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Overview	

•  What	I	will	NOT	discuss:	
– Why	we	believe	there	is	
Dark	Matter	

– What	we	believe	Dark	
Matter	could	be	

–  The	3	ways	to	look	for	
Dark	Matter	

•  Indirect,	Direct,	Collisions	
–  The	Standard	Halo	Model	
– What	are	the	techniques	
for	direct	search	

•  solid	states,	scintillators,	
bolometers,	noble	gases,	
….	and	many	many	more.	
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•  What	I	will	(try	to)	discuss:	
–  Road	map	in	direct	search	
–  Annual	modulation	
signature	

–  The	DAMA	claim	
–  The	new	DAMA/LIBRA-
Phase	2	results	

–  Attempts	to	verify	the	
claim	

•  SABRE	
•  DM-ICE	
•  COSINE	
•  ANAIS	

–  Conclusions	



Direct	Dark	Matter	experiments	
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M. Schumann (AEC Bern) – Direct Dark Matter Searches 11
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(not	completely	up-to-date)	

What	are	these	guys	trying	to	do?	



3-steps	direct	search	roadmap?	
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Contradiction For standard assumptions

2.	Lower	threshold	

3.	Larger		
exposure	

Plot	by	F.	Rendl,	Taup	2017	

1.	verify	this	claim!	

(4.	Directional	detection)	



The	Modulation	DM	signature	
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the Sm,i can be ignored for i > 1 as well [32]. Thus, the modulation signature is taken, in

general, to be a sinusoidal modulation of the following form:

dR

dER
(t) = S0(ER) + Sm(ER) cos⌘(t� t0) (2.2)

Typically, the fractional modulation Sm/S0 is less than 10% for many dark-matter models.

Exceptions to this simplification include models where the high tail-end of the velocity

distribution become important (vmin is high1) or where there is substructure in the dark-

matter halo.

Gravitational focusing (see Figure 2.2) is an e⌃ect wherein dark matter is deflected by the

Sun’s gravitational field on its way to the Earth. In the spring, dark-matter particles pass

the Sun on the way to the Earth and are pulled closer together, increasing the flux. In the

fall, this e⌃ect disappears. Gravitational focusing was previously thought to be a negligible

e⌃ect [33], but new analyses show that it can shift the apparent phase of the modulation

earlier in the year by around 21 days if vmin is small [34]. A dark-matter halo with a slower

average speed relative to the Sun is more susceptible to gravitational focusing, as would be

in the case of self-interacting dark matter that forms a rotating disk like the baryonic matter

in our galaxy.

The annual modulation is a signature characteristic of WIMP dark matter, and can be

taken as evidence for its existence if observed in a low-background experiment. A high-mass

detector with several years of exposure could be sensitive to such a modulation.

2.1.1 Technical aspects of annual-modulation searches

In any dark-matter experiment, the elimination of backgrounds is paramount to a discov-

ery claim. Backgrounds from radioactive sources and cosmic rays can mimic dark-matter

interactions and obscure their signal. Dark-matter detectors whose observations are based

1From Equation 1.2, it is apparent that vmin is high when the WIMP is light. Endothermic inelastic dark-

matter models can also produce a high vmin compared with elastic dark-matter models because additional

kinetic energy is needed to transition the dark-matter particle into a higher energy state.
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Annual	modulation	is	a	model	independent	signature		
of	Dark	Matter	interaction	
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June

December

galactic plane
Cygnus

WIMP wind

v≈220 km/s

Rate and shape of recoil spectrum depend on target material 

Motion of the Earth causes 

temporal variation in the rate: June - December rate asymmetry ~ 2-10 % 

direction modulation asymmetry: ~ 20-100% in forward-backward event rate

Dark matter signatures
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Drukier, Freese, Spergel 1986;

2-4 keV

R. Bernabei et al, EPJ-C67 (2010)

DAMA/LIBRA NaI: 2% annual modulation

D. Spergel 1988 

Spergel	1987	



DAMA/LIBRA	

•  Underground	location:	LNGS	
•  Technique:	NaI(Tl)	scintillating	crystals	
•  Detector’s	module:		
10kg	crystal		
paired	with	two	3”	PMTs	
–  Light	guides	are	used	to	keep		

PMTs	distant	from	crystals		
and	reduce	background	

•  Geometry:	5x5	crystal	matrix	
•  Total	mass:	~250kg	
•  Energy	threshold:	2keV 	 	1kev	(new!)	
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DAMA	timeline	
1.  DAMA/NaI					(100kg):																1996-2002	
2.  DAMA/LIBRA	(250kg)	Phase	I	:	2003-2010	

–  Mass	upgrade	

3.  DAMA/LIBRA	(250kg)	Phase	II:	2011-2017	
–  New	PMTs	(low	radioactivity,	low	noise)	

4.  DAMA/LIBRA	(250kg)	Phase	III:	???	
–  No	light	guides?	

7	

5x5	matrix	

R.	Bernabei	et	al.	(DAMA	coll.),		
EPJ	C	(2013)	73:2648.		

Results	released	1	month	ago!	
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arXiv:1805.10486	



The	DAMA	modulation	
DAMA/NaI	+	DAMA/LIBRA-Phase1	

•  13	annual	cycles	(Dama/NaI	+	Dama/Libra)	
•  Exposure:	1.33	ton	x	yr	
•  χ2/ndf	=	70.4/86	(NaI+Ph1)	
•  9.3σ	significance	
•  (0.998±0.002)	year	period	
•  Phase	is	(144±7)	days	vs.	Exp.	DM	phase	152.5	days	
•  Amplitude	(0.0112±0.0012)	cdp/kg/keV	,		i.e.	~	1%	of	the	experimental	rate.	

8	EDSU	2018	 D.	D'Angelo	-	DM	Modulation	



…and	now	including	DAMA/LIBRA-Phase2	

•  20	annual	cycles	(DAMA/NaI	+	DAMA/LIBRA-Phase1	+	DAMA/LIBRA-Phase2)	
•  Exposure:	2.46	ton	x	yr		
•  χ2/ndf	=	150/52	(Ph2-only	1-6keV);	199/102	(Ph1+Ph2	2-6keV)	
•  12.9σ	significance	
•  (0.999±0.001)	year	period	
•  Phase	is	(145±5)	days	vs.	Exp.	DM	phase	152.5	days	
•  Amplitude:	(0.0103±0.0008)	cdp/kg/keV,		i.e.	~	1%	of	the	experimental	rate.	
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arXiv:1805.10486	
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Contradiction For standard assumptions

Interpretation	of		
DAMA/NaI	+	DAMA/LIBRA-Phase1	results	

10	

Interaction	on	Na	nuclei	

Mwimp	~	10	GeV				

σ	~	10	-40	cm2	

However	there	are	several	assumptions	here:	
ü  Astrophysics:	DM	halo	
ü  Dark	matter	candidate:	WIMP	
ü  Nature	of	interaction:	elastic	and	Spin	Independent	
ü  Target	of	Interaction:	nuclei	

Interaction	on	I	nuclei	

Mwimp	~	80	GeV				

σ	~	10	-41	cm2	

In	the	simplest	
interpretation	of	SI	
WIMP-nucleus	

interaction	there	are	
two	allowed	regions	
with	very	similar	χ2	

EDSU	2018	 D.	D'Angelo	-	DM	Modulation	



What	about	other	positive	results?	
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Snapshot	from	2014	
Hints	disfavored,	but	SUSY	is	now	harder	to	detect

Since	then	CDMSLite	2,	CRESST-II,	CDEX,	XENON-100	S1,	LUX		
have	all	con=nued	to	post	even	more	exclusive	limits	

SuperCDMS	LT	Dama	Na	
CoGeNT	(2014)		
Ge	detectors	
modulation	experiment	
latest	result	<2σ	

CDMS-Si	(2013)		
Si	detectors	
3σ	(0.19%	to	be	a	fluctuation)	
not	observed	in	Ge	

CRESST-II	(2011)	
CaWO4	bolometers	
4.2σ	–	4.7σ	
not	observed	in	new	setup	

DAMA	is	the	only	truly	significant	
PRL	111	(2013)	251301	

arXiv:1401.3295	 Eur.	Phys.	J.	C	(2012)	72:1971	

EDSU	2018	 D.	D'Angelo	-	DM	Modulation	



DAMA	alternative	explanations?	
•  The	rate	of	cosmogenic	muons	is	known	to	modulate	due	to	seasonal	

expansion/contraction	of	the	troposphere	which	changes	the	pion/kaon	
mean	free	path.		

