results

depths underground, and to predict muon event rates frolm hig 3. Simulation of the experiment
energy neutrino interactions. One million muons with 2 TeV )
energy have been transported through 3 km w.e. of standatl- Experimental setup
rock (Z=11, A= 22, density= 2.65 gcm?®). Figure[8 shows the The measurement of the muon-induced neutron flux in the
resulting energy distributions from the three codes: GEANT Boulby Underground Laboratory (1070 m deep, 2850 w.e. [22])
MUSIC and FLUKA. The two GEANT4 models predict very was performed using a liquid scintillator detector whictvee
similar energy spectra and only the results using MuNucleaas a veto system for the ZEPLIN-II dark matter detector [28].
are shown in the figure. Here again théfeliences between consists of a large metal container surrounding the lowiéofia
the two models for muon inelastic scattering are hidden én ththe ZEPLIN-II detector, filled with 0.73 tonnes of liquid gei
much larger energy losses due to electromagnetic interecti tillator with a known composition and density. It was used to
The probability for a 2 TeV muon to survive after 3 km w.e. detect both primary high-energy muons (used as trigger) and
in standard rock is: 0.730 (MUSIC), 0.750 (GEANT4) and secondary (low-energy}rays from neutron capture using de-
0.741 (FLUKA), with a typical statistical error of 0.1%. Mea layed coincidences. Independent electronics and datdskcqu
muon energy after propagationis: 261 GeV (MUSIC), 256 GeMtion systems were installed for this measurement, running i
(GEANT4), 273 GeV (FLUKA), with a statistical uncertainty parallel with the ZEPLIN-I1I experiment (see Figlire 10).
of less than 1 GeV. ZEPLIN-II and its anti-coincidence system are surrounded
The diference between the MuNuclear and CHIPS modeldy a shielding structure made of lead which was designed to
can be seen in Figuké 9, where the energy distributions ate pl attenuate/-rays emitted from the rock walls. This lead ‘castle’
ted after muon propagation taking into account only the muorhas a thickness of 15 cm on the top section and 22.5 cm on the
inelastic scattering process. Muons with 2 TeV energy haveide walls and floor. Weighing in at approximately 50 tonnes,
been transported through 3 km of water and their energyispectit creates an excellent target for the production of newion
have been recorded. CHIPS model predicts larger muon energguons. Between the top of the castle and the ZEPLIN-II de-
loss, resulting in the larger number of muons with smallaren tector, Gd-impregnated wax (0.2% Gd by weight) and a thick
gies compared to the MuNuclear model or MUSIC. A large en{polypropylene sheet were used for the shielding of rock neu-
hancement in the number of muons s seen in CHIPS below 100ons. Several layers of polypropylene (interleaved witim t
GeV (5% of the initial muon energy), an indicator that thispr layers of Gd-loaded wax) were also used inside the leadecastl
cess is highly suppressed for low-energy muons in this modelabove the veto system. Furthermore, the inner surface of the
veto vessel was painted with a mixture containing Gd sale Th
purpose of using Gd around the detector was to increase the
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Figure 6: Energy spectra of neutrons produced in (top tobotgraphite, copper and lead for £38C° and 4% (1st, 2nd and 3rd columns, respectively). Thick
lines show simulation results using CHIPS models — chsiescribed in the text; thinner lines using the models dasdrin sectiofl R — cads). Data points were
taken from the NAS55 publication [2].
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Figure 8: Energy spectrum of 2 TeV muons after crossing 3 ken wf stan- Figure 9: Energy spectrum of 2 TeV muons after crossing 3 kmatér. Only

dard rock (Z11, A=22, p=2.65 gcm®). Mean muon energies obtained from the muon inelastic scattering process was considered. HBANG4 CHIPS
MUSIC, GEANT4 and FLUKA are 261, 256 and 273 GeV, respedfivelith model shows a large increase in the number of muons below &¥0da indi-
survival probabilities of 0.730, 0.750 and 0.741. cation that the model may be unsuited for this energy scale.

number of neutron captures, enhancing the probability af ne applied to the inner surfaces of the veto, in order to mimé th
trons produced by radioactivity in detector componentsigpei Gd-loaded paint. Figuie 10 shows a cross-sectional vieweof t
detected by the veto or the ZEPLIN-II detector itself. final geometry obtained with GEANTA4.

