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•  Introduc?on	to	direct	Dark	Ma2er	searches	
	

•  Direct	detec?on	experiments	with	Noble	liquid	double	phase	TPC;	why	Argon	target	?	
	

•  The	DarkSide	program	and	the	current	DarkSide-50	experiment		at	LNGS	
	

•  New	DarkSide-50	results	:	
	

–  “Low-mass	Dark	Ma4er	Search	with	the	DarkSide-50	Experiment”	ArXiv:1802.06994	
		
–  “Constraints	on	Sub-GeV	Dark	MaDer-Electron	ScaDering	from	the	DarkSide-50	

Experiment”	ArXiv:1802.06998		

–  “DarkSide-50	532-day	Dark	Ma4er	Search	with	Low-RadioacBvity	Argon”	ArXiv:
1802.07198		

	

•  Next	goals	:	zero	instrumental	background	DM	direct	detec?on	with	large	scale	LAr	TPC		

•  The	DarkSide-20K	project:	proposal	for	a	20t	fiducial	LAr	TPC	and	future	developments	
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Outline	:	



Dark	MaMer	evidences	
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Evidence for dark matter is overwhelming…

Several	gravitaOonal	evidences	from	:	

Cold	DM	preferred	for	structure	formaOon		

Rotation Curves of Galaxies

Departures from the predictions of newtonian gravity became apparent 
also at galactic scales with the measurement of rotation curves of galaxies 
(Rubin et al, 1970)

Relic Density
• For a WIMP, once we 

know its mass and cross 
section into SM particles, 
we can predict its relic 
density.

• I find it remarkable that 
one simple, reasonable 
assumption (DM is in 
equilibrium with the SM 
at early times) is enough 
to predict the dark 
matter density today in 
terms of the particle 
physics properties of DM.

20 Jun 11 Feng    27

FREEZE OUT: MORE QUANTITATIVE

9 The Boltzmann 
equation:

Dilution from
expansion

��� f f� f f� ���

9 n � neq until interaction rate 
drops below expansion rate:

9 Might expect freeze out at T ~ m, 
but the universe expands slowly!  
First guess: m/T ~ ln (MPl/mW) ~ 40

Feng, ARAA (2010)

Increasing <σv>

Dark Matter
Ordinary Matter
Dark Matter
Dark Energy

CMB Supernova

Structure Lensing

Evidence for dark matter is overwhelming…

Standard	Model	maMer	only	~1/5	of	tot.	maMer	in	the	Universe	
	
DM	candidates	in	several	BSM	physics	theories	(axions,…)	
	
But	one	class	referred	as	WIMPs	(Weakly	InteracOng	Massive	
ParOcle)	has	appealing	features	known	as	WIMP	miracle:	
in	Uni.	expansion	equilibrium	between	DM	ann.	and	prod.	leads	
to	current	relic	density	for	DM	masses	in	1GeV-1TeV	range	

relic	density	
depends	on	
mass,	x-sec.	

DM-SM	
equilibrium	

relic	density	
depends	on	
mass,	x-sec.	

68%	



Complementary	searches	for	DM	
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How to directly detect it in 
the lab?

By searching for collisions of 
invisibles particles with atomic 
nuclei => Evis  (q ~ tens of MeV) 

Need very low energy thresholds 

Need ultra-low backgrounds, good 
background understanding (no 
“beam off” data collection mode) 
and discrimination 

Need large detector masses 
(remember neutrino detectors)

Evis
N

N

X X 

ER =
q2

2mN
< 100 keV

v/c ~10-3

5

Collider Dark Matter Signature - Mono-X 
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Searching for dark matter production

Emiss
T +jet 2015 data

arxiv:1604.07773

Largest Emiss
T +X cross-section at LHC

Primary background: V+jets
Z ! ⌫⌫+jets is irreducible

Other backgrounds: top, diboson, QCD

Several inclusive+exclusive SRs
Increasing Emiss

T cuts
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Searching for dark matter production

Emiss
T +H(!bb) 2015 data

ATLAS-CONF-2016-019

Higgs may mix with new dark mediators

H ! bb is ⇠ 60% of BR(H!all)
Best channel to probe Higgs+DM

Two analyses: resolved and boosted

Primary backgrounds: V+jets, top

Other backgrounds: VV, SM VH, QCD
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ETmiss+X a.k.a. Mono-X 
• X from ISR jet, b, t, γ, W, Z

• X from mixing with mediator
boosted  
H(bb~)

jet

,Z

X

• X from paired tt,̄ bb̄

Direct	Detec?on:	
through	coherent	elasOc	
scaMering	on	nuclear	
maMer.	
(wide	WIMP	mass	range)	

Produc?on	at	LHC:	
in	pairs	through	high	
energy	partonic	inelasOc	
collisions	(WIMP	mass	
range	limited)	

Under the WIMP lamppost…

Dark Matter - Standard 
Model mediators

Direct detection

Indirect detection
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Direct	detecOon	experimental	techniques	
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COSINE,	SABRE	

Cosinus	



Why Argon as target for DM detection?
• Bright scintillator: Light Yield ~ 40 γ/keV

and very transparent to its own 

scintillation light

• Relatively abundant (1% in 

atmosphere) and easy to purify

• Large mass detectors ➞ scalability + 

self-shielding

• Possible scaling to multi-ton detectors: 

need to suppress 39Ar

• Very powerful rejection capability for 

electron recoil background

F. Pilo - ICNFP 2016 5

Ge Xe Ar Si Ne Ge Xe Ar Si Ne
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Argon	as	target	for	Dark	MaMer	
-	Abundant	in	nature	(1%	in	atmosphere),	limited	cost.	
-	High	scinOllaOon	light	yield	of	~	40	g	/	keV	
-	Lower	x-sec.	than	Xe	at	high	WIMP	mass	but	higher	recoil	energy	spectra	at	low	WIMP	mass	:	

-	Very	different	singlet/triplet	scinOllaOon	decay	Omes	à	very	good	discrimina?on	power	:	

Issues:		
-  scinOllaOon	light	at	128nm,	needs	wavelength	shifer	TPB	and	87K	criOcal	temp	for	PMTs	
-  high	relaOve	abundance	of	radioacOve	39Ar	isotope	(beta	emiMer	with	1Bq/Kg	in	Aar)	



The$Pulse$Shape$DiscriminaBon$

15/12/14' TPC$2014$>$Paris$ 13'

ER'Rejec>on'factor:'~'108'
WARP$Astr.$Phys$28,$495$(2008)$

Triplet Singlet 

LAr$τsinglet$=$7$ns$$
LAr$τtriplet$$=$1600$ns$

DetecBon$signature$

15/12/14' TPC$2014$>$Paris$ 11'

e>$

S1 

S2 

Dual	phase	Time	ProjecOon	Chamber	
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1	-	Nuclear	Recoil	excites	and	ionize	Liquid	Ar	producing	
scin?lla?on	light	S1	detected	by	top	and	boMom	photosensors	
	
2	-	ioniza?on	electrons	are	drifed	to	the	Ar	gas	pocket	region	
were	they	induce	a	second	delayed	scin?lla?on	light	S2	signal	
	
	-	Time	difference	between	S1	and	S2	gives	ver?cal	posi?on	
while	fracOon	of	S2	in	each	photo-sensor	gives	x-y	posiOon.	

Recoil	can	be	with	electrons	(ER)	or	nuclei	(NR).	IonizaOon	and	
direct	excitaOon	of	Ar*	to	form	Ar2*	dimer	that	emits	light.	
	
Dimer	excitons	Ar2*	emits	light	in	singlet	or	triplets.	
Different	singlet/triplet	fracOons	for	ER	and	NR	
(NR	~70%	singlet,	ER	~70%	triplet)	diff.	exc.	mechanism.	
Ar	ions	can	recombine	and	form	excited	Ar**	states.	
	
Also,	NR	ion.+thermic	energy	loss	à	NR	quenching	(less	S2)	



Dual	phase	TPC	Electron	Recoil	rejecOon	
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S2	S1	

NR	

ER	

Due	to	Nuclear	quenching,	ionizaOon	
signal	and	hence	S2	scinOllaOon,	is	less	
intense	for	NR	than	for	ER	
	

à  separaOon	power	in	S2/S1	
	
gives	an	ER	rejecOon	factor	of	200-300	
	
Typically	used	in	Xenon	experiment	
(same	in	Argon)	as	only	ER	vs	NR	
discriminant.	
	
But,	unique	to	Argon	:	Pulse	Shape	
Discrimina?on	(PSD)	due	to	longer	tails	
in	ER	S1	signal.	

