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WIMP direct detection
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Low rate (~1 ev/ton/yr 
@ σ=10-47cm-2) Low energy nuclear 

recoils (<100 keV)

Background 
suppression

Large masses

Low energy thresholds

Deep underground
Passive and active shielding

Low radioactivity
Discrimination of  ER from NR

WIMPs and neutrons → Nuclear Recoils
β, γ → Electron Recoils



Noble liquids
Dense and relatively inexpensive → Large masses

Easy to purify

Use electrons ionization and photons scintillation

High ionization (W~20 eV) 

High scintillation yield (~40 photons/MeV) 

Discriminate electron recoils from nuclear recoils
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Noble Liquids 

Relatively inexpensive and dense!
!
Easy to purify"
- most impurities freeze out"
- low surface binding"
- purification easiest for colder liquids!
!
Ionization electrons and scintillation photons:"
- complementarity on particle energy"
- 3D localization when used in TPC!

High ionization (WLAr = 21.5 eV, WLXe = 15.6 eV)!

Very high scintillation yield (~40,000 photons/MeV)!

Transparent to their own scintillation!

High electron mobility and low electron diffusion!

2 liquids used in DM 
experiments:
Liquid Xenon
Liquid Argon



Noble liquids TPC
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TPC in Action

liquid Ar/Xe

gaseous Ar/Xe

photodetectors (QUPIDS)

transparent 
inner vessel

fiducial volume boundary
Thursday, March 1, 12

gaseous Ar/Xe

liquid Ar/Xe

PMTs Fiducial volume

Inner vessel

drift field 
(~1 kV/cm)

multiplication 
field (~3 kV/cm)



Noble liquids: scintillation
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TPC in Action

WIMP Scatter
 deposits 

energy in FV

primary scintillation photons 
emitted and detected

Thursday, March 1, 12

WIMP scatter 
deposits energy 

in the FV

Primary 
scintillation 

photons emitted 
and detected → 

S1



Noble liquids: ionization
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TPC in Action

ionized 
electrons 
drifted to      
gas region

secondary photons emitted 
by multiplication in gas region

Thursday, March 1, 12

Ionized 
electrons drift to 

the gas region 
where 

secondary 
photons are 
emitted and 

detected → S2



Electron and nuclear recoils

Dark matter experiments need to 
distinguish Nuclear Recoils 
(produced by WIMPs or neutron) from 
Electron Recoils 

2 main methods to distinguish NR 
from ER:

S2/S1 ratio 

Pulse Shape Discrimination (PSD): 
scintillation have a fast and slow 
component that is different 
between ER and NR
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Liquid Argon Ionization and Scintillation 

Light Emission via Excitation!
e- +  Ar →  Ar* + e-!
Ar* + Ar →  Ar2*!
Ar2* → Ar + Ar + photon!

Light Emission via Ionization!
e- +  Ar →  Ar+ + 2e-!
Ar+ + Ar + Ar →  Ar2+ + Ar !
e- + Ar2+ → Ar** + Ar!
Ar** + Ar →Ar* + Ar + heat!
Ar* + Ar + Ar → Ar2* + Ar + heat!
Ar2* → Ar + Ar + photon!

Recoil 

Ionization Excitation 

Electrons  Ar+ 

 Ar2+  

 Ar**  

 Ar*  

 Ar2*  

 Singlet   Triplet  

S1 

S2  

Recombination 



LAr or LXe

Liquid Xenon has excellent radio-purity → key ingredient to 
build large detectors

Liquid Argon has much better PSD but a serious problem

Cosmogenic 39Ar in atmospheric argon → high rate β emitter 
→ pile-up if  you want to build large detectors
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Noble Liquids 

Excellent discrimination power! 

Radiopurity:!
-  LXe: excellent radio-purity!
-  Atmospheric LAr: contaminated by cosmogenic 39Ar !
-  Underground LAr: 39Ar depleted !



Underground Argon

39Ar β-decay with a rate of  ~1 Hz/Kg in Atm. Ar 

Even if  you can distinguish ER from NR with PSD it’s 
impossible to build large detectors with AAr due to pile-up

Solution: use Underground Argon → factor of  >150 of  depletion
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Underground Argon 

Atmospheric Ar:!
39Ar/40Ar = 8 x 10−16!

Rate ~ 1 Hz/kg!

Underground Argon:!
39Ar < 6.5 mBq/kg!