•  Could	muon-induced	background	such	as	nuetrons	explain	D/L	
modulation?		

•  Could	there	be	other	explanations	of	terrestrial	origin?	(e.g.	radon	
emanation)		

•  Long	standing	questions:	tens	of	papers	written	on	the	subject.		
•  No	convincing	alternative	explanation	so	far		

12	
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FIG. 1: Combined cosmic muon data from MACRO, LVD and Borexino, with monthly binning for clarity, after subtraction of
the mean measured flux at each experiment, as well as of an additional constant, determined for each individual experiment by
the chi-squared fit. This constant, which accounts for systematic di↵erences in the experiments’ sensitivities to cosmic muons,
has a negligible e↵ect on the best fit period, phase and amplitude for the annual modulation. The best fit to the sum of two
independent cosines yields the solid line in the figure (periods, phases and amplitudes detailed in the text).
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FIG. 2: Confidence-limit contours for period and phase of
best-fit cosine for cosmic muon flux from MACRO, LVD and
Borexino, and DAMA data. The straight black-dashed lines
delineate the expected period and phase for a dark matter
signal. See text for note concerning changes in time origin.

ter harmonic filtering of the annual modulation, leading
us to conclude that they were aliasing peaks, or some
other artifact of the irregular data spacing or sampling
frequencies used. The subleading periodicity in the muon
data, as seen in both the chi-squared fit and the L-S pe-
riodogram, displays a strong correlation with the solar
cycle. We also plot for comparison the weighted Lomb-
Scargle periodogram for the monthly-averaged sunspot
data in the same period, taken from [18], and originally
derived from data by the Solar Influences Data Analy-
sis Center in Belgium in Fig. 3(c). We see a dominant

peak corresponding to a period of 12.6±0.1 years, and
what looks like higher harmonics of this fundamental fre-
quency. Caution must be exercised in interpreting the
fitted periods and uncertainties presented in this subsec-
tion: the solar cycle is known to have a rather variable
period, making the cosine fit an inadequate description
of the data, as reflected in the large chi-squared values.
This does not, however, preclude the use of these fit val-
ues to compare two data sets under the hypothesis of a
correlation between them.

In order to test for a possible correlation between the
secondary modulation in the Gran Sasso cosmic muon
data and the sunspot data, we again make use of the pa-
rameter goodness of fit, with parameters extracted from
a chi-squared fit of both the muon and sunspot data to
cosine functions with a relative phase of ⇡. While the
fitted phases are in agreement, we find there is a 4.7�
tension between the fitted periods, which is not very en-
couraging. Notice, however, that in the fits, the sunspot
data are weighted by their variance, which in the limit of
low statistics is strongly dependent on their absolute val-
ues, making data taken during minimums of solar activ-
ity dominate the fit. Because of this, the fitted period is
driven to large values by the unusually long and deep so-
lar minimum around 2008. By contrast, the correspond-
ing muon data was taken mostly by Borexino, which has
comparatively large error bars. Thus, muon data give
more weight to earlier parts of the solar cycle, which fit
better with smaller periods. Indeed, redoing the fit af-
ter rescaling the sunspot error bars such that the relative
size of the error bars (and hence their weights) are the
same as in the muon data reduces the tension between the
two data sets to 2.1�. Furthermore, as mentioned above,
a sinusoid with a constant period is a particularly bad
model for sunspot activity (522/242 for the chi-squared
per dof), which is cyclical rather than periodic. Perform-
ing a fit to the sunspot data using a cosine with a period

Combined MACRO+LVD+Borexino muon flux modulation 
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1)	All	instrumental	sources	of	
modulations	have	been	
investigated	and	excluded:	
ü  radon	
ü  temperature	
ü  gas	pressure	
ü  noise	
ü  energy	scale	
ü  efficiencies	
ü  environmental	neutrons	

4)	No	modulation	
	>	6keV	

Why	is	DAMA/LIBRA	robust?	

3)	No	modulation		
in	multi-hit	events		
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2)	Phase:	(145±5)d		
cmp.	muon:	(182±6)d	

DAMA/NaI ≈ 100 kg
(0.29 ton×yr)

DAMA/LIBRA ≈ 250 kg
(1.04 ton×yr)

2-4 keV; χ2/dof =  9.5/13
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 Time (day)

2-6 keV; χ2/dof = 10.8/13

Figure 3: The data points are the modulation amplitudes of each single annual cycle
of DAMA/NaI and DAMA/LIBRA–phase1 experiments. The error bars are the 1σ
errors. The same time scale and the same energy intervals as in Fig. 2 are adopted.
The solid horizontal lines shows the central values obtained by best fit over the whole
data set. The χ2 test and the run test accept the hypothesis at 90% C.L. that the
modulation amplitudes are normally fluctuating around the best fit values. See text.
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Figure 4: Power spectrum of the measured single-hit residuals in the (2–6) keV (solid
lines) and (6–14) keV (dotted lines) energy intervals calculated according to Ref. [7],
including also – as usual in DAMA analyses – the treatment of the experimental
errors and of the time binning. The data refer to: a) DAMA/LIBRA–phase1 (left); b)
DAMA/NaI and DAMA/LIBRA–phase1 (right). As it can be seen, the principal mode
present in the (2–6) keV energy interval corresponds to a frequency of 2.722 × 10−3

d−1 and 2.737 × 10−3 d−1 (vertical lines), respectively, in the a) and b) case. They
correspond to a period of ≃ 1 year. A similar peak is not present in the (6–14) keV
energy interval.
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2-6keV	
6-20keV	
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A	complex	scenario	

•  DAMA	results	are	“in	tension”	with	several	other	
experiments	
-  but	only	assuming	basic	SI	WIMP-nucleus	interaction.		

•  Other	experiments	are	counting	experiments	and	use	
different	target	materials	
-  comparison	is	model	dependent	

•  DAMA	has	strong	arguments	to	sustain	the	result		
-  Several	attempts	to	explain	D/L	in	terms	of	background	

have	been	made	->	none	convincing.	

•  A	new	measurement	with	the	same	target	and	
technique	is	needed!	
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 Low-mass compatibility and theoretical interpretations 
H. Hooper, J. Collar, J. Hall, D. McKinsey, C. Kelso, PR D 82 (2010) 123509. 
C. Savage et al., JCAP 04 (2009) 010. 
P.W. Graham et al., PR D 82 (2010) 063512. 
D. Hooper, Phys. Dark Univ. 1 (2012)  
B.M. Roberts et al., PRL 116 (2016) 023201 
R. Cerulli et al., EPJ C (2017) 77:83 
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 Environmental backgrounds (Cosmic muons) 
J. P. Ralston, (2010) arXiv:1006.5255 
K. Blum, (2011) arXiv:1110.0857  
E. Fernandez-Martinez and R. Mahbubani, JCAP 07 (2012) 029  
S. Chang, J. Pradler and I. Yavin, PR D 85 063505 (2012)  
J. Pradler, (2012) arXiv:1205.3675  
R. Bernabei et al. (DAMA coll.), IJMP A 28 (2013) 1330022 
D. Nygren arXiv:1102.0815 (2012) <- delayed phosphor. by UV irradiation 
D.N. McKinsey, arXiv:1803.10110 (2018) <- Argon background (!?) 
and many many more.... 



Why	is	it	important	to	go	to	low	energy?	

•  Fit	to	the	DAMA	
(NaI+Ph1)	modulation	
amplitude	returns	light	
and	heavy	WIMP	
solutions.	

•  They	differ	below	2keV	
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see	also:	
K.	Freese,	M.	Lisanti,	and	C.	Savage,	Rev.	Mod.	Phys.	85	(2013)	1561		



DAMA/LIBRA	new	PMTs	for	Phase-2	

•  EMI	9265-B53/FL	and	9302-A/FL	->	
Hamamatsu	R6233MOD	

•  Quantum	efficiency:	~30%	->	~38%	
at	peak	

•  Lower	dark	counts:	~100-500Hz			
•  Light	collection:	5.5-7.5	ph/keV	->	

6-10	ph/keV	
•  Analysis	Threshold:	2keV	->	1keV	
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2012 JINST 7 P03009

Figure 14. Overall efficiencies for single-hit events when considering the 25 DAMA/LIBRA detectors all
together equipped with the former EMI-Electron-Tubes PMTs (black triangles down to 2 keV [1]) and with
the new high Q.E. by HAMAMATSU PMTs (white dots down to 1 keV). The energy bin is 1 keV. The
efficiencies for each detector have similar features.

