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. Abstract

O A measurement is presented of the neutron production rdeathby high energy cosmic-ray muons at a depth of 2850 m water
T equivalent (w.e.) and a mean muon energy of 260 GeV. The measmt exploits the delayed coincidences between muons and
(/) the radiative capture of induced neutrons in a highly sedatetonne scale plastic scintillator detector. DetailednkéoCarlo
E simulations reproduce well the measured capture times artipticities and, within the dynamic range of the instrumtation,
= the spectrum of energy deposits. By comparing measuremattitsimulations of neutron capture rates a neutron yieléad of
(5.7893%) x 10°* neutrongmuor(g/cn¥) has been obtained. Absolute agreement between simukmtidniata is of order 25%.
(7) Consequences for deep underground rare event searchasarssed.
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. Introduction it to be the dominant contributor to their nuclear recoil kbac
o\ 1. Introduct t to be the d t contributor to th | | ba
) ) ground expectation [5].

L Rare signal searches, such as those performed for direkt dar Neutrons arising from radioactive decavs. for example in

[N matter detection |([1--3] and references therein) and rmeastri a fission rocessgor roduced i) rea)éti,ons foIIowi‘r)1

(C\l less double beta decay experimerits ([4] and referencesimer a-deca 01? trace contaFr)ninations of ,heav radio-isoto gha

<" ‘are typically carried out in deep underground laboratoridse ayort y e
energies limited to a few MeV. In contrast, neutrons produce

1 rock over-burden of such facilities removes or dramatjcegt throuah interaction of hiah eneray cosmic-rav muons with-ma
duces many of the background signals that would be preserit 9 9 gy y

) " . r can reach energi f several GeV. Con ntl iler
o™ if the experiments were conducted in surface laboratores. tér can reach energies of several GeV. Consequently, whle

. . . i ivity neutrons m efectivel ntroll ropri-
—] improved sensitivity is achieved, the need to charactens® d oact. ty. eutrons ay beffectively co trolled by approp

S - . ate shielding constructions and selection of radio-puiiébu

* mitigate remaining backgrounds becomes ever more importan. . . . i )

.ing materials, removing cosmic-ray induced neutrons isemor

.— 'One of the most problematic backgrounds that still remans i . : . . .
. . . difficult, with the most fective solution being to go deep un-
that of cosmic-ray muon-induced neutrons, which may becom .
erground where the muon flux is reduced by several orders of

a limiting factor in some next-generation rare event seasch . Lo
q0] This specific type of background already shows its impact inmagnltude compared to that at the surface. Further mitigati

; . . of this background involves large muon vetoes, such asunstr
current dark matter experiments, with XENON100 r(—jpomngmented Wat%r tanks tdfﬁ:ientlygdetect muon tracks far away

from the detector.
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four main processes: (i) muon spallation — muon-nuclearint
action via the exchange of a virtual photon, resulting inleac
disintegration, (iij) muon capture (only dominant for sball
depths,<100 m w.e.), (iii) photo-nuclear interactions in muon-
triggered electromagnetic showers, and (iv) hadron-pctdn

in hadronic cascades initiated by the muon. These secondary
cascades make up most of the muon-induced neutron produc-
tion in deep sites. Specifically, neutrons are predomigamé-

ated by photo-nuclear interactionspfays produced in elec-
tromagnetic showers, neutron inelastic scattering, ppaila-

tion and pion absorption at rest. The rate of neutron pradoct

by direct muon nuclear interaction is significantly smatteain

for the other processes listed [6+-10].

The non-trivial task of measuring the cosmic-ray muon in-
duced neutron yield has been pursued by a number of under-
ground experiments (see [8+11] for a compilation of such re-
sults). Most recently, the KamLAND collaboration has pre-Figure 1: (Colour online) CAD rendering of the veto systemrsunding the
sented muon-induced neutron rates for a number of targetEPLIN-III dark matter detection instrument. The veto khmonsists of 32
isotopes [12]. Additional work from other groups is ongo- vertical G(_j—load_eq polypropylene pieces (Wr_\ite) surr(mhdy_ the same num-
. . .. ber of active scintillator modules (black), with PMTs hodse cups and re-
Ing [6]. While for low-A targets agreement between the dif- cessed into the lower polypropylene structure. The roohefiteto detector is
ferent measurements and simulation toolkits (GEANTZ [13],composed of 20 scintillator modules, which are placed onofoa roof plug.
FLUKA [14, 115]) is reasonable, studies of heavy targets arerhe lower polypropylene structure contains no Gd and resta oopper and
somewhat controversial and inconsistent| [16]. Older meal¢ad base. Finally, a lead castle (only the first few leadkslaare shown on

1 . . the sides facing the back) envelops the entire assemi@)3(m in length and
surements for Pb targets L17, 18]’ 'nC|Udmg beam MeAasure:; 4 min height). For display purposes only, a quarter of tiet#lator bars
ments |[[19], without Monte Carlo simulations of neutron pro- from the barrel are not drawn to reveal the ZEPLIN-III detect
duction, transport and detection, show much larger neutron
yields than expected from simulations|[8+-10, 20]. On the-con
trary, measurements with the veto of the ZEPLIN-II experi-

ment at the Boulby Underground Laboratory showed an overM&asurement of the high energy cosmic-ray muon flux and its
production in the simulation by80% 21]. spallation products. The performance of the instrumentdf w

