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The DarkSide project

Dual phase Liquid Argon TPC to search for Dark Matter 

DarkSide-50 (2013-2018) 

Nested detectors: 50 kg Liquid Argon TPC                                                                                
Boron-loaded Liquid Scintillator Veto                                                          
Water Cherenkov Veto 

First use of  underground argon (depleted of  39Ar) 

Demonstrate pulse shape discrimination (>107) 

DarkSide-20k (2020-2026) 

30 ton (20 ton FV) depleted Liquid Argon TPC 

Designed to be background-free at 100 t yr exposure  

Similar system of  vetoes as DS-50, use of  SiPM 

ARGO (2025-2035) 

300 ton (200 ton FV) 

Search for WIMPs up to the neutrino floor 

Solar neutrino physics  
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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!



DarkSide Collaboration

Large international collaboration (43 institutes, 277 
signatures for the DS-20k proposal) 

Entire Liquid Argon community for DM searches to join this 
project → no competition with Liquid Argon for DS-20k 

Part of  the collaboration works on external calibration 
experiments, using neutron beams to study the response of  
LAr to Nuclear Recoils 

SCENE in the US (2014) 

ARIS experiment at IPNO (2016) 

Future experiments including directionality (ReD, ARIS-2)
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IN2P3 DarkSide groups

French groups in DS have leading roles in physics analyses 

Leaders of  the DS MC simulation 

External calibration with neutrons beam
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APC+LPNHE 
Developers of  the 

Monte Carlo 
simulation

DS-50 analyses  
3 papers in preparation 

(G4DS Monte Carlo,  
f90 (PSD) model,  

DS-50 background budget)

DS-20k optimization  
(do we need vetoes to  

be background-free? yes! 
DS-20k sensitivity  

and discovery potential,  
solar neutrinos, …)

ARIA 
(depletion factor needed  
for DS-20K and ARGO) 

NR calibration  
experiments and  

directionality 
ARIS (done) 

ARIS-2 
ReD

DS 1ton prototype



Timescale

DarkSide-50 (37 kg FM) will take data at LNGS until 2018 

DarkSide-20k (20 ton FM) will start data taking at LNGS in 
2021 

Expect approval from INFN and NSF in April 2017 

A 1-ton scale prototype will be built starting next year to 
test the technologies needed for DS-20k 

ARGO will follow DS-20k (200 ton FM)
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What is DarkSide-50?

a two phase liquid argon (LAr) detector,
within a neutron veto,
within a muon veto,
under a mountain

© Stephen Pordes, FNAL

… and all because of backgrounds



DarkSide-50

Experiment installed at LNGS 

Double phase TPC with 50 kg of  LAr 

Vetoes system: Liquid Scintillator and 
Water Cherenkov 

2 data releases published 

Atmospheric Ar campaign (52 days) 
Phys.Lett.B.743(456)

Underground Ar campaign (71 days) 
Phys. Rev. D 93, 081101 (2016)
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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 

Background identification 
Pulse Shape Discrimination 

S1/S2 discrimination 
Measure neutron flux in borate 

scintillator
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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!



DarkSide-50 detector design
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gaseous Ar
(above grid)

liquid Ar 
(~50 kg active volume)

DS50 LAr TPC

TPC assembled in radon-free clean room and
just before insertion into the cryostat

Liquid Argon TPC 

36 cm x 18 cm radius 
50 kg (36.9 fiducial) 
38 PMTs 
Uniform electric field (200 V/cm) 
1 cm gas pocket, extraction field 
(2.8 kV/cm) 
Reflectors and TPB coating 

Liquid Scintillator Veto (LSV) 

30 tons, 2m radius 
LS (1:1 TMB+PC) 
110 PMTs 

Water Cherenkov (WCD) 

1 kton water, 5.5m radius 
80 PMTs



Ionization and excitation 

WIMPs scatter on LAr → primary photons (S1) + electrons 
drifting to the GAr region where they are accelerated and 
emit light through electroluminescence (S2) 

S1/S2 ratio allow to distinguish electron recoils from 
nuclear recoils with a rejection power of  ~102-103
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Dual Phase Liquid Argon TPC 
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WIMP



S1/S2

Exploit different fractions of  
energy going to excitation  (S1) 
and ionization (S2) 

Allow to distinguish ER from NR 
with a discrimination power of  
102-103 

Technique available for dual 
phases noble liquids detector 
(Xe or Ar)
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date. Within each exposure segment, the field magnitude
is considered to be constant and uniform. Boundaries in
date are September 11, 2014; January 1, 2015; April 1,
2015; October 1, 2015; May 2, 2016. Boundaries in drift
time are 40, 105, 170, 235, 300 µs. Periodic 3H calibra-
tions provide each of the 16 exposure segments with a
unique calibration set from which to construct a unique
individual response model. These 16 response models
take the form of parameter variations of the Noble El-
ement Simulation Technique (NEST) model [33], which
captures both the LXe microphysics of signal production
and the detector physics of signal collection. Fits are
performed by comparing the measured ER band (median
and 10-90 percentile width in the {S1, log10(S2)} plane
as in Fig. 1) with that predicted by the response model.
Specific to each exposure segment, two model parame-
ters are varied during these fits: the electric field mag-
nitude, and the recombination fluctuation parameter Fr

(see [31, 33, 34, 40]). Field-independent parameters that
describe the detector as a whole (e.g. light collection ef-
ficiency in gas, S2 resolution, g1, and g2), are allowed
to vary while constrained to be equal for all exposure
segments within a given date bin. In each exposure seg-
ment, the measured ER band median di↵ers from the
model band median by less than 1% for all S1. The
16 electric field magnitudes found through these fits are
consistent with the values earlier obtained from the elec-
trostatic field models. This last point deserves emphasis,
because the two techniques for estimating electric field
magnitude are completely independent: the electrostatic
field model is based on the observed electron drift paths
alone, while the NEST fits are based on the S1 and S2
amplitudes alone.

Neutron calibrations with the DD source were per-
formed in each date bin. For each individual exposure
segment, the best-fit parameters from the corresponding
ER calibration are applied to the NEST NR model. The
resulting NR models show excellent agreement with cali-
brations, such that the NR band medians of correspond-
ing models and calibrations di↵er by less than 2.6% for
all S1. As in [9], the overall energy scale in the response
models is fixed by fitting the NEST NR model to a sepa-
rate in situ energy calibration using tagged neutron mul-
tiple scatters [11, 12]. As before, we conservatively as-
sume NR light yield to be zero below 1.1 keV, the lowest
energy at which NR light yield was measured in [11]. The
16 ER and 16 NR models are then used within a profile
likelihood ratio (PLR) method [41] to search for evidence
of dark-matter scattering events. It can be seen from the
light-dashed curves in Fig. 1, representing extrema of the
16 ER and NR models, that the scale of model variation
is small and diminishes towards the energy threshold.

Events consisting of a single scatter within the active
LXe are selected according to several criteria: a single S2
preceded by a single S1, an S1 threshold of 2 PMT coinci-
dence, and an upper threshold for the summed pulse area
outside S1 and S2 within the trigger window. This last
selection removes triggers during high single-extracted-

electron activity following large-S2 events [9, 42], and
results in 99.0% e�ciency when applied to 3H calibra-
tion data for WS2014–16. The S2 threshold is set to
200 phd (raw uncorrected pulse area) to avoid events
for which the {xS2, yS2} position uncertainty is high.
Events for which S2 > 104 phd, S1 > 50 phd, log10(S2) <
medianNR � 5�NR or log10(S2) >medianER + 3�ER

(boundaries evident in Fig. 1) are considered far from
the region of interest and are ignored.
A fiducial volume in drift time is defined as 40-300 µs