The possible residual noise contribution in the population of the scintillation events — selected
by applying the acceptance windows as aforementioned — can be evaluated. For this purpose, we
use here a variable ES (which takes into account simultaneously the information from X1 and X2

for each event), defined as:

ES =
1� (X2�X1)

2
The distributions of ES, obtained for a sample of events in the production data, collected in the
new configuration, are shown in figure 15; the considered energy intervals are 1–3 keV (top left)
and 3–6 keV (top right). The plots show the noise population at low ES values and the scintillation
events at higher ES values. The distributions of data, collected with g source in the same energy
intervals, suitably normalized, are reported as dashed lines; they obviously show the distribution
of scintillation events. Thus, by subtracting them from the distributions of the production runs, the
plots in figure 15 bottom are obtained, which represent the noise distributions.

One can apply to these latter distributions the same stringent selections used to select a data
sample clean from noise in the production runs: ES > 0.54 (0.60) in the energy range 1–3 keV
(3–6 keV), with efficiency 0.72 (0.85) (see figure 14). The numbers of residual noise events after
this selection are (15±62) and (�18± 41) in the 1–3 keV and 3–6 keV, respectively, that are well
compatible with zero. By applying the Feldman and Cousins procedure [13] one can obtain a
cautious upper limit for the number of residual noise events: <120 and <51 (90% C.L.) in the
energy range 1–3 keV and 3–6 keV, respectively. Thus, possible contamination, f , of a noise tail in
the sample of the selected events is f < 3% in both cases. By applying this procedure to a higher
exposure the sensitivity can allow the method to reach upper limits f < 1%. Such an analysis shows

– 12 –

Phase1	efficiency	

Phase2	efficiency	

1-2keV	



DAMA/LIBRA	Phase-1	vs.	Phase-2	

[plot	grabbing	from	fig.	1	of	EPJ	C56	
(2008)	333	and	arXiv:1805.10486.]	
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The usual procedure is to minimize the function yk = −2ln(Lk)−const for each energy
bin; the free parameters of the fit are the (bjk+S0) contributions and the Sm parameter.
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Figure 10: Modulation amplitudes, Sm, for DAMA/LIBRA–phase2 (exposure 1.13
ton×yr) from the energy threshold of 1 keV up to 20 keV (full triangles, blue data
points on-line) – and for DAMA/NaI and DAMA/LIBRA–phase1 (exposure 1.33
ton×yr) [4] (open squares, red data points on-line). The energy bin ∆E is 0.5 keV.
The modulation amplitudes obtained in the two data sets are consistent in the (2–20)
keV: the χ2 is 32.7 for 36 d.o.f., and the corresponding P-value is 63%. In the (2–6)
keV energy region, where the signal is present, the χ2/d.o.f. is 10.7/8 (P-value = 22%).

In Fig. 10 the modulation amplitudes obtained considering the DAMA/LIBRA–
phase2 data are reported as full triangles (blue points on-line) from the energy thresh-
old of 1 keV up to 20 keV. Superimposed to the picture as open squared (red
on-line) data points are the modulation amplitudes of the former DAMA/NaI and
DAMA/LIBRA–phase1 [4]. The modulation amplitudes obtained in the two data sets
are consistent in the (2–20) keV, since the χ2 is 32.7 for 36 d.o.f. corresponding to P-
value = 63%. In the (2–6) keV energy region, where the signal is present, the χ2/d.o.f.
is 10.7/8 (P-value = 22%).

As shown in Fig. 10 positive signal is present below 6 keV also in the case of
DAMA/LIBRA–phase2. Above 6 keV the Sm values are compatible with zero; ac-
tually, they have random fluctuations around zero, since the χ2 in the (6–20) keV
energy interval for the DAMA/LIBRA–phase2 data is equal to 29.8 for 28 d.o.f. (up-
per tail probability of 37%). Similar considerations have been done for DAMA/NaI
and DAMA/LIBRA–phase1 where the χ2 in the (6–20) keV energy interval is 35.8 for
28 d.o.f. (upper tail probability of 15%) [4].

The modulation amplitudes for the whole data sets: DAMA/NaI, DAMA/LIBRA–
phase1 and DAMA/LIBRA–phase2 (total exposure 2.46 ton×yr) plotted in Fig. 11;
the data below 2 keV refer only to the DAMA/LIBRA-phase2 exposure (1.13 ton×yr).
It can be inferred that positive signal is present in the (1–6) keV energy interval, while
Sm values compatible with zero are present just above. All this confirms the previous
analyses. In Table 4 the values of the modulation amplitudes of the (1–12) keV energy

16

Phase1	
Phase2	

Consistency:	
[2-20] keV χ2 /d.o.f. = 32.7/36 (P=63%) 						
[2-6]    keV χ2 /d.o.f. = 10.7/8    (P=22%)	

Phase1	
Phase2	

old	thresh	

new	thresh	

Background	reduced	almost	50%	
but	PMT	radioactivity	is	not	so	
much	lower	



Interpretation	including	Phase2	?	
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Figure 11: Modulation amplitudes, Sm, for the whole data sets: DAMA/NaI,
DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2 (total exposure 2.46 ton×yr)
above 2 keV; below 2 keV only the DAMA/LIBRA-phase2 exposure (1.13 ton × yr)
is available and used. The energy bin ∆E is 0.5 keV. A clear modulation is present in
the lowest energy region, while Sm values compatible with zero are present just above.
In fact, the Sm values in the (6–20) keV energy interval have random fluctuations
around zero with χ2 equal to 42.6 for 28 d.o.f. (upper tail probability of 4%); see text
for comments.

Table 4: Modulation amplitudes, Sm, for the whole data sets: DAMA/NaI,
DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2 (total exposure 2.46 ton×yr);
data below 2 keV refer instead only to the DAMA/LIBRA-phase2 exposure (1.13
ton×yr).

Energy Sm (cpd/kg/keV) Energy Sm (cpd/kg/keV)
(1.0–1.5) keV (0.0232±0.0052) (6.5–7.0) keV (0.0016±0.0018)
(1.5–2.0) keV (0.0164±0.0043) (7.0–7.5) keV (0.0007±0.0018)
(2.0–2.5) keV (0.0178±0.0028) (7.5–8.0) keV (0.0016±0.0018)
(2.5–3.0) keV (0.0190±0.0029) (8.0–8.5) keV (0.0014±0.0018)
(3.0–3.5) keV (0.0178±0.0028) (8.5–9.0) keV (0.0029±0.0018)
(3.5–4.0) keV (0.0109±0.0025) (9.0–9.5) keV (0.0014±0.0018)
(4.0–4.5) keV (0.0110±0.0022) (9.5–10.0) keV -(0.0029±0.0019)
(4.5–5.0) keV (0.0040±0.0020) (10.0–10.5) keV (0.0035±0.0019)
(5.0–5.5) keV (0.0065±0.0020) (10.5–11.0) keV -(0.0038±0.0019)
(5.5–6.0) keV (0.0066±0.0019) (11.0–11.5) keV -(0.0013±0.0019)
(6.0–6.5) keV (0.0009±0.0018) (11.5–12.0) keV -(0.0019±0.0019)

region are also reported. The test of the hypothesis that the Sm values in the (6–14)
keV energy interval have random fluctuations around zero yields χ2 equal to 19.0 for
16 d.o.f. (upper tail probability of 27%).