Further details on this experiment, including data acquisi  Muons sampled in the first stage are the input to this simula-
tion and analysis procedures, can be found in Ref! [22] antion. The primary muons and all secondary particles creiated

references therein. the muon-induced cascades are propagated inside this geome
try using the set of physics models described in Sefion 2hEa
3.2. Simulation details energy deposit inside the veto is recorded in a time histogra

The simulation of this experiment can be divided in two which can be directly compared with the experimental result
stages. In the first, the MUSUN [14] code was used to sampl&nergy deposits inside the ZEPLIN-II active volume are also
muons according to their energy spectrum and angulardistrfecorded to aIIow_ comcm_ience studies. For neutron capture
bution at the Boulby Underground Laboratory (obtained withthe capture material and isotope are stored, together mfitin-i
the code MUSICI[[30] propagating a spectrum of atmospheriénat'on about the production of the captured neutron: nedteri
muons from the surface through Boulby rock). The muon fluxParent particle and production process. For the case aisnel
thus obtained is normalised to the one measured in this expelically scattered neutrons we postulate that the highestggn
iment, which agrees within 10% with previous measurement§€utron in the final state keeps the identity of the incidentn
[29]. This results in a mean energy €260 GeV for Boulby ~ tron. Capture times are alsp s_torgd, so that they can be-cross
underground muons. These primaries were sampled on the siitférenced to energy deposits inside the veto. _
face of a parallelepiped encompassing the experimentgl hal About 40% of the experimental data was recorded while the
with dimensions chosen to give a clearance of 10 m, 7 m an#PP Section of the lead castle (and the Gd-loaded wax, C in Fig
4 mto the laboratory walls (top, sides and bottom, respelgfjy ~ Urel10) and the horizontal polypropylene sheet on top of ée d
Two million of these muons were generated and their propert€ctor were notin place —these are called ‘roéif-ans, as op-
ties (energy, momentum, position and charge sign) stored fgposed to the usual ‘roof-on’ runs performed with the coneplet
the second stage. shielding. This modification to the geometry was also inellid

A detailed GEANT4 simulation of the experiment was de-in the simulation for a similar fraction of the processedrase
veloped for the second stage using version 8.2 of this tbolki IN total some 120 million muons were simulated, correspond-
The experimental hall, lead castle, veto detector and the eid to a total live time of 960 days, about 4.7 times longentha
tire ZEPLIN-II detector were included, as well as the nentro the experimental exposure, with each muon generated in the
shield (with Gd-loaded materials). A thin layer of Gd waals first stage being transported through the rock and setuptabou
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Figure 10: Vertical cut of the geometry model used in the GEANiImulation: A — ZEPLIN-II detector, B — liquid scintillat detector (veto), C — Gd-loaded
wax, D — lead castle, E — polypropylene sheets which make epalssive neutron shielding (vertical slabs are interkbavith Gd-loaded resin). Details of the
ZEPLIN-II detector were removed from this figure for simfiiic

60 times using dferent sets of random numbers. trons originated by muons have higher energies and can be cre
ated anywhere. There are also othdfatences, due to exper-
3.3. Validation imental limitations: the triggers used are necessariffed@nt