(arXiv:1204.6011)!

Depletion Factor > 150 

39Ar β decay 
Q-value: 565 keV 
Half life : 269 y 

Atmospheric argon 
Underground Argon 



Pulse Shape Discrimination

Fast decay time (Singlet) ~ 7 ns

Slow decay time (Triplet) ~ 1600 ns

NR: ~70% of  the energy goes in the 
singlet → large f90

ER: ~30% of  the energy goes in the 
singlet: small f90
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Background Discrimination: S1 Pulse Shape 

Recoil 

Ionization Excitation 

Electrons  Ar+ 

 Ar2+  

 Ar**  

 Ar*  

 Ar2*  

 Singlet   Triplet  

S1 

S2  

Recombination 

ER 

NR 

Rejection Factor: 108 

WARP Astr. Phys 28, 495 (2008)!
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Background Discrimination: S1 Pulse Shape 

Recoil 

Ionization Excitation 

Electrons  Ar+ 

 Ar2+  

 Ar**  

 Ar*  

 Ar2*  

 Singlet   Triplet  

S1 

S2  

Recombination 

ER 

NR 

Rejection Factor: 108 

WARP Astr. Phys 28, 495 (2008)! f90: Q(0-90 ns)/Q(all)

Rejection factor > 108

another factor 102 from S1/S2



DarkSide-50
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Demonstrate the potential of  the 
technology for multi ton 

background-free detector

Background reduction
Depleted Underground Argon

Low background materials
Active Shields against neutrons 

and muons

Background identification
Pulse Shape Discrimination

S1/S2 discrimination
Measure neutron flux in borate 

scintillator
Position reconstruction
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The Veto’s 

Active neutron veto: !
-  20 ton boron-loaded scintillator!
-  50% PC + 50% TMB!
-  2 m radius sphere!
-  110 Low Background PMTs!

Active muon veto (passive neutron veto): !
-  1000 ton ultra pure water!
-  10 m height, 11 m diameter!
-  80 upwards oriented PMTs!

Rejection efficiencies:!
-  >99.5% against radiogenic neutron!
-  >95% cosmogenic neutrons!

Experiment installed in the Gran Sasso Laboratory

Double phase TPC with 50 kg of  liquid Argon 

2 vetoes system: Liquid Scintillator and Water 
Cherenkov

Started data taking in January 2014 with Atm. Ar



DarkSide Collaboration

“Small” collaboration ~ 50 people

Mainly from US and Italy
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The Dark Side Collaboration 

USA 
Augustana College – SD 

Black Hills State University – SD 
Fermilab – IL 

Princeton University – NJ 

SLAC National Accelerator Center – CA 

Temple University – PA 

University of Arkansan – AR 

University of California – Los Angeles, CA 

University of Chicago – IL 

University of Hawaii – HI 

University of Houston – TX 

University of Massachusetts – MA 

Virginia Tech – VA 

RUSSIA 
Joint Institute for Nucelar Research – Dubna 

Lomonosov Moscow State University – Moscow 

National Research Centre Kurchatov Institute – Moscow 
Saint Petersburg Nuclear Physics Institute – Gatchina 

POLAND 
Jagiellonian University – Krakow 

ITALY 
INFN Laboratori Nazionali del Gran Sasso – Assergi 

Università degli Studi and INFN – Genova 

Università degli Studi and INFN – Milano 

Università degli Studi Federico II and INFN – Napoli 

Università degli Studi and INFN – Perugia 

Università degli Studi Roma Tre and INFN – Roma 

CHINA 
IHEP – Beijing 

FRANCE 
Université Paris Diderot, CNRS/IN2P3, CEA/IRFU, Observatoire de Paris, Sorbonne Paris Cité – Paris 

IPHC, Université de Strasbourg, CNRS/IN2P3 – Strasbourg 

Ukraine 
KINR, NAS Ukraine – Kiev 



TPC
50 kg active mass of  UAr (37 kg FV)

19 top + 19 bottom High Quantum 
Efficiency 3’’ PMTs (R11065)

36 cm height, 36 cm diameter

All inner surfaces coated with TPB (used to 
shift wavelength of  Ar scintillation from 128 
nm to 420 nm)

Large electron life-time (> 5 ms)
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DarkSide-50 

•  50 kg active mass of UAr!
•  19 top + 19 bottom R11065 HQE 3’’ PMTs!
•  36 cm height, 36 cm diameter!
•  Lateral walls covered by high reflectivity 

polycrystalline PTFE!

