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Within the XENON program, we are operating a double-phase-{projection chamber (TPC)
using liquid xenon (LXe) as target material. The currentgghaXENONZ10O installed in the
LNGS, is in science mode since the beginning of 2010, with resisieity goal of 2x 10~4°
cn? for spin-independent WIMP-nucleon scattering. For thetséap, we propose to build a
detector with a total mass of£2tons of LXe (12 fiducial): XENONLT. The goal is to reduce
the background by two orders of magnitude with respect to RENOO, reaching a sensitivity
of about 5x 10~47 cm?. Therefore it is crucial to reduce the external backgrougdsnmas and
neutrons from the ambient radioactivity and the most damgemuon-induced neutrons. A study
of the shield and muon veto needed by the experiment has laaadcon with a full Geant4
Monte Carlo simulation. To shield the experiment at LNGS Vempto build a water tank of 10 m
diameter and 10 m height, instrumented with PMTs to act asrarfRev muon veto. The results
of the simulation show that the gammas and neutrons from anckconcrete radioactivity are
reduced at a completely negligible level, and the muon-gedwneutrons contribute to mimic the
WIMP’s signal with 007 events per year, which allows to reach the foreseen satysif the
experiment.
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1. Introduction

Within the XENON program, we are operating a detector baseithe simultaneous measure-
ment of the ionization and scintillation signals producgdabWIMP interaction in the sensitive
volume of a 3D-position sensitive TPC filled with high purltguid xenon. The current phase,
XENON100 installed in the LNGS, is in science mode since #giriming of 2010, with a sensi-
tivity goal of 2x 10-4° cn? for spin-independent WIMP-nucleon scattering cross eacti

The analysis of 11.2 live days of background data taken duaiicommissioning run in fall
2009 leads to the first science result of XENON100: no evertobserved in the 40 kg fiducial
volume, excluding spin-independent WIMP-nucleon sciaiiecross sections above43x 1044
cn? (at 100 GeV/@), see [1, 2] for further details.

For the next step, we propose to build a detector with a totassrof 24 tons of LXe
(1.2 fiducial): XENONIT. The goal is to reduce the backgrouna rat the level of (L x 103
counts/keV/kg/day=€ dru), two orders of magnitude lower than XENONZ100, reactarggnsitiv-
ity of about 5x 1047 cm?.

2. Thedetector design

The detector of XENONLT is a double-phase (liquid/gas) tprgection chamber. Any in-
teraction inside the active liquid xenon volume of the TP@egates prompt primary scintillation
light (S1) and ionizes the LXe. A strong electric field (thétdield) across the TPC extracts the
ionization electrons from the interaction site and drifiern towards the xenon gas phase above
the liquid. The electrons are extracted into the gas phageardecond electric field (the extraction
field), where they generate a secondary scintillation 3i¢®2) which is directly proportional to
the charge. The event's interaction site can be reconstiugsing the very localized S2 signal
(xy) and the time difference between the prompt and the skognscintillation signal (z). Dis-
crimination between nuclear-recoil-like signals and &tatrecoil-like background based on their
different S2/S1 ratio is possible to > 99 %. Primary and sdaoy scintillation signal are both
detected with two arrays of photo-sensors, one immerseldeinXe below the cylindrical TPC,
and a second one located in the xenon gas above the targete/olm order to reach the design
sensitivity, all materials close to the target volume havée of very low intrinsic radioactivity.
This requirement is of particular importance for the phsémsors. The proposed solution is based
on 3" diameter QUPIDs [3], a novel hybrid photo-detectothwiery low radioactivity, however, it
can be adapted to any other 3" photo-sensor easily. Each @omand bottom) is made of 121
QUPIDs.

The TPC is made of PTFE panels forming a cylinder of about 1amdier and 1 m height.
The cryostat is a double-walled super-insulated pressessel. The inner vessel houses the liquid
xenon (at a temperature ef 180 K), the TPC as well as the photo-sensors. The outer one is a
vacuum vessel to thermally decouple the inner vessel froriemh temperature. The material
choice is between stainless steel and titanium; for botloopgthe foreseen thickness is of about 5
mm for each vessel.

