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Complementary approaches 
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WIMP signature 
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Direct WIMP Detection
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Underground projects 
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Underground laboratories 
2km 
 overburden 
(6000mwe) 

Underground 
Laboratory 

Surface 
Facility 

Muon Flux = 0.27/m2/day 

Wu et al arXiv:1305.0899 

SNOLAB 
JinPing 



Noble gases Neon Argon Xenon 

Atomic Number 10 18 54 

Atomic Mass 20.2 40.0 131.3 

Boiling Point (Tb) 27.1 K 87.3 K 165.0 K 

Liquid density at Tb (g/cm3) 1.21 1.40 2.94 

Fraction in atmosphere (ppm) 18.2 9340 0.09 

Cost $$ $ $$$$ 

Light Yield (ph/keV) 25 40 42 

Prompt Time constant 2.2ns 6ns 2.2ns 

Late Time constant 16us 1.6us 21ns 

PSD yes yes (3 10-8) no 

e- drift velocity at 1kV/cm 2cm/s 2 105 cm/s 2 105 cm/s 

S2/S1 discrimination no 2 10-2 – 10-3 5 10-3 – 10-4 

Open Project lines (1) 3 3 

Nuclear recoil Leff  0.25 
(>20keV) 

~0.1 
(@8keV) 

WIMP ROI (keV) 30-200 8-45 

Wimp Mass of  peak sensitivity ~100GeV ~50GeV 
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Cryogenic Noble Liquids

Target  LXe LAr LNe
 

Atomic Number 54 18 10
Atomic mass 131.3 40.0 20.2
Boiling Point Tb [K] 165.0 87.3 27.1
Liq. Density @ Tb [g/cm³] 2.94 1.40 1.21
 

Fraction in Atmosphere 0.09 9340 18.2
Price $$$$ $ $$
 
 

Scintillator       
Ionizer                                      
W (E to generate e-ion pair) [eV] 15.6 23.6
Wph (,) [eV] 17.9 / 21.6 27.1 / 24.4
 

Experiments in CH ~7 ~4 0
[stopped, running, in preparation]



Signal expected 
!   ρ≈0.3 Gev/cm3 

!   <v>≈230 km/s 

!   a few tens of  events/ton/year 
@σχ=10-46 
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Direct WIMP Search

Elastic Scattering of 
WIMPs off target nuclei 
 nuclear recoil

Recoil Energy:

Event Rate:
N number of target nuclei
ρ

χ
/m

χ
local WIMP density

<σ> velocity-averaged scatt. X-section

Nuclear Recoil
ER ~ O(10 keV)

WIMP

WIMP

v ~ 230 km/s

Detector         Local DM        Physics  
                        Density

Detectable
   Signal
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Direct WIMP Search

Elastic Scattering of 

WIMPs off target nuclei 

 nuclear recoil

Recoil Energy:

Event Rate:

Nuclear Recoil
ER ~ O(10 keV)

WIMP

WIMP

v ~ 230 km/s

Detector         Local DM       Physics  

                        Density
 

                    ρ
χ
~0.3 GeV/c²

                       

Detectable

   Signal

1 event/kg/yr

1 event/ton/yr

WIMP Expectations
scalar -n interaction

CMSSM: Trotta et al.
CMSSM+LHC:
  Buchmueller et al.
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Background 
!   Sources of  background: 

!   Target material 

!   Detector material 
!   Site radioactivity (Radon, 

gammas, neutrons) 
! Cosmogenics 

!   Solar neutrinos 

!   Strategy: 
!   Target purification/depletion 

!   Selection of  Materials (e.g. 
QPIDs for PMTs) 

!   ER/NR discrimination: 

!   S2/S1 (better for Xe) 

!   PSD (Ar only) x3x10-8 

!   single/multi sites (mostly 
TPC).  

!   Self  shielding/fiducialization 

!   Site selection 

!   Active veto 

!   Passive Shielding 



Single or Dual phase? 

Oct.23,+2012+ A.+Hime+=+LANL+ 17+
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D. N. McKinsey and J. M. Doyle, J. Low Temp. Phys. 118, 153 (2000).!
D. N. McKinsey and K. J. Coakley, Astropart. Phys. 22, 355 (2005).!

M. Boulay, J. Lidgard, and A. Hime, nucl-ex/0410025.!
M. Boulay and A. Hime, Astropart. Phys. 25, 179 (2006).     !

σ≈10cm 
No S2/S1 discrimination, but no pile-up 
Strong fiducialization needed ~ 10% 
high optical coverage~70-80% -> lower 
threshold 

σx,y≈3mm 
σz<1mm 
moderate fiducialization~50% - 70% 
several kV electric field 

/ Xe 



Why noble gases? 
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Enectali Figueroa-Feliciano  /  Aspen 2013 - Closing in on Dark Matter
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The low mass struggle 
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arXiv:1304.4279DAMA/Libra
 

CRESST
 

EDELWEISS
 

CoGeNT
 

CDMS-Ge
 

CDMS-SI
 

XENON10
 

XENON100

CoGeNT: arXiv:1208.5737

CoGeNT: PRL 106, 131301 (2011)

The low-mass WIMP Landscape
CDMS-Si favors a 
WIMP region of  
interest at 8.6 GeV 
with 1.9x10-41 cm2 

cross section. 
Consistent with 
CDMS Ge limits 
and with a WIMP 
interpretation of  the 
COGENT 
experiment, not so 
much with DAMA 
and CRESST. 
In tension with 
limits from Xenon 
10, Xenon 100 
experiments All region excluded by LHC:  

if  this is a WIMP, it’s not the same one… 



Generation 1 
10-45 cm2 



Xenon 100 Introduction XENON100 XENON1T

The XENON program
• XENON10: 15 kg active mass
• XENON100: 62 kg active mass

• Currently running

• XENON1T: ⇠2.2 T active mass
• construction just started!