GAr 

LAr 

BellTop 

CathodeWindow 

Outer LAr 

Outer GAr 

Fi
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gs
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P
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•  All inner surfaces 
coated with TPB!

•  Fused silica diving bell 
(top) and windows 
(bottom) in front of the 
PMT arrays, coated 
with ITO!
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DarkSide-50 

•  50 kg active mass of UAr!
•  19 top + 19 bottom R11065 HQE 3’’ PMTs!
•  36 cm height, 36 cm diameter!
•  Lateral walls covered by high reflectivity 

polycrystalline PTFE!
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•  All inner surfaces 
coated with TPB!

•  Fused silica diving bell 
(top) and windows 
(bottom) in front of the 
PMT arrays, coated 
with ITO!
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Electron Drift Lifetime 

Achieved drift lifetime of!
4733 +/- 90 μs!

!
Maximum drift time of the 

TPC is ~370 μs at 200 V/cm 
drift field.!

Demonstrates:!
-  high purity of argon !
-  Stable operation of electric fields!

DS-50 DATA!

High purity of  Argon
Stable operations of  

electric fields



Active vetoes

Liquid Scintillator Neutron veto

30 tonnes boron-loaded liquid scintillator 
detector

Readout with 110 low-radioactivity PMTs

2 m radius sphere

Passive shield against neutrons and gamma

Tag neutrons from TPC through n-capture to 
measure the neutron flux

Muon veto

1 kton ultra pure water

10 m height, 11 m diameter 

80 PMTs

Tag cosmogenic neutron events
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The Veto’s 

Active neutron veto: !
-  20 ton boron-loaded scintillator!
-  50% PC + 50% TMB!
-  2 m radius sphere!
-  110 Low Background PMTs!

Active muon veto (passive neutron veto): !
-  1000 ton ultra pure water!
-  10 m height, 11 m diameter!
-  80 upwards oriented PMTs!

Rejection efficiencies:!
-  >99.5% against radiogenic neutron!
-  >95% cosmogenic neutrons!

Both vetoes are designed to 
host DarkSide-G2 (5 ton TPC)!



DarkSide status

~2 months of  data taking with Atmospheric Argon

Huge statistics of  ER to demonstrate background free operations

Number of  39Ar corresponding to two decades of  DarkSide-50 
with UAr!

Release first physics results with this data set

Replace Atmospheric Argon with Underground Argon in 
December

Start 3 years run with UAR

Move to Darkside-G2 (5 ton LAr) in the future
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Electron recoils in DS-50
Use 39AR and a Kr source to estimate the light yield for the 
scintillation in DS-50

This is a very important parameter because the pulse shape 
discrimination critically depends on the number of  photons 
produced in the scintillation process

17
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Darkside-50: commissioning with AAr

3DarkSide

Light)collec:on:)8PE/keVee)@)0Gfield

83mKr)peak))
(41.5keV,)T1/2=1.83h)

Excellent)electron)driZ)life:me)
(max)eGdriZ):me)~400μs)

1)month

TPC: ER calibration @ null field

AVERAGE LIGHT YIELD: 8.040 ± 0.006 (stat) PE/keVee 
(systematic errors still under evaluation)

 / ndf 2χ  277.8 / 324

Prob   0.9702

Light Yield Mean [PE/keV]  0.010± 7.992 

Baseline Variance [PE]^2  3574.8±  1953 

Rel. LY Variance  0.000307± 0.003459 

Ar Event Rate [Hz]  0.1±  46.4 

Constant  0.0000381± 0.0005192 
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 / ndf 2χ  277.8 / 324

Prob   0.9702

Light Yield Mean [PE/keV]  0.010± 7.992 

Baseline Variance [PE]^2  3574.8±  1953 

Rel. LY Variance  0.000307± 0.003459 

Ar Event Rate [Hz]  0.1±  46.4 

Constant  0.0000381± 0.0005192 

39Ar End-point 
565 keVee

39Ar

Found to be higher than what 
was assumed in the past for 
DS-50 PSD extrapolations. 

The scintillation light yield is a critical parameter for argon detectors exploiting PSD. Photoelectron 
statistics can limit the rejection of electron recoils.