S1-S2	Δt	~	O(10	µs)	drif	Ome	à	z	posiOon	



LAr	Pulse	Shape	DiscriminaOon	
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Pulse Shape Discrimination

8

Electron Recoil

Nuclear Recoil

Electron and nuclear recoils produce different excitation densities in the argon, 
leading to different ratios of singlet and triplet excitation states

Electron Recoil 
Discrimination

Averaged Wave forms 

�singlet ~ 7 ns 
�triplet ~ 1500 ns

PSD parameter 
F90: Ratio of detected light in the first 
90 ns, compared to the total signal 

~ Fraction of singlet states



NUCLEAR 
RECOILS

Backgrounds

6

39Ar

�

n

α
μ

39Ar 
~9x104 evt/kg/day

γ 
~1x102 evt/kg/day

Radiogenic n 
~6x10-4 evt/kg/day

μ 
~30 evt/m2/day

α 
~10 evt/m2/day

100 GeV, 10-45cm2 WIMP Rate ~ 10-4 evt/kg/day

ELECTRON 
RECOILS

�

n

[30-200] keVr

LAr	TPC	DM	search	backgrounds	:	
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Backgrounds
• We are looking for extremely rare 

events consisting of a few 10s of 
keV released in the detector, that 
is a few tens of photons on the 
PMT

• The signal must come out of the 
blue in the core of the detector 

• radioactive decays inside the 
detector

• neutrons (cosmogenic, radiogenic)
• γ rays
• neutrino - electron scattering
• neutrino floor (coherent neutrino -

nucleus scattering)

Signal Rate:
• 100 GeV, 10-45 cm2 WIMP 

~10-4evt/kg/day

Nuclear recoils:
• μ ~10-4evt/kg/day
• Radiogenic n ~6�10-4 

evt/kg/day
• D ~10 evt/m2/day

Electron recoils:
• 39Ar ~9�104 evt/kg/day
• J ~1�102 evt/kg/day

F. Pilo - ICNFP 2016 7
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DM	signal	extremely	rare	and	consists	in	~10	keV	energy	deposit	in	the	detector	leading	to	
~10	photons	detected.	Backgrounds	divided	in	two	classes,	NR	and	ER	:	

Detector	material	purity:	U	and	Th	
decay	chains,	mostly	(α,	n)	neutrons.		

Surface	events:	fiducial	x-y	cut	and	
radon	suppression	filter	

Inner	volume	events:		
à PSD	+	ARGON	DEPLETION	

programs	URANIA	&	ARIA	
(also	Cherenkov	bck.	à	cuts)		

And	also,	solar	and	atmospheric:	
-   ν	-	electron	scaMering		
-   coherent	ν	-	nucleus	scaMering		

reducible	ER:	with	PSD	

irreducible	NR	

KEYS	:	
clean	materials,	ac?ve	veto	shieldings	and	Depleted	Ar	



50d AAr DM search
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39Ar depletion

 [PE]LateS1
0 2000 4000 6000 8000 100001200014000160001800020000

 
s
]

×
 
k
g
 

×
E
v
e
n
t
s
 
/
 
[
5
0
 
P
E
 

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10 AAr Data

UAr Data

UAr MC Total

Kr85MC 

Ar39MC 

Bi214

keV 609
(C+P)

Co60

MeV 1.17
(C+F)

Co60

MeV 1.33
(C+F)

K40

MeV 1.46
(P) Bi214

MeV 1.77
(C+P) Tl208

MeV 2.62
(P)

C: Cryostat

P: PMTs
F: Fused Silica

Fitted 85Kr activity in UAr: 2.05 ± 0.13 mBq/kg 
Fitted 39Ar activity in UAr: 0.73 ± 0.11 mBq/kg

39Ar activity in AAr: 1000 mBq/kg

39Ar reduction factor: 1400
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1422kg-d	background	free	AAr	exposure	
ER	rejec?on	with	PSD	>1.6x107	(stat.	limited	esOmate)			

AAr	+	Uar	à		background	free	demonstrated	for	exposure	>5.5	t	yr	à	Scaling	to	mul?-ton	LAr	targets	possible	
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Depleted	Ar	from	underground	source	
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40Ar	from	40K	decay	underground	
39Ar	cosmogenic	40Ar(n,2n)39Ar	in	atmosphere	
	
à	39Ar	β	emiMer	(565	keV)	with	269y	T1/2		
	Atmospheric	Ar	act.	1Bq/kg	from	39Ar		
	
à expect	UAr	depleted	in	39Ar		
à extract	Ar	from	underground	source	



The	DarkSide	staged	program	

12	

Past	 Present	 Future	

DarkSide-10	(10kg)	
Technical	prototype	
No	Dark	MaMer	goal	

	

DarkSide-50	(50kg)	
SensiOvity	to	WIMP-
nucleon	cross	secOon		
10-44	cm2	for	a	WIMP	
mass	of	100	GeV/c2	

DarkSide-20k	(20t)	
SensiOvity	to	WIMP-nucleon	

cross	secOon	10-48	cm2	
(10-47	cm2)	for	a	WIMP	

mass	of	100	GeV/c2	(1	TeV/)		

		2011									2012								2013							2014									2015									2016								2017									2018							2019							2020							2021								2022				…	à	

19	March	2018	 Sandro	De	Cecco	

…à	300t	



DarkSide-50	in	LNGS	hall	C	:	
-  50	kg	LAr	acOve	mass	
-  19	PMTs	top	/	19	PMTs	boMom	cryogenic	(LT	bi-alkali	

photocathodes)	
-  AcOve	neutron	veto	with	borate-scinOllator		
-  Data	taking	since	2014	unOl	~2018	

19	March	2018	 Sandro	De	Cecco	 13	

DarkSide-50	LAr	TPC	and	vetoes	

Back-of-the-envelope calculation of the discovery 
reach of DarkSide-20k compared to  XENON1T,  
XENONnT (and LZ) 

Walter M. Bonivento

INFN Cagliari, Italy

1    ANALYSIS MEETING - October 5th 2016



Neutron	background	acOve	veto	

19	March	2018	 Sandro	De	Cecco	 14	

Event$topology$

15/12/14' TPC$2014$>$Paris$ 14'

MulBple$S2$signal$

Residual$background$idenBficaBon$

Neutron Rejection

Water Tank

11 m diameter x 10 m high

80 PMTs
Active muon veto

tag cosmogenic neutrons

Passive neutron and �
shielding

Liquid Scintillator Veto

4 m diameter sphere

Boron-loaded: PC + TMB

110 8” PMTs
Active neutron veto

tag neutrons in TPC
in situ measurement of
neutron BG

Passive neutron and �
shielding
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Neutron Rejection
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Neutron callibration

Goal - observe neutron captures on 10B
93.6%:

10B + n ) 7Li⇤ + ↵
7Li⇤ ) 7Li + � (478 keV)

6.4%:

10B + n ) 7Li (1015 keV) + ↵ (1775 keV)
↵ (1775 keV) equivalent to 50�60 keVee

 Signal [PE]
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>99.1% e�ciency to veto neutrons from neutron capture signals alone

(AmBe + simulation)
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Observe	neutron	capture	on	10B	through	:	

10B(n,α)7Li	

10B(n,α)7Li+γ

AmBe	neutron	calibra?on	data	

>99.1%	efficiency	to	veto	neutrons	with	capture	signals.	
Ex.	:	in	current	DS-50	data	<0.02	n	predicted	afer	veto	
and	total	of	2	+-	2	tagged	events.	

Neutron	mean	free	path	1-10	cm,	can	be	
tagged	with	mulOple	hits	in	TPC	and	in	LSV	:	



Nuclear$Recoil$CalibraBon$(SCENE)$

15/12/14' TPC$2014$>$Paris$ 19'

Need$to$study$the$response$of$the$TPC$to$single'nuclear'recoils$(expected$from$WIMPs)$$
SCENE'ScinBllaBon$Efficiency$of$Nuclear$Recoils$in$Noble$Elements$$

'

DOI:$hKp://dx.doi.org/10.1103/PhysRevD.88.092006$

Neutron$calibraBon$in$large$detectors$can$be$affected$by$mul>ple$interac>ons$of$neutrons$
SCENE$has$collected$extremely$pure$samples$of$single$nuclear$recoils$in$a$small$TPC$resembling$

DS>50$TPC$design.$We$opted$to$use'SCENE'data'@'200V/cm$

CALIS - CALibration Insertion System

13

Calibrate both TPC and  Neutron veto 

• Gamma sources: 57Co (122 keV), 133Ba (356 keV), 
137Cs (663 keV) 

• Neutron source: AmBe w/ and w/o collimator

S1 [PE]
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0.03

0.04

0.05

0.06

Monte Carlo

Data

DATA-MC comparison: 57Co source next to the cryostat

NR band matches with the points extrapolated 
from SCENE.