Here we present a new measurement of the muon-induceyrderstood through data and validated Monte Carlo simula-
neutron yield in lead using the data accrued by a highlyions [26,28]. _ o o
segmented anti-coincidence detector installed around the The veto system consists of 52 individual plastic scintilla
ZEPLIN-III dark matter instrument. The measurement wador modules (51 were active during the second science run)

conducted in parallel to the 319-day long second science rugurrounding a 15 c¢m thick Gd-loaded polypropylene shield-
of the experiment in 204@1. ing, which encircles the ZEPLIN-III instrument. This estir

structure is then enclosed in a 20 cm thick lead castle. A CAD
rendering of the full setup is shown in F{g. 1. For a detailed
description of the design and performance of each inditidua
The ZEPLIN-IIl instrument [22, 23] is a dual phase ligigds ~ component see Ref. [27]. Here, only a short summary is pre-
xenon detector, built to observe low energy nuclear regeils  sented.

sulting from elastic scattering of weakly interacting niess The structure formed by assembling the individual modules
particles (WIMPs). The final scientific exploitation of themy-  can be described by two main geometrical shapes: a circu-
running ZEPLIN project at the Boulby Underground Labora-lar barrel composed of 32 vertical scintillator bars and afro
tory (at 2850 m w.e.) achieved cross-section limits for acal constructed from 20 individual scintillator blocks. Eadiriel

and spin-dependent WIMP-neutron channels o318 pb  bar has a trapezoidal cross-section with parallel sidesrugth

and 8.0x 10°2 pb near 50 GeXt? (90% confidence), respec- 15 cm and 12 cm and a height of 15 cm. The length of the
tively [24,125]. For the second science run the detector wadarrel scintillators is 1 m. The roof sections are of foufel
upgraded with a new array of photomultiplier tubes (PMTs),ent lengths (80, 75, 67 and 51 cm) oriented to form a pseudo-
decreasing internal background sources significantly,[2681  circular shape divided into quadrants and are of rectamgula
a 1-tonne plastic scintillator anti-coincidence detedygstem  cross-section with side lengths of 15 om16 cm. The indi-
(the ‘veto’), mounted around the main instrument|[27]. De-vidual detector bars are made from polystyrene-basediplast
signed for rejecting background events in the WIMP tardet, t scintillator UPS-923A (p-terphenyl 2%, POPOP 0.02%), pro-
veto also helped to decrease systematic uncertaintiegiasgh duced by Amcrys-H, Kharkov, Ukraine [29]. A single PMT
timation of background rates due to independent measurtsmenETEL-9302 KB) is optically coupled to one end of each indi-
of y-ray and neutron rates in the vicinity of the dark mattervidual scintillator bar. Additionally, all bars have beemapped
detector [[28]. In addition, the veto provided an independenin PTFE sheet of high diuse reflectivity, and a highly-specular
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2. Experimental apparatus



reflective aluminised Mylar film is located at the end oppmsit intersected the surface of a cuboid fully enclosing the mainr
to the PMT to increase light collection. ern of the laboratory. The cuboid included an extra 5 m of rock

The polypropylene shielding inside the scintillator const ~ on each side, except for the top which enclosed a total of 7 m
tion is loaded with~0.4% Gd by weight [28]. Thus, many neu- of additional rock. The mean energy of the muon distribution
trons, moderated to thermal energies, undergo radiatipe cawas~260 GeV and 20 million of these muons were generated.
ture on'5’Gd due to its very high capture cross-section of The equivalent live-time of the final simulation for the peas
2.4x 10° barn [30]. This is of great advantage for detecting andstudy amounts te-3.1 years.
identifying radioactivity neutrons from internal detectmm- The comprehensive simulation that was developed for the
ponents. These are detected with higficeency through the ZEPLIN-III experiment has already been well established in
emission of 3—4y-rays (totalling~8 MeV) with a mean delay previous studies [23, 26, 34]. Complementary investigetio
of only ~11us [28]. For the more energetic muon-induced neu-of the veto detector have also been performed [27, 28]. This
trons, which are mostly produced externally, a slower captu simulation was updated to run with version 9.5 (patch 01) of
on hydrogen in the plastic scintillator is expected. GEANT4 for this work.

Data were accrued with a dedicated data acquisition system To model the physical processes for this setup the modular
(CAEN model V1724), digitising waveforms with 14-bit res- physics listShielding, currently recommended for shielding
olution, an input range of 2.25 V, 40 MHz bandwidth and aapplications at high energies, was implemented. It uses the
sampling rate of 10 M8. The waveforms of recorded events Fritiof string model (FTF) and the Bertini cascade (BERT;) fo
were 32Qus in length; they were parameterised using a bespok#he high and low energy ranges (up to 5 GeV), respectively,
data reduction software (‘RaVen’) adapted from that dgvetb ~ similar to theFTFP_BERT reference list but with dierent neu-
for the ZEPLIN-IIl instrument [31]. tron cross-section data (JENDL-HE-20071[35] up to 3 GeV

The veto detector was operated in ‘slave’ and ‘master modé@nd evaluated cross-sections![36] above 3 GeV) [37]. Neu-
simultaneously. In slave mode the veto acquisition system w tron interactions below 20 MeV are described by high-pieais
triggered by an external signal generated by ZEPLIN-llle Th data-driven models with data obtained from the ENBXVII
trigger point and timeline lengths were tailored to enahlasj  library [3€]. Additionally, thermal scatteringfb chemically
dead time free recording of coincident events. The mastelemo bound atoms was implemented for neutron energies below 4 eV,
allowed for independent triggering of the veto system whesn ¢ Which is_especially important to model thermalisation i th
tain requirements were met. One of these conditions was thelastics|[39].
sum of simultaneously occurring pulses in the roof modwes e ~ Secondary particle production thresholds (‘cuts’) were se
ceeding a set threshold (summed in a dedicated hardwaje unito 0.1 mm fory-rays and e/e* which, in lead, translate to
At this depth, most cosmic-ray muons have an arrival dicecti ~30 keV and~250 keV, respectively. This is safely below
which is close to vertical, and thus such a trigger conditiom  photo- and electro-nuclear reaction thresholds.
vides a high #iciency for detection of cosmic-ray muons, but ~ The output generated by the simulation has been designed
adds little to the total data storage or rate implied for tkpez-  to recreate that of the experimemg. a waveform-like read-
iment. out with a resolution of 0.Ls for all 52 individual channels