(date-independent). Each of the four date bins has
a uniquely defined radial fiducial selection boundary,
3.0 cm radially inward from the measured PTFE sur-
face position for that date bin in observed S2 coordi-
nates, {xS2, yS2, zS2}. The wall position, a function of
{�S2, zS2}, is measured with 210Pb sub-chain events that
originate on the PTFE surface. The fiducial mass is de-
termined by scaling the 250 kg of active LXe by the ac-
ceptance fraction of 83mKr events through the fiducial-
selection criteria. The time-averaged fiducial masses for
the date bins are 105.4, 107.2, 99.2, and 98.4 kg, in
chronological order. A 3% systematic uncertainty across
all dates is estimated through comparison with accep-
tance fractions of 3H calibration data, of similarly uni-
form distribution in true recoil position.
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FIG. 1. WS2014–16 data passing all selection criteria. Fidu-
cial events within 1 cm of the radial fiducial volume boundary
are indicated as unfilled circles to convey their low WIMP-
signal probability relative to background models (in particu-
lar the 206Pb wall background). Exposure-weighted average
ER and NR bands are indicated in blue and red, respectively
(mean, 10%, and 90% contours indicated). Of the 16 models
used, the scale of model variation is indicated by showing the
extrema boundaries (the upper edge of the highest-S2 model
and the lower edge of the lowest-S2 model) as fainter dashed
lines for both ER and NR. Gray curves indicate a data selec-
tion boundary applied before application of the profile likeli-
hood ratio method. Green curves indicate mean (exposure-
weighted) energy contours in the ER interpretation (top la-
bels) and NR interpretation (lower labels), with extrema mod-
els dashed.
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ER Rejection factor: 102 - 103
Benetti et al. (ICARUS) 1993; 
Benetti et al. (WARP) 2006 Discrimination between  

NR (WIMP-induced) and ER (background) 

ER band
NR band

Phys.Rev.D93,072009
(excitation <<  ionisation)

(excitation ~ ionisation)

Title TextPaolo	Agnes PhD	Thesis	Defence,	30	Sept	‘16

S1

S1

S2

S2

Energy deposition!

Excitation! Ionization!

Heat!

Ar*!

Ar*
2!

Singlet ! Triplet!

Ar+!

Ar+
2!

Ar**
!

S1!

Electrons!

Recombination!

S2!

S2/S1 Ratio

7

ER Rejection factor: 102 - 103
Benetti et al. (ICARUS) 1993; 
Benetti et al. (WARP) 2006 Discrimination between  

NR (WIMP-induced) and ER (background) 

ER band
NR band

Phys.Rev.D93,072009
(excitation <<  ionisation)

(excitation ~ ionisation)

ER NR
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Pulse Shape Discrimination in LAr

Discrimination power depends on 
the Light Yield 

For DS-50 we use f90=Q(0-90 ns)/
Q(all) and a discrimination power 
larger than 107 has been 
demonstrated
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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)!

LAr LXe

Singlet ~7 ns 4 ns

Triplet ~1600 ns 22 ns

Singlet Triplet

Time Constant 7 ns 1600 ns

ER population 33% 67%

NR population 75% 25%

Discriminating Electron Recoils

14!

Electron Recoil

Nuclear Recoil

Pulse shape discrimination based on time profile of S1 light signal.
Electron and nuclear recoils produce different excitation densities in the argon, 
leading to different ratios of singlet and triplet excitation states

Averaged Wave forms !

�singlet ~ 7 ns
�triplet ~ 1500 ns



Atmospheric Argon results

50 days of  data taking 

1.5x107 single scatter events in the ROI (dominated by 39Ar)  

None of  them enter the WIMP search region
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expected+39Ar+leakage+from+the+model+<0.1

TOTAL+EXPOSURE:+1432+±+66+kg+d+
equivalent+to+215,000+kg+d+with+UAr+(>20+yrs)



Underground Argon

Atmospheric Argon contains cosmogenic contamination 
from 39Ar due to  activation from cosmic rays 

β-decay with a rate of  ~1 Hz/kg in Atmospheric Argon 

Half-life of  39Ar is 270 years  

Solution: use underground argon naturally depleted of  39Ar 

DS-50: 150 kg of  UAr extracted from a mine in Colorado, 
purified at FNAL and shipped to LNGS
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Depleted	Ar	from	Colorado	to	Gran	Sasso	

4	October	2016	 Sandro	De	Cecco	 10	

“First	Large	Scale	ProducMon	of	Low	RadioacMvity	Argon	From	Underground	Sources”	
arXiv.org > astro-ph > arXiv:1204.6024	

We	report	on	the	first	large-scale	produc0on	of	low	radioac0vity	argon	from	underground	gas	wells.	Low	radioac0vity	argon	is	of	general	interest,	in	

par0cular	for	the	construc0on	of	large	scale	WIMP	dark	maSer	searches	and	detectors	of	reactor	neutrinos	for	non-prolifera0on	efforts.	Atmospheric	

argon	has	an	ac0vity	of	about	1	Bq/kg	from	the	decays	of	39Ar;	the	concentra0on	of	39Ar	in	the	underground	argon	we	are	collec0ng	is	at	least	a	factor	

of	100	lower	than	this	value.	The	argon	is	collected	from	a	stream	of	gas	from	a	CO2	well	in	southwestern	Colorado	with	a	Vacuum	Pressure	Swing	

Adsorp0on	(VPSA)	plant.	The	gas	from	the	well	contains	argon	at	a	concentra0on	of	400-600	ppm,	and	the	VPSA	plant	produces	an	output	stream	with	an	

argon	concentra0on	at	the	level	of	30,000-50,000	ppm	(3-5%)	in	a	single	pass.	This	gas	is	sent	for	further	processing	to	Fermilab	where	it	is	purified	by	

cryogenic	dis0lla0on.	The	argon	produc0on	rate	is	presently	0.5	kg/day.	

“First	Commissioning	of	a	Cryogenic	DisMllaMon	Column	for	Low	RadioacMvity	Underground	Argon”	
arXiv.org > astro-ph > arXiv:1204.6061	

We	report	on	the	performance	and	commissioning	of	a	cryogenic	dis0lla0on	column	for	low	radioac0vity	underground	argon	at	Fermi	Na0onal	

Accelerator	Laboratory.	The	dis0lla0on	column	is	designed	to	accept	a	mixture	of	argon,	helium,	and	nitrogen	and	return	pure	argon	with	a	nitrogen	

contamina0on	less	than	10	ppm.	In	the	first	commissioning,	we	were	able	to	run	the	dis0lla0on	column	in	a	con0nuous	mode	and	produce	argon	that	is	

99.9%	pure.	Aher	running	in	a	batch	mode,	the	argon	purity	was	increased	to	99.95%,	with	500	ppm	of	nitrogen	remaining.	The	efficiency	of	collec0ng	the	

argon	from	the	gas	mixture	was	between	70%	and	81%,	at	an	argon	produc0on	rate	of	0.84-0.98	kg/day.	
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Underground Argon run
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39Ar component has clearly decreased

For a precise measurement of the
 depletion factor we need to know the 
different sources of ER in DS → MC 

simulation



DS MC simulation: G4DS
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G4DS - Optical Tuning

38 PMTs (3 inches), two arrays (top and bottom)

1. Relative quantities: no assumption on energy  

2. Tuning of optical  parameters 
(refractive indexes, absorption lengths, WLS…)  
+ condensed Ar layer found/WLS defects

18

Light Yield vs tdrift Top/Bottom light fraction vs tdrift
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1. Relative quantities: no assumption on energy  

2. Tuning of optical  parameters 
(refractive indexes, absorption lengths, WLS…)  
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Light Yield vs tdrift Top/Bottom light fraction vs tdrift
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DarkSide-50 Geometry
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The MC simulation of  DS has been 
written by French groups  

GEANT4 MC simulation including all 
the geometries of  the DS program 
(DS-50, DS-20k, DS-1ton, ARIS, 
ReD…) 

Optical tuning based on DS-50 data 

Fundamental tool for the analysis of  
DS-50 data and the design of  DS-20k



The PARIS model
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The PARIS Model
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Energy deposition!

Excitation! Ionization!

Heat!

Ar*!

Ar*
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Singlet ! Triplet!

Ar+!

Ar+
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Ar**
!

S1!

Electrons!

Recombination!
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Nq = E / W
Ni  = Nq / (1+α)
Nex = Nq - Ni

NqS1 = Nex + RNi
NqS2  = Ni(1 – R) 

S1 =   YS1 NqS1

S2 =   YS2  NqS2

Assumptions: 
W = 19.5 [eV]   
α = 0.21 (ER)
α = 1.00 (NR)

Constant YS1 and YS2 
(independent on E, field) 

The goal is to model R 
(the recombination probability)  

as a function of the recoil energy and drift field 

Nex/Ni=α NiNex

Nq

R

fluctuations
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Energy deposition!

Excitation! Ionization!

Heat!

Ar*!

Ar*
2!

Singlet ! Triplet!

Ar+!