Test	of	the	MC	code	NR	study	(crosscheck	of	SCENE	data)

NR band

ER band

NR	calibraOon	in	LAr	TPC	
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Energy scale calibration

Measurement of scintillation and ionization yield and scintillation pulse shape from nuclear recoils in liquid argon 
Phys. Rev. D 91, 092007 (2015) !
CALIS - a CALibration Insertion System for the DarkSide-50 dark matter search experiment - Paper in Prep. 

pure sample of single nuclear recoils 
Extrapolate NR energy scale and F90 

response from SCENE to DS50
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FIG. 9. S1 yield as a function of nuclear recoil energy
measured at five drift fields (0, 96.4, 193, 293 and 970
V/cm) relative to the light yield of 83mKr at zero field.

matics and geometry of the LAr-TPC and the co-
incidence detectors, as well the TOF analysis cuts.
Before fitting, the MC distribution was convolved
with a Gaussian energy resolution function with
s1 parametrized as s1 =

p
S1nr R1(Enr, Ed), where

R1 is a free parameter of the fit. The fit procedure
varies Leff, 83mKr and R1 to minimize the c

2 defined
as

c

2(Leff, 83mKr, R1) =
n

Â
i=1

(Oi � Si)
2

Si
, (2)

where n is the total number of bins in the chosen fit
region, Oi is the number of events observed in bin
i, and Si is the number of events in bin i resulting
from simulations. The area of the MC spectrum
was forced to match that of the data, and the fit
parameters were applied to the MC before binning.

The fit results for all ten recoil energies measured
� ranging from 10.3 to 57.3 keV � and all drift
fields investigated � ranging from 0 to 970 V/cm
� are shown in Figs. 22 to 30. In each of the figures,
the plot in the top left panel shows the simulated
energy spectrum for all scatters along with those
from multiple scatters (the plot for the 10.3 keV nu-
clear recoils is absent in Fig. 22 since it is already
shown in Fig. 2). All other panels show the exper-
imental data at a given drift field fit with Monte
Carlo data. Apart from the low S1 region, the
agreement between the data and the MC predic-
tion is remarkably good.

Figure 9 shows the resulting values of Leff, 83mKr
as a function of Enr as measured at five different
drift fields (0, 96.4, 193, 293 and 970 V/cm). The
error bar associated with each Leff, 83mKr measure-
ment represents the quadrature combination of the
statistical error returned from the fit and the sys-
tematic errors due to each of the sources accounted

0 20 40 60 80 100
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0.2

0.3

0.4

0.5

Recoil energy [keV]

L
e

ff
 a
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FIG. 10. S1 yield as a function of nuclear recoil energy
measured at zero field relative to the light yield of 83mKr
at zero field, compared to previous measurements[8, 9].

for (see Table IV for a detailed account of system-
atic errors at null drift field). Figure 10 shows our
values of Leff, 83mKr at zero field compared to previ-
ous measurements [8, 9]. Our results do not show
the increase at low energies previously observed.
It should be noted that 83mKr did not provide the
electronic recoil energy scale reference in the ear-
lier measurements, but both groups report a linear
response to electronic recoils in the relevant energy
range [9, 24].

In order to assess any bias introduced by our
Monte Carlo model in the fit, we also fit each of
the data sets with a Gaussian function plus a first
order polynomial to account for background. The
difference between the results of the two methods
is listed in Table IV in the row “Fit Method” for
Ed = 0. Across all measured recoil energies and
drift electric fields, this systematic error is less than
2%. The sensitivity of Leff, 83mKr to the fit range se-
lection is characterized by comparing the fit results
to those obtained with a reduced fit range. We de-
fine the reduced range by raising the lower bound
by 10% of the original fit range and lowering the
upper bound by the same amount. The original fit
ranges can be found in Figs. 22 to 30.

We evaluated the systematic error in Leff, 83mKr
from the TOF window selection by advancing or
delaying the TPCtof cut by 3 ns while holding the
Ntof cut constant, and vice versa, while keeping
the same fit function described above and based
on the Monte Carlo-generated spectra. We deter-
mined the associated systematic error as the aver-
age of the absolute difference in Leff, 83mKr obtained
by either advancing or delaying the TOF window.

Within the data set from a specific recoil energy
and field setting, the TPC light yield determined
with the 83mKr source fluctuated with a standard
deviation of about 1%. In addition to such short
term fluctuations, changes in the purity of the LAr
result in variations of the light yield and the ob-

in-situ AmBe calibration to  
validate extrapolation of SCENE 

values to DarkSide-50

source

Use	pure	sample	of	single	nuclear	recoils	from	neutron	source	by	:	exposing	small	LAr	TPC	to	
neutron	beam	SCENE	exp.	@	Notre	Dame	(2013);	and	ARIS	exp.	@	ALTO	Orsay	(2016)	

and	with	in	situ	calibra?on	in	DS-50	TPC	with	
AmBe-AmC	neutron	source	the	LAr	TPC	
response	to	NR	measured	in	SCENE.	
à	NR	acceptance	bands	in	f90	PSD	variable:	
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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
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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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the first pulse is assumed to be S1, the second to be S2, and the 
third to be S3.

Several corrections are applied to the S1 and S2 integrals to ac-
count for geometrical variations of light production and collection.

Due to total internal reflection at the liquid surface, light col-
lection of scintillation pulses varies by 19% between the top and 
bottom of the TPC. An empirical z-dependent correction, derived 
from 83mKr and 39Ar calibration data and normalized to the center 
of the TPC, is applied to S1.

Electronegative impurities in the LAr capture drifting electrons. 
This results in the number of drifting electrons, and hence S2, de-
creasing exponentially with the time taken to drift between the 
interaction point and the liquid-gas interface. We fit for this elec-
tron drift lifetime, then correct S2, normalizing to the top of the 
TPC. Our very high electron mean drift lifetime induces a maxi-
mum 7% correction for the runs acquired through February 2014. 
During a gap in the data taking that followed, the lifetime contin-
ued to improve. We do not apply any correction to data collected 
after this period, about 75% of the total, since the electron drift 
lifetime has become too long to be measured reliably.

We discovered during commissioning that the amplitude of S2 
has a strong radial dependence, where events under the central 
PMT exhibit greater than three times more electroluminescence 
light than events at the maximum radius. Only basic cuts on S2 are 
used in the present analysis, and this does not affect our results. 
Preliminary x–y reconstruction algorithms indicate that the radial 
variations can be empirically corrected using calibration data.

6. Veto event reconstruction

Due to the use of DAQ-level zero-suppression, reconstruction 
of LSV and WCD signals is different from the TPC reconstruction. 
Pulses are naturally defined as the non-zero portion of each raw 
waveform for each channel. The DAQ records 20 samples (16 ns) 
before and after each pulse. The first 15 samples before the pulse 
are averaged to define a baseline, which is subtracted from the 
waveform. Each channel is then scaled by the corresponding SPE 
mean and the channels in each veto detector are summed together.

A clustering algorithm on the sum waveform identifies physical 
events in the LSV. To handle the high pile-up rate due to 14C, the 
algorithm is a “top-down” iterative process of searching for clusters 
from largest to smallest. These clusters are used only for building 
the 14C and 60Co spectra and determining the light yield of the 
LSV. Identification of coincident signals between LSV and TPC uses 
fixed regions of interest of the sum waveform and is described in 
Section 9. For tagging of muons in the LSV and WCD, the total 
integrated charge of each detector is used.

7. TPC energy calibration and light yield

In the data presented here, taken with atmospheric argon, the 
TPC trigger rate is dominated by 39Ar β decays, with their 565 keV 
endpoint. The spectrum observed in the presence of the 83mKr
source at zero drift field, clearly dominated by 39Ar decay, is 
shown in Fig. 3. The measured rate of 83mKr events is 2 to 3 Hz. 
Because it affects the optics of the detector, the gas pocket was 
maintained even when operating the detector at zero drift field to 
collect reference data for light yield. The spectrum is fit to obtain 
the measurement of the light yield of the detector at the 41.5 keV 
reference line of 83mKr. The fit of the entire spectrum, encompass-
ing the 39Ar and 83mKr contributions, shown in Fig. 3, returns a 
light yield of (7.9 ± 0.4) PE/keV at zero drift field, after including 
systematic errors. Fitting the light yield from the 83mKr peak alone 
gives the same result within the fitting uncertainty. The resolution 
is about 7% at the 83mKr peak energy. The dominant uncertainty in 

Fig. 3. The primary scintillation (S1) spectrum from a zero-field run of the 
DarkSide-50 TPC. Blue: S1 spectrum obtained while the recirculating argon was 
spiked with 83mKr, which decays with near-coincident conversion electrons sum-
ming to 41.5 keV. Red: fit to the 83mKr + 39Ar spectrum, giving a light yield of 
(7.9 ± 0.4) PE/keV at zero drift field. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Reference 83mKr values of the light yields from SCENE and DarkSide-50 used to 
correlate the S1 and S2 scales of DarkSide-50 with the SCENE calibration. Note that 
most of the systematic errors are correlated between the DarkSide-50 200 V/cm
and zero-field light yields.