Critical for a long running experiment is the stability ofeth Sseparately. Thus, direct comparison to data as well as the us
detector system over time. Thus, a number of parameters, irpf similar analysis cuts for experimental and simulatecadsit
cluding electronic gains (measured with the single pheiwel Possible.
tron response of the PMTSs), coincidence rates, background
rates, taggingféiciencies of electron recoil events and environ-4, Event selection
mental parameters, were monitored throughout the course of
the experiment. Additionally, a dedicated calibration mms ~ During the second science run, it was required that the veto b
performed on a weekly basis, with a pulsed blue LED, couplednaximally sensitive to the low energy deposits expectethfro
via fibre optic cable to each individual scintillator barla¢tend ~ Mmultiply scattering radioactivity neutrons anerays. Conse-
opposite to the PMT. Monitoring of the mean of the single pho-gquently, bias voltages for each PMT were adjusted to deliver
toelectron peak and of the centroid of the LED-generateét pea@ dynamic range in the region of 1-70 photoelectrons (phe),

over the duration of the experiment confirmed the systera’s st corresponding to approximately 20-1300 keV at the far end of
bility [28]. the scintillator. A minimum-ionising muon crossing thelful

thickness of a scintillator bar deposits at lea20 MeV and,
thus, muon signals, and a greater number of MeV energy de-
3. Monte Carlo simulations posits from ambieny-ray background, result in heavily satu-
rated pulses. Given a single range data acquisition, r@uprd
Simulated primary muon energy spectra and angular distribuof non-saturated muon events simultaneously with the signa
tions were obtained by propagation of atmospheric muoms fro expected from captured neutrons would not be possible. Se-
the Earth’s surface through an appropriate depth of rockgusi lection of muons from this data set is therefore non-trivioit
the MUSIC codel[32, 33]; this distribution was then sampledcan be achieved by searching for coincident saturatedlsigma
with the MUSUN codel[8, 33]. The energy, momentum, posi-roof and barrel scintillators, due to the optical separatibthe
tion and charge of each muon was recorded at the point wheretihodules.
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Figure 2: (Colour online) Highest energy deposition obsdrn one of the roof
scintillator modules versus the time-coincident highestrgy deposition in a
barrel scintillator module. The dashed line indicates tfapbical cut used to
select the muons. Note that energy depositigif0 phe are saturated.
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Figure 3: (Colour online) The plot shows the highest energgagition ob-
served in a barrel scintillator module when measured inaidence with a
roof module for all prompt energy depositions in the simiolat(black solid).
The red dashed spectrum shows the same but for muon hitsi@nthe muon

crosses both the roof and the coincident barrel module. Thesed to select
muon events is indicated by the thick dashed vertical ¥&8% of muons with
a roof — barrel coincidence have energies above this thigsho

Figure[2 shows the greatest energy deposition observed in
a roof module plotted against the largest corresponding (co
incident) signal in a barrel module for each event, occugyrin
within +0.2 us around the trigger point. This is similar to the
prompt coincidence window used for taggifgay events in
ZEPLIN-III [28]. A well separated population is observe
with a graphical selection criterion indicated. Here, th®p
toelectron scale is defined by using a constant conversiorfa
between the pulse area and the pulse height parameter, whi
was utilised for the single photoelectron calibration. €ithat
the pulse area is lesffacted by saturation than the pulse height
(due to the abrupt cufbin the latter), the impact of saturation
can be pushed to higher energigslQ0 phe), and so improve

separation of event populations. . T 2
lecti ¢ in the simulation foll q imil sults in a complex distribution of coincidences between mod
Se ZCt'On g, mluons in the s_|Lnu ation followe avedry SIMarles. However, the Monte Carlo reproduces the experimental
procedure. Firstly, events with a minimum energy depositio ., reasonably well (the average redugédalue of these 51

observgd from the.summed signal of the veto roof, analogouéoincidence contributions is1.9), confirming that the selected
to the trigger function of the veto detector, were selectad- experimental data correspond to cosmic-ray muon events.
ditionally, as in the data, a cut on time coincidence (0%}

between roof and barrel was applied. In [Elg. 3, the MontecCarl
data are plotted as a function of the largest energy depasiti
the (coincident) barrel module only. Separate curves ave/sh
for all events satisfying the coincidence condition, andofialy
those events corresponding to energy depositions direetly
sulting from muon traversal of scintillator modules. Thé&el- A total number of 7979 muons was selected from the

ence between the two curves is predominantly due to the gnergy|| dataset translating to a rate of 3234 muongay.
depositions from particles generated in showers as muss PaBy comparing the measured rate to the Monte Carlo pre-
nearby. A simple cut at the position indicated by the dashedgjiction, using the normalised flux through a sphere in the
line selects a population which is composed~&3% muon  gimulation in a similar way tol[21], we deduce a muon
energy depositions with the required coincideniceat least  fiyx of (3.75:0.09) x 10® muongscn?. This result is
one roof and one barrel module firing within the defined coin-j, excellent agreement with the last reported value for
cidence window. the muon flux in the Boulby Underground Laboratory of