Ar+
2!

Ar**
!

S1!

Electrons!

Recombination!

S2!

Nq = E / W
Ni  = Nq / (1+α)
Nex = Nq - Ni

NqS1 = Nex + RNi
NqS2  = Ni(1 – R) 

S1 =   YS1 NqS1

S2 =   YS2  NqS2

Assumptions: 
W = 19.5 [eV]   
α = 0.21 (ER)
α = 1.00 (NR)

Constant YS1 and YS2 
(independent on E, field) 

The goal is to model R 
(the recombination probability)  

as a function of the recoil energy and drift field 

Nex/Ni=α NiNex

Nq

R

fluctuationsModel R as a function of  the  
recoil energy and the drift field
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Extraction of the recombination probability from data 

An effective parameterisation (6 degrees of freedom) 

  endpoint  of 39Ar spectrum (565 keV),  
Fit of the  83mKr (9.4 keV +  32.1 keV) peak 
  37Ar peak (2.7 keV) peak

The Recombination Probability

20
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Recombination probability 

S1 - 39Ar spectrum

S2 [pe]

S2 - 39Ar spectrum
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ER and NR calibration
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Title TextPaolo	Agnes PhD	Thesis	Defence,	30	Sept	‘16

57Co 133Ba
DS50 data all pulses

G4DS all pulses

DS50 single pulse

G4DS single pulse

DS50 data all pulses

G4DS all pulses

DS50 single pulse

G4DS single pulse

Cross check with external calibration sources (57Co and 133Ba) 
CALIS (calibration insertion system) 
S1 after statistical background (39Ar) subtraction:  

Same agreement for number of pulses, tdrift vs x-y distribution…

Electronic Recoils: Cross Check 

21

No additional smearing required!

LSV

TPC
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Energy spectrum of selected events

NR Energy Calibration

Addition of Mei model for NR quenching 
Same recombination probability assumed  
Nex/Ni = α = 1.00 (NR)

Cross check with AmBe source  
(strong data selection cuts: 4.4 MeV coincidence in the LSV, 
f90)

22

NR

ER

Data selection

Nuclear recoil quenching

Fraction of NR energy which 
goes in ionisation/scintillation: 

~0.25 for E > 30 keV

Astropart. Phys. 
Vol 30-1(2008)
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Energy spectrum of selected events

NR Energy Calibration

Addition of Mei model for NR quenching 
Same recombination probability assumed  
Nex/Ni = α = 1.00 (NR)

Cross check with AmBe source  
(strong data selection cuts: 4.4 MeV coincidence in the LSV, 
f90)
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NR

ER

Data selection

Nuclear recoil quenching

Fraction of NR energy which 
goes in ionisation/scintillation: 

~0.25 for E > 30 keV

Astropart. Phys. 
Vol 30-1(2008)

External ER 
calibrations 

sources (Ba and 
Co) deployed in 

DS-50 
Excellent data/MC 

agreement 

External NR 
calibrations 

sources (AmBe) 
deployed in DS-50 
Excellent data/MC 

agreement 



3D fit to extract 39Ar component

Done by French groups with MC 

Include the shape of  the 
backgrounds from the different 
sources (Cryo, PMTs, etc) 

Fit the multiple scatter and 
single scatter spectra and the 
tdrift distribution

18

Title TextPaolo	Agnes PhD	Thesis	Defence,	30	Sept	‘16

darkish

Produce MC spectra of beta/gammas from all 
the detector materials and all the radioactive 
contaminants  
Fit at the same time 

S1late all pulses spectrum (full absorption 
peaks)  
S1 two pulses spectrum (single scatters, drift 
time information) vs drift time in the saturation 
free region (S1 < 5000)  

Rely on G4DS also for the relative normalisation 
between the datasets. 

33

S1late [pe] drift time [us]

S1 [pe]
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S1 (multiple scatter)

S1 (single scatter)t drift



39Ar depletion factor
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FIG. 1. Left: Live-time-normalized S1-late pulse integral spectra (see text) obtained at zero drift field, with an AAr fill (black)
and a UAr fill (blue). Also shown are the GEANT4 MC fit to the UAr data (red) and individual components of 85Kr (green)
and 39Ar (orange) extracted from the fit. Right: Live-time normalized S1 pulse integral spectra from single-scatter events
in AAr (black) and UAr (blue) taken with 200V/cm drift field. Also shown are the 85Kr (green) and 39Ar (orange) levels as
inferred from a MC fit. Note the peak in the lowest bin of the UAr spectrum, which is due to 37Ar from cosmic-ray activation.
The peak at ⇠600PE is due to �-ray Compton scatters.
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FIG. 2. f90 NR median vs. S1 from a high-rate in situ
AmBe calibration (blue) and scaled from SCENE measure-
ments (red points). Events filling the region between the NR
and ER bands are due to inelastic scattering of high energy
neutrons, high source intensity, and correlated neutron and
�-ray emission by the AmBe source.

were used to further validate the MC, and data taken97

with AmBe neutron sources were used to validate the98

extrapolation of the nuclear recoil response from SCENE99

to DarkSide-50, as shown in Fig. 2 and described below.100

Calibrations were also carried out with 83mKr added to101

the TPC fill, as in our previous work.102

The measured S1 pulse is corrected to account for geo-103

metrical variation of light production and collection along104

the z-axis. The S1 z-dependent correction is derived with105

AAr and validated with UAr data from the 83mKr cal-106

ibration. For data taken with zero drift field, this cor-107

rection is performed by using the asymmetry in the S1108

signal distribution on the top and bottom PMT arrays as109

a measure of z-position, and is calibrated using 39Ar data110

in AAr. We do not apply any z-correction to S2 signals,111

since the electron life time—a measure of drifting elec-112

trons lost due to electronegative impurities—is too long113

to be measured reliably and yields < 7% signal loss for114

events with the maximum drift time (373 µs). New algo-115

rithms have been developed for the localization of events116

in the plane transverse to the drift direction, and for the117

correction of the radial dependence of the S2 observed in118

both the AAr and UAr exposures (possibly due to grad-119

ual variation in the thickness of the gaseous argon layer).120

We do not apply any S1 radial correction, the maximum121

variation being < 3%.122

The TPC light yield was derived from zero-field 83mKr123

calibration data. Re-analysis of the 83mKr data from124

the AAr campaign using the current improved ver-125

sion of the reconstruction code gives a light yield of126

(8.1± 0.2)PE/keV, slightly higher than that quoted in127

Ref. [1]. The light yield measured with 83mKr added128

to the UAr was found to be the same, and the quoted129

uncertainty is dominated by the systematic uncertainty130

of the mean single photoelectron response of the PMTs.131

The nuclear recoil (NR) energy scale (Er) was derived132

from the S1 signal using the zero-field light yields for133

NRs relative to 83mKr measured in the SCENE experi-134

ment [10, 11], scaled to the zero-field light yield for 83mKr135

in DarkSide-50.136

Fig. 1 (left) compares the measured zero-field spectra137

for the UAr and AAr targets. Pulse selection criteria138

are essentially the same for the two targets, as are the139

(minimal) data selection cuts. The horizontal axis is the140

“S1-late” pulse integral, which excludes the first 90 ns, a141

period with about 30% of total S1 light for electron recoils142

(ERs). This avoids distortion of the spectra by digitizer143

saturation at high S1 values. The respective positions of144

identified primordial radionuclide �-ray lines show that145

the light yields from AAr and UAr are consistent. These146

�-ray lines originate from the very low levels of 238U,147

232Th, 40K, and 60Co in the detector construction mate-148

rials, consistent with expectations from the screening of149

those materials. During the fitting procedure it became150

apparent that a 85Kr component is also present.151

39Ar = 0.71±0.05 mBq/kg → depletion factor of  1400±200 
(previous upper limit was >100) 

Discovery of  the 85Kr component ~ 2 mBq/kg (later 
confirmed by coincidence search) 
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70 day exp (UAr) + S1/S2 cut
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DarkSide-20k

Dual phase TPC → from 50 kg to 
30 ton (20 ton FV) 

TPC light readout with SiPM 

Better light yield (>10 pe/keV) 

Cleaner than PMTs and lower 
mass (much lower neutron 
background) 

Active vetoes (LS and WT) similar 
as DS-50 

Depleted Argon: extract large 
quantities of  UAr in Colorado 
(URANIA) and further purify it with 
a distillation column (ARIA) 
already partially funded 