Laboratori Nazionali del Gran Sasso (Italy)
⇠ 3 650 m.w.e. shielding

XENON100 TPC

• 30 cm length and 30 cm ?
• 161 kg LXe (30 – 50 kg FV)
• Selected low radioactivity materials

XENON100, Astropart. Phys. 35 (2012) 573
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• XENON1T: ⇠2.2 T active mass
• construction just started!

Laboratori Nazionali del Gran Sasso (Italy)
⇠ 3 650 m.w.e. shielding

XENON100 TPC

• 30 cm length and 30 cm ?
• 161 kg LXe (30 – 50 kg FV)
• Selected low radioactivity materials

XENON100, Astropart. Phys. 35 (2012) 573

Introduction XENON100 XENON1T

Results from 225 live days data (2012)

Science data Spatial distribution of events

• No significant signal over expected background
! Exclusion limit derived using profile likelihood method

Electronic and nuclear recoil backgrounds considered
Recent publication of the neutron background estimation, XENON100 (2013) arXiv:1306.2303

• BG expectation in the benchmark region: (1.0±0.2) events

Located in LNGS (3800mwe) 
62kg LXe (34kg FM) 
dual phase TPC 30cm x 30cm 
241 1” PMTs 
in 2012 2 events observed  
compatible with bkg expectations 
Currently holding best limit for Mχ>10GeV 



Xenon 100 and the present 
scenarion 
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The current WIMP Landscape

KIMS

at higher masses

PRL 109, 181301 (2012)

XMASS

spin-independent, elastic interactions



Dark Side 50 

2-phase argon TPC	


Argon depleted from 39Ar	


Three-fold discrimination	


(S1 pulse shape, S2/S1, sub-mm reconstruction)	


50kg active target, 33kg fiducial	


38 3” PMTs	


Goal: 1.5 10-45 cm2	
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FIG. 1: From left to right: the DarkSide-50 detector in its cryostat; DarkSide-50 in the neutron veto; the
neutron veto in the CTF. (The center and right panels show an earlier version of TPC and cryostat.)

A limiting background for all dark matter detectors is the production in their active volumes of nuclear recoils
from the elastic scattering of background neutrons. An active veto with a high neutron detection e�ciency
allows a large fraction of these recoil backgrounds to be identified and removed. This not only reduces the direct
background in the experiment, but the in situ background measurement provided by the active veto also makes
the prediction of the residual, un-vetoed, neutron recoil background much more concrete.
DarkSide-50 will be deployed, enclosed in its liquid scintillator neutron veto, in the Borexino Counting Test

Facility (CTF – see Fig. 1)) in the Gran Sasso Underground Laboratory (LNGS) in Italy. The CTF [13] is a 10-m-
high, 11-m-diameter water tank, instrumented with photomultipliers. For DarkSide, the CTF will serve both as
a cosmic-ray muon veto and as shielding against radiogenic and cosmogenic backgrounds. The availability of this
facility is an important jump forward in the realization of DarkSide. Following our proposal to run DarkSide-
50 in the CTF, many groups of the Borexino Collaboration decided to join the DarkSide collaboration, bringing
further expertise in low-background counting, liquid scintillator purification and handling, and LNGS operations.
The ability to precisely understand DarkSide-50’s very low background will give the relatively small-sized 50

kg detector some real physics potential – the ability to make a convincing claim of dark matter detection based
on the observation of a few events in a 3-yr exposure, which corresponds to a cross section of a few 10�45 cm2

for 100GeV WIMPs, with its first deployment using R11065 Hamamatsu 3” PMTs. The very low backgrounds in
DarkSide-50 will also allow the experiment to demonstrate that several ton-years of background free operation
would be possible in a larger detector of similar construction. The unique features and modest size of DarkSide-
50 make it a compelling and very a↵ordable stepping stone towards the development of larger, second generation
(“G2”) and third generation (“G3”) argon-based experiments. The strong �/� rejection factors possible with
depleted argon TPCs (10�8 from pulse shape discrimination, 10�2–10�3 from S2/S1, <0.04 from 39Ar depletion)
make this option particularly suitable for a future competitive discovery program at the “G3” stage.