Background run

Dominated by 39Ar decays (46.4 Hz)

Uniformly diffused in the volume

S1 [PE]S1 [PE]

8 PE/keVee @ 0 field 
(better than design → 6 PE/keVee)



NR calibration: SCENE
Calibrating the response for the 
nuclear recoils is more difficult 
because you need single scatter in 
the TPC

A calibration experiment has been 
performed putting a small TPC onto a 
neutron beam and measuring the 
scintillation produced by single 
scatter nuclear recoils of  known 
energy
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FIG. 10. Energy resolution, s1, of the nuclear recoils extracted from the Monte Carlo fit, as a function of recoil energy
for all drift field combinations. We separate the results from the June and October 2013 runs. The resolution for the
nuclear recoils, s1, is fit (black continuous curve) with the function described in the text and compared with the fit
obtained for the 83mKr (purple dashed curve) with the same function.
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FIG. 11. (a) Distribution of f90 vs. S1 for 20.5 keV recoil data taken at Ed = 200 V/cm. The vertical dashed lines indicate
the boundaries of the region where S1 is within 1s of the mean of the Gaussian fit µ, as described in the text. (b) f90
distribution for the 20.5 keV nuclear recoil events with S1 falling in the region in [µ � s, µ + s] - i.e., for the events fall
in between the vertical dashed lines in panel (a).

in practice conversion to these units is susceptible
to significant systematic uncertainties due to the
requirement of single electron calibration for S2.
With an extraction field of 3.0 kV/cm, a multiplica-
tion field of 4.5 kV/cm and a gas region of 6 mm in
height, we did not observe resolved single-electron
S2 signals by applying the technique described in
Ref. [36]. We will show in the next section an indi-
rect method of determining the single electron S2
gain in a TPC by taking advantage of the simul-
taneous measurements of scintillation and ioniza-
tion. The single electron S2 gain of our data was
estimated to be 3.1 ± 0.3 PE/e� by this method.

We also report Qy in detector-dependent units of
PE/keV along with the ionization yield of 83mKr.
Qy relative to the ionization yield of 83mKr, like
Leff, 83mKr, permits direct computation of the nu-

clear recoil ionization yield from the measured ion-
ization yield of 83mKr in any liquid argon TPC.

We determined Qy in a manner similar to
Leff, 83mKr, i.e. by fitting experimental data with
Monte Carlo-generated spectra that took into ac-
count the complete geometry of the experiment.
But instead of extracting Qy independently for
each Enr and Ed, we assumed that Qy at a given
drift field can be modeled by a second order poly-
nomial in recoil energy, and fit together all S2 spec-
tra acquired at the same Ed with the same poly-
nomial for Qy. All coefficients of the polynomial
were treated as free parameters. This procedure
improved the goodness of the fit between data and
Monte Carlo, particularly on the left (low PE) side
of the peak, as Qy depends more strongly on recoil
energy than Leff, 83mKr does. In our S1 fits, we as-
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SCENE 
Scintillation Efficiency of  Nuclear Recoils in Noble Elements 



ER vs NR

f90 for ER ~ 0.3

f90 for NR ~0.7

This is the variable used to perform the PSD
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f90 means from available data
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“binomial+model”:+each+scin'lla'on+photon+can+either+be+a+prompt+(within+90+ns)+
or+late+photon,+with+an+average+probability+given+by+the+median+of+f90

The+model+contains+no+free+parameter+other+than+fp,+its+width+and+a+normaliza'on+factor



Background free
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Background free exposure of 280 kg x day 



Argon vs Xenon
Xenon experiments are currently putting best limits on DM 
thanks to their large volume and the lowest activity of  the Xenon

On the other side the PSD of  the Xenon is worst than the one 
obtainable with LAr → a background-free experiment is only 
possible with LAr
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the free electron lifetime and the three-dimensional cor-
rection functions for photon detection e�ciency, which
combine the e↵ects of geometric light collection and PMT
quantum e�ciency (corrected S1 and S2). The 9.4 and
32.1 keV depositions [22] demonstrated the stability of
the S1 and S2 signals in time, the latter confirmed with
measurements of the single extracted electron response.
131mXe and 129mXe (164 and 236 keV de-excitations)
a↵orded another internal calibration, providing a cross-
check of the photon detection and electron extraction
e�ciencies. To model these e�ciencies, we employed
field- and energy-dependent absolute scintillation and
ionization yields from NEST [23–25], which provides an
underlying physics model, not extrapolations, where only
detector parameters such as photon detection e�ciency,
electron extraction e�ciency and single electron response
are inputs to the simulation. Using a Gaussian
fit to the single phe area [26], together with the
S1 spectrum of tritium events, the mean S1 photon
detection e�ciency was determined to be 0.14 ± 0.01,
varying between 0.11 and 0.17 from the top to the
bottom of the active region. This is estimated to
correspond to 8.8 phe/keV