Scientific goal: 100 ton yr 
background-free exposure

23

the DarkSide project future 
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Experiment Target Exposure/[t yr] �/[cm2] @1TeV/c

2
�/[cm2] @10TeV/c

2 Reference
DarkSide-50 Ar 0.004 2⇥ 10�43 2⇥ 10�42 [48]
XENON-100 Xe 0.021 2⇥ 10�44 2⇥ 10�43 [40]
LUX Xe 0.027 1⇥ 10�44 1⇥ 10�43 [41]
ArDM Ar 1.5 8⇥ 10�45 7⇥ 10�44

DEAP-3600 Ar 3.0 5⇥ 10�46 5⇥ 10�45 [47]
XENON1T Xe 2.7 1⇥ 10�46 1⇥ 10�45 [53]
LZ Xe 15 3⇥ 10�47 3⇥ 10�46 [54, 55]
XENONnT Xe 20 2⇥ 10�47 2⇥ 10�46 [56]
DarkSide-20k DAr 100 9⇥ 10�48 9⇥ 10�47 this document
1 ⌫-induced
recoil event

Xe
Ar

300
400

2⇥ 10�48 2⇥ 10�47 [57]

Argo DAr 1000 9⇥ 10�49 9⇥ 10�48 this document

TABLE I. Comparison of sensitivity for current dark matter experiments leading the search for high mass WIMPs and of future
approved and proposed experiments.

accumulate an exposure of 1000 t yr, free of background289

other than that induced by coherent scattering of neu-290

trinos, and thus reach beyond the sensitivity correspond-291

ing to the “neutrino floor” in dark matter searches. As292

well as providing the most sensitive WIMP search, Argo293

would also carry out an ambitious program of precision294

measurements on low energy solar neutrinos (7Be, pep,295

and CNO neutrinos) through neutrino-electron elastic296

scattering. LAr has a scintillation light yield ten times297

larger than that of the organic liquid scintillator target298

of Borexino, yielding in turn a much sharper energy reso-299

lution. The use of the two-phase argon technology allows300

for a sharp definition of the fiducial volume, inducing a301

strong reduction of the systematic error that dominates302

the measurement of 7Be neutrinos in Borexino. The an-303

ticipated precision of the measurement is 2% for 7Be,304

10% for pep, and 15% for CNO neutrinos.305

These low energies and cross sections we intend to tar-306

get with DarkSide-20k first, and then Argo, represent an307

enormous experimental challenge, especially in the face308

of daunting backgrounds from electron recoil interactions309

and from neutrons that mimic the nuclear recoil signature310

of WIMPs. To meet this challenge, DarkSide-20k will311

exploit the auxiliary facilities including radon-free clean312

rooms, already built at LNGS as part of the DarkSide313

program. It will also use the water muon veto con-314

structed for the DarkSide program. DarkSide-20k will315

be instrumented with SiPMs as photosensors and will es-316

tablish the entire chain of production, purification, trans-317

port, and storage of low-radioactivity argon at the multi-318

tonne level. In short, DarkSide-20k will perform the most319

sensitive search for dark matter yet proposed and will also320

provide a convincing foundation for a 100 t scale detector.321

In order to deliver a background-free result, it is of322

greatest importance to build DarkSide-20k with the fol-323

lowing background requirements in mind:324

Neutron-induced Nuclear Recoils: Background325

from neutrons induced by cosmic rays needs to326

be reduced well below 0.1 events in the 100 t yr327

exposure. Studies of the cosmogenic backgrounds328

induced in Borexino [58, 59] demonstrate that329

cosmogenic backgrounds at LNGS can be defeated330

at this level by operating the detector in the331

DarkSide veto. Background from neutrons from332

construction materials also needs to be suppressed333

<0.1 events in a the 100 t yr exposure. The use334

of radiopure silicon-based photosensors, careful335

screening and selection of other detector materials,336

and the sub-centimeter position resolution of the337

LAr TPC [48] will permit to satisfy this require-338

ment. Current simulations indicate that, thanks to339

the self-vetoing capability of large argon detectors340

and anticipated reductions in the radioactivity341

of the photosensors, the use of an organic liquid342

scintillator neutron veto will not be required.343

Electron Recoils: The success of the experiment de-344

pends on the ability to control backgrounds to less345

than <0.1 events in the region of interest for nu-346

clear recoils, 30 keVnr to 200 keVnr, roughly equiv-347

alent to 7 keVee to 50 keVee. As demonstrated348

in the recent running of DarkSide-50 with low-349

radioactivity UAr, backgrounds from surface ma-350

terials can be rejected with a modest (5 cm or less)351

fiducial cut. The relevant sources of background for352

DarkSide-20k (and Argo) are solely those uniformly353

distributed throughout the fiducial volume: con-354

taminants in the liquid, electron scattering of so-355

lar neutrinos and decays of noble radioactive gases.356

Encouraged by the results from the DarkSide-50357

experiment, we believe that an experiment with358

low-radioactivity argon can control internal back-359

grounds to obtain a 100 t yr (eventually 1000 t yr)360

exposure in a “background-free mode”, defined as361

<0.1 events in the given exposure. The relevant362

sources of electron recoil (�/�) background are an-363

alyzed below.364

pp solar neutrinos: Electron scatters from pp365

neutrinos in the region of interest are expected366

at the level of 200 events/(t yr). The pp neu-367

trinos thus generate a total of 2.0⇥ 104 events368
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trinos, and thus reach beyond the sensitivity correspond-291
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well as providing the most sensitive WIMP search, Argo293
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ticipated precision of the measurement is 2% for 7Be,304
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These low energies and cross sections we intend to tar-306

get with DarkSide-20k first, and then Argo, represent an307

enormous experimental challenge, especially in the face308

of daunting backgrounds from electron recoil interactions309

and from neutrons that mimic the nuclear recoil signature310

of WIMPs. To meet this challenge, DarkSide-20k will311

exploit the auxiliary facilities including radon-free clean312

rooms, already built at LNGS as part of the DarkSide313

program. It will also use the water muon veto con-314

structed for the DarkSide program. DarkSide-20k will315

be instrumented with SiPMs as photosensors and will es-316

tablish the entire chain of production, purification, trans-317

port, and storage of low-radioactivity argon at the multi-318

tonne level. In short, DarkSide-20k will perform the most319

sensitive search for dark matter yet proposed and will also320

provide a convincing foundation for a 100 t scale detector.321

In order to deliver a background-free result, it is of322

greatest importance to build DarkSide-20k with the fol-323

lowing background requirements in mind:324

Neutron-induced Nuclear Recoils: Background325

from neutrons induced by cosmic rays needs to326

be reduced well below 0.1 events in the 100 t yr327

exposure. Studies of the cosmogenic backgrounds328

induced in Borexino [58, 59] demonstrate that329

cosmogenic backgrounds at LNGS can be defeated330

at this level by operating the detector in the331

DarkSide veto. Background from neutrons from332

construction materials also needs to be suppressed333

<0.1 events in a the 100 t yr exposure. The use334

of radiopure silicon-based photosensors, careful335

screening and selection of other detector materials,336

and the sub-centimeter position resolution of the337

LAr TPC [48] will permit to satisfy this require-338

ment. Current simulations indicate that, thanks to339

the self-vetoing capability of large argon detectors340

and anticipated reductions in the radioactivity341

of the photosensors, the use of an organic liquid342

scintillator neutron veto will not be required.343

Electron Recoils: The success of the experiment de-344

pends on the ability to control backgrounds to less345

than <0.1 events in the region of interest for nu-346

clear recoils, 30 keVnr to 200 keVnr, roughly equiv-347

alent to 7 keVee to 50 keVee. As demonstrated348

in the recent running of DarkSide-50 with low-349

radioactivity UAr, backgrounds from surface ma-350

terials can be rejected with a modest (5 cm or less)351

fiducial cut. The relevant sources of background for352

DarkSide-20k (and Argo) are solely those uniformly353

distributed throughout the fiducial volume: con-354

taminants in the liquid, electron scattering of so-355

lar neutrinos and decays of noble radioactive gases.356
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experiment, we believe that an experiment with358
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approved and proposed experiments.