III. OVERVIEW OF THE DEPLETED ARGON TPC DETECTOR

In this experiment the active medium for the detection of dark matter WIMPs is liquid argon, a cryogenic
material with excellent scintillation and ionization properties. If WIMPs exist they are expected to collide with
nuclei and produce a recoil atom with kinetic energies up to 100 keV. The recoil atom produces a short track of
ionization and metastable atoms. After the initial ionizing event, a sequence of reactions occurs that involves
recombination of electron-ion pairs and formation of excited diatomic molecules that decay with the emission of
128-nm scintillation photons. There also remain free electrons that have not recombined.
In a two-phase TPC, an event is detected by observing both the scintillation photons and the free electrons. For

background events resulting in a recoiling electron, such as beta or gamma events, the low density of electron-ion
pairs results in less recombination and therefore less scintillation and more free electrons, as compared to a nuclear
recoil track of high ionization density [14–16]. The ratio of ionization to scintillation thus allows separation of



Active Neutron Veto 
Installed in LNGS Hall C, CTF of Borexino	


30 tons liquid scintillator neutron veto	


110 8’ PMTs	


Borated PC+PPO mixture���
~60kev n capture	


@0.6phe/keV	


capture time reduced 250us -> 2.3us	


99.5% efficiency on radiogenic neutrons	


1,000 tons water Cherenkov muon veto	


80 8’ PMTs	


99.9% effciency 
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FIG. 1: From left to right: the DarkSide-50 detector in its cryostat; DarkSide-50 in the neutron veto; the
neutron veto in the CTF. (The center and right panels show an earlier version of TPC and cryostat.)

A limiting background for all dark matter detectors is the production in their active volumes of nuclear recoils
from the elastic scattering of background neutrons. An active veto with a high neutron detection e�ciency
allows a large fraction of these recoil backgrounds to be identified and removed. This not only reduces the direct
background in the experiment, but the in situ background measurement provided by the active veto also makes
the prediction of the residual, un-vetoed, neutron recoil background much more concrete.

DarkSide-50 will be deployed, enclosed in its liquid scintillator neutron veto, in the Borexino Counting Test
Facility (CTF – see Fig. 1)) in the Gran Sasso Underground Laboratory (LNGS) in Italy. The CTF [13] is a 10-m-
high, 11-m-diameter water tank, instrumented with photomultipliers. For DarkSide, the CTF will serve both as
a cosmic-ray muon veto and as shielding against radiogenic and cosmogenic backgrounds. The availability of this
facility is an important jump forward in the realization of DarkSide. Following our proposal to run DarkSide-
50 in the CTF, many groups of the Borexino Collaboration decided to join the DarkSide collaboration, bringing
further expertise in low-background counting, liquid scintillator purification and handling, and LNGS operations.

The ability to precisely understand DarkSide-50’s very low background will give the relatively small-sized 50
kg detector some real physics potential – the ability to make a convincing claim of dark matter detection based
on the observation of a few events in a 3-yr exposure, which corresponds to a cross section of a few 10�45 cm2

for 100GeV WIMPs, with its first deployment using R11065 Hamamatsu 3” PMTs. The very low backgrounds in
DarkSide-50 will also allow the experiment to demonstrate that several ton-years of background free operation
would be possible in a larger detector of similar construction. The unique features and modest size of DarkSide-
50 make it a compelling and very a↵ordable stepping stone towards the development of larger, second generation
(“G2”) and third generation (“G3”) argon-based experiments. The strong �/� rejection factors possible with
depleted argon TPCs (10�8 from pulse shape discrimination, 10�2–10�3 from S2/S1, <0.04 from 39Ar depletion)
make this option particularly suitable for a future competitive discovery program at the “G3” stage.

III. OVERVIEW OF THE DEPLETED ARGON TPC DETECTOR

In this experiment the active medium for the detection of dark matter WIMPs is liquid argon, a cryogenic
material with excellent scintillation and ionization properties. If WIMPs exist they are expected to collide with
nuclei and produce a recoil atom with kinetic energies up to 100 keV. The recoil atom produces a short track of
ionization and metastable atoms. After the initial ionizing event, a sequence of reactions occurs that involves
recombination of electron-ion pairs and formation of excited diatomic molecules that decay with the emission of
128-nm scintillation photons. There also remain free electrons that have not recombined.

In a two-phase TPC, an event is detected by observing both the scintillation photons and the free electrons. For
background events resulting in a recoiling electron, such as beta or gamma events, the low density of electron-ion
pairs results in less recombination and therefore less scintillation and more free electrons, as compared to a nuclear
recoil track of high ionization density [14–16]. The ratio of ionization to scintillation thus allows separation of
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XMASS
131: Masaki Yamashita

Plans to scale to G2 (5t->1.5tFM) and G3(20t->12tFM) 
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XMASS
 291: Kai Martens 
 XMASS refurbished
 → lower background
 

 data taking next month 
131: Masaki Yamashita

For higher WIMP mass, unexpected surface background. 
In 2013 PMTs will be refurbished to handle this problem 



LUX @ Sanford Lab 2013

• LXe TPC - 300 kg active / 100 kg fid.
 Installed in water shield at Sanford Lab 

Davis Campus 4850’ level Aug 2012
 Xenon condensed Feb 2013

• Detector
 Circulating > 20 SLPM with 2-phase heat 

exchanger @ >90% eff.
 Good purity after < 2 months (Electron 

drift attenuation >100 cm)
 Excellent light yield - 8 phe/keVee, zero 

field, 122 keVee
 85Kr @ 4ppt (less than PMT bkg.)