ee

(electron-equivalent energy)
for 122 keV �-rays at zero field [23]. This high photon
detection e�ciency (unprecedented in a xenon WIMP-
search TPC) is responsible for the low threshold and good
discrimination observed [27].
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(a) Tritium ER Calibration
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(b) AmBe and Cf−252 NR Calibration

FIG. 3. Calibrations of detector response in the 118 kg
fiducial volume. The ER (tritium, panel a) and NR (AmBe
and 252Cf, panel b) calibrations are depicted, with the means
(solid line) and ±1.28� contours (dashed line). This choice
of band width (indicating 10% band tails) is for presentation
only. Panel a shows fits to the high statistics tritium data,
with fits to simulated NR data shown in panel b, representing
the parameterizations taken forward to the profile likelihood
analysis. The ER plot also shows the NR band mean and vice
versa. Gray contours indicate constant energies using an S1–
S2 combined energy scale (same contours on each plot). The
dot-dashed magenta line delineates the approximate location
of the minimum S2 cut.

Detector response to ER and NR calibration sources

is presented in Fig. 3. Comparison of AmBe data
with simulation permits extraction of NR detection
e�ciency (Fig. 1), which is in excellent agreement
with that obtained using other datasets (252Cf and
tritium). We describe the populations as a function of
S1 (Fig. 3 and Fig. 4), as this provides the dominant
component of detector e�ciency. We also show contours
of approximated constant-energy [28], calculated from a
linear combination of S1 and S2 [24, 27, 29] generated by
converting the measured pulse areas into original photons
and electrons (given their e�ciencies).
A parameterization (for S2 at a given S1) of the

ER band from the high-statistics tritium calibration
is used to characterize the background. In turn,
the NR calibration is more challenging, partly due to
the excellent self-shielding of the detector. Neutron
calibrations therefore include systematic e↵ects not
applicable to the WIMP signal model, such as multiple-
scattering events (including those where scatters occur
in regions of di↵ering field) or coincident Compton
scatters from AmBe and 252Cf �-rays and (n,�) reactions.
These e↵ects produce the dispersion observed in data,
which is well modeled in our simulations (in both
band mean and width, verifying the simulated energy
resolution), and larger than that expected from WIMP
scattering. Consequently, these data cannot be used
directly to model a signal distribution. For di↵erent
WIMP masses, simulated S1 and S2 distributions are
obtained, accounting for their unique energy spectra.
The ratio of keV

ee

to nuclear recoil energy (keV
nr

)
relies on both S1 and S2, using the conservative
technique presented in [29] (Lindhard with k = 0.110,
compared to the default Lindhard value of 0.166 and
the implied best-fit value of 0.135 from [29]). NR data
are consistent with an energy-dependent, non-monotonic
reduced light yield with respect to zero field [30] with
a minimum of 0.77 and a maximum of 0.82 in the
range 3–25 keV

nr

[23] (compared with 0.90-0.95 used
by previous xenon experiments for significantly higher
electric fields [46, 50]). This is understood to stem from
additional, anti-correlated portioning into the ionization
channel.
The observed ER background in the range 0.9–

5.3 keV
ee

within the fiducial volume was 3.6 ±
0.3 mDRU

ee

averaged over the WIMP search dataset
(summarized in Table I). Backgrounds from detector
components were controlled through a material screening
program at the Soudan Low-Background Counting
Facility (SOLO) and the LBNL low-background counting
facility [13, 26, 33]. Krypton as a mass fraction of xenon
was reduced from 130 ppb in the purchased xenon to
4 ppt using gas charcoal chromatography [35].
Radiogenic backgrounds were extensively modeled

using LUXSim, with approximately 73% of the low-
energy �-ray background originating from the mate-
rials in the R8778 PMTs and the rest from other
construction materials. This demonstrated consistency
between the observed �-ray energy spectra and position
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TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys
Total observed 3.6± 0.3stat

distribution [31], and the expectations based on the
screening results and the independent assay of the
natural Kr concentration of 3.5 ± 1 ppt (g/g) in the
xenon gas [36] where we assume an isotopic abundance
of 85Kr/natKr ⇠ 2 ⇥ 10�11 [31, 34]. Isotopes created
through cosmogenic production were also considered,
including measured levels of 60Co in Cu components.
In situ measurements determined additional intrinsic
background levels in xenon from 214Pb (from the 222Rn
decay chain) [32], and cosmogenically-produced 127Xe
(T