accumulate an exposure of 1000 t yr, free of background289

other than that induced by coherent scattering of neu-290

trinos, and thus reach beyond the sensitivity correspond-291

ing to the “neutrino floor” in dark matter searches. As292

well as providing the most sensitive WIMP search, Argo293

would also carry out an ambitious program of precision294

measurements on low energy solar neutrinos (7Be, pep,295

and CNO neutrinos) through neutrino-electron elastic296

scattering. LAr has a scintillation light yield ten times297

larger than that of the organic liquid scintillator target298

of Borexino, yielding in turn a much sharper energy reso-299

lution. The use of the two-phase argon technology allows300

for a sharp definition of the fiducial volume, inducing a301

strong reduction of the systematic error that dominates302

the measurement of 7Be neutrinos in Borexino. The an-303

ticipated precision of the measurement is 2% for 7Be,304

10% for pep, and 15% for CNO neutrinos.305

These low energies and cross sections we intend to tar-306

get with DarkSide-20k first, and then Argo, represent an307

enormous experimental challenge, especially in the face308

of daunting backgrounds from electron recoil interactions309

and from neutrons that mimic the nuclear recoil signature310

of WIMPs. To meet this challenge, DarkSide-20k will311

exploit the auxiliary facilities including radon-free clean312

rooms, already built at LNGS as part of the DarkSide313

program. It will also use the water muon veto con-314

structed for the DarkSide program. DarkSide-20k will315

be instrumented with SiPMs as photosensors and will es-316

tablish the entire chain of production, purification, trans-317

port, and storage of low-radioactivity argon at the multi-318

tonne level. In short, DarkSide-20k will perform the most319

sensitive search for dark matter yet proposed and will also320

provide a convincing foundation for a 100 t scale detector.321

In order to deliver a background-free result, it is of322

greatest importance to build DarkSide-20k with the fol-323

lowing background requirements in mind:324

Neutron-induced Nuclear Recoils: Background325

from neutrons induced by cosmic rays needs to326

be reduced well below 0.1 events in the 100 t yr327

exposure. Studies of the cosmogenic backgrounds328

induced in Borexino [58, 59] demonstrate that329

cosmogenic backgrounds at LNGS can be defeated330

at this level by operating the detector in the331

DarkSide veto. Background from neutrons from332

construction materials also needs to be suppressed333

<0.1 events in a the 100 t yr exposure. The use334

of radiopure silicon-based photosensors, careful335

screening and selection of other detector materials,336

and the sub-centimeter position resolution of the337

LAr TPC [48] will permit to satisfy this require-338

ment. Current simulations indicate that, thanks to339

the self-vetoing capability of large argon detectors340

and anticipated reductions in the radioactivity341

of the photosensors, the use of an organic liquid342

scintillator neutron veto will not be required.343

Electron Recoils: The success of the experiment de-344

pends on the ability to control backgrounds to less345

than <0.1 events in the region of interest for nu-346

clear recoils, 30 keVnr to 200 keVnr, roughly equiv-347

alent to 7 keVee to 50 keVee. As demonstrated348

in the recent running of DarkSide-50 with low-349

radioactivity UAr, backgrounds from surface ma-350

terials can be rejected with a modest (5 cm or less)351

fiducial cut. The relevant sources of background for352

DarkSide-20k (and Argo) are solely those uniformly353

distributed throughout the fiducial volume: con-354

taminants in the liquid, electron scattering of so-355

lar neutrinos and decays of noble radioactive gases.356

Encouraged by the results from the DarkSide-50357

experiment, we believe that an experiment with358

low-radioactivity argon can control internal back-359

grounds to obtain a 100 t yr (eventually 1000 t yr)360

exposure in a “background-free mode”, defined as361

<0.1 events in the given exposure. The relevant362

sources of electron recoil (�/�) background are an-363

alyzed below.364

pp solar neutrinos: Electron scatters from pp365

neutrinos in the region of interest are expected366

at the level of 200 events/(t yr). The pp neu-367

trinos thus generate a total of 2.0⇥ 104 events368

0.007 9 x 10 - 44 D	 9 x 10 - 43 

DarkSide-20K	and	Argo	physics	reach	DarkSide-20K	and	Argo	physics	reach	
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DS-20k and Vetoes

● New 14x14 m WCD
(3.5 m active shielding on all sides)

● New 7 m Φ LSV (essential for
radiogenic neutrons)

● Not shown:  
DAr emergengy recovery port 
        (bottom)
Cabling & recirculation (top)

DarkSide-20K	
2020	

30t	DAr	
20t	fid.	

Water	Cherenkov	Det.	14x14m	

Liq.	Scint.	Veto	
7m	diameter	

Ti	cryo	
3x3m	

SiPM	top	
&	bobom		

ARGO:	
202X	
	

-	200t	fid.	DAr	
-	back.	free	
-	reach	ν	floor	
(1000	t	yr)	
+	solar	ν	physics	

from	DS-50	to	DarkSide-20K:	
	

•  20t	fiducial	DAr	(30	tot.,	23	ac0ve)	HallC	
•  SiPM	light	detector	@Lar	temp.	(low	radioact.	and	

increased	light	yield)	
•  New	ac0ve	vetoes	:	LSV	and	WCD	(for	radiogenic	

neutron	and	cosmogenic	muons)	
•  New	INFN	funded	UAr	extrac0on	plant	in	Colorado	

(URANIA)	and	DAr	350m	cryo	dis0lla0on	column	in	
Sardinia	(ARIA).	

Scien/fic	case	and	goal:	
à	100	ton-yr	background	free	exposure	[σ(WN)	<	10-47	cm2	
at	1	TeV]	

DS-20K	project	/meline:	TP	submi1ed	to	NSF/INFN	Dec/15,	NSF	posiAve	answer	Apr/16,	INFN	CTS	approval	process	
started.	pre-TDR	submi1ed	Sep/16.	à	NSF/INFN	TDR	approval	expected	by	Apr/17.	

4	October	2016	 Sandro	De	Cecco	 13	



Yellow Book

24

43 institutes 
277 signatures 

Submitted to the 
LNGS Scientific 

Committee and to 
INFN/NSF 

Joint review started 
→ expect approval 

by April 2017

The DarkSide-20k Yellow Book1

Technical Proposal/Pre-Technical Design Report2

September 5th, 20163
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SiPM R&D

The other big challenge of  DS-20k 
is to instrument a large area of  
detector with SiPM (total active 
surface of  ~15 m2) 

A lot of  R&D is on-going mainly 
driven by LNGS and FBK 

Already reach goal for Dark Count 
rate and photon-detection 
efficiency
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Underground Argon procurement

URANIA: plant  expansion to extract 100 kg/day of  UAr in 
Colorado 

ARIA: ~300 m distillation column to be installed at Seruci 
(Sardinia) to remove 85Kr from Ar (easy) and to further 
reduce the residual 39Ar component (→ factor of  10 per 
pass)  

These programs have already been funded
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Aria
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Production Column
150 cm diameter

350 m height

R&D Column
30 cm diameter

350 m height

 

 

 

• Volatilità relative => 1.007 

• Valori tipici >1.5 

• Numero di stadi teorici => ordine delle migliaia 

• HETP = 10 cm 

• H=200-400 m 

• Usuali = 20-30 m 

• Fuori terra 

• A sezioni separate 
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DarkSide-20k physics goal

UAR + PSD → background-free (from 
ER) for an exposure of  100 ton yr 

Need also to be background-free from 
neutrons → Liquid Scintillator veto 
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FIG. 1. Current results of direct dark matter search experiments (inspired by the corresponding figure in Ref. [9]
and adapted to include the most recent results from references cited elsewhere in this section). We show the mean
exclusion sensitivities for the full exposure of DarkSide-50, for DarkSide-20k, and for Argo (we account for the
⌫-induced background). We also show, as a term of comparison, the mean exclusion sensitivity for a generic argon-
based experiment with a 30 keV

nr

threshold, 100% acceptance for nuclear recoils, and expectation of one coherent
neutrino-nucleus scatter during the lifetime of the experiment. The grey shaded region is bounded from above by
the “coherent neutrino-nucleus scattering floor”, the ultimate experimental reach for a xenon based experiment with
arbitrary exposure, limited by the uncertainty on the ⌫-induced background, introduced in Ref. [10].