• WIMP Searches
 Plan short (~ 60 day) WIMP search run - 

result by end 2013 - non-blind analysis
 Full year-long WIMP search run to begin 

in 2014/5 - blind analysis

Large Underground Xenon 
Experiment

122 Hamamatsu 
R8778 Low bkg. PMTs
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ArDM 
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ArDM: Dark Matter with 1t-LAr TPC    

Fully PMT-based readout:

• 2 new arrays of 12 x 8“ Hamamatsu PMTs

   (R5912-02MOD-LRI), TPB coating

• primary scintillation light (in liquid)

• charge via proportional scintillation (in vapor)

  → discrimination with PSD, charge/light ratio

Active LAr target: ~0.8 ton 

Tetratex® side reflectors coated with TPB

Drift field : ~1 kV/cm 

• ~100 kV at cathode, 

    supplied using VHV feedthrough
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ArDM 
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The new ArDM detector, 

fully assembled in the LSC 

clean room, being installed 

into the detector vessel 

Hall A at LSC

ArDM: Dark Matter with 1t-LAr TPC    

Installed at 
Laboratorio 
Subterráneo 

de Canfranc (LSC)

GAr data@LSC

F. Resnati, LIDINE 2013

α partial energy 
deposit in GAr

241Am α

● Installation of ArDM finished March 2013
 

● currently: commissioning with GAr
improved uniformity. Detector is taking data.
LY=2 pe/keVee @ E=0 keV, measured with 
material screening with HPGE @ LSM
in-situ n-measurement with liquid scintillator

 

● Next: LAr comissioning 
LAr tests: HV, purification, cryogenics...
expect physics run by 2014

ETHZ



Generation 2 
10-47 cm2 



DEAP 3600 
DEAP-3600 Detector 

3600 kg argon target 
 (1000 kg fiducial) 
in sealed ultraclean 
Acrylic Vessel 
 
Vessel is “resurfaced” 
in-situ to remove  
deposited Rn daughters 
after construction 
 
255 Hamamatsu 
 R5912 HQE PMTs 8-inch 
 (32% QE, 75% coverage) 
 
50 cm light guides + 
  PE shielding provide 
neutron moderation 
 
Detector in 8 m water 
shield at SNOLAB 
 
 



DEAP 3600 
Light Guide Bonding onto Acrylic Vessel 



DEAP 3600 physics potential 

Post LHC remaining minimal SUSY 
models  
can be investigated at mχ> 350 GeV 

Xenon and argon for direct WIMP scattering, two potential targets 
  for v. large mass searches 

1000-GeV 

DEAP-3600 will be sensitive to much of the remaining SUSY parameter space for 
the simplest cMSSM and NUHM models, 
  similar sensitivity to XENON-1T for high-mass WIMPs, best-fit point for cMSSM 
  remains out of reach for both. 

Figure adapted from C. Strege et al.,  JCAP04(2013)013 

Physics Context: Spin-independent DM Sensitivity 

(current best limit) 



DEAP 3600: scale-up 
50-Tonne liquid argon detector (conceptual) 

“Conventional” 
   ultra-clean acrylic 
   vessel,  
    constructed UG 
 
Sanded over ~months 
  to remove deposited 
  daughters, meets 
  requirement 
 
150-tonnes DAr in AV 
  50-tonne fiducial 
 
Requires UG storage 
  of argon target 
 
Will investigate PMTs 
  versus SiPMs 

Tentative Project Schedule 
2013,2014: 

 Conceptual design/safety analysis, develop budget 
 Identify space requirements, submit space request 

  and development requests 
                (Start DEAP-3600 Data collection, focus of effort) 
 
2014,2015: 

 More detailed engineering for budgeting 
 Design/plans for depleted argon storage and delivery 

 
2015-2017: 

 Detailed engineering for contracts/fabrication 
 Implementation of DAr storage and argon collection start 

 
2017-2020: 

 Construction and Installation 
 Continued DAr collection/storage 
 (End DEAP-3600 Data collection) 

 
2020-2025: 

 Operation 
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FIG. 7: Two-stage Vacuum and Pressure Swing Adsorption plant developed at Princeton. The plant has been
operating since February 1, 2010 in Cortez, CO. In the foreground, from left to right: Princeton postdoc

Henning Back, Fermilab engineer D. Montanari, and technician Alvin Collom.

FIG. 8: Cryogenic Distillation Column: the assembled column at the end of January 2010 in the Proton
Assembly Building at Fermilab.

and H2O. Electronegative contaminants such as O2 and H2O capture electrons during drift and reduce the number
surviving to the gas phase [27]. An O2 contamination <0.3 ppb is required to achieve an electron drift lifetime
>1ms [28], as required for optimal operation of the DAr TPC. While pure DAr transmits its own scintillation
light, this can be absorbed by chemical impurities. Studies by the WARP collaboration using LAr also showed
significant reduction in scintillation light output in small scale detectors containing ppm levels of N2 and O2 [29].
Heated Zr-based getter systems capable of reducing the concentration of N2, O2, and H2O below 1 ppb in

noble gases are commercially available [30]. After reduction of electronegative impurities to the level of a few
ppb or better during filling, experience shows that runtime purification with the same heated Zr-based getters

Depleted Argon 
!   Ordinary atmospheric argon contains 

cosmogenic 39Ar 
!   β-emitter (Q=565keV, τ=388yr)  

!    39Ar/Ar = 8�10-16 è ~1Bq/kg. 