Experiment Drift field Light yield

DarkSide-50 200 V/cm (7.0 ± 0.3) PE/keV
DarkSide-50 Zero (7.9 ± 0.4) PE/keV

SCENE (Jun 2013 Run) Zero (6.3 ± 0.3) PE/keV
SCENE (Oct 2013 Run) Zero (4.8 ± 0.2) PE/keV

the 83mKr light yield comes from the systematic uncertainties on 
the mean SPE response of the PMTs. Table 1 summarizes the values 
for the light yield from 83mKr with and without drift field. Note 
that the value of the light yield has a larger uncertainty at zero 
field, where it is neither possible to account for non-uniformities 
in the 83mKr distribution in the active volume nor to correct for the 
z-dependent light collection variations described in Section 5. Both 
effects are accounted for with the drift field on, where z-position 
information is available.

To obtain the best calibration of the response in S1 and S2 
for nuclear recoils needed for the DarkSide program, members 
of the collaboration and others performed an experiment called 
SCENE [25,26]. The SCENE experiment measured the intrinsic scin-
tillation and ionization yield of recoiling nuclei in liquid argon as 
a function of applied electric field by exposing a small LAr TPC
to a low energy pulsed narrowband neutron beam produced at 
the Notre Dame Institute for Structure and Nuclear Astrophysics. 
Liquid scintillation counters were arranged to detect and identify 
neutrons scattered in the TPC, determining the neutron scattering 
angles and thus the energies of the recoiling nuclei. The use of 
a low-energy narrowband beam and of a very small TPC allowed 
SCENE to measure the intrinsic yields for single-sited nuclear re-
coils of known energy, which is not possible in DarkSide-50.

The measurements performed in SCENE were referenced to the 
light yield measured with a 83mKr source at zero field. The use of 
the same 83mKr in DarkSide-50 allows us to use the relative light 
yields of the two experiments (see Table 1) to determine, from 
the SCENE results, the expected S1 and S2 signals of nuclear re-
coils in DarkSide-50. Table 2 summarizes the expected DarkSide-50
S1 yields derived with this method and thus provides nuclear re-
coil energy vs. S1 for DarkSide-50. For the analysis reported here, 
we interpolate linearly between the measured SCENE energies and 

83mKr + 39Ar (AAr @ null field)

37Ar + 39Ar (UAr@200V/cm)

83mKr Light Yield:!
7.9 ± 0.4 PE/keV @ null field!

7.0 ± 0.3 PE/keV @ 200 V/cm

First Results from the DarkSide-50 Dark Matter Experiment at Laboratori Nazionali del Gran Sasso, !
Phys.Lett. B 743 (2015) 

83mKr used for light yield 
map correction and 

electron lifetime estimates.!
 !

electron lifetime > 5000 μS 
(max drift time 375 μs)!

No S2 signal correction. ! Light Yield ~ 7PE/keV @200V/cm 
systematic uncertainties still 

under study

2.4keV X-ray

Detector)Calibration)
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• Decays%by%internal%conversion%or%Auger%electrons
• Monoenergetic total%signal
• Used%to%study%scintillation%light%yield,%zYdependence%of%light%
collection,%S2/S1%yield

• 39Ar%(t1/2 =%269%yr)%

Internal%Calibration:
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the first pulse is assumed to be S1, the second to be S2, and the 
third to be S3.

Several corrections are applied to the S1 and S2 integrals to ac-
count for geometrical variations of light production and collection.

Due to total internal reflection at the liquid surface, light col-
lection of scintillation pulses varies by 19% between the top and 
bottom of the TPC. An empirical z-dependent correction, derived 
from 83mKr and 39Ar calibration data and normalized to the center 
of the TPC, is applied to S1.

Electronegative impurities in the LAr capture drifting electrons. 
This results in the number of drifting electrons, and hence S2, de-
creasing exponentially with the time taken to drift between the 
interaction point and the liquid-gas interface. We fit for this elec-
tron drift lifetime, then correct S2, normalizing to the top of the 
TPC. Our very high electron mean drift lifetime induces a maxi-
mum 7% correction for the runs acquired through February 2014. 
During a gap in the data taking that followed, the lifetime contin-
ued to improve. We do not apply any correction to data collected 
after this period, about 75% of the total, since the electron drift 
lifetime has become too long to be measured reliably.

We discovered during commissioning that the amplitude of S2 
has a strong radial dependence, where events under the central 
PMT exhibit greater than three times more electroluminescence 
light than events at the maximum radius. Only basic cuts on S2 are 
used in the present analysis, and this does not affect our results. 
Preliminary x–y reconstruction algorithms indicate that the radial 
variations can be empirically corrected using calibration data.

6. Veto event reconstruction

Due to the use of DAQ-level zero-suppression, reconstruction 
of LSV and WCD signals is different from the TPC reconstruction. 
Pulses are naturally defined as the non-zero portion of each raw 
waveform for each channel. The DAQ records 20 samples (16 ns) 
before and after each pulse. The first 15 samples before the pulse 
are averaged to define a baseline, which is subtracted from the 
waveform. Each channel is then scaled by the corresponding SPE 
mean and the channels in each veto detector are summed together.

A clustering algorithm on the sum waveform identifies physical 
events in the LSV. To handle the high pile-up rate due to 14C, the 
algorithm is a “top-down” iterative process of searching for clusters 
from largest to smallest. These clusters are used only for building 
the 14C and 60Co spectra and determining the light yield of the 
LSV. Identification of coincident signals between LSV and TPC uses 
fixed regions of interest of the sum waveform and is described in 
Section 9. For tagging of muons in the LSV and WCD, the total 
integrated charge of each detector is used.

7. TPC energy calibration and light yield

In the data presented here, taken with atmospheric argon, the 
TPC trigger rate is dominated by 39Ar β decays, with their 565 keV 
endpoint. The spectrum observed in the presence of the 83mKr
source at zero drift field, clearly dominated by 39Ar decay, is 
shown in Fig. 3. The measured rate of 83mKr events is 2 to 3 Hz. 
Because it affects the optics of the detector, the gas pocket was 
maintained even when operating the detector at zero drift field to 
collect reference data for light yield. The spectrum is fit to obtain 
the measurement of the light yield of the detector at the 41.5 keV 
reference line of 83mKr. The fit of the entire spectrum, encompass-
ing the 39Ar and 83mKr contributions, shown in Fig. 3, returns a 
light yield of (7.9 ± 0.4) PE/keV at zero drift field, after including 
systematic errors. Fitting the light yield from the 83mKr peak alone 
gives the same result within the fitting uncertainty. The resolution 
is about 7% at the 83mKr peak energy. The dominant uncertainty in 

Fig. 3. The primary scintillation (S1) spectrum from a zero-field run of the 
DarkSide-50 TPC. Blue: S1 spectrum obtained while the recirculating argon was 
spiked with 83mKr, which decays with near-coincident conversion electrons sum-
ming to 41.5 keV. Red: fit to the 83mKr + 39Ar spectrum, giving a light yield of 
(7.9 ± 0.4) PE/keV at zero drift field. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Reference 83mKr values of the light yields from SCENE and DarkSide-50 used to 
correlate the S1 and S2 scales of DarkSide-50 with the SCENE calibration. Note that 
most of the systematic errors are correlated between the DarkSide-50 200 V/cm
and zero-field light yields.

Experiment Drift field Light yield

DarkSide-50 200 V/cm (7.0 ± 0.3) PE/keV
DarkSide-50 Zero (7.9 ± 0.4) PE/keV

SCENE (Jun 2013 Run) Zero (6.3 ± 0.3) PE/keV
SCENE (Oct 2013 Run) Zero (4.8 ± 0.2) PE/keV

the 83mKr light yield comes from the systematic uncertainties on 
the mean SPE response of the PMTs. Table 1 summarizes the values 
for the light yield from 83mKr with and without drift field. Note 
that the value of the light yield has a larger uncertainty at zero 
field, where it is neither possible to account for non-uniformities 
in the 83mKr distribution in the active volume nor to correct for the 
z-dependent light collection variations described in Section 5. Both 
effects are accounted for with the drift field on, where z-position 
information is available.