For the case of (6–20) keV energy interval χ2/d.o.f. = 42.6/28 (upper tail probabil-
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S. Baum, K. Freese, C. Kelso arXiv:1804.0123 <- Isospin-violating interactions 
J. Herrero-Garcia et al. arXiv:1804.08437 <- Introducing two DM components 
S. Kang et al. arXiv:1804.07528 <- Effective interaction models 
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FIG. 2. Modulation amplitude (in units of [counts/day/kg/keVee]) as a function of ionization energy Eee for the best fit points
in the low mass region (left) and high mass region (right) assuming canonical (isospin conserving) SI scattering. The red data
points and error bars show the DAMA/LIBRA-phase2 data after our rebinning. The red (blue) line show the contribution to
the modulation amplitude from WIMPs scattering o↵ sodium (iodine). The black dashed line shows the summed expected
modulation signal. Note, that the low mass point is disfavored by 5.1� and the high mass point by 3.2�.

is the di↵erential response function defined such that
�(Enr, Eee)dEee is the probability that a nuclear recoil
of energy Enr will produce a scintillation signal measure
between Eee and Eee+dEee. The energy resolution of the
photo multiplier tubes at the relevant energies is given
by [45, 46]

�(QEnr) = ↵
p

QEnr + �QEnr , (13)

with ↵ = (0.448 ± 0.035)
p
keVee and � = (9.1 ± 5.1) ⇥

10�3. Since the DAMA/LIBRA collaboration present
results corrected for the e�ciency, we will use "(QEnr) =
1 in the following.

With those corrections, we can compare theoretical
prediction in WIMP models to the measured values us-
ing a �2 test. For example, for the modulation ampli-
tude, which is presented as binned measurements in en-
ergy bins, this takes the form

�2(m�,�0) =
X

k

h
Sm,k � ST

m,k(m�,�0)
i2

�2
k

, (14)

where Sm,k (ST
m,k) is the measured (theoretically ex-

pected) modulation amplitude averaged over the bin k,
�k is the measurement uncertainty, and m� and �0 are
the WIMP mass and WIMP-nucleus scattering cross sec-
tion discussed in Sec. II.

The goodness of fit of the WIMP hypothesis is tested
by minimizing the �2 over the WIMP parameter space,
comparing the resulting �2

min at the local minima with
the number of degrees of freedom (dof), given by the
number of data bins minus the number of fitted param-
eters, and ensuring that the �2 in Eq. (14) follows a �2

distribution with the appropriate dof in the vicinity of

the local minimum. In addition, confidence regions are
determined using ��2 ⌘ �2 � �2

min.
In order to increase the signal to noise ratio, we re-

bin the DAMA/LIBRA data into 10 signal bins, as given
in Tab. I. This choice of the bins is motivated by two
reasons: 1) at larger recoil energies, the width of the
bins chosen by the DAMA/LIBRA collaboration is much
smaller than the energy resolution of the detector, and
2) the WIMP signal at large recoil energies is negligi-
ble compared to the signal at small recoil energies. See
Ref. [28] for a detailed discussion and motivation of this
binning scheme.

IV. RESULTS

We test the compatibility of two WIMP DM hy-
potheses with the modulation signal observed by the
DAMA/LIBRA collaboration, 1) canonical SI scatter-
ing where fp = fn, and 2) isospin violating (IV) scat-
tering (which is also independent of spin) where we al-
low for isopin violation fp 6= fn. In case 1), we fit two
model parameters: the WIMP mass m� and the WIMP-
proton scattering cross section �SI

p . In case 2), we are
fitting three model parameters: the WIMP mass m�,
the WIMP-proton cross sections �SI

p , and the ratio of the
e↵ective couplings to neutrons and protons fn/fp.
Regarding canonical SI scattering (with no isospin vi-

olation): With the older DAMA/LIBRA data, canonical
isospin conserving SI scattering allowed for a good fit in
both a low (⇠ 10GeV) and high mass (⇠ 70GeV) range
for WIMPs. With the new data, the best fit high mass
shifts to ⇠ 53 GeV and the best fit low mass to ⇠ 8GeV,
cf. Fig. 2. However, the new data do not allow for a
good fit to the observed modulation signal. In the new

preliminary	exercise	seem	to	indicate:	
•  the	SI	WIMP	nuclear	scattering	

model	is	a	worse	fit	to	the	data.	
•  “Heavy”	WIMP	region	shifted	from	

~80GeV	to	~45GeV.	
•  If	penalty	introduced	for	

unmodulated	rate	
–  fit	is	very	poor	->	need	for	non	

standard	halo	parameters	

Phase1+Phase2	

~8GeV	WIMP:	
χ2/ndf	≈	45/8	

~53GeV	WIMP:	
χ2/ndf	≈	26/8	

DISCLAIMER:	this	interpretation	is	long	“excluded”	by	several	other	experiments	and	
DAMA	collaboration	does	not	support	it	->	announced	a	collaboration	article	on	
interpretation	of	the	result.	



A	new	independent	measurement	with	NaI(Tl)	
and	superior	sensitivity!	
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To	unravel	the	mistery	we	need:	



A	world	wide	effort	
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Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

DM-ICE 17kg operating since 2011

!6

6.5 – 8.0 keVee region is measured to be 7.9 ± 0.4 counts/day/keV/kg."
Dominated by assembly housing and PMT - no ice contribution
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Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

DM-ICE

!7

Thanks to Reina Maruyama"
Talk by Walter Pettus

Also SABRE NaI program  
See Jingke Xu Talk

7 140226_DM2014_Gaitskell_Review_v05 - February 28, 2014

Korea Middleland Power Co. 
Yangyang Pumped Storage Power Plant  

Yangyang(Y2L) Underground Laboratory 

Minimum depth : 700 m / Access to the lab by car (~2km) 

(Upper Dam) 

(Lower Dam) 

(Power Plant) 

KIMS (Dark Matter Search) 
AMoRE (Double Beta Decay Experiment) 

Seoul 

RENO 

Y2L 

3. DESCRIPTION OF THE EXPERIMENT: 
PRESENT STATUS
CHARACTERIZATION OF BACKGROUNDS FOR AN ULTRAPURE 

PRESENT STATUS

NaI(Tl) CRYSTAL: ANAIS PROTOTYPE IV

A PRELIMINAR DARK MATTER RUN: ANAIS-0 

In the best background conditions: already running but only 9.6  kg

6

TABLE I. Measured radioactivity levels in the COSINE-100 crystals. The light yield is measured at 59.6 keV with a 241Am source
and checked for consistency with the 46.5 keV internal 210Pb �-ray peak. The units for light yield are photoelectrons per keV
(PEs/keV). Chain equilibrium is assumed for the 238U and 232Th values.

Crystal Mass Size (inches Powder ↵ Rate 40K 238U 232Th Light Yield
(kg) diameter⇥length) (mBq/kg) (ppb) (ppt) (ppt) (PEs/keV)

Crystal-1 8.3 5.0⇥ 7.0 AS-B 3.20± 0.08 43.4± 13.7 <0.02 1.3± 0.4 14.9± 1.5
Crystal-2 9.2 4.2⇥ 11.0 AS-C 2.06± 0.06 82.7± 12.7 <0.12 <0.6 14.6± 1.5
Crystal-3 9.2 4.2⇥ 11.0 AS-WSII 0.76± 0.02 41.1± 6.8 <0.04 0.4± 0.2 15.5± 1.6
Crystal-4 18.0 5.0⇥ 15.3 AS-WSII 0.74± 0.02 39.5± 8.3 <0.3 14.9± 1.5
Crystal-5 18.3 5.0⇥ 15.5 AS-C 2.06± 0.05 86.8± 10.8 2.4± 0.3 7.3± 0.7
Crystal-6 12.5 4.8⇥ 11.8 AS-WSIII 1.52± 0.04 12.2± 4.5 <0.02 0.6± 0.2 14.6± 1.5
Crystal-7 12.5 4.8⇥ 11.8 AS-WSIII 1.54± 0.04 18.8± 5.3 <0.6 14.0± 1.4
Crystal-8 18.3 5.0⇥ 15.5 AS-C 2.05± 0.05 56.2± 8.1 <1.4 3.5± 0.3
DAMA < 0.5 < 20 0.7�10 0.5�7.5 5.5�7.5

(a) (b)

FIG. 3. The 4⇥2 NaI(Tl) crystal array. Each crystal has two, 3-inch PMTs and is encapsulated in a thin Polytetrafluoroethylene
(PTFE) reflector and copper casing. The crystal arrangement is shown in (a) and a diagram of the crystal arrangement is shown
in (b). An acrylic table supports the crystal assemblies. The eight crystals are labeled C1 through C8 and the locations of the
four calibration holes are indicated. The table dimensions are indicated in mm and viewed from the A-side of the detector.