Confirmation that the identified region in the experimental(3.79+0.15) x 108 muongscn? [21], measured in the cav-
data corresponds to the muon event region in the Monte Carlern hosting both the ZEPLIN—II and ZEPLIN-III detectorsgan
is provided by comparing the event distributions betwedrspa ~8% lower than the value obtained for another cavern in Boulby
of roof modules and barrel modules (scaled to the overall obreported in|[40].
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served muon rate as measured from the experimental data), as
shown in Fig[#. Here, the two upper panels show the distri-
d bution of roof modules (numbered 32-51) registering a deinc
" dence with a specific barrel module (modules 3 and 19, as indi-
cated). Similarly, the lower panels show which barrel medul
?ﬂumbered 0-31) are in coincidence with which roof modules
39 and 46). The inactive module is one of the central roof
scintillator bars (number 50) featuring a length of 80 cmeTh
combination of the relative orientations of the modulegwaé-
spect to each other, their individual response functiond,the
asymmetric impact of the surrounding laboratory geomegry,

An overall dficiency for pure muon events, including pre-
viously mentioned #ects and the (geometric) requirement for
coincidence between barrel and roof is 38086%, where the
error includes uncertainties due to the precise choiceafdh
cation of the selection cuts.
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" " urated pulse is followed by significant overshoot. Singletpklectron-like
a 3 @ pulses are visible where the pulse overshoot starts to ezdinetween 40—
S S 50us). These are suppressed by the pulse-finding algorithneas thulses are
€ 2 1S below the baseline of the waveform. A185us the delayed signal from an ac-
cepted muon-induced neutron event (this particular captignal was observed
1 in 5 scintillator bars simultaneously) is shown and anotheg at~260us. In
this case the signal, with a size of 4 phe, is part of a channéipticity 2 event.
Ladf o g 4 i
00 5 10 15 20 25 30 0 1
Barrel module number Barrel module number

to 40us. A sample waveform of a heavily saturated signal from
Figure 4: (Colour online) Sample of coincident channelsrfitwo barrel slabs g energy deposition of a muon passing through a roof scintil

(top, module 3 and 19) and two roof slabs (bottom, module 39486) with U ; ; ‘ )
all modules (channels) of the roof and the barrel, respelgtivihe simulation, lator bar is given in FId]S. Theftect of these ‘dead’ waveform

scaled to the total muon rate observed in the data, is showhebsed dashed ~P€riods can be seen in F[g. 6, showing a significantly reduced
hatched histogram in comparison to the data (black histopra pulse rate for the first40 us after the muon trigger. Thus, the

timeline for detecting delayed neutrons was restrictethéoré-
gion of 40-30Qss relative to the observed muon. Afiieiency
of ~47% was retained from this timeline selection cut (calcu-
lated from simulations). Furthermore, the maximum number
qu recorded pulses was restricted to 300 entries per evant (a
equivalent cut was implemented in the analysis of the simula

5. Muon-induced neutron yield

The vast majority of detected neutrons produced by muons i
this set-up originates in the60-tonne lead shield, which pro- : ! L :
tects the experiment from ambieptrays. To determine the '[IOE). TEe |(rjnpact_of th'fs restnc_ﬂc()jn 1S ((jj|scussed in Senifid. q
muon-induced neutron yield in lead from the present data we or t e” etection Od mlé(_m"n_ uce neutrons, as compare
count the number of neutrons captured in the veto following 4o Internally-generated radioactivity neutrons, one expan

recorded muon event. This is compared with simulations pelj_ncreased importance of neutrons capturing on hydrogen. In
realysing veto data to support the dark matter search, oreutr

formed using the same analysis cuts. We note that a data 55 o .
with single photoelectron resolution is a real asset: atethe wil have_ scattered V\_"th'n the ZI.E.PLIN_”.I Instrument _anduh
have a high geometrical probability of being captured inGiae
loaded polypropylene shielding immediately surrounding t
target. Most muon-induced neutrons come from outside of the
setup and will more likely be captured in the hydrocarbon-sci
tillator material surrounding the Gd-loaded shielding. iAgie
~2.2 MeVy-ray is emitted following capture on hydrogen, and
As described previously, neutrons are identified throughals ~ therefore signals observed in a single scintillator modare
occurring in one or more of the 51 scintillators as a resuthef  more likely to occur — in contrast to the sevesatay signa-
v-rays emitted following their capture. These signals are deture from Gd capture, which can be recorded simultaneously i
layed relative to the muon’s passage due to the time for taerm several scintillator modules. Due to the relatively longtcae
isation and capture to occur. Ideally, the data would beckest  times of neutrons on hydrogen in comparison to captures on
for the signatures of neutron captures over the entire deno gadolinium, the rejection of the first 46 of the waveforms re-
which these signals may arrive. However, the PMT response tduces the probability of detection with single scintillesnals
a large energy deposition is such that the timelines became &y only ~26%.
first heavily saturated, and then exhibit a large signal siveot. Single scintillator events are more exposed to backgrounds
For extreme energy depositions the overshoots persistapfo and careful consideration of thresholds and a good knovdedg
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pense of a small increase in background rate, the low thigsho
analysis increases the number of detected neutrons stibftan
in comparison with previous works.