To obtain the best calibration of the response in S1 and S2 
for nuclear recoils needed for the DarkSide program, members 
of the collaboration and others performed an experiment called 
SCENE [25,26]. The SCENE experiment measured the intrinsic scin-
tillation and ionization yield of recoiling nuclei in liquid argon as 
a function of applied electric field by exposing a small LAr TPC
to a low energy pulsed narrowband neutron beam produced at 
the Notre Dame Institute for Structure and Nuclear Astrophysics. 
Liquid scintillation counters were arranged to detect and identify 
neutrons scattered in the TPC, determining the neutron scattering 
angles and thus the energies of the recoiling nuclei. The use of 
a low-energy narrowband beam and of a very small TPC allowed 
SCENE to measure the intrinsic yields for single-sited nuclear re-
coils of known energy, which is not possible in DarkSide-50.

The measurements performed in SCENE were referenced to the 
light yield measured with a 83mKr source at zero field. The use of 
the same 83mKr in DarkSide-50 allows us to use the relative light 
yields of the two experiments (see Table 1) to determine, from 
the SCENE results, the expected S1 and S2 signals of nuclear re-
coils in DarkSide-50. Table 2 summarizes the expected DarkSide-50
S1 yields derived with this method and thus provides nuclear re-
coil energy vs. S1 for DarkSide-50. For the analysis reported here, 
we interpolate linearly between the measured SCENE energies and 

83mKr + 39Ar (AAr @ null field)

37Ar + 39Ar (UAr@200V/cm)

83mKr Light Yield:!
7.9 ± 0.4 PE/keV @ null field!

7.0 ± 0.3 PE/keV @ 200 V/cm

First Results from the DarkSide-50 Dark Matter Experiment at Laboratori Nazionali del Gran Sasso, !
Phys.Lett. B 743 (2015) 

83mKr used for light yield 
map correction and 

electron lifetime estimates.!
 !

electron lifetime > 5000 μS 
(max drift time 375 μs)!

No S2 signal correction. ! Light Yield ~ 7PE/keV @200V/cm 
systematic uncertainties still 

under study

2.4keV X-ray

57Co	
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New	DarkSide-50	result	:	
	

Low-mass	Dark	Ma4er	Search	
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Low	mass	DM	scaMerring	off	Argon	
Low	Mass	WIMPs:	<	20	GeV/c2	
	
-  Range:	0.7-15	keVnr	

-  Lighter	nucleus,	larger	recoil	
energy	

-  S2	ioniza?on	signal	only	à	
(no	S1)	
-  Profile	Likelihood	Analysis	

Low-mass WIMP search with ionization only data

14

ArXiv:1802.06994   Low-mass Dark Matter Search 
with the DarkSide-50 Experiment

ArXiv:1802.06998   Constraints on Sub-GeV Dark Matter-
Electron Scattering from the DarkSide-50 Experiment
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has threshold ~	0.4 123D7

Nuclear recoils from low mass WIMP

detectable in S2 (charge yield ~6 e-/keVnr, electrolum. yield ~23 PE/e-)


but not detectable in S1 (light yield ~2 PE/keVnr)

S2-only low mass WIMP search
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Measuring	ionizaOon	only	events		

Fiducialization 
× Trigger efficiency 

× S2 Identification (f90 < 0.15) 

S2 [PE]

A
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e Analysis threshold Ne > 4  à 

Single-electron lineshape : 
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Detec?on	efficiency	:	
	
Acceptance	esOmated	with	data/MC	
Fiducializa?on:	use	volume	under	7	central	
PMTs	à	drives	acceptance,	at	~40%		
	
Analysis	threshold	at	above	4	Ne	

-				PMTs	have	zero	dark	rate	at	88K		
-  RadioacOvity	very	low	in	the	detector	

-  One	ionizaOon	electron	(Ne	=	1)	under	
center	PMT	gives	an	S2	signal	of	23±1	PE	

-  The	gain	in	the	gas	region	(~70	PE/e-,	
reduced	to	23	PE/e-	when	accounOng	for	
the	30%	QE	of	the	PMTs)		

-  Sensi?ve	to	a	single	extracted	electron		
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ε (Lindhard reduced energy)
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Low	Mass:	Electron	and	Nuclear	Recoil	Scales	
Electron	Recoil	energy	scale	:	
	
With	first	100	days	UAr	dataset,	very	
low-energy	ER	calibra?on	peaks	from	
37Ar	(t1/2	=	37d).	37Ar	lines	:	
	
E	=	0.27	keV	→	Ne	=	11	
E	=	2.8			keV	→	Ne	=	47.9	

37Ar	

Nuclear	Recoil	IonizaOon	yield	QY:	
	
NR	primary	ionizaOon	yield	in	LAr	
from	MC	template	fit	(red	line)	to	
DS-50	Am-Be	and	Am-13C	neutron	
spectra	data	
	
Uncertainty	red	band	from	
deviaOons	wrt	external	neutron	
calibraOons	(ARIS,	SCENE).	
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Low	Mass:	Nuclear	Recoil	Scale	AmBe	and	AmC	fit	

AmBe	

AmC 

AmBe	neutrons	selected	in	coincidence	with	
4.4	MeV	gamma	in	the	veto	
	
Random/correlated	background	strongly	
suppressed	
	
Strong	inefficiency	for	S2	only	events	

No	gamma	emission	correlated	with	AmC	
(alpha,n)	reacOon	
	
Gammas	from	241Am	decay	accounted	with	MC		
	
Accidentals	subtracted	using	UAr	normalized	by	
the	exposure	
	
No	inefficiency	

MC	+	IonizaOon	model	[1]	fit	to	NR	data	from	AmBe	and	AmC.	
[1]	F.	Bezrukov,	F.	Kahlhoefer,	and	M.	Lindner,	Astropart.	Phys.	35,	119	(2011).	

AmC	
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Low	Mass	DM	ionizaOon	only	search	background	:	

In	high	Ne	region,	dominant	ER	
backgrounds,	level	predic?on	with	
extrapola?on	from	high	energy	
spectrum	MC	fit,	in	very	good	
agreement	with	data	(at	%	level).	

High	energy	spectra		

WIMP	spectra	
plo2ed	w/o	
quenching	
fluctua?ons	
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Low	Mass	DM	ionizaOon	only	search	background	:	

Excess	of	events	wrt	to	
background	predic?on	
due	to	trapped/delayed	
electrons	peak.	
	
Also	seen	by	XENON100.	
Further	studies	ongoing.	

Ne	>	7	analysis	threshold	
for	Mχ	>	3.5	GeV.	In	this	region	
Data	MC	agreement	is	good	

Ne	>	4	analysis	threshold	
for	Mχ	<	3.5	GeV.	Region	dominated	
by	excess	of	Data	over	MC	

In	high	Ne	region,	dominant	ER	
backgrounds,	level	predic?on	with	
extrapola?on	from	high	energy	
spectrum	MC	fit,	in	very	good	
agreement	with	data	(at	%	level).	
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Low	Mass	DM	90%	C.L.	exclusion	limit	result	:	

with	binomial	quenching	
fluctua?on	model	

Assuming	quenching	a	
non-stochas?c	process	

-	Profile	Likelihood	Method	for	Ne>4	and	Ne>7	thresholds	shown	respecOvely	for	Mχ	<	3.5	GeV	and	Mχ >	3.5	GeV		
-	Uncertain?es	for	both	WIMP	signals	(NR	ionizaOon	yield,	single	electron	yields)	and	BG	spectrum	(rates,	ER	ioniz.	yield)		
	
Due	to	lack	of	knowledge	about	fluctuaOon	at	very	low	recoil	energy,	two	cases	:		
-  Binomial	fluctua?on	for	NR	energy	quenching,	ionizaOon,	and	recombinaOon	processes.		
-  No	Fluctua?on	for	NR	energy	quenching	process.	Corresponding	to	apply	hard	cut	off	in	quenched	energy	∼0.6	𝑘𝑒𝑉𝑛𝑟		



Low-mass WIMP search with ionization only data
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ArXiv:1802.06994   Low-mass Dark Matter Search 
with the DarkSide-50 Experiment

ArXiv:1802.06998   Constraints on Sub-GeV Dark Matter-
Electron Scattering from the DarkSide-50 Experiment

𝐸𝑅 =
𝑞2

2𝑚𝑁
≤

2𝜇𝜒𝑁
2 𝑣2

𝑚𝑁
≃ 50 𝑘𝑒𝑉

𝑚𝜒

100 𝐺𝑒𝑉

2 100 𝐺𝑒𝑉
𝑚𝑁

𝑚𝑁
𝐴𝑟~37 GeV

For 𝑚𝜒 = 10 GeV 𝐸𝑅~1.4 KeV

Below threshold for S1 production (~ 6 𝑘𝑒𝑉𝑛𝑟) but S2 
has threshold ~ 0.4 𝑘𝑒𝑉𝑛𝑟

𝐸𝑅 =  𝑞 ∙  𝑣 −
𝑞2

2𝜇𝜒𝑁
~

1
2

𝑒𝑉 ×
𝑚𝜒

𝑀𝑒𝑉

For 𝑚𝜒 = 100 MeV 𝐸𝑅~50 eV

For ultra-light DM 
(𝒎𝝌 ≪ 𝟏 𝑮𝒆𝑽)
DM-electron 
scattering

GeV DM-nucleus
scattering causes an 
ionization (S2) signal

Comparable with electron binding 
energies in argon (~16-34 eV)! 