The detector was calibrated in energy witli°€o source (neutron-induced proton recoils instead of high-energyodés
(at the beginning and end of the run); its sensitivity to neufrom muons) and the fact that the acquisition system was run-
tron captures was tested with a 0.1 GBgdctivity) Am-Be ~ Ning with almost 190% dead-umg during cal_lbratlon._ All sbe
source at the beginning of the run. Both tests were simulateBroblems are obviously not particular to this experiment, b
with GEANT4 using the same geometry and set of physicéather apply to any similar experiment that uses neutrorcesu
models described above, with the onlyfdience being the pri- for their calibration.
mary particles passed to the simulation: for the energypali Nevertheless, this calibration allows us to show that this e
tion y-rays were emitted with energies from either of the twoPeriment is sensitive to neutrons and that our simulatiacis
60Co lines (1.173 MeV and 1.333 MeV); for the Am-Be run curate enough to simulate neutron transport and detectitrei
the SOURCES4A! [31] code was used to generate the enerdy€V and sub-MeV energy ranges.
spectrum of the initial neutrons.

Comparison of these simulations with experimental datg; Regits
shows a very good agreement (particularly in terms of time de
lay distribution ofy-rays from neutron captures) [22], thus val- Some results from this simulation were already analysed in
idating the geometry implementation and physics modeld.use Ref. [22], where it was used as an aid in the interpretation of
Note, however, that the neutron calibration is not ideakf@l-  experimental results.
uating the detector response to muon-induced neutrons: Am- Comparison of the simulated muon rate with the experi-
Be neutrons have, on average, lower energies and are createental value of 52.9 0.5 per day allows the estimation of the
at a fixed location (just below the castle roof), whereas neumuon flux at Boulby as (3.79 0.04 (stat} 0.11 (syst)x 1078
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cm2st, with the systematic error coming from an uncertainty

in the energy scale, discussed in detail in Ref| [22]. Théver

cal depth obtained from this measurement is 2820 m w.e., 10
with the assumption of a flat relief on the surface. Detailed d
scriptions of the procedures to estimate the muon flux anthdep
can be found in Ref[ [29].

As the light collection in the veto was not simulated, the en-
ergy deposition was smeared using a Gaussian distribuitbn w
a standard deviatiom;, given by the equation/E = /o + 8/E
[32]. The parameterg andp were determined by comparing
the smeared spectrum with the measurements, and the resu
was used for the energy calibration of the experimentalaiadia
the definition of the threshold for muons (20 MeV) and delayed
vy-rays (0.55 MeV).

The shape of the time delay distributions ¢efays from
neutron captures) for ‘roof-on’ and ‘roofffd simulations was
compared with experimental data (using the combined daia fr
both experimental runs), showing a good agreement in the in- -4
terval 40 — 19Qus. The first 2Qus were not considered due to 10 0 2 4 6 8 10 12 14 16 18 20
the high level of after-pulsing in the experimental dataciot
ing the muon signal, while the period from 20 to g4®was re-
moved because of the high probability of detectiaays from
neutron captures in gadolinium, which idfdiult to simulate  Figure 11: Relative contribution of e_ach mu_ItipIicity tmt@tal numper of de-
accurately due to uncertainties in its distribution in thaxy tectedy-rays from neutron captures in experimental (solid black) simulated

. . . data (shaded red).
resin and paint materials used.