5.1. Experiment
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pulses of small amplitudes are suppressed at short decag tim
of those backgrounds are required. Since available statist ~ due to the large pulse overshoots observed following amoen e
the limited pre-trigger timeline fraction are very scaraeaddi-  ergy deposit (see Fi@l 6). A second noise component observed
tional data set from the same run with similar trigger coiodis ~ at longer time scales, visible in Figl 6 betweeB0-50us af-
was used to estimate the background correctly. A dataset dér the start of the muon signal, with sizes of 4 phe and be-
synchronised (with ZEPLIN-III) ‘slave’ triggered veto ews  low, may be attributed to the organic scintillator. Lumioesce
(see Sectio]2) was considered to calculate the backgroundith long time constants is expected from phosphorescemte a
As shown from the analysis of the dark matter search datajelayed fluorescence processes in the plastic scintil(zte
these events are fully consistent wigkray background [25]. €.9.[41,143, 44]).
If tagged by the veto, a prompt signal occurs within atime-win ~ These additional signals could lead to false coincidences
dow of 0.4us [28]. Any signals recorded in the waveforms of between scintillators, generating spurious neutron dietes.
the veto some:s away from the trigger time are due to uncor- Based on the event rates, the probability of false coinaiden
related background events only. Optimisation of the nunaber can be calculated. It was found that for neutron captureteven
neutron captures observed in the muon triggered data, @ith r with a channel multiplicity of twoj.e. two scintillator bars fir-
spect to the number of false events due to background, sesuling within +0.2 us of each other, a signal size requirement of
in a threshold of>10 phe being chosen for single scintillator threshold>4 phe (in each pulse) was fiigient to remove af-
events (the present results were shown to be largely insensi terpulses. For three-fold coincidences between scituitta a
to the precise threshold). Figure 7 shows the rate of backgto threshold of>2 phe per signal was found to be appropriate,
events with a threshold 0£10 phe applied. The rate is ap- and for four or more scintillators, a threshold at the levieho
proximately constant,e. it is independent of the time since the single photoelectron was icient. For consistency, a global
trigger occurred. requirement was set that regardless of the number of daintil

Following the methodology used in the analysis of the darkiors fired in coincidence, all events must have a total sigiza!
matter search daté [25], coincident signals in multipleiei ~ Of at least 8 phe. Despite the lower threshold for multipie-sc
lators can also be searched for, detecting multiple scatted tillator events, accidental rates arising from backgroars a
y_rays fo”owing neutron Capture on gado"nium at later tane lot smaller due to the required coincidence of pulses. Thessa
Coincidences are defined as occurring witkid.2 us of each ~ dataset used earlier to estimate the background rate inrthe s
other. To optimise ficiency, diferent signal size thresholds Scintillator case has thence been utilised to calculatedhéri-
have been required depending on the number of signals in coifpution from background to the yields of neutron capturesitbu
cidence, balanced against the rate of false signals arfising from the multiple scintillator requirements. Backgrourades
non-neutron related sources (background and induced)noisdound are at the level of statistical uncertainties.

Noise from the PMTs can be intrinsic.e. from thermionic Table[1 summarises the results. Each instance in which the
emission and internal radioactive decays, or directly getli  designated criteria were met is interpreted as indicatinga
Especially after larger signals, such as resulting from nsjo tron capture. Most muon-induced neutron captures are ob-
positive ions generated from ionisation of residual gasdhé  served through events seen in single scintillators onlgpiie
PMTs lead to secondary signals, creating afterpulses at shahe higher threshold required. However, a significant num-
time scales of up to severa$ dependent on the ion transit time ber also generate energy depositions observed in coinméden
(seel[41] 42] and references therein). In the present degg af in several scintillators. Overall, a mean of 0.346007 neu-
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Table 1: Measured number of neutrons per muon from the datarirparison
to neutron rates extracted from simulations using the sagairements and 1
cuts as in the experimental data analysis. Background, ritesorrection of
the data, are listed individually for theftérent channel multiplicities, with their
required thresholds detailed in the text. The errors gieetife data are the sum
of statistical errors and the rate coming from random actlecoincidences
of pulses calculated from the average observed pulse ragediven threshold.
Errors of simulated rates are statistical only.

— data

ff// simulation

10t

102

Data Simulation
Channel Eventg Backgroundn/muon n/muon
mult. muon rate (bkg.corr.) 10%

1 0.216(5) 0.019(1) 0.197(5)] 0.145(2)
2 0.088(3)  0.0049(5) 0.083(3)| 0.076(1)
3 0.039(2) 0.0019(3) 0.037(2)| 0.0321(9)

>4 0'029(2) 0'0008(2) 0'028(2) 0'0231(8) Figure 9: (Colour online) Comparison of channel (scintilfamodule) multi-

Total 0_372(7) 0_026(1) 0_346(7) | 0_275(3) plicities per detected neutron in the data (black solidjrtausations (red dashed
hatched histogram). The data are background correcteddicgao Table 1.

Results from simulation are normalised to the total numtdeneutrons ob-

served in the data.
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from experimental data (black solid histogram) and simoiest (red dashed Energy depositions [phe]
hatched histogram). The constant background has beerastdutrfrom the

data histogram. Results from simulation are normalisethéatdtal number of
neutrons observed in the data. Figure 10: (Colour online) Energy depositions of detectedtrons from back-

ground corrected data (black solid) and simulations (rezhdd hatched his-
togram) below the saturation point in the datae, the energy scale is given in
absolute number of photoelectrons (1 ph@0 keV). Results from simulation
are normalised to the total number of neutrons observedei#ta.
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trons (including background corrections) are observeevery
muon detected.