!   TPC drift times: ~ 500 μs/m. 
!   Above 1t pile-up becomes an issue. 

! Undeground Argon facility established in 
2011 in Colorado within DarkSide. 
!   Will serve DarkSide50 and DEAP 3600.  

!   Production rate ~ 1kg/d 
!   need to improve to >100kg/d for multi-ton 

detectors 

depletion factor: >100 
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DEAP twin experiment:  

investigation/confirmation 

500kg/150kgFM 

Dual target: LAR and LNe  

Plans to scale up to 45t 
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Xenon 1t 
Introduction XENON100 XENON1T

XENON1T sensitivity goal

• Sensitivity goal: � = 2⇥ 10�47 cm2 for 50 GeV WIMP mass
(calculated for 1.1 ton FV)

• Hopefully a WIMP detection!

Xe
3.5 ton 1 m

10 m

Water

29

XENON1T: DETECTOR

TPC Design
- reflects current XENON100 design
- informed by continuous updates from 
various R&D efforts and simulations
- 100 kV FT tested. Final version for 
XENON1T to be validated on Demonstrator 
- model implemented in Geant4 for 
background optimization
- material and selection selection ongoing

Tuesday, April 16, 13

1m

Introduction XENON100 XENON1T

XENON1T status

• Construction started in HallB at LNGS
• Currently support building
• Next construction of the water tank

• Detector design
• Teflon UV reflector + high transparent meshes
• Cooling using pulse tube refrigerators
• Purification rate ⇠ 100 s.l.p.m.
• 1 m e�-drift and 100 kV HV demonstrated

XENON1T current TPC design

1mx1m dual-phase Xe TPC with 100kV  
Construction started ~2months ago 
3.5t active target: 2t fiducial 
248 3” PMTs 
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Dark Side 5t 
DarkSide 5T (G2) at Gran Sasso 

7/25/12 Katsushi Arisaka, UCLA 5 

Richard Saldanha’s talk 40Ar 
5 ton 

(3 ton) 

2 m 

Water 

Liq. Scinti. 

3��PMT x 600 

submitted for DOE approval in Novemer 2013 



Generation 3 
10-48 cm2  

(and beyond?) 



LZ 
Proceedings of the DPF-2011 Conference, Providence, RI, August 8-13, 2011 3

Figure 1: Size comparison of the LUX, LZS, and LZD detectors, including LZ scintillator volumes. LZS and LZD represent
mass scale-ups beyond LUX by factors of ⇥5-10 and ⇥60, respectively. The modest increase in linear dimension for the
LZS active region allows the detector to make use of the existing LUX water tank. LZD will require a 12 m ⇥ 12 m
water shield in a separate lab space.

Figure 2: Single photoelectron and gain measurements with a 7.6 cm Hamamatsu R11065 PMT. The PMT was tested
in liquid xenon (-100� C) at 1500 V. These tubes are shown to perform comparably in liquid xenon as compared to the
5.7 cm R8778 PMTs used in LUX.

with 0.5 kg of liquid Xe and four R8778 PMTs, all housed within a stainless steel double-walled cryostat built
to contain the full LUX experiment. Using a novel heat exchanger design which has since been implemented
in LUX, the cooling power required for the detector was reduced from 500 W to 20 W. This heat exchanger,
coupled with a circulation system that uses a weir to set the liquid height and a commercial gas-phase getter for
purification, produced a >1 m electron drift length (the greatest length measurable with the 5 cm high TPC)
on a time scale of ⇠4 days, as shown in Fig. 3.
The LUX and LZ detectors will be cooled by thermosyphons, comprised of closed loops of N2 which e�ciently

cycle heat from the detector internals to a liquid N2 reservoir. Each main LUX thermosyphon is capable of
delivering >1 kW of cooling power, while the projected power required for cooling the detector itself is of order
10 W. This means that the LUX thermosyphon system can easily be scaled and used for LZ, with no significant
improvements in technology required.
LUX will test a charcoal-based system for the removal of Kr traces from Xe. Of particular concern is 85Kr, a

beta emitter with an endpoint at 687 keV, which can contribute significantly to internal backgrounds (Sec. 3.3).

SANFORD underground laboratory 

2 stages Scale-up of  LUX, joint effort of  Lux and Zepelin collaborations 



Darwin 

2m

2m

20 t LXe
(LAr also 
under study)

20t LXe (~12t fiducial); ~ 1050 PMTs, 
physics run to start in 2020 

10
m

 



Darwin: site radioactivity 
it is assumed that other backgrounds will be similar. Therefore LSM backgrounds stand as a
proxy for the expected backgrounds in the DOMUS installation.

The sources of background considered are: gamma from rock and concrete (see table 1);
neutrons from rock and concrete (see table 2); muons and muon induced neutrons (see table 3);
radon (see table 4).