*(For 𝑚𝜒 = 100 MeV -> 𝐸𝑅~0.1 KeV
below the ionization threshold)
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S2-only	analysis	interpretaOon	for	DM-electron	scaMering	
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to	be	compared	with	electron	
binding	energies	in	Argon	16-34	eV	
	
	
à	ultra	low	mass	DM	sca2ering	on	e-	can	ionize	Argon	

DM-electron	differenOal	scaMering	rate	:		

Tested	in	the	two	“light”	and	“heavy	mediator	regimes	:		

Light DM on electron

arXiv: 1802.06998

S2

e-

χ

!" = $⃗ & '⃗ − $)
2+,-

~12 	12×
4,
512

For 4, = 100	MeV 						!"~50	eV	

!"#$ ∼ 16.08	eV	,	 !"#, ∼ 34.76	eV,	
!"0$ ∼ 260.45 eV,		!"0, ∼ 335.30	eV,	!"3, ∼ 3227.51 eV

Use lightness of electron

to investigate light mass DM


Recoil energy comparable 

with binding energies 


in argon atoms


Same S2-only analysis

but very different interpretation
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FDM	~	1	→	heavy	mediator	 FDM	∝	1/q2	→	light	mediator	

Profile	Likelihood	Method	is	used		
	
UncertainOes	from	ER	ionizaOon	yield	and	single	electron	yields	are	included	both	DM		
spectra	and	BG	spectra.	Rates	uncertainOes	are	included	in	BG	spectra.		
	
In	the	case	of	a	heavy	mediator,	FDM	=	1,	we	improve	the	current	exclusion	limit	in	the	
range	from	20	MeV/c2	to	80	MeV/c2.		

S2-only	analysis	interpretaOon	for	DM-electron	scaMering	
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Low	Mass	:	toward	beMer	insight	on	NR	response		
Small	LAr	TPC	exposure	to	ALTO	tandem	
Licorne	neutron	beam	(Li	+	p	à	n	+	Be)	
The	ARIS	experiment	(2016)	:		

ß	down	to	7	keV	recoil	energy	

Region	of	interest	for	GeV	Dark	MaMer	masses	
at	<=	1keV	recoil	energy.	
	
à	need	direct	measurements	at	LOW	ENERGY	on	neutron	beams	in	the	near	future	…		

IonizaOon	yield	for	Nuclear	recoils:	

PAOLO AGNES, UNIVERSITY OF HOUSTON, UCLA 2018

Conclusions and outlook

14

The ARIS external calibration experiment provides a precision measurement of Leff as 
a function of the recoil energy at the lower energy (7 keVNR). 


It provides evidence for the ER response linearity at null field within 1.6%.


It provides a cross check of the ER S1 energy scale extracted from DarkSide-50 (the 
PARIS model JINST12,10(2017))


It provides a comprehensive model for the scintillation response of LAr in the range of 
interest for the dark matter searches for both ER and NR. 


All these results are discussed in arXiv:1801.06653, a second set of analysis is in 
preparation (LAr time response profile)


The ARIS TPC was operated in single-phase configuration. The recent developments 
highlight the need to for measurement of the ionization yield at very low recoil energy. 




future	ReD	experiment	at	LNS	

∼θn	(for	Ar	recoil	//	z	axis)	

TPC	
x	

z	

y	
n	

LSc		

θs	(scaMering	angle)	
θZ	(Ar	recoil	wrt	E	field)	

LSc		
LSc		

LSc		

All	Lsci	detector	share	same	distance	L	
to	the	TPC	and	same	scaMering	angle	θs	
(hence	same	recoil	energy)	
Different	azimuth	posiOon	correspond	to	
different	θz.		

Vary	L,	beam	energy	and	θn	
	
Study	recoil	energy	and	angular	spread	
due	to	detector	geometry	to	find	
op?mal	comprimes	between	
acceptance	and	resolu?on	
19	March	2018	 Sandro	De	Cecco	 28	

GAP-TPC PROTOTYPE FIRST DATA TAKING
Last week

32
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New	DarkSide-50	result	:	
	

High	Mass	Dark	Ma4er	search		
based	on	532-day	

with	Low-RadioacBvity	Argon	
	

ArXiv:1802.07198		
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High	mass	WIMP	search	
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0Blinding	box	(red	outline)	

shown	with	71-day	data:	
PR D 93, 081101 (2016)
	
f90	=	S1	fracOon	in	first	90	ns	
	
Goal:	design	an	analysis	that	
will	have	<0.1	event	of	
background	in	the	to-be-
designed	search	box.	
	
Final	box	chosen:	dashed	red	

a	Blind	Analysis	of	534	live-days	of	data	
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Nuclear	recoil	backgrounds	

n + 10B → α + 7Li 

n + 10B → α + 7Li* + γ

Background	rejec?on:	
•  Very	high	S1,	small	fracOon	at	low	

energies	(cut	at	S1<460	PE)	
•  Self-vetoing	in	DS-50!	

•  Small	or	no	S2	
•  Long	scinOllaOon	tail	from	

TPB	fluorescence	

alpha’s	

neutron	
Alpha’s	Neutrons	

Background	rejec?on:	
•  TPC:	mulO-scaMer	
•  LS	Veto:	efficiency	from	Am-C	for	TPC	

single-NR:	0.9964±0.0004	
•  Water	Cherenkov	Veto	for	

cosmogenics	
•  Neutrons	in	data	are	counted.	

x1000		
S1	(PE)	
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Electron	recoils	backgrounds	
E
v
e
n
t
s
/
[
2
 
k
e
V
]

Internal	39Ar	and	85Kr	+	external	gammas	 S1	+	Cherenkov	

ER	Background	rejec?on:	
	
•  Underground	Ar	
•  S1	frac?on	in	max	PMT	
•  PSD:	f90	=	S1	fracOon	in	first	90	ns	

	
Design	cuts	to	reduce	ER	to	:	
<	0.08	event	of	Total	background	

à γ-ray	mulOple	Compton	scaMers	in	LAr	and	in	nearby	Cherenkov	radiator	(Fused	Silica	
PMT	window	or	PTFE	)	:	prompt	Cherenkov	light	adds	to	S1	signal	rise	à	large	f90	

f90	

	
S2/S1	
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High	mass	WIMP	search	acceptance	and	background	
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Total	background	expecta?on	:	

Goal	of	<	0.1	events	achieved:	open	the	box!		

Total	WIMP	acceptance:	

14

TABLE IV. Predicted backgrounds surviving all cuts.
Note that the ER background includes the scintilla-
tion+Cherenkov background. The f

90

vs. S1 search box
is defined to give 0.08±0.04 surviving ER background
events.

Background Events surviving all cuts
Surface Type 1 0.0006 ± 0.0001
Surface Type 2 0.00092 ± 0.00004
Radiogenic neutrons <0.005
Cosmogenic neutrons <0.00035
Electron recoil 0.08±0.04
Total 0.09 ± 0.04

which are strongly dependent on this boundary.
With near-final estimates of the other backgrounds
in hand, we allocated 0.08 background events to
the ER backgrounds; the corresponding lower box
boundary is drawn according to this requirement.

In previous DarkSide analyses [4, 15], analytical
models of f

90

fluctuations were fit to data in bins
of S1, and the resulting functions were used to set
a boundary that admitted equal background in each
bin. Adding Cherenkov light to the mix invalidates
that procedure. We use the ER background model
described above for this purpose, but we did not have
adequate Monte Carlo statistics for bin-by-bin as-
sessment. Instead, the determination of the bound-
ary is done in two steps. 1) The rough shape of the
boundary is determined where Monte Carlo statis-
tics are available, by finding the f

90

that gives 0.07
leakage events in each 5 PE bin, about 14 times
the final target background. A polynomial is fit
to these points. 2) The fitted curve is translated
upward in f

90

until the box defined by its intersec-
tion with the other bounds contains & 0.08 events
of ER background. In practice this was driven by 7
events from our Monte Carlo events, to which we at-
tached an uncertainty of ±50% by the construction
in [34, Table II]. This is the dominant uncertainty on
the predicted ER background estimate, presented in
Tab. IV.