4 ppt using a time di↵erence analysis of consecutive ↵-
decays [34]. Measurements with a prototype LS detector
and simulation studies show that these upper limits are
su�ciently small to ensure negligible background contri-
butions to the NaI(Tl) crystals [47].

Energy calibrations of the LS veto system are per-
formed with various �-ray sources inserted in the calibra-
tion tubes. The position dependence of the light yields
was inferred from measurements made with disk sources
placed at di↵erent positions on the outside of the LS con-
tainer during the commissioning period. After applying
these LS characteristics to data, the LS deposited energy
spectrum shown in Fig. 5 is obtained.

Coincident events between the LS and a single crystal
show a time correlation for LS signals with energies above
20 keV. With a 20 keV LS energy threshold requirement

and a 200 ns coincidence window between LS and crystal
signals, there are only 0.3% accidental coincidences in
the sample of the selected events. With these conditions,
the energy spectrum of events in Crystal-1 that occur in
coincidence with LS signals is shown in Fig. 6. By com-
paring the crystal energy spectrum with and without the
coincidence condition in the 2–4 keV region, we can de-
termine a 72% tagging e�ciency for 3 keV X-rays from
40K decay. Similarly, Crystal-2 has a tagging e�ciency
of 74%. Both agree well with simulated e�ciencies and
the measured 40K activities from the previous measure-
ments in the KIMS array. For other crystals, this data-
driven e�ciency estimation is di�cult due to additional
3 keV events from 109Cd, low light yields or low internal
40K levels. For these crystals, tagging e�ciencies from
simulations are between 65 and 75%, depending on theEDSU	2018	 D.	D'Angelo	-	DM	Modulation	

4 

KIMS 

Mineral Oil (30cm) & Muon det. 

Lead (15cm) 

Polyethylene (5cm) 

Copper (10cm) 

CsI(Tl) crystal 

KIMS overview 

CsI(Tl) 

WIMP 

Nucleus 

0 , ,W DMυ ρ

WIMP-Nucleus elastic scattering 

, RA E

CsI(Tl) Crystal  8x8x30 cm3  

 (8.7 kg) + 3” PMT (9269QA) 

!  Similar experiment to DAMA. 
!  Direct comparison to DAMA annual mo

dulation signal is possible. Iodine is com
mon to both exp. 
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Higher	
purity	
crystals	

Active	back-
ground	
rejection	

Better	PMTs	

Model	Independent	Test	

SABRE’s	four	pillars	

1	 2	 3	

Double	
location	

4	

Not	just	a	test	but	a	higher	sensitivity	stand-alone	experiment	
EDSU	2018	 D.	D'Angelo	-	DM	Modulation	
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Overcoming	DAMA/LIBRA:	background	
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40K 

modulation  
region 

40K	3keV	EC	(10%	BR)	lies		
where	the	modulation	
amplitude	is	maximal	

D/L spectrum 

Reduce	K		
content	in	NaI	

Motivation SABRE Status Conclusions

Lower Background
The Veto Principle

Dangerous Background: 40K

3 keV Auger e� accompanying 1.46 MeV g after electron capture
) Right in the region of interest
) Coincidence between e� and g can be used to veto such events1

DAMA reports 13 ppb natK contamination in their crystals

40K

40Ca

β-   

Q = 1.3 MeVEC

1.46 MeV γ

40Ar
PMTs 

� 
photons 

e- 

Crystal Module 
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Pillar	1:	High	Purity	NaI	crystals	
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Concept & Progress Status & Outlook Conclusions

High Purity Crystals
The NaI Powder

Development of Ultra High Purity Powder

Collaboration with 2 industrial partners for production

Independent high sensitivity impurity measurements

R&D on further purification ongoing

Sigma- DAMA DAMA
Element Aldrich [ppb] Powder [ppb] Crystal [ppb]

K 3.5 (18)* 100 ⇠13
Rb 0.2 n.a. < 0.35
U < 1.7 (< 10�3)** ⇠ 0.02 0.5 –7.5⇥10�3

Th < 0.5 (< 10�3)** ⇠ 0.02 0.7 –10⇥10�3

* Independent measurement
** Preliminary measurement at PNNL; full validation needed.

Bernabei et al., NIM A592 (2008) 297-315
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•  Princeton	University	and	industrial	partners	(now	Sigma-Aldrich)	
have	yielded	Astro-Grade	powder	with	higher	purity	then	D/L	
crystals	
•  9ppb	K	and	latest	batch	4ppb	K	

•  Test	Crystal	grown	by	RMD	at	the	end	of	2015	

	
•  First	Full	size	5.5	kg	crystal	now	ready	to	be	shipped	to	LNGS	

EDSU	2018	 D.	D'Angelo	-	DM	Modulation	

SABRE Davide D’Angelo

Introduction. Several compelling evidences today point to the existence of Dark Matter (DM)
in the form of a new particle beyond the Standard Model [1]. Such hypothesised particle would
be neutral, stable on a cosmological scale and (very) weakly interacting. Galaxies like ours are
supposed to be immersed in a DM halo. Due to the motion of the solar system within the halo,
an Earth-bound detector would experience a DM "wind". Moreover the interaction rate would be
slightly modulated due to the orbital motion of the Earth. Such a modulation would be a unique
and model independent signature of DM interaction [2]. The DAMA experiment at Laboratori
Nazionali del Gran Sasso (LNGS) has observed a modulation of the scintillation signal in NaI(Tl)
crystals. The DAMA/NaI and the subsequent DAMA/LIBRA detectors, with a mass of 100kg and
250kg respectively, have collected data for a total of 13 annual cycles. The statistical significance
of the modulation is beyond question (9.3s ) and it could be interpreted as due to Weakly Interac-
tive Massive Particles (WIMPs) of ⇠10 GeV (⇠80 GeV) elastically scattering off Sodium (Iodine)
nuclei with a WIMP-nucleon spin-independent cross-section of ⇠10�40cm2 (⇠10�41cm2) [3]. Ex-
periments using different targets and techniques fail to observe signals due to WIMPs with the same
mass and cross-section [4]. However the comparison of these results implies several assumptions
(e.g. DM velocity distribution, nature of DM candidate and interaction). The only model inde-
pendent verification of this result can come from a new experiment based on NaI(Tl) scintillators.
SABRE (Sodium iodide with Active Background REjection) aims to clarify the controversy with
a detector able to go beyond the sensitivity and below the energy threshold of DAMA. Should the
modulation be actually due to DM interaction, SABRE would be capable of a next level of inves-
tigation: explore the nature of interaction, the characteristics of the halo and the eventual focusing
gravitational effect of the Sun [5]. With these goals in mind, SABRE is designed on four building
pillars: the use of high purity crystals (1), the active rejection of background with liquid scintil-
lator (2), the use of new Photomultiplier Tubes (PMTs) with low background and high quantum
efficiency (3), the use of two twin detectors located on opposite hemispheres (4).

Backgrounds and crystal development. DAMA observes a modulation between 2 keV and
6 keV in the energy scale of electron recoils. The most dangerous source of background in this
energy region is due to natK impurities in the crystals. The isotope 40K (0.012% of natK ) decays to
40Ar via EC with ⇠10% branching ratio. The energy of the K-shell of 40Ar is ⇠3 keV, very similar
to the energy at which maximum amplitude of modulation is observed. The average natK content
in DAMA crystals is ⇠13 ppb. Reducing the natK content in the crystals at or below this level is
therefore mandatory in order to improve the sensitivity of a new NaI(Tl) detector. The SABRE
collaboration together with industrial partners has developed an ultra-pure NaI powder now avail-

Element DAMA powder DAMA crystals Astro-Grade SABRE crystal
[ppb] [ppb] [ppb] [ppb]

K 100 ⇠13 9 9
Rb n.a. <0.35 <0.2 <0.1
U ⇠0.02 0.5-7.5⇥10�3 <10�3 <10�3

Th ⇠0.02 0.7-10⇥10�3 <10�3 <10�3

Table 1: Contaminations in Astro-Grade NaI powder and in SABRE 2-kg test crystal compared to DAMA.