include cryogenic bolometers with ionization or scin-582

tillation detection (CDMS [24–27], SuperCDMS [28],583

EDELWEISS [29], CRESST [30]), sodium/ce-584

sium iodide scintillation detectors (DAMA/LI-585

BRA [31], KIMS [32]), bubble chambers (PI-586

CASSO [33], COUPP [34, 35], PICO [36, 37]),587

point contact germanium detectors (CoGeNT [38–588

41], MALBEK [42]), detectors using liquid xenon589

(ZEPLIN [43], XENON-100 [44], LUX [45–47],590

XMASS [48], PandaX-I [49], PandaX-II [50],591

XENON1T [51], LZ [52, 53], XENONnT [54]), de-592

tectors using liquid argon (ArDM [55–57], Mini-593

CLEAN [58], DEAP-3600 [59], WArP [60, 61], and,594

described in this proposal, DarkSide-50 [62, 63]).595

These detectors all share the common goal of achiev-596

ing a su�ciently low threshold energy to detect the597

collisions of WIMPs with target nuclei, as well as598

low enough background to identify these extremely599

rare events as from non-standard sources. Recent600

results from these experiments are shown in Fig. 1,601

along with projected sensitivities from the DarkSide602

program.603

Among all dark matter detectors to date, the604

LUX collaboration has obtained the most sensitive605

limits on spin-independent interactions of WIMPs606

with nuclei, using a xenon target to place a limit607

on the WIMP-nucleon interaction cross section of608

2⇥ 10�46 cm2 for a WIMP mass of 50GeV/c

2 [46].609

Evidence for a low-mass dark matter signal has610

been claimed by the DAMA/LIBRA [31] and Co-611

GeNT [38–41] collaborations, and may be consistent612

with observations of the CDMS collaboration using613

Si detectors [26]. However, these claims are in ten-614

sion with a number of other strong results, including615

those of XENON-100 [44, 64], the low-energy anal-616

ysis of SuperCDMS Ge detectors data [28], and the617

result from MALBEK [42]. The positive claims are618

also in strong contradiction with the results from619

LUX, which directly rule out the interpretation of620

COGENT and CDMS/Si [26] results in terms of621

low-mass WIMPs. On balance, the region of cross622

section around 10�39 cm2 expected for Z-mediated623

scattering [65] seems to be fully explored now - and624

excluded.625

The motivation for direct WIMP searches re-626

mains extremely strong, especially for high (above627

G4DS simulation of DS-20k

<0.1 events of   instrumental background 
and 1.6 coherent 𝜈 scattering  expected 

in 100 ton yr exposure

σSI~1.2x10-47 cm2 
(1.1x10-46 cm2) for 1 
TeV(10 TeV) WIMPs 
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ARIS experiment

Experiment performed at IPNO using the LICORNE beam 

Use a small dual phase TPC built at UCLA 

Installation of  the detector on the LICORNE beam line in 
September 2016 

Data taking with the neutron beam October 3-14 

Analysis of  the data is on-going 

28



What is ARIS

Expose te TPC on the highly collimated neutron beam 

Neutrons with mean energy of  1.44 MeV, beam opening 
angle of  ~6 degrees → thanks to the neutron production 
through inverse kinematics 

Neutrons scatter in the TPC and are observed with EDEN 
detectors at different angles (i.e. different recoil energies) 

Goal: characterize LAr response for scintillation, ionization 
and PSD as function of  the recoil energy

29

NR Energy [keV]
0 20 40 60 80 100 120 140 160 180 2000

0.2

0.4

0.6

0.8

1

29	May	2016	 Sandro	De	Cecco	 9	

θn	ßà	Recoil	Energy	

TOF	cut	

TPC	:	Top	AND	Bomom	PMTs	
TPC	AND	ND(in	OR)	AND	ACC	bunch	

ER	à	140	keV	

the ARIS experiment @ Alto  http://aris.in2p3.fr
Argon Recoil Ionization and Scintillation (ARIS)
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Abstract

We propose to measure the liquid argon scintillation and ionization responses to nuclear recoils (NRs)
with monoenergetic directional neutrons, as functions of di↵erent applied electric fields using a dual-phase
argon Time Projection Chamber (TPC). Neutrons are produced with the LICORNE neutron source and
13.25 MeV 7Li beam from the TANDEM accelerator of the ALTO facility. Information on the scintillation
and ionization energy scales, quenching factor, recombination probability, and time response will deeply
impact the results of current and future liquid argon based experiments designed for direct detection
of dark matter particles, such as DarkSide [1, 2], ArDM [3], and Deap-3600 [4]. In addition, the liquid
argon response may depend on the NR direction with respect to the electric field. In case this e↵ect will
be observed, liquid argon based experiments will benefit from an unambiguous signature for the direct
dark matter detection. We request 20 UT for this experiment.

1 Motivation and Goals

The existence of gravitational e↵ects that do not arise from normal matter is well established, even if their
source is a deep mystery. One possibility, motivated by considerations in elementary particle physics, is that
the mysterious e↵ects are due to “Dark Matter”, consisting of undiscovered elementary particles. A leading
candidate explanation is that Dark Matter is composed of Weakly Interacting Massive Particles (WIMPs),
formed in the early universe and gravitationally clustered together with standard baryonic matter.

The present leading technology in the direct search for dark matter employs instrumented volumes of noble
liquids to look for WIMP elastic scattering on atomic nuclei. Liquid argon (LAr) is among the most favorable
choices because it guarantees excellent radio-purity, high stopping power for penetrating radiation, and
high ionization and scintillation yields. Furthermore, LAr provides exceptional discrimination power for
separating the nuclear recoils (NRs) expected from WIMP elastic scatters from the abundant electron recoil
(ER) backgrounds resulting from gamma and electron interactions.

The current leading LAr based dark matter experiment is DarkSide-50 [1, 2], which uses a dual-phase
(liquid-gas) argon Time Projection Chamber (TPC). In a dual-phase LAr TPC, recoiling nuclei cause argon
excitation and ionization. Each scatter is detected by looking for both the primary scintillation light signal
(S1), from argon de-excitation, and the signal from free ionization electrons. As shown in Fig. 1 (left), the
latter are drifted towards the top of the TPC, thanks to a vertical electric field, and extracted into the argon
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argon Time Projection Chamber (TPC). Neutrons are produced with the LICORNE neutron source and
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impact the results of current and future liquid argon based experiments designed for direct detection
of dark matter particles, such as DarkSide [1, 2], ArDM [3], and Deap-3600 [4]. In addition, the liquid
argon response may depend on the NR direction with respect to the electric field. In case this e↵ect will
be observed, liquid argon based experiments will benefit from an unambiguous signature for the direct
dark matter detection. We request 20 UT for this experiment.

1 Motivation and Goals

The existence of gravitational e↵ects that do not arise from normal matter is well established, even if their
source is a deep mystery. One possibility, motivated by considerations in elementary particle physics, is that
the mysterious e↵ects are due to “Dark Matter”, consisting of undiscovered elementary particles. A leading
candidate explanation is that Dark Matter is composed of Weakly Interacting Massive Particles (WIMPs),
formed in the early universe and gravitationally clustered together with standard baryonic matter.

The present leading technology in the direct search for dark matter employs instrumented volumes of noble
liquids to look for WIMP elastic scattering on atomic nuclei. Liquid argon (LAr) is among the most favorable
choices because it guarantees excellent radio-purity, high stopping power for penetrating radiation, and
high ionization and scintillation yields. Furthermore, LAr provides exceptional discrimination power for
separating the nuclear recoils (NRs) expected from WIMP elastic scatters from the abundant electron recoil
(ER) backgrounds resulting from gamma and electron interactions.

