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This is the XXX Workshop in Particle Physics being held yearly at the Planibel Hotel of La Thuile, 
Aosta Valley. La Thuile is a beautiful mountain village located 1450m a.s.l., about 40 km north of 
the city of Aosta, on the road to the Mont Blanc. The hotel is at the bottom of a vast skiing area 
connected with the French ski resort La Rosiere and it is an outstanding complex for winter sports 
and congresses. The Rencontres will bring together about 120 active experimentalists and theore-
ticians, as well as a number of young students supported by the Organizers, to review the status 
and the future prospects in elementary particle physics.
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Davide	D’Angelo	
(on	behalf	of	the	DarkSide	collaboraLon)	
Università	degli	Studi	di	Milano	and	I.N.F.N.	
	



DarkSide	Keywords	

➡  Direct	detecLon	of	dark	maSer	

➡  Wimp-nucleus	scaSering	in	liquid	Argon		

➡  Dual-phase	Time	ProjecLon	Chambers	(TPC)	

➡  MulL-stage	approach	

➡  At	Laboratori	Nazionali	del	Gran	Sasso	(LNGS)	in	central	Italy	
	rock	coverage:	~3800m	w.e.	

➡  Very	low	intrinsic	background	levels	

➡  Electron	recoil	discriminaLon		

➡  Neutron	acLve	suppression	

2	07/03/16 - Les Rencontres de Physique de la Vallée d'Aoste D.	D'Angelo	-	The	DarkSide	physics	program	and	its	recent	results	



DarkSide	Mul8-stage	Program	
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DarkSide-10	
Prototype	detector	

DarkSide-20k	
Future	mulL-ton	detector	

~10-47cm2	@100GeV	

DarkSide-50	
First	physics	detector	
~10-45cm2	@100GeV	
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3800	m	w.	e.	

Deep	underground	locaLon	at	LNGS,	Italy.	

Gran	Sasso	
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DarkSide-50	
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Radon-free	(Rn	levels	<	5	mBq/m3)	
Clean	Room	

1,000-tonne	Water-based	
Cherenkov	Cosmic	Ray	Veto	

30-tonne	Liquid	ScinLllator	
Neutron	and	γ’s	Veto	

Inner	detector	TPC	

Housed	in	CTF	
Borexino	CounLng	Test	Facility	
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Two	Phase	Argon	TPC	
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χ 

S1	 S2	

Drih	Time	

e-	

Electron	drih	lifeLme	>	5	ms,	compared	
to	max.	drih	Lme	of	~	375	μs.		
Electron	drih	speed	=	0.93	mm/μs	

•  Nuclear	Recoil	excites	and	
ionizes	the	liquid	argon,	
producing	scin8lla8on	
light	(S1)	that	is	detected	
by	the	photomulLpliers	

•  The	electrons	are	
extracted	into	the	gas	
region,	where	they	induce	
electroluminescence	(S2)		

•  The	Lme	between	the	S1	
and	S2	signals	gives	the	
verLcal	posiLon.		

•  x-y	posiLon	of	events	are	
reconstructed	from	
fracLon	of	S2	in	each	PMT.	
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19x2		3”	PMTs	
~20%	photocathode	coverage	
~60%	of	end	plate	surface	

Total	Ar	mass:	145kg	
Ac8ve	mass:	49.4kg		
Fiducial	mass:	44.9kg	

Liquid	Ar	(Edrih	~	200	V/cm)	

Gas	Ar	(Elum	~	4200	V/cm)	35.6cm
	



Underground	Ar	

•  Intrinsic	39Ar	radioacLvity	in	atmospheric	argon	(~1	Bq/kg)	is	the	primary	
background	for	argon-based	detectors	

•  39Ar	acLvity	sets	the	dark	maSer	detecLon	threshold	at	low	energies	(where	pulse	
shape	discriminaLon	is	ineffecLve)		

•  39Ar	is	a	cosmogenic	isotope,	produced	via	40Ar(n,2n)39Ar.		
It	is	a	β	emiSer	with	Q=565	keV	and	T1/2=269	years		

	

7	

39Ar	Reduc8on	

•  The	acLvity	in	argon	from	underground	
sources	can	be	significantly	lower	

•  IdenLfied	source	in	Colorado,	measured	to	
have	<6.5mBq/kg,	i.e.	>	150	Lmes	lower	
rate	compared	to	atmospheric	argon.	