The agreement in the shape of the simulated and measured
time delay distributions from 40 — 196 also enables a direct
comparison of the neutron rates (defined as the average mumberials for neutron production. In the ‘detected’ colummsyo
of detected neutrons per detected muon)’ by Counting.ms neutrons Withy—ray hits above threshold and in the time inter-
from captured neutrons inside this interval in both disttibns. ~ val 40 — 19Qus were used, while ‘all’ includes all neutrons that
The rate obtained from the experimental data is 0670003  ended up being captured in the simulation (although veryisma
neutrongmuon, while the one obtained from the simulation is there is a finite probability that a neutron leaves the gedost
0.143+ 0.002+ 0.009 neutronsnuon (the systematic uncer- limits of the simulation without being captured). As expkt
tainty comes mainly from the already mentioned uncertdimty hearly all neutrons created in this experiment come frork,roc
the energy scale). In both cases the combined data from tHat only fewer than 10% are detected, attesting ftecéveness
two (‘roof-on’/‘roof-oﬂ-") runs were used. There is a factor of the shield. Lead is by far the blggest prOdUCGr of detected
of 1.8 difference between simulated and experimental valuegleutrons, being responsible f880%. Even in ‘roof-@&" runs,
with GEANTA4 predicting a higher neutron rate than measuredwhen there is a 12% reduction in Pb mass, its contributioneo t
Given the agreement in the shape of the time delay distdbuti Number of detected neutrons decreases by less than 1%. This
in both the AmBe neutron calibration and the background,runscan be due to two reasons. First, the presence of a large golum
it is unlikely that this diference results from a problem in the of Gd-loaded wax in the roof section enhances the moderation
geometry Setup of the simulation or the Capture and low Qnergand Capture of neutrons in this region, further away from the
transport models of neutrons (these models were also tested Veto than the H-rich materials. Moreover, the chosen tinre wi
Ref. [33] and found to be in good agreement with MCNPX dow deliberately excludes the period in which the captunes i
[34]) Therefore, the most probab|e exp|anation for theessc Gd dominate. Scintillator itself does not give a noticeatuln-
of muon-induced neutrons lies in the GEANT4 models involvedtribution to neutron production.
in neutron production. As lead contributes 90% to the neutron production, the in-

Figure[I1 shows the relative contribution of each neutrorfreased neutron rate in the simulation implies that GEANT4
multiplicity to the overall number of detectedrays for both ~ overestimates the neutron production in this material. \dfe n
experimental and simulated data. It is clear that GEANT4 prothat FLUKA predicts an even higher rate, 80% in excess of
duces an excess of neutrons for all mu|t|p||c|t|es up’t@; 12. GEANTA4. This also contradicts the NA55 reSUltS, as disalisse
Constraints in the data acquisition systeffeetively limit the ~ in Sectiorl 2.P. Moreover, the alternative (CHIPS-based)-mo
number of recorded pulses to 16, but analysis of simulatedtsv €ls yield a~1.6x higher rate, and thus go in the wrong direction
with larger multiplicities show that the fraction of missedu- ~ regarding these experimental results.
trons is at the level of a few percent, and thus does not o From the simulation we find that only 42% of neutrons are
significantly to the observedfiiérence in the rates. detected in the time window 40 — 196, and can thus esti-

Table[1 shows the contributions of the most relevant mamate the experimental rate for an infinite time window to be
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Table 1: Contributions of dierent materials to neutron production for captured TR K _
neutrons. ‘Detected’ means neutrons which deposited st 285 MeV in the The contribution of muon-induced neutrons to the back

veto (after gaussian smearing) during the interval 40 —9 events with a grpund of t_he ZEPLIN'” detector was also estimated qsing
trigger signal (muon energy deposition) of at least 20 Me\t: refers to all  this simulation. For this study 55.5 million muons were simu
captured neutrons. ‘Roof-on’ and ‘roofforefer to, respectively, runs with  |ated (corresponding to 1.23 years exposure) using thé-onb
the complete_shleldlng_ and runs without the roof sectionthefPb castle and geometry, and energy depositions in the xenon were recorded
neutron passive shielding. . . . L

along with the hits in the veto to allow anti-coincidencedstu

Material detected all ies. Moreover, nuclear recoils (NR) were recorded seplgrate
roof-on  roof-df and normalised by a conversion factor to obtain the equivale

Lead 91.4% 90.6%| 0.6% energy for electromagnetic interactions{E Enr = Eee/0.36

Rock 6.1%  8.0% | 99.4% [28].