The current leading LAr based dark matter experiment is DarkSide-50 [1, 2], which uses a dual-phase
(liquid-gas) argon Time Projection Chamber (TPC). In a dual-phase LAr TPC, recoiling nuclei cause argon
excitation and ionization. Each scatter is detected by looking for both the primary scintillation light signal
(S1), from argon de-excitation, and the signal from free ionization electrons. As shown in Fig. 1 (left), the
latter are drifted towards the top of the TPC, thanks to a vertical electric field, and extracted into the argon
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•  Goals:	precision	measurements	of	LAr	response	to	
NR	scin0lla0on,	ioniza0on	and	direc0onality.	Will	
exceed	past	exp.	SCENE	and	AmBe	calib.	
Milestone	of	DS-20K	proposal	(WBS	-	RED	project)	

	
•  TPC	moun0ng	and	tes0ng	@UCLA	almost	completed,	

shipping	by	summer.	
•  Trigger	and	DAQ	from	LNGS	
•  ND	and	setup	at	LPNHE	
•  ARIS	full	setup	and	commissioning	@Alto	in	September	

2016.	
•  ARIS	experiment	beam	0me	scheduled	for	1st	half	of	

October	2016.	
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Experimental setup
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ARIS experimental setup

We used 8 EDEN neutron detectors 
(energy from 7 keV to 120 keV) 

Beam energy as small as possible to 
maximize collimation 

5 different electric fields in the TPC 
(from 0 to 500 V/cm)

31

✦ Pulsed neutron beam
✦ TPC instrumented with 8 PMTs 

✦ 7 1-inch PMTs on the top
✦ 1 3-inch PMT on the bottom

✦ EDEN neutron detectors for:
✦ TOF
✦ n/γ PSD

✦ Triple coincidence between beam, 
TPC and ND was requested

W. Creus et al, JINST 10 (2015) no.08, P08002 



ARIS first results
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Importance of  IPNO beam

LICORNE is a directional neutron source at the Tandem 
accelerator at IPNO 
7Li is accelerated to 13-17 MeV and neutrons are produced 
through the reaction p(7Li,n)7Be 

High fluxes of  neutrons (up to 108 n/s/sr) 

Highly collimated (from ~2 to ~25 degrees depending on 
the Li energy) 

This is a unique facility that can be exploited to 
characterize TPC response for low energy nuclear recoils 

The success of  ARIS experiment demonstrated that this 
facility can be used for the DS external calibration program 

In-kind contribution that IN2P3 can offer to DarkSide

33



External calibration program

The DarkSide collaboration is involved in an external 
calibration program for the characterization of  the LAr 
response to low energy to NR 

SCENE experiment @ Notre Dame → isotropic neutron beam 

ARIS experiment @ IPNO → highly collimated and mono-
energetic neutron beam 

Next: ReD: an experiment to sense directionality in LAR

34

TPC built at Naples, instrumented with SiPM 
(2 5x5cm arrays on top and bottom) 

Minimize materials out from LAr active region 
to maximize neutrons single scatter in LAr 

Expose it to a neutron beam 

LICORNE@IPNO is a perfect candidate 



Directionality

Columnar recombination: more S1 and less 
S2 if  track parallel to electric field 

Exploit the preferred direction of  WIMPs 
with respect to isotropic 𝜈 and n 
backgrounds 

Might allow to go beyond the neutrino floor 

Some hints from SCENE but need more 
precise measurements on neutron beams 
with dedicated setup (ReD at IPNO)
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Proton Beam 

at University of Notre Dame

7Li(p, n)7Be reaction produces low energy monoenergetic neutrons

TOF measurement between target, LAr and organic scintillators allows 

clean identification of elastic neutron interactions of known energy

Organic Liquid Scintillators

(placed at precise deflection angles)

LAr-TPC

(based on DarkSide 

design)

SCENE 
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DM	direc1onality	in	LAr	:	the	SCENE	exp.	
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Idea	:	Ion	recombina1on	probability	higher	if	its	
track	//	to	Electric	field	while	lower	if	perp.	
Supported	by	theore1cal	models.	
	
Scin1lla1on	signal	will	be	affected,	already	first	
hints	at	the	SCENE	experiment	@	Notre	Dame	à		
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FIG. 28. Directional di↵erential recoil rate in argon, inte-
grated over the energy range from 55 keV to 206 keV, plotted
in equal area projection maps of the celestial sphere in galac-
tic coordinates, for a WIMP mass of 1TeV/c2 and a cross
section of 10�46 cm2.

initial momentum of the recoil.2641

Sensitivity to the direction of the nuclear recoils orig-2642

inating from WIMP scatters is a very highly desirable2643

capability for a direct dark matter detection experiment,2644

as it would provide a powerful signature for identifying2645

an observed signal coming from the galactic dark mat-2646

ter [122]. The main velocity component of an earth-2647

bound laboratory, with respect to the galactic center2648

of mass, is the result of the revolution of the solar sys-2649

tem about the galactic center. This rotational velocity is2650

nearly equal to the virial velocity of an isothermal dark2651

matter WIMP halo. In this situation, the kinematics2652

of WIMP-nucleus scattering will result in recoiling nu-2653

clei from WIMP scattering which are predominantly di-2654

rected into the hemisphere antiparallel to the rotational2655

velocity. However, this direction has a fixed location2656

in galactic coordinates. As an example, Fig. 28 shows2657

the argon recoil distribution in galactic coordinates for2658

a standard halo model. Although broadened after scat-2659

tering, the WIMP recoil distribution is still pointing op-2660

posite to the direction of Cygnus. Thus the expected2661

signal is clearly anisotropic and directional detection in2662

argon retains all premises required to distinguish a gen-2663

uine WIMP signal from an isotropic background. In the2664

laboratory frame, the Earth’s rotation makes this direc-2665

tion rotate around the polar axis with a period of one2666

sidereal day. The strength of the correlation varies for2667

di↵erent WIMP halo models and di↵erent detector char-2668

acteristics and has been extensively studied theoretically2669

(see Ref. [123] and references cited therein). These stud-2670

ies show that in practically any WIMP model, even mod-2671

est direction sensitivity for a limited number of detected2672

events gives a powerful discriminant for identifying a sig-2673

nal with the galactic halo, as opposed to any isotropic or2674

fixed-location source in the laboratory.2675

The success of the ReD experiment could have a cru-2676

cial impact on the broader program of the DarkSide Col-2677

laboration. While sensitivity to the direction of recoils2678

is already established in low-pressure gases, it has never2679

been demonstrated in a condensed target. Confirmation2680

of this e↵ect in LAr, already endowed with an extraordi-2681

nary capability of discriminating �/� events in favor of2682

the selection of nuclear recoils, would revolutionize the2683

field of dark matter direct searches and would provide a2684

formidable asset for DarkSide-20k and Argo.2685

The ReD experiment is also designed to provide a de-2686

tailed characterization of the response of nuclear recoils2687

in LAr in the presence of drift fields. The optimized de-2688

sign of the GAP TPC will minimize the probability of2689

contamination from multiple neutron scatters inside the2690

active volume. The large liquid scintillator neutron spec-2691

trometer will provide the experimental apparatus with2692

the capacity to collect a large sample of elastic interac-2693

tions in the energy region of interest, precisely measur-2694

ing the kinematic parameters of the scattering. Finally,2695

the accelerator lab of Università degli Studi di Napoli2696

“Federico II” will make available the tandem accelera-2697

tor target room for a permanent installation of the ReD2698

detector. This mode of operation will enable long-term2699

runs with a stable proton/ion beam at the desired energy,2700

with the option to chop and bunch the proton beam to2701

produce a pulsed neutron source. The lack of the possi-2702

bility to perform long runs in a stable setup was another2703

limitation of the SCENE experiment performed at the2704

accelerator lab of Notre Dame University.2705

The ReD project is in many ways unique for the2706

DarkSide program, for it o↵ers in a single setup the pos-2707

sibility to fully calibrate its detectors thanks to the avail-2708

ability of an on site, fully equipped cryogenic laboratory,2709

clean room facilities, and the possibility to allocate a ded-2710

icated space in the beam area for the apparatus and ancil-2711

lary equipment, allowing for the integration of significant2712

statistics with a limited fraction of beam time.2713

XXIII. WBS, SHARING OF2714

RESPONSIBILITIES, AND SCHEDULE2715

XXIV. BROADER IMPACT: THE DARKSIDE2716

TECHNOLOGIES2717

The technologies developed by the DarkSide Collabo-2718

ration for the DarkSide-50, DarkSide-20k, and Argo pro-2719

grams benefit society at large in a variety of ways. We2720

list here, the major benefits already, and potentially, re-2721

sulting from the DarkSide program:2722

4He: He is a non-renewable resource, which is today es-2723

sential for many high-tech industries and for sci-2724

entific research. It plays a strategic role, as it is2725

an indispensable resource for the defense and space2726

exploration industry. There is simply no substitute2727

for the many crucial uses of He in the U.S. univer-2728

sities, laboratories, and high-tech industries. The2729

Bureau of Land Management (BLM) operates the2730

National He Reservoir at Amarillo, the sole govern-2731

ment helium storage reservoir, and provides on its2732

webpages a list of industrial processes depending2733

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.
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Angular)dependence)from)SCENE