•  Plant	(including	cryogenic	disLllaLon	at	
FNAL)	produces	~0.5	kg/d	

•  First	results	with	UAr	in	this	talk		

arXiv:1204.60111	[physics.ins-det]	

Atmospheric	Argon	
Underground	Argon	

DepleLon	factor	
150	or	more	

Earlier	study	
with	a	small	detector		
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Pulse	Shape	Discrimina8on	

8	

Electron	Recoil	

Nuclear	Recoil	

Electron	and	nuclear	recoils	produce	different	excitaLon	densiLes	in	the	argon,	
leading	to	different	ra8os	of	singlet	and	triplet	excita8on	states	

Electron	Recoil	
Discrimina8on	

Averaged Wave forms 

τsinglet	~	7	ns	
τtriplet	~	1500	ns	
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Liquid	Scin8llator	Veto	
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•  4	m	diameter	sphere		
containing	PC	+	TMB	scinLllator	

•  Instrumented	with	110	8”	PMTs	

Liquid	scinLllator	allows	coincident	
veto	of	neutrons	(and	γ’s)	in	the	TPC	
and	provides	in	situ	measurement	of	
the	neutron	background	rate	

Neutron	
Rejec8on	

14C	content	was	too	high	(~98%	efficiency)	to	achieve	design	efficiency	(~99.5%)	
aher	the	first	fill.	

The	TMB	was	replaced	with	new	low	14C	TMB	(Jan.	2015).		
14C	acLvity	decreased	from	150	kBq	to	0.3	kBq.	
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External	Water	tank	

•  80	PMTs	within	water	tank		
(11	m	diameter	x	10	m	height)	

•  Acts	as	a	muon	and	cosmogenic	veto		
(~	99%	efficiency)	

•  Provides	passive	γ’s	and	neutron	
shielding	

10	

Cosmogenics	
Rejec8on	
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DS-50	Assembly	

11	

Sept	-	Oct	2013	
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83mKr	Half-life	=	1.83	hours	

83Kr	peak	
41.5	keVee	

AAr	@	Edri`	=	0	V/cm	

39Ar	end-point	
565	keVee	

TPC:	Electron	Recoils	calibra8on	

12	

LIGHT	YIELD:	8.1	±	0.2	PE/keVee	at	zero	field	and	7.0	±	0.3	PE/keVee	at	200	V/cm	

•  39Ar	(565	keVee	end-point)	present	in	AAr		
•  83mKr	gas	deployed	into	detector	(41.5	keVee)	
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Liquid Argon TPC
(based on DarkSide design

SCENE		
(ScinLllaLon	Efficiency	of	Nuclear	Recoils	in	Noble	Elements)	

13	

Proton	Beam	at	University	
of	Notre	Dame	

For	Nuclear	Recoils	
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Liquid	Argon	TPC	
(based	on	DarkSide	design)	

Organic	Liquid	
ScinLllators	

(placed	at	precise	
deflecLon	angles)	

7Li(p,	n)7Be	reacLon	produces	low	energy	mono-energeLc	neutrons	TOF	measurement	between	target,	LAr	and	
organic	scinLllators	allows	clean	idenLficaLon	of	elasLc	neutron	interacLons	of	known	energy	



Nuclear	Recoil	

From	SCENE:	

1.  nuclear	recoil	quenching	
2.  the	F90	distribuLon		
by	processing	SCENE	data	with	DS-50	code	and	extrapolated	to	DS-50	
detector	along	with	the	systemaLcs.	
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FIG. 8. S1 yield as a function of nuclear recoil energy
measured at 5 drift fields (0, 100, 200, 300 and 1000
V/cm) relative to the light yield of 83mKr at zero field.

top left panel shows the simulated energy spec-
trum fit with a Gaussian plus a first order poly-
nomial modeling the background (the plot for the
10.3 keV nuclear recoils is absent in Fig. 19 since it
is already shown in Fig. 3). All other panels show
the experimental 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 pre-
diction is remarkably good.

Fig. 8 shows the resulting values of Leff, 83mKr as
a function of Enr as measured at 5 different drift
fields (0, 100, 200, 300 and 1000 V/cm). The error
bar associated with each Leff, 83mKr measurement
represents the quadrature combination of the sta-
tistical error returned from the fit and the system-
atic errors due to each of the sources accounted for
(see Table II for a detailed account of systematic
errors at null drift field).