There are currently two options for the underground lalwaind the shield:
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Figure 1: Sketch of the Hall B of LNGS with the pro- Figure 2: The cryostat hosting the XENON1T
posed location for the XENONL1T experiment. detector, placed in the center of the water tank.

o LNGS with the cryostat immersed in a water tank of 10 m diamatel 10 m height, instru-
mented with PMTs to act as a Cerenkov muon veto;

e LSM (where the muon flux is reduced by about a factor 50 witppeesto LNGS , because
of its larger rock overburden) with a conventional leadyedthylene passive shield with a
plastic scintillator muon veto all around it.

In this work we describe the performances of the active weltgrld at the LNGS depth, while
the results of the study for the passive shield at LSM aregotesl in a separate contribution [4].
A sketch of the Hall B at LNGS with the proposed location foe #xperiment is shown in Fig. 1
and the water tank with the cryostat in Fig. 2.

3. MC simulation

A detailed Monte Carlo simulation has been developed wigh@GEANT4 code [5] (version
9.3), describing in detail all the components of the detectyostat and shield.

Since GEANT4 offers alternative models to treat certaingdtg/processes, we mention here
briefly which ones were used in these simulationsMuon-induced spallation (or muon photo-
nuclear interaction) is modeled above 1 GeV muon energy;fitte-state generator relies on
parametrized hadronic models. Gamma inelastic scattetiregreal photo-nuclear interaction,
generates its hadronic final states using a chiral-invaphaase-space decay model below 3 GeV; a
theoretical quark-gluon string model simulates the putihcbugh reaction at higher energies. The
hadronic interaction of nucleons, pions and kaons is sitedlavith the quark-gluon string model
above 6 GeV, an intra-nuclear binary cascade model at lomengees and a pre-equilibrium de-
excitation stage below 70 MeV. The equilibrium stage comsdragment and gamma evaporation,
fission, Fermi break-up and multi-fragmentation of higbkeited nuclei. Neutron transport and
interactions are described by data-driven models below &¥.Mhe elastic scattering of hadrons
above 20 MeV is described by tl&4LElasticmodel. The choice of electromagnetic physics is
more straightforward and will not be described here.

IThe physics list here described is derived from the advaesedhple called “cosmicray_ charging”, available in
the GEANT4 package up to the version 9.2, with the additiotnefhigh precision (HP) treatment of neutron interaction
below 19 MeV. The same physics list was used in other studiiestaneutron production and propagation, e.g. [6]
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Figure 4: Fraction of surviving particles in the wa-
ter shield: gamma (blue) and neutrons (red) from

Figure 3: Black: gamma energy spectrum in the oy and concrete radioactivity, muon-induced neu-
LNGS hall B. Colored lines: gamma energy SPEC-trons (green).

trum after each meter of the water shield.

4. External backgrounds

The sources of external backgrounds potentially dangdmudark matter search in an under-
ground laboratory are mainly:

e gammas from rock and concrete radioactivity,
e low energy neutrons< 10 MeV) from rock and concrete radioactivity,

¢ high energy neutrons (up to tens of GeV) produced by muonisarrdck or in the detector
and shield materials.

Gammasfrom rock and concreteradioactivity In Fig. 3 the energy spectrum of gamma rays in
the Hall B is shown (black line). 1t was measured with a 2” Netietttor and the detector acceptance
has been determined using a GEANT4 simulation. We also pee€d a MC simulation with
GEANT4 considering various layers of water. In Fig. 3 theotetl lines are the energy spectrum
of the survived gammas after each meter of water shield. dtaé flux outside the shield is about
1 cm2s1, in agreement with other measurements done in the LNGS (ge¢7®. The gamma
reduction after each meter of water is shown in Fig. 4. Forgamson, we verified that the flux
reduction after 3 m of water is slightly better than after a@ntional gamma shield made of 20 cm
of lead.