Hint for anisotropy of 57.2 keV nuclear recoils → further investigation with more 
precise measurements and higher energies

Par'cipa'ng+groups:+
Napoli,+LNGS,Roma1,+APC5IN2P3,+Princeton,+Temple,+UCLA

SCENE@UNINA+
Pulsed+neutron+beam+at+the+Tandem+accelerator+

Cryogenic+equipment++Ar+recircula'on+and+purifica'on+
Neutron+detectors

SCENE collaboration, 
Phys. Rev. D 91, 092007 (2015



ARGO

DarkSide-20k will be followed by ARGO (Argon Observatory) 

300 ton Dual Phase TPC to be operational in 2026 

Search for WIMPs through the neutrino floor 

Do solar neutrinos physics
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FIG. 1. Current results of direct dark matter search experiments (inspired by the corresponding figure in Ref. [9]
and adapted to include the most recent results from references cited elsewhere in this section). We show the mean
exclusion sensitivities for the full exposure of DarkSide-50, for DarkSide-20k, and for Argo (we account for the
⌫-induced background). We also show, as a term of comparison, the mean exclusion sensitivity for a generic argon-
based experiment with a 30 keV

nr

threshold, 100% acceptance for nuclear recoils, and expectation of one coherent
neutrino-nucleus scatter during the lifetime of the experiment. The grey shaded region is bounded from above by
the “coherent neutrino-nucleus scattering floor”, the ultimate experimental reach for a xenon based experiment with
arbitrary exposure, limited by the uncertainty on the ⌫-induced background, introduced in Ref. [10].

include cryogenic bolometers with ionization or scin-582

tillation detection (CDMS [24–27], SuperCDMS [28],583

EDELWEISS [29], CRESST [30]), sodium/ce-584

sium iodide scintillation detectors (DAMA/LI-585

BRA [31], KIMS [32]), bubble chambers (PI-586

CASSO [33], COUPP [34, 35], PICO [36, 37]),587

point contact germanium detectors (CoGeNT [38–588

41], MALBEK [42]), detectors using liquid xenon589

(ZEPLIN [43], XENON-100 [44], LUX [45–47],590

XMASS [48], PandaX-I [49], PandaX-II [50],591

XENON1T [51], LZ [52, 53], XENONnT [54]), de-592

tectors using liquid argon (ArDM [55–57], Mini-593

CLEAN [58], DEAP-3600 [59], WArP [60, 61], and,594

described in this proposal, DarkSide-50 [62, 63]).595

These detectors all share the common goal of achiev-596

ing a su�ciently low threshold energy to detect the597

collisions of WIMPs with target nuclei, as well as598

low enough background to identify these extremely599

rare events as from non-standard sources. Recent600

results from these experiments are shown in Fig. 1,601

along with projected sensitivities from the DarkSide602

program.603

Among all dark matter detectors to date, the604

LUX collaboration has obtained the most sensitive605

limits on spin-independent interactions of WIMPs606

with nuclei, using a xenon target to place a limit607

on the WIMP-nucleon interaction cross section of608

2⇥ 10�46 cm2 for a WIMP mass of 50GeV/c

2 [46].609

Evidence for a low-mass dark matter signal has610

been claimed by the DAMA/LIBRA [31] and Co-611

GeNT [38–41] collaborations, and may be consistent612

with observations of the CDMS collaboration using613

Si detectors [26]. However, these claims are in ten-614

sion with a number of other strong results, including615

those of XENON-100 [44, 64], the low-energy anal-616

ysis of SuperCDMS Ge detectors data [28], and the617

result from MALBEK [42]. The positive claims are618

also in strong contradiction with the results from619

LUX, which directly rule out the interpretation of620

COGENT and CDMS/Si [26] results in terms of621

low-mass WIMPs. On balance, the region of cross622

section around 10�39 cm2 expected for Z-mediated623

scattering [65] seems to be fully explored now - and624

excluded.625

The motivation for direct WIMP searches re-626

mains extremely strong, especially for high (above627



Solar neutrinos with ARGO

Excellent scintillator 40 photons/keV 

Easy to purify, high intrinsic radio-
purity wrt organic liquid scintillators 

Hundreds of  ton of  mass 

Exceptional PSD
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Figure 7: Statistical uncertainties on the solar neutrino components, as a function of the
radon activity.

222Rn Low Metallicity High Metallicity
Activity �(7Be) �(pep) �(CNO) �(7Be) �(pep) �(CNO)
10 1.77 ± 0.01 8.4 ± 0.1 16.7 ± 0.1 1.72 ± 0.01 9.0 ± 0.1 12.5 ± 0.1
20 1.80 ± 0.01 8.7 ± 0.1 17.0 ± 0.1 1.70 ± 0.01 9.1 ± 0.1 12.7 ± 0.1
40 1.82 ± 0.01 9.3 ± 0.1 17.9 ± 0.1 1.72 ± 0.01 9.8 ± 0.1 13.1 ± 0.1
60 1.84 ± 0.01 9.7 ± 0.1 18.6 ± 0.1 1.76 ± 0.01 10.2 ± 0.1 13.9 ± 0.1
80 1.85 ± 0.01 10.0 ± 0.1 19.6 ± 0.1 1.76 ± 0.01 10.6 ± 0.1 14.2 ± 0.1
100 1.87 ± 0.01 10.5 ± 0.1 20.0 ± 0.1 1.79 ± 0.01 11.0 ± 0.1 14.8 ± 0.1
200 1.96 ± 0.01 12.1 ± 0.1 23.2 ± 0.2 1.88 ± 0.01 12.9 ± 0.1 17.2 ± 0.1

Table 5: Solar neutrino rate uncertainties [%] as a function of the 222Rn contamination [10
µBq/(100 tonne) = 0.8 cpd/100 tonne]

The CNO spectral shape is similar to that of the low energy radon component. At
radon contamination levels above 200 µBq/(100 tonne) (16 cpd/100 tonne), the fit shows a
systematic deviation from the central value of the simulated CNO component (SSM-LZ) by
a few percent, implying that to guarantee a correct CNO measurement, the radon activity
must be reduced below this level. No such systematic deviations are observed for 7Be and
pep, whose spectral shapes have clear characteristic features.

The impact of a 85Kr contamination was also tested by adding 1, 10, and 100 µBq/(100
tonne) (corresponding to 0.09, 0.9, and 9 cpd/100 tonne) of 85Kr events to the toy MC
samples, assuming a radon contamination of 10 µBq/(100 tonne)(0.8 cpd/100 tonne). These
contamination levels resulted in an overall 7Be rate precisiom of ⇠2%, 3.5%, and 5%, respec-
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Figure 6: Examples of simulated spectra and fits, assuming radon contaminations of 10 (top)
and 100 (bottom) µBq/(100 tonne) (0.8 and 8 cpd/100 tonne). The calculations assume
the low–metallicity SSM, and the cosmogenic component is modeled with a first degree
polynomial, with the exception of an explicit spectrum for 32P.

radon contaminations between 10 and 100 µBq/(100 tonne) (0.8 - 8 cpd/100 tonne). The
resulting fitted values and uncertainties of the neutrino signal components are given in Table
5.
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400 ton yr exposure: 
First observation of          

CNO neutrinos 
measure 7Be-𝜈 (~2%),  

pep-𝜈 (~10%) 

CNO (High metallicity) 
pep (High metallicity) 
7Be (High Metallicity) 
CNO (Low metallicity) 
pep (Low metallicity) 
7Be (Low Metallicity)



Conclusions
DarkSide has a 20 years physics program built on the success of  
DarkSide-50 

Excellent PSD of  LAr, establish the use of  UAr for DM searches  

Already proved a background-free exposure equivalent to 5.5 ton yr 

We have submitted a pre-TDR to INFN and NSF to propose 
Darkside-20k@LNGS 

Largest DM collaboration (unify the entire Argon community) 

Background-free exposure of  100 ton yr → limit on σSI~1.2x10-47 
cm2 (1.1x10-46 cm2) for 1 TeV(10 TeV) WIMPs   

Expect approval from INFN and NSF in April 2017 

French groups have a leading role in the physics of  DarkSide 

Analyses of  DS-50 

Design optimization of  DS-20k 

The ARIS experiment demonstrate the availability in France of  
LICORNE@IPNO as a unique facility for the DS external calibration 
program that will be performed in the next years
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