5.2. Comparison with simulations can be used as an additional consistency check, beyondthe in
Monte Carlo simulations of the experiment have been pertial muon identification, taking advantage of the segmented
formed as described in Sectibh 3. The dimensions and pararture of the detector. Figufé 9 shows the number of channéls wi
eters of the apparatus have been previously measured and dég®incident signals involved in each individual neutronréve
umented |[27, 34, 45], including signal gains and attenuatio The data are corrected for the contributions from backgdoun
lengths of the scintillators so that photoelectron specarmbe  coincidences, as given in Taljle 1. Again, excellent agregme
generated. This allows Monte Carlo pseudo-data to be aghlys over the full range of channel multiplicities, is demontth
using identical routines as used for the real data. The dvera In Fig.[I0 the energy depositions associated with the ob-
agreement on the rate of detected neutrons between data aserved (captured) neutrons are given in the region befare th
simulation obtained in this work is good, at the level of 25%.onset of saturation, with excellent agreement betweenlaimu
For the initial discussion the total number of neutrons heesb  tion and data obtained. Although the energy calibratiomiy o
normalised to the data. known to within 10% due to, amongst other factors, the satura
Figure[ compares the time delay distributions for detectedion of the data (see also previous studies with the sameiinst
neutrons from data (solid black) and simulation (red dashed ment [28] 45]), tests in varying the energy scale by this amhou
Excellent agreement between the two distributions is foundresulted in only small neutron rateffirences and are consid-
Moreover, the module (channel) multiplicity per neutroreety  ered in the systematic error of the simulated rate.
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neutron analysis for the initial selection of muon eventejf
— data the final analysis reduces the number of neutron capturek by a
most the same factor in data and simulations. For neutron cap
tures giving a signal in one scintillator only, theffdrence in
the reduction factors is practically the same as for highane
nel multiplicities. For the whole sample of neutron capsutiee
slight difference in the reduction factors between data and sim-
ulations introduces a systematic uncertainty of 4%. This, t
overall detected muon-induced neutron rate from experiaien
data results in 0.3460.007 (stat.y39%9 (syst.) neutronysnuon.
T 3 As previously mentioned, a restriction on the maximum
o Ty iazg/?o—gg?o;;oqlg Inumt_)er of recorded pulses was applied to the data, and simi-
Neutron multiplicity arly in the analysis of the simulation. Importantly, thenmoer
of selected muon events, in both data and simulatiffiected
Figure 11: (Colour online) Relative fraction of neutron tiplicities per muon, by this limitation is in excellent agreement, further supjpg
i:e-the_ngmbtefr ofbdelli:\yed s;gnals oltasg?j/e;i af;?r ?( mul_on triggltrlrei_defineg the performance of the Monte Carlo simulation. In the data 11
e i o3y ©VeNIS were found which werdiecied by his cut; the number
each case. 66% of neutron capture signals associated with events which ~ Of €vents associated with more than 300 pulses in the sironlat
registered a single detected neutron only are observediigtescintillator. (scaled to the data) amounts to+PL When including all en-
ergy depositions in the simulation a higher absolute neutite
is observed{30%). This increase is associated with only a few
] muon events (approximately 1 in 1700) featuring exceptlgna
A muon may produce more than one fast neutron in a cassigh neutron multiplicities. It is worth noting that thesigh

qade, resu]ting in several _neut_ron capture signals {erent multiplicity events are less significant for dark matterrsbas
times and in dferent locations in the veto. Figure]11 shows q,e (o the generally high vetdigiencies expected for these.
the relative fraction of observed neutrons per muon for dath Table[2 shows the relative production of neutrons ified
simulation. When exploring neutron multiplicities, rattiBan  ont materials for all neutrons generated in the simulatioth a
_scallng the S|mu_lat|0n to the t_otal_ number of neutrons oESEr 4 detected neutrons only. As expected, nearly all nestron
in the data, a simple _normallsanon to the number of detected ¢ produced in the rock cavern of the underground laboyator
muons has been applied. Background corrections assume eVgliecting that the simulation includedfiaient volume to re-
distribution of background events. As such, most non-EUtr y4ye edge fiects. Importantly, less than 1.5% of detected neu-
signals occur in one of the empty waveforms following a muonygng are produced in the rock, confirming théeetiveness of
trigger, making up almost 90% of all observed muon eventsyye shielding setup of the ZEPLIN-III detector. On the other
Generally, good agreement is observed. ~ hand, the lead component of the shielding enclosure previde
When scaled to the number of neutrons detected, the simym efective target for neutron production by high energy comic-
lations reproduce well the time distributions, the energpa@  ray muons, with~95% of all neutrons created there.
SitionS and the number Of SCinti"a'[OI‘S inVOlVed in eachmve TableB |ists the Specific e|ements involved in the Capture Of
The absolute numbers of neutrons expected to be observed pgie neutrons, both for detected neutrons and for all theraesit
muon, as determined from the simulation for each individualpn the simulation. As previously mentioned, the vast majaof
channel multiplicity, are also summarised in Table 1, showgetected muon-induced neutrons are captured on hydrogen, e
ing an overall reduced neutron rate from simulations-80%  phasising the importance of measuring the singe2 MeV'y-
(i.e. the total yield from the data exceeds the simulation byray from this process. The captures on Gd amourit®% for
~26%). Discrepancies are largest for single scintillat@res.  thjs configuration at these neutron energies (being mucke mor

At higher multiplicities absolute agreement between satiah  effective for internal radioactivity neutrons due to the dedec
and data is of order 10-20% (cf36% for single scintillator geometry described in Sectibh 2).