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 dif-
ference between the results of the two methods is
listed in Table II in the row “Fit Method” for Ed = 0.
Across all measured recoil energies and drift elec-
tric fields, this systematic error is typically 1-2%,
with the largest at 4%. The sensitivity of Leff, 83mKr
to the fit range selection is characterized by com-
paring the fit results to those obtained with a re-
duced fit range. We define 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. 19 to 28.

We evaluated the systematic error in Leff, 83mKr
from the TOF window selection by advancing or
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FIG. 9. Systematic error induced by chemical impurities
affecting the mean life of the triplet component of the S1
scintillation spectrum, as a function of mean life in the
range of interest. S1 time profile was simulated with two
exponential decay terms. Each line represents the events
with a given f90 when the slow component lifetime is
1.45 µs. Note that f90 increases slightly with the decrease
in the slow component lifetime.

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 dataset 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. The purity af-
fects the mean life of the triplet state of the S1 scin-
tillation time profile [33–35], which we measured
to lie in the range from 1.39 to 1.48 µs. As shown
in Fig. 9, this introduced an additional ±2% sys-
tematic uncertainty for 83mKr light yield, as its f90
is in the range of 0.2 to 0.3.

The uncertainty due to the alignment of the TPC
and neutron detectors was calculated assuming a
±1 cm uncertainty in our determination of their ab-
solute positions relative to the production target.

ENERGY RESOLUTION

A number of factors, including the width of SER
of the PMT’s, the position dependence of light col-
lection in the LAr TPC, PE counting statistics, and
the intrinsic resolution of LAr scintillation, con-
tributed to the energy resolution of the detector

Phys.	Rev.	D	91,	092007	

S1	Yield	



CALIS	
CALibraLon	InserLon	System	

Calibrate	both	TPC	and		Neutron	veto	
•  Gamma	sources:	57Co	(122	keV),	133Ba	(356	keV),	

137Cs	(663	keV)	
•  Neutron	source:	AmBe	

15	

NR	band	matches	with	the	points	extrapolated	from	SCENE.	

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

NR band

ER band
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DarkSide-50	Timeline	

•  Oct.	2013:	LArTPC,	Neutron	Veto	and	Muon	Veto	commissioned.	

–  TPC	filled	with	atmospheric	argon	(AAr).	

•  Up	to	Jun.	2014:	data	taken	with	high	14C	content	in	LSV.	

–  47.1	live	days	(1422	kg·day	fiducial)	for	the	first	physics	result.		
–  TMB	(14C)	was	removed	to	reduce	the		14C	rate.	

•  Oct.	to	Dec.	2014:	CalibraLon	of	TPC	with	radioacLve	sources.	

•  Jan.	2015:	Add	radiopure	TMB	at	5%	concentraLon.	

•  Mar.	to	Apr.	2015:	Fill	with	UAr	and	re-commissioning	the	detector.	

•  Apr.	to	Aug.	2015:	Accumulate	first	data	with	UAr	for	dark	maier	search.	

•  Data	taking	is	foreseen	to	last	unLl	approximately	the	end	of	2017	
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Exposure	of	1422	±	67	kg･day	

three	cuts	only:	single-hit	(1)	interacLons	in	the	Fiducial	Volume	(2)	and	no	energy	deposiLon	in	the	veto	(3).	

WIMP	Expected	Region	

No	background	events	in	nuclear	recoil	(WIMP)	region!	

39Ar	BG(electron	recoils)		
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From	DS-50	F90	model	

80	PE	~	38	keVR		
(Nuclear	quenching	from	SCENE	@	200	V/cm)	F90	NR	50%	Acceptance	Curves	

	from	SCENE	@	200	V/cm	

460	PE	~	206	keVR	



Underground	Ar	
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1.   Extrac8on	at	Colorado	(CO2	Well)	
Extract	a	crude	argon	gas	mixture	(Ar,	N2,	and	
He)	

Plant	at	Colorado	

DisLllaLon	Column	at	
Fermilab	

2.   Purifica8on	at	Fermilab	
Separate	Ar	from	He	and	N2	

3.   Arrived	at	LNGS	
Ready	to	fill	into	DS-50	UAr	boSles	at	LNGS	
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UAr	First	Results	
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AAr	vs	UAr.	Live-Lme-normalized	S1	pulse	integral	spectra	at	Zero	field.		