We considered the gamma energy spectrum after 3 m of wat@réathe flux is reduced by a
factor ~ 10°) and we use it as input for a detailed GEANT4 simulation ofXtENON1T detector,
generating the gammas uniformly and isotropically justimlé the cryostat. In Fig. 5 we show the
number of single scatter events in the whole LXe (2.4 torglblae) and in the fiducial volume
(FDV), that is removing the outermost 10 cm (1.2 ton, red)lin the fiducial volume the rate
of events is very low, in particular in the dark matter seagdlergy window (corresponding to 2—
15 keVee) we will have less than 19dru (i.e. about 0.05 evts/ton/year) in the 1.2 ton FDV before
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Figure5: Energy spectrum of the single scatters re-

coils in the whole 2.4 ton LXe volume (black) and Figure 6: Black: energy spectrum of the neutrons
in the 1.2 ton fiducial volume (red) produced by the 5 concrete radioactivity in the LNGS. Colored

gammas from rock and concrete radioactivity afterjines: neutron energy spectrum after each meter of
the shield made of 3 m of water. Rates are calculategy, o \yater shield.

before performing the electron recoil discrimination
cut. The blue dashed line shows the foreseen goal
for the background of the XENONL1T experiment.

the ER rejection cut, well below the background level tdkedaby the experiment (dashed blue
line).

Thus, the conclusion is that 3 m of water are enough to shiedekternal gammas from
ambient radioactivity.

Neutrons from rock and concrete radioactivity Neutrons are produced mainly frofA®U fis-
sion and @,n) reactions and from32Th (a,n) reactions in the concrete that surrounds the LNGS
halls. The neutron energy spectra have been obtained vatmtdified SOURCES code, consid-
ering the following concentrations: [U]=1.05 ppm, [Th]666 ppm [8]. We generate the neutrons
inside a layer of 30 cm of concrete; in Fig. 6 (black) it is sincilve energy spectrum of the neu-
trons as they come out of the concrete. The total flux above/lik8.7 x 10~/ (cnm? s) 1, in good
agreement with the results of the measurements and theatiomulisted in [8].

The water shield is very effective in shielding MeV neutrongith our G4 simulation, as
shown in Fig. 6 (red), we obtain, after 1 m, a reduction of nthan a factor 1& Thus this source
of background is shielded at a completely negligible leyefdw meters of water.

Muon-induced neutronsin therock Neutrons are produced via direct muon spallation with the
nuclei or through the electromagnetic and hadronic cascgdeerated by the muon. Though their
flux is about 3 orders of magnitude lower than that of neutrfoosh concrete radioactivity, their
energy spectrum extends up to tens of GeV, thus they are eedytb shield. Moreover their lateral
displacement can be of several meters, thus even with areaatto all around the detector there
is the possibility that the muon is not tagged but its assediaeutrons can still penetrate into the
shield.

The neutron energy spectrum at the surface between the rockha LNGS hall is obtained
with a complete GEANT4 simulation of the LNGS laboratory lwé minimum amount of 5 m of
rock around the experimental hall. Cosmic muons are gesekaith the proper energy and angular
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Muon-induced neutrons in rock at LNGS: performance of the water shield |

Neutron flux at LNGS: 7.30e-10 (cm? s)"!

LNGS, after 3m water shield: 2.29e-11 (cm® s)"!
LNGS, after 4m water shield: 8.32e-12 (cm® s)”
LNGS, after 5m water shield: 2.23e-12 (cm’ s)’
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Figure 7: Black: energy spectrum of the neutrons produced by muortseimdck at LNGS. Colored lines:
energy spectrum of the neutrons that survive after 3, 4 andbthre water shield.

distribution and all the secondaries are followed and &dattown to the hall. In this way we have
the exact correlation between the position of the primarpmand of the induced neutrons. Since
it is known that GEANT4 underestimates the neutron producf6], the neutron flux obtained is
normalized to the value found in [10] with FLUKA:310%% n/(cn? s) for E, > 10 MeV.