LNGS: Hall A
Energy interval gamma flux gamma flux

[kev] [m�2d�1] [cm�2s�1]
0-500 4.4 · 108 0.51

500-1000 1.1 · 108 0.13
1000-2000 7.0 · 107 0.081
2000-3000 1.3 · 107 0.015

Entire spectrum 6.3 · 108 0.74

Table 1: Measured gamma Flux in LNGS - Hall A [60].

Neutron Flux (⇥10�6 cm�2s�1)
Lab all energies E>1MeV
LNGS [61] (measurements) 3.78±0.25 0.60±0.07 or 0.70±0.14
LNGS [61] (simulations) 3.75±0.67 0.58±0.13
LNGS - Hall A [62] (measurements) 3.8±1.2 1.2±0.4
LSM ⇡2 [64] 1.06±0.1(stat)±0.59(syst) [63]

Table 2: Neutron flux in LNGS ([61],[62]) and LSM ([63],[64]) for all energies and for energies
higher than 1 MeV.

Depth Equivalent Muon flux Mean energy Muon-induced
vertical depth [65] neutron flux

Lab (m.w.e) (m.w.e.) (m�2 d�1) (GeV) (m�2 d�1)
LNGS ⇡ 3750 ⇡ 3100 22.3±2.6 ⇡ 270 2.35
LSM ⇡ 4800 ⇡ 4200 4.17±0.43 ⇡ 300 0.54

Table 3: Muon flux and muon-induced neutron flux in LNGS [65] and LSM [66].

LNGS XENON100-Box Inside the XENON100 shield
200-700 Bq/m3 1-2 Bq/m3

LSM natural filtered air
15 Bq/m3 18 mBq/m3

Table 4: Measured radon (222Rn) levels at the LNGS and LSM laboratories.

7.2 Active Shields

A Monte Carlo study [67] has been performed in order to evaluate the e�ciency in vetoing muon-
induced neutrons at LNGS. The designed active shield system, a water Cherenkov muon veto, is
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Darwin 
In LNGS environment, NR backgrounds would be subdominant  

After 99.5% rejection of ERs
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Water Tank 

Liquid 
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Xe  20 ton (10 ton) 40Ar 70 ton (50 ton) 
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Xe Ar 

MAX G3 Detector 



XAX XAX (Xenon-Argon-Xenon) 

Katsushi Arisaka, UCLA 34 

4 m 

129/131Xe 
12 ton 
(5 ton) 

40Ar 
70 ton 

(50 ton) 

WIMP (Spin odd) 
pp Solar Neutrino 

WIMP (Spin even) 
Double Beta Decay 

WIMP (Spin even) 
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136Xe 
7 ton 

(5 ton) 
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G Experiment Target Detector Location Active 
mass 

Fiducial 
mass 

Year 
physics 

Peak 
sensitivity 

G1 Xenon 100 Xe TPC LNGS 62 34 2012 2 10-45 

G1 Dark Side 50 Ar TPC LNGS 50 33 2013 1.5 10-45 

G1 Xmass Xe single Kamioka 800 100 2014? ??? 

G1 LUX Xe TPC SURF 350 100 2014/5 7 10-46 

G1 ArDM Ar TPC Canfranc 850 ??? 2014/5 ??? 

G2 Deap 3600 Ar single SNOlab 3600 1000 2015 10-46 

G2 MiniClean Ar/Ne single SNOlab 500 150 2015? -- 

G2 Xenon 1t Xe TPC LNGS 3500 2200 2017 2 10-47 

G2 DarkSide 5t Ar TPC LNGS 5000 3000 2017 10-47 

G2 LZS Xe TPC SURF 1500 800 2017 4 10-47 

G3 Darwin Xe(Ar) TPC LNGS? 20t 12t ~2020 ~10-48 

G3 LZD Xe TPC ??? 20t 12t ~2020 ~10-48 

G3 MAX/XAX Xe+Ar 2TPCs DUSEL??? 20t+70t 12t+50t ~2020 ~10-48 

Projects summary 
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Cosmogenic Neutrons 

LNGS Experiment Year 10-4 μm-2 s-1 μm-2 d-1 

Hall A LVD 2009 3.31±0.03 28.5±0.2 

Hall B MACRO 1995 3.22±0.08 27.8±0.7 

Hall C BOREXINO 2012 3.41±0.01 29.46±0.08 

Cosmogenic neutron production 
 in organic liquid scintillator: 

Yield = (3.10±0.07stat±0.08syst) 10-4 n/(μ g/cm2) 
Flux = (7.31±0.17stat±0.19syst) n/m2/d 



Cosmogenic Neutrons 
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�muon [cm] 33.6±0.6±0.6
µmuon [cm] 23.8±0.6±0.6
�short [cm] 61.2±0.6±2.6
fshort [%] 76.5±0.5±5.5
�long [cm] 147±3±12
flong [%] 23.5±0.4±5.5

Figure 3. The muon-neutron distance distribution observed in Borexino: black crosses represent
the data points for the standard neutron hit multiplicity cut. The shaded-grey area indicates the
systematic uncertainty. The fit of the toy Monte Carlo is indicated by the solid red line. The dashed
lines correspond to two exponential components, each featuring a decay length � and a relative fraction
f . The muon resolution parameters µ and � are left free in the fit procedure (see section 4.4 and [11]
for details). The table lists the best-fit results with statistical and systematic uncertainties. The fit
returns �2

/ndf = 57/54.

neutrons at large distances from their parent tracks. Finally, we limit the visible energy
window to Evis 2 [0.9; 4.8]MeV in order to select only neutron captures on hydrogen and
carbon, while removing a minor contamination from short-lived cosmogenic isotopes. The
combination of cuts reduces the remaining sample to ⇠20% of the original neutrons.