1
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VIBRATION This concept is high tech, providing a combination of a focal point and
concentric rings. This style implies several relevant themes: the perspective
of looking down a tunnel (into the earth from above); revolving computer spools;
and a maze surrounding a central truth. The colourway is cool and suggests a 
laboratory, and the font is modern, clean and friendly.
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Concept & Progress Status & Outlook Conclusions

High Purity Crystal

First Larger Crystal

2-kg crystal made out of Astrograde
powder

88-mm diameter similar to final crystals

Good scintillation properties

hRbi < 0.1 ppb (DAMA < 0.35 ppb)

39K [ppb] Seastar PNNL DAMA
A 9 ± 1 10.0 ± 0.7
B 7 ± 1 9.1 ± 0.3
D 11 ± 1 9.7 ± 0.4
E 9 ± 1 9.8 ± 0.4

Average 9 9.6 13

Francis Froborg SABRE 4 / 13

88	mm	-		2	kg		
test	crystal		

Breakthrough!	
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D/L spectrum 

detect	the	gamma	

Tag	K	

Motivation SABRE Status Conclusions

Lower Background
The Veto Principle

Dangerous Background: 40K

3 keV Auger e� accompanying 1.46 MeV g after electron capture
) Right in the region of interest
) Coincidence between e� and g can be used to veto such events1

DAMA reports 13 ppb natK contamination in their crystals
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•  Surround	crystals	with	liquid	
scintillator	

•  4π	gamma	detection	
•  high	efficiency	on	40K	suppression:	

>80%	

Concept & Progress Status & Outlook Conclusions

Active Veto: The Principle

Dangerous Background: 40K

3 keV Auger e� accompanying 1.46 MeV g after electron capture
) Right in the region of interest
) Coincidence between e� and g can be used to veto such events

DAMA reports 13 ppb natK contamination in their crystals

40K

40Ca

β-   

Q = 1.3 MeVEC

1.46 MeV γ

40Ar
PMTs 

� 
photons 

e- 

Crystal Module 

Francis Froborg SABRE 5 / 13

Pillar	2:	Active	Background	Rejection	



Pillar	3:	PhotoMultiplier	Tubes	(PMTs)	

Baseline:	R11065-20	3”	PMTs	

5.5mBq	

-  no	light	guides	
custom	pre-amplifiers	

-  reduced	after-glow		

27	

Less	background	

More	light	

Less	noise	

A	>10pe/keV	light	collection	is	possible		

EDSU	2018	 D.	D'Angelo	-	DM	Modulation	



flat overburden, corresponding to a ⇠3 km water
equivalent depth, which is similar to LNGS.

3. SABRE-PoP Technical Design

The SABRE-PoP phase has the goal of assess-
ing the crystal purity, the e↵ectiveness of the active
background rejection system, and the overall back-
ground level. This phase will run with a single high-
purity cylindrical NaI(Tl) crystal, for a total mass
of ⇠ 5-kg, which is currently being grown by RMD
from Astro Grade powder following the procedure
described above. The crystal will be wrapped with
Polytetrafluoroethylene (PTFE) as reflector (about
0.2 mm thickness) and coupled at each end to 3-
inch Hamamatsu R11065-20 PMTs. These PMTs
are specifically developed for low-background ex-
periments as they have high quantum e�ciency of
30-35% at 420 nm and low intrinsic radioactivity of
⇠ 3 mBq/PMT U, ⇠ 0.5 mBq/PMT Th and Co,
and ⇠ 2 mBq/PMT K [17]. The assembly will be
sealed in a copper enclosure, as shown in Fig. 1.

Figure 1: Rendering of the detector module for the SABRE-
PoP phase. The crystal is placed in a copper enclosure; the
crystal wrapping is not shown. Two PMTs (black body and
blue window) are coupled on each end of the crystal. PFTE
holders (white) and copper rods keep the crystal and the
PMTs in position.

The cylinder, the end-caps and the support rods
are made out of C10100 copper by Alca Technol-
ogy [18]. The holders for the crystal and the PMTs
are made out of high-purity PTFE. Given that
sodium-iodide is highly hygroscopic, all parts will
be thermally treated prior to assembly to remove
any residual water. After the sealing, the detector
module will be flushed with dry and clean low Ar,
low Kr (LAK) N2 gas to avoid humidity and radon.
The cylindrical part of the enclosure has a diame-
ter of 14.6 cm, a height of 58 cm and a thickness of

2 mm. It is closed by a shaft seal with Viton® O-
rings. The enclosure sits vertically and the top end-
cap is furnished with bulkhead feedthroughs for the
PMT high voltage and signal cables and for teflon
tubes. The latter will allow flushing of the inner
volume with dry LAK nitrogen gas.

The copper enclosure will be placed inside a 1.3 m
(diameter) ⇥1.5 m (length) cylindrical vessel filled
with about two tons of pseudocumene and instru-
mented with ten 8-inch PMTs. The vessel is made
from low-radioactivity stainless steel with access
via a 60 cm diameter flange at the top. The ves-
sel’s inner surface is coated with Ethylene tetrafluo-
roethylene (ETFE) to prevent scintillator degrada-
tion due to direct contact with the stainless steel.
A LumirrorTM liner with 95% reflectance above
400 nm is applied inside to improve light reflection.
Each flat end of the vessel hosts five Hamamatsu
R5912-100 PMTs with 35% quantum e�ciency at
390 nm. The liquid scintillator is distilled pseu-
documene (from the Borexino facility [19]) doped
with 3 g/l of PPO (2,5)-diphenyloxazole, which acts
as wavelength shifter. The expected light yield is
0.22 photoelectrons/keVee [20].

The detector and the fluid handling system de-
sign foresee a slow control system that will ensure
precise and stable control over all operational pa-
rameters such as temperature, pressure, and radon
emanation, with the double goal of ensuring se-
curity and control of all variables relevant for the
physics analysis.

To allow the insertion of the detector module,
through the top flange of the vessel, a 2 mm thick
copper tube (16 cm diameter and 121 cm height)
is connected to the top cover plate of the vessel
and provides a dry volume inside the steel vessel.
The detector module will be inserted in this tube
without any contact of the scintillator with air or
the outside environment during the operation. The
inner volume of the tube is flushed with dry and
clean N2-gas through teflon tubes running into the
small space between the copper tube and the en-
closure. This flushing serves as a safety blanket
against moisture, radon gas or other background
sources. An additional teflon tube allows for the
insertion of wire-mounted calibration sources.

To ensure a precise insertion of the copper tube
as well as the detector module, a removable frame
holding a motorized pulley will be mounted atop
the vessel.

To further shield the setup from external radia-
tion, the vessel is surrounded by several layers of

4

High	purity	Cu	enclosure	

OFHC	copper	housing	
4”	diameter	x	8”	length		
cylindrical		NaI(Tl)	crystal	(~5.5kg)	

3”	PMTs	
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SABRE	Proof-of-Principle	(PoP)	
•  Prototype	phase	@LNGS	with	single	crystal	
•  Goal:	fully	characterize	crystal	background,	detector	

design,	and	performance.	
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	SABRE-PoP	vessel	

•  Crystal	Insertion	System	(CIS)	

•  1.3	m	diameter	x	1.5	m	length	
stainless	steel	vessel	

•  ~2ton	of	liquid	scintillator	
(PC+ppo	from	Borexino)		

•  10	x	8”	PMTs	
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Figure 2: Top: the SABRE-PoP insertion system. A thin
copper tube is connected to the top cover plate of the vessel
to provide a dedicated dry volume for the detector module.
Bottom: a removable frame is mounted at the top of the
vessel to lower the detector module with a motorized pulley
into the tube. The vessel is surrounded on each side by
polyethylene. On the bottom, the detector is isolated by
lead layers, while the sides and the roof are shielded by water
tanks.

passive material. The innermost layer is made of
polyethylene, with 10 cm thickness on the top and
bottom and at least 40 cm on the four sides. The
polyethylene supports a 2 cm steel plate at the top,
where the insertion system can be mounted. Water
tanks are placed on top of the plate and on the sides
of the shielding for a water thickness of 80 cm and
100 cm, respectively. The shielding castle is com-
pleted with a 15 cm lead floor. The technical design
of the insertion system and of the passive shielding
surrounding the vessel is shown in Figure 2.

The polyethylene shell will be sealed, allowing
the inner volume to be flushed with dry and clean
N2-gas, to avoid radon gas which is present in the
laboratory air.

Figure 3: The SABRE-PoP steel vessel equipped with
PMTs.