Detecting the muons through their Cerenkov light in the witek allows to tag the associated
neutrons. Depending on the water buffer size (3, 4 or 5 m) #regmtage of neutrons that are
tagged is, respectively, about: 20, 30, 40%, with respettteddlux of neutrons at the surface of the
water tank. The most important reduction is given by the wsltéeld itself: 96, 98, 99.5% of the
neutrons are moderated and stopped by the 3, 4, 5 m water.blliffe total reduction given by the
muon veto and the shield moderation leads to the followiagtfon of neutrons (with respect to the
original ones coming from the rock): 3.1, 1.1, 0.3%; the ggespectra of the survived neutrons
are shown in Fig. 7.

In Tab. 1, we summarize the performances of the various sizegater buffer shield; the
fraction of surviving neutrons as a function of the waterfeuthickness can be seen also in Fig. 4
(green points).

3m buffer % 4m buffer % 5m buffer %

Total neutron flux at the external shield surface .30r10-10 7.3010°10 7.3010°10
Untagged n flux at the external surface 751010 78 5301010 73 4701010 64
Untagged n flux at the internal surface 28101 4 830101 2 220101 05
Number of n in the surface of LXe in 1 year 40 15 3

Table 1. Summary of the performances of the water shield against timrnduced neutrons in the LNGS
rock. The neutron flux is expressed in (€8) ! and the percentages are calculated with respect to the value
of the previous line.

If now we propagate the neutrons in the water tank with 10 nghiteil0 m diameter (corre-
sponding approximately to a%m buffer all around the cryostat) and we look at the recacsum
in the LXe we obtain the results shown in Fig. 8: selectingylgirscatter, nuclear recoils there are
0.07 events per year in the 1.2 ton FDV in the 7-45 keVr energydawn Such a background
can be compared directly with the nuclear recoils given bya GeV WIMP, assuming a cross
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section 1047 cn? (green line): in the 7—45 keVr energy window the backgrowswéll below the
expected WIMP signal.

We conclude that with this water shield the
XENONIT detector is sufficiently protected
against muon-induced neutrons produced in
single seatie, FOV (12779 rock to reach the nominal sensitivity.

| Muon-induced neutrons in the shield and

cryostat Another potential source of back-

ground is given by those neutrons produced by
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Figure 8: Energy spectrum of the single scatters nu-

clear recoils in the whole 2.4 ton LXe volume (black)DeCIaIIy in the hgavy materials that -constltute
and in the 1.2 ton fiducial volume (red) produced b§he cryostat (stainless steel or titanium), they
the muon-induced neutrons in the rock, with the 10 @€ mainly created inside an e.m. or hadronic
height, 10 m diameter water tank as shield and mu@hower, thus they enter into the LXe together
veto. The green line shows the expected recoil spewith a large number of gammas or other par-
trum given by a 100 GeV WIMP with cross sectionticles and the probability to produce a single
1047 cn?. scatter in the fiducial volume is extremely low.

Moreover the water tank will be equipped with PMTs in ordetag the muons detecting the
Cerenkov light produced in water. We plan to have about 80 PE8T diameter) in the lateral and
bottom surface, to get a muon detection efficiency better th88%.

Thus this source of background is reduced to a negligiblellev

5. Conclusions

For the next step of the XENON program, we propose to buildtaaler with a total mass of
2.4 tons of LXe (12 fiducial): XENONIT, with an expected sensitivity of about 047 cnr? for
spin-independent WIMP-nucleon scattering. To shield #tector we plan to build a 10 m height,
10 m diameter water tank, equipped with PMTs to detect muomsigh the Cerenkov light they
emit in water. The results of the Monte Carlo simulation shbat the gammas and neutrons from
rock and concrete radioactivity are reduced at a completedfigible level, and the muon-induced
neutrons contribute to mimic the WIMP'’s signal wittD@ events per year, which allows to reach
the foreseen sensitivity of XENON1T.
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