The resulting lateral distance distribution is shown in figure 3. The grey shaded area
corresponds to the systematic uncertainty introduced by the cut Nhits > 100, and was ob-
tained by varying the minimum Nhits condition for neutron selection from 0 to 200. Due
to the broad initial energy spectrum of the spallation neutrons and the corresponding dis-
tribution of the neutron mean free paths, a simple exponential law proves insu�cient to
reproduce the distribution. We find that at least two exponential components (�short and
�long) are required for a satisfactory description of the data. The fit function shown in figure 3
was obtained by a toy Monte Carlo simulation. Apart from the exponential components, the
fit takes into account the muon and neutron spatial resolutions, which includes the average
displacement of the neutrons during thermalization and the finite propagation distance of
the capture gamma in scintillator (⇠20 cm). The geometric impact of the applied radial
cuts described above are included. The muon lateral resolution is described by a Gaussian
smearing � with a constant radial o↵set µ. These are free parameters in the fit. Conversely,
the neutron vertex resolution is set to a fixed value of 23 cm (see [11] for details).

The fit returns a short component �short = (61.2 ± 0.6stat ± 2.6syst) cm which is in
agreement with earlier LVD results [15]. The long component is found to be �long = (147±
3stat ± 12syst) cm. Systematic uncertainties for the parameters were determined by multiple
repetitions of the fit while varying the minimum Nhits condition for the neutrons. Based
on the relative weights of the two e↵ective components, an average lateral distance of � =
(81.5± 2.7) cm was determined.

– 8 –

λavg = (81.5 ± 2.7) cm 



Comparing with simulations 
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Geant4 Geant4 Fluka Borexino KamLAND
Model III Model IV

— hEµi = 283 ± 19GeV — hEµi = 260 ± 8GeV

Isotopes Yield [10�7 (µ g/cm2)�1]
12N 1.11± 0.13 3.0± 0.2 0.5± 0.2 < 1.1 1.8± 0.4
12B 30.1± 0.7 29.7± 0.7 28.8± 1.9 56± 3 42.9± 3.3
8He < 0.04 0.18± 0.05 0.30± 0.15 < 1.5 0.7± 0.4
9Li 0.6± 0.1 1.68± 0.16 3.1± 0.4 2.9± 0.3 2.2± 0.2
8B 0.52± 0.09 1.44± 0.15 6.6± 0.6 14± 6 8.4± 2.4
6He 18.5± 0.5 8.9± 0.4 17.3± 1.1 38± 15 not reported
8Li 27.7± 0.7 7.8± 0.4 28.8± 1.0 7± 7 12.2± 2.6
9C 0.16± 0.05 0.99± 0.13 0.91± 0.10 < 16 3.0± 1.2
11Be 0.24± 0.06 0.45± 0.09 0.59± 0.12 < 7.0 1.1± 0.2
10C 15.0± 0.5 41.1± 0.8 14.1± 0.7 18± 5 16.5± 1.9
11C 315± 2 415± 3 467± 23 886± 115 866± 153

Neutrons Yield [10�4 (µ g/cm2)�1]
3.01± 0.05 2.99± 0.03 2.46± 0.12 3.10± 0.11 2.79± 0.31

Table 4. Predicted yields for cosmogenic products obtained from Geant4 (Model III and IV)
and Fluka are compared to data from Borexino . Also shown are results from the KamLAND
experiment [9]. Note that the production yields depend on the number of carbon atoms per weight
and the muon energy spectrum. Thus, a 10 – 20% di↵erence between KamLAND and Borexino results
is expected.

6.2.2 Cosmogenic neutrons

Neutron capture time. The simulated neutron capture time of the Borexino scintillator
from Geant4 and Fluka are (275.8± 0.9) µs,3 and (253.4± 0.6) µs, respectively. This is
to be compared to the measured capture time of (259.7± 1.3stat± 2.0syst) µs. The neutron
capture time was also measured in Borexino using an Am-Be neutron source [11] which yields
(254.5± 1.8) µs. The experimental disagreement with the value measured from cosmogenic
neutrons could be explained by a fraction of neutrons which are captured on iron in the
source capsule. This was also observed by KamLAND [9].