Low	level	of	39Ar	allows	extension	of	DarkSide	program	to	ton-scale	detector.	

~1/1400	

~1/300	
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UAr	First	Results	

20	

WIMP	Expected	Region	

No	background	events	in	nuclear	recoil	(WIMP)	region!	

arXiv:1510.00702	
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71	live-days	aher	all	cuts.	(2616±43)	kg	day	exposure.		
Single-hit	interacLons	in	the	TPC,	no	energy	deposiLon	in	the	veto	



UAr	First	Results	

21	

Best	limit	to	date,	with	argon	target,	third	best	limit	behind	LUX	&	Xenon100.	
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Future	Detectors	
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DS-20k	
	

30	tonne	(20	tonne	fiducial)	detector	

ARGO	
	

300	tonne	(200	tonne	fiducial)	detector	

?	
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Further	Deple8on	of	Ar	

Urania	(Underground	Argon):	

–  Expansion	of	the	argon	extracLon	plant	in	Cortez,	CO,	
to	reach	capacity	of	100	kg/day	of	Underground	Argon	

Aria	(UAr	PurificaLon):	

–  Very	tall	column	in	the	Seruci	mine	in	Sardinia,	Italy,	for	
high-volume	chemical	and	isotopic	purificaLon	of	
Underground	Argon	
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Summary	

•  Background	free:		

–  39Ar	BG	from	47.1	live	days	(1422	kg·day	fiducial)	of	AAr	corresponds	to	that	
expected	in	38.7	years	of	UAr	DS-50	run	(≫planning	physics	run	Lme,	3	years).	

–  ConcentraLon	of	39Ar	in	UAr	is	1400	Lmes	lower	than	in	AAr.	

–  DarkSide	demonstrates	39Ar	BG	rejecLon	at	level	of	5.5	tonne·year	with	UAr.	

•  ElasLc	spin-independent	WIMP-nucleon	interacLon:	the	non	observaLon	of	
events	in	the	ROI	in	DarkSide-50	excludes	cross-secLons	larger	then	2	10-44	
cm2	for	100	GeV	WIMPs.	

–  Best	limit	obtained	with	Argon	target	

–  Third	best	limit	aher	Xenon	detectors	

•  Future	detectors	are	planned	with	sensiLviLes	of	10-47	and	10-48	cm2	
(@100GeV)	

–  LeSer	of	Intent	was	submiSed	to	LNGS	April	27	2015.	
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THE	END	

26	07/03/16 - Les Rencontres de Physique de la Vallée d'Aoste D.	D'Angelo	-	The	DarkSide	physics	program	and	its	recent	results	



NUCLEAR	
RECOILS	

Backgrounds	

27	

39Ar	

γ 

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	

γ 

n	

[30-200]	keVr	

07/03/16 - Les Rencontres de Physique de la Vallée d'Aoste D.	D'Angelo	-	The	DarkSide	physics	program	and	its	recent	results	



Borated	Liquid	Scin8llator		

•  High	neutron	capture	cross	secLon	on	Boron	
allows	for	compact	veto	size	

•  Short	capture	Lme	2.3	μs	reduces	dead	Lme	
loss.	Cmp.	~260μs	in	pure	scinLllator	

•  Capture	results	in	1.47	MeV	α	parLcle,	
quenched	to	~50	keV:	
it	must	be	detected	with	high	efficiency!	

28	
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PMTs	with	cold-amplifiers	

•  3” PMTs

•  Hamamatsu R11065 series 

•  The “-20” have good 

background levels but show 
problems at nominal gain at 
LAr temperature


•  Require low PMT Gain  
~ 4 x 105


•  Custom cold amplifiers:

Noise ~3 μV on 200 MHz
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Requirements	for	DS-20k	

Neutron	Background:	
–  Cosmogenic:	Veto	system	

–  Radiogenic:	radiopure	SiPM	&	ultra-clean	Titanium	(TPC	cryostat)	

β/γ	background:	
–  39Ar:	Underground	Argon	(Urania	Project)	&	Depleted	Argon	

(Aria	Project)	

–  γ:	SiPM	&	ultra-clean	Titanium	
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Sensi8vity	Comparison	