events).
The expected total muon-induced neutron rate calculateB.3. Muon-induced neutron yield in lead
from simulations is 0.2750.003 (stat.)*33%7 (Syst.) neu- Asshown in Tabl€l2, the detected neutrons have predomjnant
trongmuon. Systematic errors are calculated from the variabilbeen produced in lead. Thus, the observed neutron rate may
ity in the energy calibration. be used to derive an absolute neutron production yield & thi
To assess the greater discrepancy for single channel meutranaterial. The methodology used follows that of Refs! [7,,21]
events between data and simulation, tests in raising thecdet and is essentially to scale an idealised simulation of wautr
tion threshold and limiting the time window to search for neu production by a mono-energetic beam of muons in pure lead
tron capture signals (further away from the trigger) were- pe by the ratio in rate observed between the present data and the
formed. No significant dierences are observed. Additionally, full detector simulation (assuming that the fraction ofetté¢d
exclusion of the two channels with the highest energy deposineutrons produced in lead 95%) is well described by the sim-
tions from the traversing muon (used prior to the muon-iredlic ulation).
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Table 2: Fractions of neutrons produced iffelient materials for all generated E
neutrons in the simulation and for detected neutrons only. 10_3;
Production material of > 10°L
Material all neutrons detected neutrons % 10_53
Lead 0.2% 95.0% -
Rock 99.8% 1.4% s 07
Steel - 1.2% S107-
CgHg - 0.9% E 108%7
Copper - 0.8% g 10°k
CH; - 0.5% § -mi
Gd-epoxy - 0.1% 10
Liquid Xe - 0.1% oM )
102 10* 1 10 1¢¢ 10° 10

Table 3: Fractions of neutrons captured offetent elements for all and for

Neutron energy [MeV]

detected neutrons only. Figure 12: Diferential energy spectrum of muon-induced neutrons pratiirce

lead fromu~ of 260 GeV.

Capture element of

Element all neutrons detected neutrons

H - 71.1%

Fe - 11.5% was performed for the ZEPLIN-II anti-coincidence system [7
Cl 94% 7.0% 21]. In that work a muon-induced neutron yield in lead of
Gd - 7.0% (1.31+0.06)x 10°2 neutrongmuory(g/cn¥) was reported. Here
Pb - 1.3% we have revisited the simulation, now using GEANT4 version
C - 1.1% 9.5 and theShielding physics list, including thermal scat-
Cu - 0.6% tering cross-sections, and a significantly larger samplpriof

Na 6% 0.2% mary muons. This resulted in a new estimate for the neutron
Mn - 0.2% yield in lead of (3.4:0.1) x 10~3 neutrongmuory(g/cn?) in that

setup. While it is clear that a significant contribution oé th
newly obtained ZEPLIN-II yield comes from the updated sim-

The simulation of a mono-energetic muon beam in lead wasilation, there remains a significant discrepancy with thesent
conducted as follows. Neutron production was recorded foresult. One possible explanation for this is that the angli
a mono-energetic 260 Ge)~ beam (mean muon energy at tribution of emitted neutrons may not be accurately modelle
Boulby), incident on the centre of a lead block of 3206y
thickness. Figure12 shows thef@rential energy spectrum of to neutrons produced in lead above and around the scintilla-
neutrons produced. Only neutrons from the central halfileng tors. The ZEPLIN-II veto system detected neutrons produced
of the lead block were considered to avoid surfadge &ects.
To prevent double counting in neutron inelastic procestes,
first neutron produced in each reaction was dismissed indesies in GEANT4 modelling of the angular distribution of neu-
pendently of its energy. As summarised in Table 4, a proiron emission may explain the observed discrepancy between
duction rate of (4.5940.004)x 103 neutrongmuorn(g/cn?)
was obtained for the physics list and version of GEANT4 used We have also explored the evolution of the neutron produc-
throughout this work §hielding with version 9.5). How-
ever, since the experimental muon-induced neutron rate waer simulations of a mono-energeiic-beam focused on a lead
found to be a factor of 1.280.03 (stat.)*%% (syst.) higher,

0.05

The ZEPLIN-III veto scintillators are predominantly setiva

in lead below and around the liquid scintillator vessel.sTdmd
other diferences in configuration coupled to possible inaccura-
the two results.

tion yield with successive versions of GEANT4. To do this-fur

block have been performed. Table 4 summarises the resuits, i

our results suggest a true production rate by 260 GeV muons @luding the yield obtained with version 8.2 from Ref. [7]. In

(5.78:0.13 (stat.)’

0.16
0.25

(syst.))x 1072 neutrongmuory(g/cn?),

addition, combination of dierent physics lists and GEANT4

assuming neutron transport and detection are modelled accuersions are listed, also linking the custom list usedlirtgzhe

rately.

current high energy reference lists. The bespoke phystsli

In this analysis, uncorrelated arrival of muons is assumedyery similar toQGSP_BIC_HP, featuring the Quark-Gluon String
as opposed to muon bundles produced together by primaQGS) theoretical model at high energies coupled to nudear
cosmic-rays in the atmosphere. A study based on a simple apxcitation with a pre-compound model, the intra-nucleazBy
proximation to find the survival probability of muons atagv.n  Cascade (BIC) model below 6 GeV and the data driven high
depth showed thefiect to be negligible and the error to be very precision neutron packagéiqutronHP) to transport neutrons
small for the measurement performed with the ZEPLIN-III below 20 MeV down to thermal energies. Reasonable varia-

veto detector.