Neutron production yield. In table 4, the neutron production yield is reported. The
observed neutron production deficit of the Fluka simulation was studied in [24]. The main
cause of the deficit was found to be the low cosmogenic production rate predicted for 11C
(table 4). At the LNGS depth, the production of 11C in liquid scintillator is followed by a
neutron emission in 95% of all cases as was shown by [16]. Since the measured 11C rate is
almost 30% of the neutron production rate, and the 11C rate given by Fluka is roughly
50% of the measured value, a reduction of the number of predicted cosmogenic neutrons
in the order of 15% is expected. The origin of the low 11C production rate in Fluka is
addressed by improvements to the Fermi break-up model [35, 36] which will be available
with the next Fluka release. The impact of the improved model for the 11C production
in liquid scintillator at LNGS energies is currently under investigation. In addition, Fluka
predicts the production of energetic deuterons (Ekin > 50MeV) inside the liquid scintillator

3The out-dated Geant4 version 4.9.2.p02 returns (254.9± 0.6) µs and is thus in agreement with the mea-
sured value. No explanation has been found for the discrepancy between the di↵erent Geant4 versions.
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Borexino and surrounded area simulated 
Muon energy and angular distributions from MACRO  
μ+/μ- = 1.38 from OPERA 
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Comparing lateral distance 
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Laboratory needs 

!   Service lines: cooling, network,… 

!   Standard laboratory services 

!   Machine shop, chemistry lab, electronics lab,,computing. 

!   Desiderata: 
!   Radon free clean room 

!   PMT test facility (above ground) 



Conclusions 

!   Noble gases are and will be driving dark matter searches at 
large masses (above LHC limit). 

! LXe and (depleted) LAr will both be pursued as 
complementary approaches. 

!   2014: G1 projects coming to a conclusion. 

!   2017: G2 projects should perform physics runs. 

!   2020: G3 projects at multi-ton scales plan to converge. 

thanks for material to Marc Schumann, Laura Baudis, Cristiano Galbiati 
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WIMP-Nucleon Interactions

For 98% of the talk, assume that the dark matter particle is a
WIMP = weakly interacting massive particle
 

A priori, we do not know how dark matter WIMPs
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     Spin independent    Spin dependent

χ - quark (SD, axial)χ - quark (SI, scalar)
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Spin-dependent Sensitivity

arXiv:1301.6620, accepted by PRL

spin-dependent, elastic interactions
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Model I HP Binary Bertini FTF

Protons 0 ! 5GeV 4GeV ! 100TeV

Neutrons 0 ! 20MeV 19.9MeV ! 5GeV 4GeV ! 100TeV

⇡ 0 ! 5GeV 4GeV ! 100TeV

K 0 ! 5GeV 4GeV ! 100TeV

Model II HP Bertini FTF

Protons 0 ! 5GeV 4GeV ! 100TeV

Neutrons 0 ! 20MeV 19.9MeV ! 5GeV 4GeV ! 100TeV

⇡, K 0 ! 5GeV 4GeV ! 100TeV

Model III HP Binary LEP QGS

Protons 0 ! 9.9GeV 9.5 ! 25GeV 12GeV ! 100TeV

Neutrons 0 ! 20MeV 19.9MeV ! 9.9GeV 9.5 ! 25GeV 12GeV ! 100TeV

⇡, K 0 ! 9.9GeV 9.5 ! 25GeV 12GeV ! 100TeV

Model IV HP Bertini LEP QGS

Protons 0 ! 9.9GeV 9.5 ! 25GeV 12GeV ! 100TeV

Neutrons 0 ! 20MeV 19.9MeV ! 9.9GeV 9.5 ! 25GeV 12GeV ! 100TeV

⇡, K 0 ! 9.9GeV 9.5 ! 25GeV 12GeV ! 100TeV

Table 3. Summary of the Hadronic Models used in Geant4.

completed with the Precompound model for the evaporation phase of the interaction ; b) the
Fritiof model (FTF) for the interaction of highly energetic protons, neutrons, pions and kaons
starting from 4-5GeV, also completed with the Precompound model ; c) the Bertini cascade
(BERT) model, which includes intra-nuclear cascade, followed by precompound and evapo-
ration phases of the residual nucleus, for proton, neutron, pion and kaon interactions with
nuclei at kinetic energies below 9.9GeV ; d) the Binary cascade (BIC) model, a data-driven
intra-nuclear cascade model intended for energies below 5GeV ; e) the High Precision Neu-
tron (HP) model, describing parameterized capture and fission for low-energy neutrons (below
20MeV) ; f) the Low Energy Parameterized (LEP) model for proton, neutron, pion and kaon
interactions with nuclei at kinetic energies between 9.5GeV and 25GeV.

Some “ready-made” Physics Lists merging di↵erent models are available, and we have
defined four models: Model I (merge of FTF and BIC with HP manually added), Model II
(merge of FTF, BERT and HP), Model III (merge of QGS, BIC and HP), Model IV (merge
of QGS, BERT and HP). A summary of the introduced hadronic models is shown in table 3.

For each model, G4MuonNuclearProcess was used to simulate the muon-nuclear inter-
actions. Below 10GeV, the virtual photon is converted into a real photon and then interacts
with the nucleus using the BERT model. Above 10GeV, the virtual photon is converted into
a ⇡

0 and the interaction with the nucleus is described by the FTF model [26].
Each model has been tested with and without the activation of the Light Ion (LI)

Physics List (which defines the light ions likely to be produced by the hadronic interac-
tions, such as deuterons, tritons, 3He, ↵-particles and generic ions). In addition, the fol-
lowing Physics Lists are included for each model: the Electromagnetic Processes for Lep-
tons (G4eMultipleScattering, G4eIonisation, G4eBremsstrahlung, . . . ), the Nuclear Decay
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