4. Sensitivity to the annual modulation

We have studied the SABRE sensitivity to an an-
nual modulation signal using two approaches. First,
we study the statistical significance to confirm or
reject a signal’s modulation with the amplitude re-
ported by DAMA, regardless of any hypothesis on
its origin. Later, we draw the standard 90% C.L.
sensitivity curve for SABRE to spin-independent
WIMP-nucleon scattering and we show it in com-
parison with the allowed regions for the DAMA re-
sult under these assumptions. We refer to the mod-
ulation amplitude reported in [3] for DAMA/NaI
and DAMA/LIBRA Phase-I as “the DAMA result”
throughout the following. In both approaches, the
sensitivity has been studied as a function of the
experimental characteristics, such as target mass,
measuring time and background level. The results
reported in this section assume a total mass of 50 kg
of NaI(Tl) crystals over three years of data collec-
tion.

Concerning the background level, we rely on a
Geant4-based [21] Monte Carlo simulations per-
formed for the SABRE-PoP setup. For these simu-
lations, we assumed the PoP crystal had the same
radio-purity as the 2 kg test crystal described in
section 2.1. Where no measurement was available
for the crystal itself, the radio-purity of the Astro
Grade powder or, if that was not measured, of the
DAMA crystals [14], was assumed. Concerning the
other detector components included in the simu-
lation (crystal and veto PMTs, copper enclosures,
vessel, liquid scintillator, etc...), we used radioac-
tive contamination levels either directly measured
by the SABRE collaboration or by other experi-
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	SABRE-PoP	shielding	
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Lead	basement	

Polyethylene			

Water		
tanks	

Construction	completed	June	2018	
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Expected	backgrounds	(2-6	keVee)	
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Total:	0.22	cpd/kg/keVee	– DAMA-Ph1:	~1	cpd/kg/keVee	
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4.2. Expected background in Dark Matter measurement mode (DMM)243

We estimate the background level attainable by the SABRE–PoP in its planned configuration244

by looking at energy depositions from 2 to 6 keV in the crystal, in anti-coincidence with the veto.245

Dark matter interactions are single-site events that give rise to only one energy release. This is not246

the case for some of the background components, for example the intrinsic 40K described above.247

If the high-energy 1.46 MeV gamma from potassium decay escapes undetected from the crystal248

volume, the remaining 3.2 keV deposit in the crystal contaminates the low-energy region where a249

dark matter signal is expected. This can be avoided if the 1.46 MeV � is detected in the liquid250

scintillator veto.251

252

The background contributions from all of the SABRE–PoP components to the crystal energy253

spectrum in DMM is reported in Fig. 3 and the background rates in the region of interest [2�6] keV254

are reported in Tab. 11, highlighting the e↵ect of the liquid scintillator veto.255
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Figure 3: Backgrounds from all SABRE-PoP setup components in a [0�20] keV region in Dark Matter Measurement
Mode (DMM). The left plot shows the separate contributions from crystal (intrinsic backgrounds and cosmogenics
after 180 days underground), phototubes (PMTs), crystal enclosure, insertion system (CIS), and veto (including
liquid scintillator, steel vessel and PMTs). The right plot shows the stacked backgrounds and the total with veto on
(solid black line) and veto o↵ (dashed black line).

The contribution from cosmogenic activation is evaluated assuming the data taking will start 180256

days after the crystal are brought underground. After this time the most relevant contribution in257

a 2–6 keV energy region comes from 121Te. Despite its short half life (T1/2 = 17 days), the isotope258

is regenerated by the presence of the metastable 121mTe (T1/2 = 154 days) which decays to the259

ground state with an internal transition probability of 0.886.260

The rejection e�ciency of the veto can be evaluated as the ratio of the number of events that give261

an energy deposition in the crystal in coincidence with a release of at least 100 keV in the liquid262

scintillator, over the total number of events. For the 40K background in the crystal, in the region263

of interest for DM search [2-6] keV, the expected veto e�ciency is 84% (see also Fig.4). Overall264

the expected background rejection due to the liquid scintillator veto is 70%.265

12

Monte	Carlo	simulations		
(background	contrib.	in	cpd/kg/keVee	

past	the	application	of	the	veto)	

1.  Crystals:	~0.15	
1.  40K:	0.04		

2.  87Rb:	<0.06	(upper	limit)		

3.  238U,	232Th:	~0.02	
4.  210Pb:	~0.02	
5.  3H:	to	be	determined	

2.  Cosmogenics:	~0.04	

3.  PMTs:	~0.03	

4.  Enclosure,	CIS,	Veto,	Rocks:	negligible	

arXiv:1806.09344	



SABRE	Sensitivity	
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Exposure:	50	kg	x	3	yr	
Background:	0.22	cpd/kg/keVee	

Quenching:	Xu	et	al.	PR	C92	
(2015)	015807.		
Systematics:	quenching,	
resolution,	efficiency,	
background		
DAMA	islands:	Phase1	only	

EDSU	2018	 D.	D'Angelo	-	DM	Modulation	

We studied the impact on the sensitivity curve
of varying the energy resolution, the detection ef-
ficiency, the sodium and the iodine quenching fac-
tors, and the background level within their uncer-
tainties. The systematics associated with the choice
of the energy binning was found to be negligible
around our choice of 0.5 keVee. All of the above
parameters have been simultaneously varied by ran-
domly sampling 1000 times from their expected dis-
tributions. We used each set of sampled values to
calculate 1000 expected annually modulated daily
rates, fit with a cosine function, build the distribu-
tion of sensitivity values as described above, and ex-
tract the 90% C.L. sensitivity as the median of that
distribution (black solid line) and the 1� (green)
and 2� (yellow) regions of Fig. 4. The experiment is
sensitive to spin independent WIMP-nucleon scat-
tering cross sections as small as 2 · 10�42 cm2 for a
WIMP mass of 40-50 GeV.
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Figure 4: SABRE sensitivity with uncertainty bands that
cover di↵erent modeling of e�ciency and energy resolution.
The blue curves represent the 3 and 5 sigma confidence
regions we obtained interpreting the DAMA Phase-1 re-
sults [3, 26] in the framework of the standard WIMP model,
as described in [27].

5. Conclusions

The SABRE experiment will investigate the ex-
pected annual modulation due to interaction of
dark matter particles in the galactic halo on
NaI(Tl) scintillating crystals. SABRE aims to
achieve a background level of 0.1 cpd/keVee/kg via
crystal purity and active rejection through a liquid
scintillator veto. The experiment also adopts low-
background high-quantum-e�ciency PMTs, which
are directly coupled to the crystals, to maximize
the light collection e�ciency and gain sensitivity
for energies below 2 keVee. SABRE foresees the in-
stallation of twin detectors underground at LNGS

in Italy and at SUPL (Stawell Underground Physics
Laboratory) in Australia. The dual location in op-
posite hemispheres allows the identification of any
local and/or seasonal e↵ects that could possibly
contribute a modulation of the experimental rate.
SABRE will either verify or refute, in a model-
independent way, the long debated result of the
DAMA experiment, as a result of SABRE being the
highest sensitivity NaI(Tl) based experiment. Un-
der the assumption of a spin-independent WIMP-
nucleus interaction, after three years of exposure
and with a total mass of 50 kg, the experiment is
expected to be sensitive to WIMP-nucleon scatter-
ing cross sections down to 2·10�42 cm2 for a WIMP
mass of 40-50 GeV.

Acknowledgements

The SABRE program is supported by fund-
ing from INFN (Italy), NSF (USA), and ARC
(Australia, grants LE170100162, LE16010080,
DP170101675, LP150100075). F. Froborg has re-
ceived funding from the European Union’s Hori-
zon 2020 research and innovation programme un-
der the Marie Sklodowska-Curie grant agreement
No 703650. We acknowledge the generous hospital-
ity and constant support of the Laboratori Nazion-
ali del Gran Sasso (Italy).