tion of change-over energies between the BIC and QGS models

A similar comparison between simulation and experimentn the custom physics list in comparison to the reference one
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Table 4: Muon-induced production yields for neutrons fafetent versions

of GEANT4 and physics lists (for 260 GeV muons). The neutr@idyfrom 0.002=
version 8.2 is based on the value reported in Ref. [7]. A smaltlification 2 — GEANT4.9.5
has been applied to correct for a previously unaccounteat &rthe rejection
of neutrons produced in neutron inelastic processes talalmible counting € d
(referred to as ‘stars’ in that work). % 0.0015~
GEANT4 physics list muon-induced neutron yield <
version [neutrongmuory(g/cnm?)] 2 0001
8.2 custom list (2.8460.006)x 1073 £
9.4 custom list (3.3040.003)x 1073 ‘g
9.4 QGSPBIC.HP  (3.376:0.003)x 1072 < 0.000
9.4 Shielding (3.682:0.003)x% 1073
9.5 QGSPBICHP  (3.993:0.004)x 1073 7 S
9.5 QGSP_BERT_HP (4.369:0.004)x 1073 0= 4 5 6 7 8
95 FTFP_BERT (4.467:0.004)x 10°3 Number of neutron production process
9.5 Shielding (4.594+:0.004)x 1073

Figure 13: (Colour online) Absolute neutron yields of thegtionportant pro-
duction processes for muon-induced neutrons generated firmg 260 GeV

. . . 1~ on lead using th&hielding physics list and GEANT4 version 9.5 (black
has little impact £3%) on the overall neutron yield. A steady histogram) and version 9.4 (red dashed histogram). Theoreateation pro-

increase with every new version of GEANT4 is demonstrated. cesses are: 1: photo-nuclear interaction-afys ¢ — N), 2: neutron inelastic
The Shielding physics list shows not only the largest scattering (n—>' N), 3: pion spgllatiom( —>.N), 4: muon spallationy( —N), 5:
muon-induced neutron production yield in comparison taoth ﬁ:géouncﬁgﬁlﬁtéigésgs'\')' 6: pion absorptions(” abs) and 7: all other neutron
reference lists, but is also subject to the highest increage-
ing from version 9.4 to 9.5. This is explored in detail in EIg,
showing the individual contributions from the most impoittta
neutron creation processes for muons in lead. The méierdi the steady variation in the total neutron yield with everyne
ence lies in the increased neutron production in inelastid-s version of GEANT4 and physics list; experimental measure-
tering of hadrons and in particular neutrons. ~88% higher ments have been likewise uncertain.
production yield for this process is observed. In this study, a dataset from 319 days of operation of the
Part of the increase observed between versions 9.4 and 9ZEPLIN-III anti-coincidence detector has been analysed fo
of the toolkit (applicable to all standard lists used in thishigh energy cosmic-ray muons. The number of muon-induced
study) can be attributed to the muon-nucleus interactiodeho neutrons has been evaluated by detecting delgy@y signals
(G4vDMuonNuclearModel); as in previous versions, this still following radiative captures. A muon flux in the Boulby Un-
relies on the Kokoulin mu-nuclear cross-sections [46],thaet  derground Laboratory of (3.2®.09)x 10-8 muongs/cn? has
final state of the hadronic vertex is now replaced by®a been determined, consistent with and improving upon presvio
interacting further through the Bertini intra-nuclear cade. measurements. The muon-induced neutron detection rate was
The previous model G4MuNuclearInteraction) replaced measured to be 0.3483% neutrongmuon (quadratically com-
the virtual photon withr*/~ instead, which would then interact bined statistical and systematic errors) traversing thBIAE—
through the lovthigh energy parameterised models (LBEP) 11| scintillator veto. Monte Carlo simulations, using GEAM
— these are known to yield fewer neutrons. There has also begRersion 9.5) and thehielding physics list with the same cuts
increased neutron production in the FTF model, which may acand thresholds applied as used for the analysis of the data, r
count for some of the enhanced yields in 81eielding and  sulted in a neutron capture rate of 028’%2 neutrongmuon,
FTFP_BERT lists; The addition of the Reggeon cascade [47],which is~20% lower than the experimentally measured value.
which can cause more nucleon secondaries, is a possible elowever, absolute rates aside, the simulation reproduesd v
planation, but further study is required [48]. well all tested parameters, strengthening confidence inehe
sults. The ratio of neutron rates between data and simulatio
have been used to evaluate a muon-induced neutron yield in
pure lead of (5.782) x 10°3 neutrongmuon/(g/cn¥) for a
For the development of future rare-event searches, edjyecia mean muon energy of 260 GeV. Additional simulations explor-
in the context of direct dark matter experiments, accuratad ing previous versions of the GEANT4 simulation package con-
on muon-induced neutron yields in several materials is eagr firm the trend of an increasing neutron production rate il lea
importance, as is the ability to simulate these processieg us With every successive distribution of GEANT4 (also shown in
modern Monte Carlo toolkits. Complex models inform the de-other simulation studies|[9, 49]).
sign of large and expensive shielding and veto systems droun Finally, our results confirm the very significant contrilmni
these experiments, as well as the interpretation of thedi da of lead to the production of muon-induced neutrons. As such,
(background expectations). There exists significant uac#y  the use of lead-based shielding to prevemays from the envi-
in the simulated muon-induced neutron rate, as evidenced hynment to propagate into the sensitive volume of the detect
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should be carefully assessed for any future rare eventlsearc[11]
Alternative shielding compositions, such as large wataksa

surrounding the detectors, are already being used in some cdt?
rent dark matter searches [50+-52], as well as discusseeor n [13]

future next generation experiments|[53, 54].
(14]
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