Copper | 2.5% 1.4% - The results of this study are summarised in Table 3, where

the contribution of dierent types of NR events to the back-
ground is shown, using thresholds and energy ranges oéstter
0.188=+ 0.005 neutronmuon. Considering that most neutrons for dark matter experiments (namely the interval 2 — 20 keV
are created in lead and that we have confidence in the sirdulatevhere most WIMP interactions are expected to occur). The ta-
geometry and the GEANT4 models that treat neutron moderdble lists both ‘pure’ and ‘mixed’ recoil events, the lattepre-

tion and capture, and assuming that the ratio of simuladed-t senting events that involve both NR and electromagnetimggne
measured neutron rates is the same as for raw neutron yieldepositions.

in the material, it is possible to estimate the absolutenoeut , ,

yic_—zld of 260 G.eV muons in lead. Using the neutron yield ob-Zﬁ’li'ﬁ,i..Q’é“l"Eg")”ifgif vgﬁtrjrt]f?orbgicei:g:g%ne[:e((:’t\ifn (ter:/g]stﬁoﬁiesr)aﬁagirgy
tained in Sectiofi 211 for 260 GeV neutrons (2831073 neu-  intervals.

trongmuory(g/cn?)) and the 1.8 ratio between the simulated

and measured rates, we estimate an actual neutron yielddn le Eventtype Be (keV) Hits'year
of (1.31+ 0.06)x 1073 neutrongmuory(g/cn?), which is 3.6~ Mixed NR events >0 57.7+6.9
times smaller than expected from FLUKA [15].

In Table[2 the contribution of flierent elements to the cap- Pure NR events >0 13+ 3.3
ture of neutrons is shown for the two situations describedab >2 3.3+ 1.6
(‘detected’ and ‘all’). As expected, hydrogen is respolesfbr 2-20 3.3+ 1.6
almost two thirds of the detected neutrons, again withelitif-
ference between the ‘roof-on’ and ‘rooffbsituations. Scin- ~ Pure single NR events >0 5.7+2.2
tillator is obviously the main contributor to detected hygen 2-20 0.8+ 0.8

captures, with 85% of the neutrons being captured in this ma-
terial, while polypropylene is responsible for only 15%. eTh Anti-coincidence withveto >0 <19(90%C.L.)
small contribution from Gd is again due to the choice of the
time interval for detected pulses. Na and CI (the main con- The predicted number of events involving at least one nu-
stituents of the Boulby rock) are responsible for almosttal  clear recoil (and with any energy deposition) in the target v
neutron captures (99.7%), but have a small contributiolméo t ume of ZEPLIN-II is 57.7+ 6.9 per year, of which 13 3.3
detectedy-rays even when the roof of the lead castle was not irhave no coincident electromagnetic deposition. 8.3.6 of
place, an #ect of the reduced solid angle and the selection cutshese events are expected to fall in the interesting enarpyer
used in the experimental data (threshold and time interval)  for WIMP search, but this number can be further reduced to
Table 2 Contribui ¢ diorent ol © t . Detected 0.8 + 0.8 if we consider that the detector has enough spatial
e e s o o s g resoluion [0 reolve the locations of multiple neuirorstia
smearing) during the interval 4@s to 1904 in events with a trigger signal Interactions and remove these events. Nevertheless, waen w
(muon energy deposition) of at least 20 MeV; ‘all’ refers tbcaptured neu-  introduce an anti-coincidence cut with the veto signal fave
trons.. ‘Roof-on’ and‘ ‘roof-&’ refer to, r_espectively, runs with the complete ing a threshold as high as 1 MeV) no NR event survives. If
:irsllslgrl‘r;gk;:g.runs without the roof sections of the leadleastd neutron pas- only the inner volume of ZEPLIN-II is used in the data analy-
sis (7.2 kg) these neutron rates are reduced by approxiyreatel

Element detected all factor of 4.

roof-on  roof-df Data from the ZEPLIN-II science run [28], with a total ex-
H 65.7% 64.4% | 0.1% posure of 225 kgdays, was re-analysed to search for neutron
Gd 12.5%  10.0%| 0.1% recoils in coincidence with a large muon signal in the vetd, b
o 12.1%  14.0%| 94.5% none was found.
Cu 4.0% 4.4% - These results show that the muon-induced background is
Fe 4.0% 3.4% - not a severe threat for the current generation of detecigits,
Na 0.3% 05% | 5.2% target masses up to a few tens of kilograms, but may become a
others 1.4% 3.3% | 0.1% problem for larger scale targets.
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