31	

Experiment	 σ	[cm2]	
@1	TeV/c2	

σ	[cm2]	
@10	TeV/c2	

LUX	[10k	kg×day	Xe]	 1.1×10-44	 1.2×10-43	

XENON	[7.6k	kg×day	Xe]	 1.9×10-44	 1.9×10-43	

DS-50	[1.4k	kg×day	Ar]	 2.3×10-43	 2.1×10-42	

ArDM	[1.5	tonne×yr	Ar]	 8×10-45	 7×10-44	

DEAP-3600	[3.0	tonne×yr	Ar]	 5×10-46	 5×10-45	

XENON-1ton	[2.7	tonne×yr	Xe]	 3×10-46	 3×10-45	

LZ	[15	tonne×yr	Xe]	 5×10-47	 5×10-46	

DS-20k	[100	tonne×yr]	 9×10-48	 9×10-47	

1	Neutrino	Event	
[400	tonne×yr	Ar	or	300	tonne×yr	Xe]	 2×10-48	 2×10-47	

ARGO	[1,000	tonne×yr]	 9×10-49	 9×10-48	
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DarkSide-20k	and	Argo	LoI	Signatories	
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D. Franco, A Tonazzo - APC Paris
D. Alton - Augustana College
A. Kubankin - Belgorod National Research 
University
K. Keeter, B. Mount - Black Hills State University
L. Romero, R. Santorelli - CIEMAT
S. Horikawa, K. Nikolics, C. Regenfus,
A. Rubbia - ETH Zürich
S. Pordes - Fermilab
A. Gola, C. Piemonte - FBK & TIFPA
S. Davini - GSSI
E. Hungerford, A. Renshaw - University of Houston
M. Guan, J. Liu, Y. Ma, C. Yang, W. Zhong - IHEP 
Beijing
N. Canci, F. Gabriele, G. Bonfini, A. Razeto, N. Rossi,
F. Villante - LNGS
C. Jollet, A. Meregaglia - IPHC Strasbourg
M. Misziazek, M. Woicik, G. Zuzel - Jagiellonian 
University
K. Fomenko, A. Sotnikov, O. Smirnov - JINR
M. Skorokhvatov - Kurchatov Institute Moscow
A. Derbin, V. Muratova, D. Semenov,
E. Unzhakov - PNPI Saint Peterburg
S. De Cecco, C. Giganti - LPNHE Paris
H. O. Back - PNNL
M. Ghioni, A. Gulinatti, L. Pellegrini, I. Rech, A. Tosi,
F. Zappa - Politecnico di Milano

C. Galbiati, A. Goretti, A. Ianni, P. Meyers,
M. Wada - Princeton University
A. Chepurnov, G. Girenok, I. Gribov, M. Gromov,
I. Zilcov - SINP MSU Moscow
C.J. Martoff, J. Napolitano, J. Wilhelmi - Temple 
University
E. Pantic - UCDavis
Y. Suvorov, H. Wang - UCLA
A. Pocar - UMass Amherst
A. Machado, E. Segreto - Campinas
A. Devoto, M. Lissia, M. Mascia,
S. Palmas - Università & INFN Cagliari
M. Pallavicini, G. Testera,
S. Zavatarelli - Università & INFN Genova
D. D’Angelo, G. Ranucci - Università & INFN Milano
F. Ortica, A. Romani - Università & INFN Perugia
S. Catalanotti, A. Cocco, G. Covone, G. Fiorillo,
B. Rossi - Università Federico II & INFN Napoli
C. Dionisi, S. Giagu, M. Rescigno - Università La 
Sapienza & INFN Roma
S. Bussino, S. Mari - Università & INFN Roma 3
J. Maricic, R. Milincic, B. Reinhold - University of 
Hawaii
P. Cavalcante - Virginia Tech



UAr	First	Results	with	S2/S1	cut	

We	have	another	discriminaLon	power	to	suppress	ERs	(S2/S1	cut	w/	50%	
acceptance	of	NRs).		
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ER	

NR	

S1	=	200	-	400	PE	

AmBe	calibraLon	data	
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Electron	Recoil	
DiscriminaLon	



Sample	F90	models	

•  Use	analyLc	model	for	F90	distribuLons	
•  Fit	to	high	staLsLcs	AAr	data	
•  Scale	to	UAr	data	
•  Derive	0.01	ER	leakage	events	/	S1	bin	
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