1/2 = 36.4 days), 129mXe (T
1/2 = 8.9 days), and

131mXe (T
1/2 = 11.9 days). The rate from 127Xe in the

WIMP search energy window is estimated to decay from
0.87 mDRU

ee

at the start of the WIMP search dataset
to 0.28 mDRU

ee

at the end, with late-time background
measurements being consistent with those originating
primarily from the long-lived radioisotopes.

The neutron background in LUX is predicted from
detailed detector BG simulations to produce 0.06 single
scatters with S1 between 2 and 30 phe in the 85.3 live-
day dataset. This was considered too low to include in
the PLR. The value was constrained by multiple-scatter
analysis in the data, with a conservative 90% upper C.L.
placed on the number of expected neutron single scatters
of 0.37 events.

We observed 160 events between 2 and 30 phe (S1)
within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence
0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
Confidence intervals on the spin-independent WIMP-

nucleon cross section are set using a profile likelihood
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

ratio (PLR) test statistic [37], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus
three Gaussian-constrained nuisance parameters which
encode uncertainty in the rates of 127Xe, �-rays from
internal components and the combination of 214Pb and
85Kr. The distributions, in the observed quantities, of
the four model components are as described above and
do not vary in the fit: with the non-uniform spatial
distributions of �-ray backgrounds and x-ray lines from
127Xe obtained from energy-deposition simulations [31].
The PLR operates within the fiducial region but the
spatial background models were validated using data
from outside the fiducial volume.

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [38], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/cm3; average Earth velocity of 245 km s�1,
and Helm form factor [39, 40]. We conservatively
model no signal below 3.0 keV

nr

(the lowest energy for
which a direct light yield measurement exists [30, 41],
whereas indirect evidence of charge yield exists down
to 1 keV

nr

[42]). We do not profile the uncertainties
in NR yield, assuming a model which provides excellent
agreement with LUX data (Fig. 1 and Fig. 6), in addition
to being conservative compared to past works [23]. We
also do not account for uncertainties in astrophysical
parameters, which are beyond the scope of this work (but
are discussed in [43]). Signal models in S1 and S2 are
obtained for each WIMP mass from full simulations.

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.

LUX results  → 0.6 ER events expected below NR mean, 
some more observed close to the NR mean

LUX calibration

NR

LUX physics

ER



PSD in LXe and LAr

LXe → ER close to the NR mean

LAr → no ER leaking in the NR region (not even in the 90% 
acceptance line for the NR)

These results were obtained with 50 days of  Atm Argon →   
>20 years of  data with Underground Argon

Zero-background detector!
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TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys
Total observed 3.6± 0.3stat

distribution [31], and the expectations based on the
screening results and the independent assay of the
natural Kr concentration of 3.5 ± 1 ppt (g/g) in the
xenon gas [36] where we assume an isotopic abundance
of 85Kr/natKr ⇠ 2 ⇥ 10�11 [31, 34]. Isotopes created
through cosmogenic production were also considered,
including measured levels of 60Co in Cu components.
In situ measurements determined additional intrinsic
background levels in xenon from 214Pb (from the 222Rn
decay chain) [32], and cosmogenically-produced 127Xe
(T

1/2 = 36.4 days), 129mXe (T
1/2 = 8.9 days), and

131mXe (T
1/2 = 11.9 days). The rate from 127Xe in the

WIMP search energy window is estimated to decay from
0.87 mDRU

ee

at the start of the WIMP search dataset
to 0.28 mDRU

ee

at the end, with late-time background
measurements being consistent with those originating
primarily from the long-lived radioisotopes.