E. Background Summary and Cut Acceptance

A summary of the predicted backgrounds surviv-
ing all cuts in the full exposure is given in Tab. IV.

The acceptance for each cut in the analysis except
the tdrift cut and the final f

90

vs. S1 WIMP search
box is given in Tab. V. The acceptance of the tdrift

cut is unchanged from previous analyses and is used
to determine the fiducial mass of (36.9 ± 0.6) kg [4].

The radial fiducial cut (see Fig. 4) required special
treatment because of the di�culty in comparing ra-
dial reconstruction of data and MC events. We use
the fact that 39Ar events are uniformly distributed
like WIMP scatters, and 241AmBe events have NR

TABLE V. Summary of cuts, and their respective impact
on livetime and WIMP acceptance. The average accep-
tance of S1-dependent cuts are presented; acceptances
>0.999 are shown as 1.

Cut Livetime/Acceptance
All channels 545.6 d
Baseline 545.6 d
Time since prev 545.3 d
Veto present 536.6 d
Cosmo activ 532.4 d
Muon signal 0.990
Prompt LSV 0.995
Delayed LSV 0.835
Preprompt LSV 0.992
N pulses 0.978
S1 start time 1
S1 saturation 1
Min uncorr S2 0.996
xy-recon 0.997
S2 F90 1
Min corr S2/S1 0.995
Max corr S2/S1 0.991
S2 LE shape 1
S1

p

max frac 0.948
S1 TBA 0.998
Long S1 tail 0.987
Radial cut 0.84
S1 NLL >0.99
Combined 0.609
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FIG. 8. Acceptance vs. S1. The NR Energy scale at
the top comes from the cross-calibration with SCENE
described in Sec. II B.

S2/S1 like WIMP scatters, to determine the accep-
tance in two steps. 1) The cut’s acceptance vs. S2 is
estimated using 39Ar events in our AAr data, which
are uniformly distributed. 2) Acceptance vs. NR
S1 is then estimated by using S2/S1 as measured
in our 241AmBe data to look up acceptance in the
corresponding AAr S2 bin. Averaged over S1 in the
WIMP selection region, the acceptance of this cut
(after the drift time fiducialization) is 0.84.

The f

90

acceptance vs. S1 is determined from the
f

90

parameterization as described in Sec. II B. Fig. 8
shows acceptance vs. S1 for the analysis cuts.

Having designed a box to achieve our background

Summary	of	analysis	cuts	acceptances:	
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High	mass	90%	C.L.	exclusion	limit	result	
Currently Published Limits

39X. XiangX. Xiang
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arXiv: 1802.07198
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LZ Spin-Independent WIMP Sensitivity

• Baseline WIMP sensitivity is 2.3 x 10-48 cm2 @ 40 GeV/c2 (arXiv:1703.0914).
• 1000 days, 5.6 tonne fiducial mass.
• Begin on-site assembly spring 2018, install underground 2019, first data spring 2020.

DarkSide-20k	best	future	compeOtor:	LZ	Xe	exp.	



Radon dominates 
ER backgrounds

Gamma backgrounds 
(PMTs, cryostat) are 
negligible.

pp solar neutrinos, 
elastic scattering on 
atomic electrons

Coherent neutrino 
scattering on xenon 
nuclei

LZ backgrounds summary
5.6 tonnes, 1000 days
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DarkSide-20k	best	future	compeOtor:	LZ	Xe	exp.	

Not	a	0-background	search	:	
at	high	exposures	intrinsic	limita?on	from	Radon	and	solar	pp	ν	Electron	Recoils	
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The Global Argon Dark Matter Collaboration
ArDM 
DarkSide 
DEAP 
MiniCLEAN}A Single Global Program for Direct Dark Matter Searches 

Currently taking data: ArDM, DarkSide-50, DEAP-3600 
Next step: DarkSide-20k at LNGS (2021-)
Last Step: 300 tonnes detector, location t.b.d (2027-)

DarkSide-20k approved by 
INFN and LNGS in April 
2017 and by NSF in Oct 
2017 
Officially supported by 
LNGS, LSC, and SNOLab 
30 tonnes (20 tonnes 
fiducial) of low-radioactivity 
underground argon 
14 m2 of SiPM coverage

DarkSide-20k
20-tonnes fiducial dark matter detector
start of operations at LNGS within 2021

100 tonne×year background-free search for 
dark matter

Future 300-tonne Detector

300-tonnes depleted argon detector
start of operations within 2026

1,000 tonne×year background-free search for dark 
matter

precision measurement of solar neutrinos

20- 1516171819202122232425262728293031323334
DS-20
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Scaling	to	large	DAr	exposures,	next	steps	:	



Underground/Depleted	Ar	:	URANIA	&	ARIA	projects	
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DarkSide

DarkSide: URANIA& ARIA production facilities
• Sub-projects of the DarkSide Collaboration, classified as 

LNGS infrastructures 
• URANIA:  

• Replacement of the Ar extraction plant in Colorado to 
reach capacity of 100 kg/day of UAr 

• Cost: 3.2M€ 
• MIUR/INFN Progetto Premiale 2013 (2.3M€) 
• NSF + other US sources (0.9M€) 
• discussion with CERN towards the possibile 

commissioning and test at the Neutrino Platform 
• ARIA:  

• 350 m tall distillation column in the Seruci mine in 
Sardinia for chemical and isotopic purification of UAr  

• Exploits finite vapor pressure difference between 39Ar/
40Ar (39Ar reduction factor of 10 per pass at the rate 
of 100 kg/day) 

• Protocollo di Intesa between INFN and Regione 
Sardegna 

• Cost: 12.5M€ 
• INFN (4M€) 
• NSF + other US sources (1.3M€) 
• CARBOSULCIS (4.5M€) 
• Regione Autonoma Sardegna (2.7M€)

15

Seruci Wells
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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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Thousands of equilibrium stages reflects in a very tall column

Plant expansion
The plant

Urania:

extraction of UAr with activity (measured by DS-50) of 
(0.73±0.11)x10-3Bq/kg 

+ dedicated stage suppression of 85Kr 

Aria:

Seruci I  —>removal of chemical impurities at 1t of Ar/day; also 
of 85Kr with factor 1000 per pass

  10kg/day isotopic distillation for 39Ar —>rate too low for DS-20k

Seruci II —>150kg/day for 39Ar : 30t —> 200d

9 LNGS PSC REVIEW 14/10/2016

Urania

Aria

LNGS

Urania:

extraction of UAr with activity (measured by DS-50) of 
(0.73±0.11)x10-3Bq/kg 

+ dedicated stage suppression of 85Kr 

Aria:

Seruci I  —>removal of chemical impurities at 1t of Ar/day; also 
of 85Kr with factor 1000 per pass

  10kg/day isotopic distillation for 39Ar —>rate too low for DS-20k

Seruci II —>150kg/day for 39Ar : 30t —> 200d

9 LNGS PSC REVIEW 14/10/2016

Urania

Aria

LNGS

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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• TPC inside a SS cryostat, inside a liquid scintillator active neutron veto, inside a 
15m diameter 16m tall water tank, as active muon veto

➡ assuming the same level of radioactivity as in DS50, ER background 
dominated by 39Ar

➡ (α ,n) reactions in PTFE reflector and cryostat largest sources of neutrons 

11
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DarkSide-20k backgrounds
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DarkSide-20k	Tech.	Proposal,	baseline	design	:	

DarkSide-20k

9

arXiv:1707.08145

100 ton yr background-free exposure

Conceptual approach: ultra-low background levels and the ability to 
measure backgrounds in situ

Baseline design:

• 30 ton total, 20 ton fiducial, 
underground argon

• 15m2 SiPM sensors (low 
radioactivity, increased LY)

• inside high efficiency neutron 
shield/veto

Baseline	design	:	
(arXiv:1707.08145)	

	

-  30	ton	total,	20	ton	fiducial	UAr	

-  Liquid	Argon	target	extracOon	and	purificaOon		
from	underground	(URANIA,	US)	and	39Ar	
depleOon	with	cryogenic	disOllaOon	(ARIA,	
Sardinia)	

		
-  15m2	of	cryogenics	SiPM	photosensors	(low	

radioacOvity,	increased	LY)	-	assembly	and	test	
at	Nuova	Officina	Assergi	-	NOA	

	
-  high	efficiency	LS	ac?ve	neutron	veto	
-  15m	diameter	water	tank	muon	veto	

-  ER	background	from	residual	39Ar		
-  SS/Ti	cryostat	and	PTFE	largest	sources	of	(α,	n)	

Nuclear	Recoils	backgrounds	
	

à		a	100	ton	yr	background	free	exposure	:	



A LAr shield for DarkSide-20k

• allows to eliminate Liquid 
Scintillator Veto and Water 
tank

• AAr in ProtoDune style large 
cryostat to provide shielding 
and active VETO

➡Significantly simplify the 
overall system complexity and 
operation

➡Fully scalable design for future 
larger size detector (300 ton)

12
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DarkSide-20k,	design	evoluOon	:	
	

PNNL 19/3/2018

Veto geometry and simulation
TPC dimensions:  
150 cm edge, 262 cm drift. Radius: 197 cm 

active mass: 40 t   -  8300 PDMs


Vessel dimensions:  
Radius 210 cm. Edge: 174cm, height: ~3 m

total volume: < 60 t-Ar-equivalent (no 
subtraction of TPC) 


Veto dimensions:  
Cylindrical (Gd)acrylic based (2% loading), 

25 cm thick, 2.55 cm inner radius, 4 m “inner 
height” 

Ar buffer (active veto): ~ 50 t (50 kHz 39Ar)


Exploit Gd cascade and look only to 
scintillation in the plastic and in the inner Ar 
buffer (reduce 39Ar accidentals by using 
coincidence between PS and Ar). 


Fix cut in the vetoes: 1 MeV in the PS OR 2 
MeV in the Ar buffer (only capture)

6

TPC

Cu vessel

Plastic shell
Outer veto

Active veto

PNNL 19/3/2018

CERN Neutrino Platform: 
• Two almost identical 

cryostats built for 
NP02 and NP04 
experiments  

• About 8x8x8 m3 inner 
volume, 750 t of LAr in 
each one  

• Cryostat technology 
and expertise taken 
from LNG industry  

• Construction time: 55 
weeks (NP04), 37 
weeks (NP02) 

• Thought since the 
beginning to be 
installable 
underground

AAr	

DAr	 DAr	

AAr	

Radio	pure	Copper/Titanium	Vessel	
separaOon	between	outer	AAr	and	inner	
TPC	Depleted	Ar.		

Plas?c	Scin?llator	Veto,	
(solid)	with	Boron,	
Gadolinium	or	Lithium	
doping	for	neutron	
capture.	R&D	on	going	

-  a	ProtoDUNE	like	large	cryostat	(8x8x8	m3	inner	dim.)	filled	with750t		AAr,	also	as	shielding	
-  Much	simpler	design	and	concept	:	allows	for	fully	radio-pure	materials	close	to	TPC	
-  Fully	scalable	to	future	modular	and/or	larger	size	(300	tons)	



A LAr shield for DarkSide-20k

• allows to eliminate Liquid 
Scintillator Veto and Water 
tank

• AAr in ProtoDune style large 
cryostat to provide shielding 
and active VETO

➡Significantly simplify the 
overall system complexity and 
operation

➡Fully scalable design for future 
larger size detector (300 ton)

12
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DarkSide-20k,	design	evoluOon	:	
	

PNNL 19/3/2018

CERN Neutrino Platform: 
• Two almost identical 

cryostats built for 
NP02 and NP04 
experiments  

• About 8x8x8 m3 inner 
volume, 750 t of LAr in 
each one  

• Cryostat technology 
and expertise taken 
from LNG industry  

• Construction time: 55 
weeks (NP04), 37 
weeks (NP02) 

• Thought since the 
beginning to be 
installable 
underground

DarkSide-20k inner detector

• AAr shield provides the opportunity to 
remove the largest contribution to 
neutron background, the SS cryostat:

• CU vessel with the shape of the TPC 
(octagonal prism) providing also a 
possible path to increase the active 
Argon size

• TPC reflector realised from a sandwich 
of acrylic+3M foil removes the second 
big contributor to neutron background 
(PTFE)

➡Residual neutron background from sub-
leading contribution from substrates, 
electronic components, optical fibers, 
copper parts and acrylic

-  a	ProtoDUNE	like	large	cryostat	(8x8x8	m3	inner	dim.)	filled	with750t		AAr,	also	as	shielding	
-  Much	simpler	design	and	concept	:	allows	for	fully	radio-pure	materials	close	to	TPC	
-  Fully	scalable	to	future	modular	and/or	larger	size	(300	tons)	

DarkSide-20k	
Inner	detector	

DarkSide-20k	Inner	detector	:	Vessel	+	Depleted	LAr	TPC	
-  Ultra	radio	pure	Copper/Titanium	Vessel	removes	higher	source	of	n	background	
-  TPC	reflector	change	from	PTFE	to	Acrylic	+	3M	foils,	will	reduce	significantly	Cherenkov	

and	n	backgrounds	
-  Increase	fiducial	mass	20tà30t,	TPC	self	n	veto,	release	eff.	PS	veto	à	larger	exposure	!		
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DarkSide-20k	and	GADMC	high	mass	projecOons	:	
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Giuliana Fiorillo

DarkSide-Proto Project
• Testing the full scale components intended for 

use in DarkSide-20k 

➡ O(1m) linear dimensions to validate  mechanics 
and SiPM photosensors 

➡ ton scale to test full size DarkSide-20 cryo 
system 

TPC assembly and integration test 

• All the components of the prototype designed 
and built in the different institutions of the 
DarkSide Collaboration 

• A number of sites can be considered for the 
integration test  
➡ proposal submitted to carry it out at CERN 

was rejected by Research Board on 8 
March 2017 

➡ proposal to run the test underground at 
LNGS approved by the collaboration in 
June 2017

2

On	the	way	to	DarkSide-20k	:	DS-proto	
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will	perform	cryogenic	tests	and	
eventually	more	at	Cern	faciliOes	unOl	
mid-2019	(agreement	)	

Is	currently	under	construcOon,	to	be	assembled	and	
tested	at	CERN	star?ng	2018	and	later	at	LNGS	



for Ne>7 , low background readout

PNNL 19/3/2018

Valerio Ippolito 
INFN Sezione di Roma

03/03/2018 
Internal review only

DarkSide S2-only analysis 
with DS-Proto 12

RESULTS FOR COPPER CRYOSTAT
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current expected limit
copper, 25k kg day, urania
copper, 25k kg day, urania+aria
copper, 50k kg day, urania
copper, 50k kg day, urania+aria
copper, 100k kg day, urania
copper, 100k kg day, urania+aria

Showing different 
exposure and 39Ar 
contamination

neutrino floor

VERY PRELIMINARY 
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Very	preliminary	low	mass	limit	projecOons	

Ne	>	7	

à With	intermediate	size	(~1ton)	dedicated	LAr	TPC	detector,	before	DS-20k	operaOons	:	
	

-  Underground	Ar	purificaOon	with	URANIA	(remove	Kr)	+	isotopic	39Ar	disOllaOon	with	ARIA		
-  low	radioacOvity	SiPM	and	ultra	radio	pure	criostat	(copper	or	Titanium)	
-  to	be	run	underground	with	passive	and/or	acOve	veto	system	

	
scale	current	expected	limit	vs	exposure/Ar	purity/radio-pure	materials	:	



Summary	
•  Background	free	high	mass	WIMPs	search	mode	established	with	DarkSide-50	operaOons	

with	underground	Argon:		
		

–  StarOng	large	exposure	future	experiments	with	à	20t	(à	300t)	DAr	target	to	reach	sensiOvity	at	
the	atmospheric	neutrino	floor	level	for	WIMP	from	O(10	GeV)	to	mulO	TeV	masses	

–  in	the	frame	of	GLADMC	Global	Liquid	Argon	Dark	MaMer	CollaboraOon	(INFN,	NSF,	Canada	…)	
merging	all	the	exisOng	LAr	collaboraOons	(DEAP3600,	ArDM,	DarkSide)	

	
–  At	the	2020	horizon	DarkSide-20k	and	DS-proto	(2018)	already	under	advanced	design,	R&D	and	

construcOon.	External	calibraOon	ReD	experiment	also	planned.	
	
•  New	Ioniza?on	based	low	mass	DM	search	mode,	with	DarkSide-50	LAr	TPC,	results	in	

world	leading	exclusion	limit	in	few	GeV’s	WIMPs	mass	range.	

–  This	opens	the	way	to	medium	term	future	dedicated	LAr	TPC	opOmized	for	S2	only	analysis,	
poten?al	to	reach	the	solar	neutrino	floor	level	with	only	an	order	of	magnitude	higher	exposure.	

•  DARKSIDE	experimental	program:	is	very	rich,	diversified	and	exciOng	with	many	
opportuniOes	for	new	ideas	to	develop	both	for	detector	physics	and	dark	maMer	analysis	
results	from	now	on,	and	through	the	next	decade.		
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