The neutron background in LUX is predicted from
detailed detector BG simulations to produce 0.06 single
scatters with S1 between 2 and 30 phe in the 85.3 live-
day dataset. This was considered too low to include in
the PLR. The value was constrained by multiple-scatter
analysis in the data, with a conservative 90% upper C.L.
placed on the number of expected neutron single scatters
of 0.37 events.

We observed 160 events between 2 and 30 phe (S1)
within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence
0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
Confidence intervals on the spin-independent WIMP-

nucleon cross section are set using a profile likelihood

0 10 20 30 40 50
1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

lo
g 10

(S
2 b/S

1)
 x

,y
,z

 c
or

re
ct

ed
  

S1 x,y,z corrected (phe)  

3 6 9 12 15 18 21 24 27 30 keVnr

1.3

1.8

3.5

4.6
5.9

7.1

keVee

FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

ratio (PLR) test statistic [37], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus
three Gaussian-constrained nuisance parameters which
encode uncertainty in the rates of 127Xe, �-rays from
internal components and the combination of 214Pb and
85Kr. The distributions, in the observed quantities, of
the four model components are as described above and
do not vary in the fit: with the non-uniform spatial
distributions of �-ray backgrounds and x-ray lines from
127Xe obtained from energy-deposition simulations [31].
The PLR operates within the fiducial region but the
spatial background models were validated using data
from outside the fiducial volume.

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [38], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/cm3; average Earth velocity of 245 km s�1,
and Helm form factor [39, 40]. We conservatively
model no signal below 3.0 keV

nr

(the lowest energy for
which a direct light yield measurement exists [30, 41],
whereas indirect evidence of charge yield exists down
to 1 keV

nr

[42]). We do not profile the uncertainties
in NR yield, assuming a model which provides excellent
agreement with LUX data (Fig. 1 and Fig. 6), in addition
to being conservative compared to past works [23]. We
also do not account for uncertainties in astrophysical
parameters, which are beyond the scope of this work (but
are discussed in [43]). Signal models in S1 and S2 are
obtained for each WIMP mass from full simulations.

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
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Background free exposure of 280 kg x day 



DarkSide-50 sensitivity

The goal of  DS-50 is to 
demonstrate that DM search with 
zero background can be done

Due to the small size of  the 
detector even after 3 years of  
running with UAr the limit will be 
just slightly better then the 
current limits from LUX

Once the technology is 
established plans to build a larger 
detector → DarkSide-G2 
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Projected sensitivity evaluated assuming: 

•  the measured PSD performance; 
• no rejection from S2/S1; 

•  fiducial volume along z axis-only; 
• zero neutron-induced events; 

• NR quenching and F90 acceptance curves 
from SCENE @ 200V/cm 

• Present systematics on NR Quenching and 
F90 NR acceptance curves responsible of  
~10% variation of  the projected sensitivity 
around 100 GeV/c2

. 



Darkside-G2

5 ton TPC to be installed inside the 
same veto systems currently used by 
DS-50

Some R&D are on-going to 
instrument the TPC with SiPM

US declined the G2 proposal but they 
will provide money for R&D with LAr

Hopefully INFN can provide some 
money to build Darkside-G2 at the 
Gran Sasso

If  we want to join the collaboration 
there’s certainly room to do analysis 
of  DS-50 data and contribute to the 
R&D for DS-G2
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DarkSide-G2 

 
Goal: high light yield and radio/chemical-purity 
Radio-pure material selection ongoing  
Stainless steel (cryostat, PMT support) 
Copper field cage 
PTFE for segmented reflective cylinder  
Fused silica for windows/diving bell  
Wavelength shifter on reflective surfaces 

Scaled and improved inner detector, and 
cryogenic/purification systems. 



DarkSide-G2 sensitivity
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DS-G2 Sensitivity 

Fiducial volume 3.6 ton 
LY=8.0 PE/keVee @ null field 
NR Quenching from SCENE 
F90 NR acceptance function of ER 

Assuming: 
•  Same LY as in DS-50; 
•  PSD as per F90 model based on DS-50; 
•  no rejection from S2/S1; 
•  fiducial volume along z axis-only; 
•  NR quenching and F90 acceptance curves 

from SCENE @ 200V/cm 
•  zero neutron-induced events according to 

present background MC study; 

DarkSide vs DarkSide

DarkSide vs Rest of  the World



French laboratories in DS
2 laboratories are part of  the DarkSide collaboration (APC, IPHC)

APC: Davide Franco, Alessandra Tonazzo, Stefano Perasso (post-
doc), Paolo Agnes (PhD)

IPHC: Anselmo Meregaglia, Cecile Jollet

Their main contribution was to write the GEANT4 based MC 
simulation of  the experiment → used for the on-going analyses

I’ve recently joined the collaboration working on the analysis of  DS-50

Luca Agostino (ATER) will also do some work on DarkSide

In the next months there will be an extensive calibration campaign 

Analysis of  the data with UAr

With APC and IPHC we also plan to ask for an ANR to study 
directionality with LAr and develop SiPM → useful for DS-G2
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Directionality with LAr
S1 is different if  the electric field is 
parallel or perpendicular to the 
nuclear recoil

Some weak hints of  this effect in 
LAr have been observed in SCENE

This effect might strengthen the 
significance of  few WIMPs 
candidates if  they will be observed 
in DS-G2

There’s a large interest in some of  
the DS groups to investigate this 
effect

We will ask for an ANR next year to 
build a small TPC 

Study directionality 

Develop SiPM
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DarkSide

DM & columnar recombinationDark Matter & Columnar Recombination 

When a nuclear recoil is parallel to the electric field, 
as in Case 1, there will be more electron-ion 
recombination since the electron passes more ions 
as it drifts through the chamber. 
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FIG. 16. Scintillation yield relative to null field (left panels) and ionization yield with non-zero drift field (right
panels) of nuclear recoils at 16.9, 36.1 and 57.2 keV. Black: momentum of nuclear recoil is perpendicular to Ed. Red:
momentum of nuclear recoil is parallel to Ed. Sources of systematic uncertainties common to both field orientations
are not included in the error bars.

[27] R. Acciarri et al. (WARP Collaboration), J. Inst. 5,
P06003 (2010).820

[28] B. J. P. Jones, T. Alexander, H. O. Back, G. Collin,
J. M. Conrad, A. Greene, T. Katori, S. Pordes, and
M. Toups, J. Inst. 8, P12015 (2013).

[29] E. Aprile et al. (XENON Collaboration), J. Phys. G:
Nucl. Part. Phys. 41 035201 (2014).825

[30] E. Aprile, K. L. Giboni, P. Majewski, K. Ni and
M. Yamashita, Phys. Rev. B 76, 014115 (2007).

[31] T. Doke, A. Hitachi, J. Kikuchi, K. Masuda,
H. Okada, E. Shibamura, Jpn. J. Appl. Phys. 41,

1538-1545 (2002).830

[32] C. E. Dahl, Ph.D. dissertation, Princeton University
2009.

[33] M. Miyajima, T. Takahashi, S. Konno, T. Hamada,
S. Kubota, H. Shibamura, and T. Doke, Phys. Rev. A
9, 1438 (1974) erratum: Phys. Rev. A 10, 1452, (1974)835
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FIG. 16. Scintillation yield relative to null field (left panels) and ionization yield with non-zero drift field (right
panels) of nuclear recoils at 16.9, 36.1 and 57.2 keV. Black: momentum of nuclear recoil is perpendicular to Ed. Red:
momentum of nuclear recoil is parallel to Ed. Sources of systematic uncertainties common to both field orientations
are not included in the error bars.
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SiPM for DS-G2

Advantages of  SiPM for DS-G2

Higher QE → reduce threshold for WIMP search

Smaller than PMTs → increase the FV

Better PSD thanks to the higher Single Photo-Electron 
resolution

Smaller backgrounds than PMTs that might mimic NR in the 
TPC

Our contribution to the ANR would be for the electronics part

I’ve already discussed with Stefano Russo that will participate 
to the ANR

Development of  SiPM

Readout electronics for the TPC
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Conclusions
Liquid Argon TPC are good candidates to build large detector to 
search for direct dark matter

Current limits are behind the ones from Liquid Xenon

Disadvantage : 39Ar β emitter → use Underground Argon

Advantage: Pulse Shape Discrimination in LAr better than in LXe

Darkside-50 is proving that it’s possible to build a background-free 
detector to search for WIMPs

Darkside-G2 will have sensitivities comparable with LZ and XENONnT

French groups are already working on DarkSide 

The collaboration will be happy to have additional French groups

I believe it’s a good option for us to get involved in an experiment 
searching for WIMPs

Analysis of  DarkSide-50 data

Developments of  SiPM towards DarkSide-G2
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