References

[1] B. W. Lee, S. Weinberg, Cosmological Lower Bound
on Heavy-Neutrino Masses, Phys. Rev. Lett. 39 (1977)
165. doi:10.1103/PhysRevLett.39.165.
URL https://link.aps.org/doi/10.1103/
PhysRevLett.39.165

[2] K. Freese, J. Frieman, A. Gould, Signal modulation
in cold-dark-matter detection, Phys. Rev. D 37 (1988)
3388. doi:10.1103/PhysRevD.37.3388.
URL https://link.aps.org/doi/10.1103/PhysRevD.
37.3388

[3] R. Bernabei, et al., Final model independent result of
DAMA/LIBRA-phase1, European Physical Journal C
73 (2013) 2648. arXiv:1308.5109, doi:10.1140/epjc/
s10052-013-2648-7.

[4] R. Bernabei, et al., First model independent results
from DAMA/LIBRA-phase2, arXiv:1805.10486.

[5] E. Aprile, et al., First Dark Matter Search Results
from the XENON1T Experiment, Phys. Rev. Lett. 119
(2017) 181301.

[6] V. Gluscevic, et al., Identifying the Theory of Dark
Matter with Direct Detection, JCAP 1512 (12) (2015)
057. arXiv:1506.04454, doi:10.1088/1475-7516/
2015/12/057.

[7] K. Freese, M. Lisanti, C. Savage, Colloquium: Annual
modulation of dark matter, Rev. Mod. Phys. 85 (2013)
1561–1581. doi:10.1103/RevModPhys.85.1561.

7

1.  Model-independent	approach:	50k	toy-MC	data	sets	with/
without	signal	yield	6σ/5σ	power	to	verify/refute	the	claim	
at	90%	C.L.	

2.  Classic	sensitivity	curve	to	SI	WIMP-nucleon	interaction	

arXiv:1806.09340	



34	

Pillar	4:	Double	location	

SABRE-North		
@LNGS	

SABRE-South	
@SUPL	

Pi
lla
r	4

	

•  SABRE	Full	scale	
experiment		in	two	
different	laboratories	

→ 	on	opposite	
hemispheres	

•  Twin	detectors	for	
reduced	systematics	

Any	season-related	contribution	to	the	modulation	would	reverse	phase	
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Stawell	Underground	Physics	Laboratory	(SUPL)	

•  Only	underground	lab	in	
southern	hemisphere		

•  Rock	coverage:	~3100	m	w.e.	
•  ∼	240	km	west	of	Melbourne		
•  Decline	gold	mine	(road	

entrance)	
•  Background	conditions	

measured	(rocks,	cosmogenics):	
similar	to	LNGS.	

•  Radon-free	air	from	surface	
•  Construction	started!	
•  Expected	completion:	2019	

35	

Concept & Progress Status & Outlook Conclusions

Stawell Underground Physics Laboratory (SUPL)

First underground lab in
southern hemisphere

⇠ 240 km west of Melbourne

Decline gold mine

Site 1.02 km deep (⇠ 3 km.w.e.
similar to LNGS)

Electricity & optical fibre
available

Can be reached by truck/car

Clean room design similar to
SNOLab

Construction started and
expected to finish in Feb 2017
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Figure 5. Conceptual design for the SUPL laboratory, located 1025 m below the surface.

e�ciency photomultiplier tubes. The phototubes are optically coupled to opposite sides of the crystal.
These components are then sealed in a light and air tight low radioactivity metal container. The crystal
detectors are placed inside of a cylindrical liquid scintillator, 1.5 m diameter and 1.5 length, detector
that is shielded from environment background with passive shielding. The passive shielding is still
be designed for the respective locations at Gran Sasso and Stawell. The liquid scintillator detector
is able to reject internal radioactivity as well as external � ray backgrounds. The scintillator vessel
will contain approximately 2 tonnes of linear alkylbenzene (LAB). Approximately twenty 20.2 cm
Hamamatsu R5912 PMTs will be placed at the ends of the cylindrical vessel.

The most powerful, and novel aspect to the SABRE experiment is the dual location approach.
By placing one detector in the southern hemisphere at Stawell (37�03� S) and one in the northern
hemisphere at Gran Sasso (42�28� N), the seasonal thermal impact on background to dark matter
annual modulations can be constrained. Dark matter candidates from the galactic halo wind will
however provide consistent, in phase, signatures in the two locations. Each detector will use the same
technology and detection approach, thereby reducing model dependence.

6.2 Active veto concept

Sodium Iodide crystals, such as those used in DAMA/LIBRA contain traces of 40K (a 13 ppb average
is reported). When 40K decays to 40Ar, it produces a 1.46 MeV �-ray at the same time as a possible 3
keV X-ray/Auger electron. If the � ray escapes the detector, the 3 keV deposition will become a source
of background in the primary energy region of interest. Simultaneous, separate detection of these two
signals, however, can be taken as a signature of 40K decay and can be used to reject such background
events. DAMA/LIBRA suppressed some of the 40K background by rejecting multi-hit events in which
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DM-ICE	•  2	x	8.5	kg	crystals	from	NAIAD	in	
IceCube	
–  2450	m	depth	
–  used	as	muon	veto	
–  very	stable	ice	conditions	

•  Southern	hemisphere!	
•  High	backgrounds	(~8	dru)	

–  Not	competitive	yet	
•  Very	interesting	future	possibility	
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Cosine-100	

•  Merging	of	DM-ICE	and	KIMS	collaborations.	
•  Started	data	taking	in	Sep	2016.	
•  Also	implementing	liquid	scintillator	veto	

•  but	only	~40	cm.	
•  Background	suppression	on	40K:	~75%		

•  Location:	Yang	Yang	(S.	Korea)	
•  Not	deep	->	need	active	muon	tagging	
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Cosine-100	backgrounds	

•  8	crystal	of	different	sizes	and	
production	batches	from	Alpha	
Spectra	

•  Total	mass:	~106kg	
•  Background	levels:	40K	and	210Pb	

(α	rate)	almost	good,	but	not	on	
the	same	crystals	

•  Surface	contamination	from	
exposure	to	Radon?	

G.	Adhikari	et	al.,		
EPJ	C	(2018)	78:107	
arXiv:1710.05299	
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TABLE I. Measured radioactivity levels in the COSINE-100 crystals. The light yield is measured at 59.6 keV with a 241Am source
and checked for consistency with the 46.5 keV internal 210Pb �-ray peak. The units for light yield are photoelectrons per keV
(PEs/keV). Chain equilibrium is assumed for the 238U and 232Th values.

Crystal Mass Size (inches Powder ↵ Rate 40K 238U 232Th Light Yield
(kg) diameter⇥length) (mBq/kg) (ppb) (ppt) (ppt) (PEs/keV)

Crystal-1 8.3 5.0⇥ 7.0 AS-B 3.20± 0.08 43.4± 13.7 <0.02 1.3± 0.4 14.9± 1.5
Crystal-2 9.2 4.2⇥ 11.0 AS-C 2.06± 0.06 82.7± 12.7 <0.12 <0.6 14.6± 1.5
Crystal-3 9.2 4.2⇥ 11.0 AS-WSII 0.76± 0.02 41.1± 6.8 <0.04 0.4± 0.2 15.5± 1.6
Crystal-4 18.0 5.0⇥ 15.3 AS-WSII 0.74± 0.02 39.5± 8.3 <0.3 14.9± 1.5
Crystal-5 18.3 5.0⇥ 15.5 AS-C 2.06± 0.05 86.8± 10.8 2.4± 0.3 7.3± 0.7
Crystal-6 12.5 4.8⇥ 11.8 AS-WSIII 1.52± 0.04 12.2± 4.5 <0.02 0.6± 0.2 14.6± 1.5
Crystal-7 12.5 4.8⇥ 11.8 AS-WSIII 1.54± 0.04 18.8± 5.3 <0.6 14.0± 1.4
Crystal-8 18.3 5.0⇥ 15.5 AS-C 2.05± 0.05 56.2± 8.1 <1.4 3.5± 0.3
DAMA < 0.5 < 20 0.7�10 0.5�7.5 5.5�7.5

(a) (b)

FIG. 3. The 4⇥2 NaI(Tl) crystal array. Each crystal has two, 3-inch PMTs and is encapsulated in a thin Polytetrafluoroethylene
(PTFE) reflector and copper casing. The crystal arrangement is shown in (a) and a diagram of the crystal arrangement is shown
in (b). An acrylic table supports the crystal assemblies. The eight crystals are labeled C1 through C8 and the locations of the
four calibration holes are indicated. The table dimensions are indicated in mm and viewed from the A-side of the detector.

4 ppt using a time di↵erence analysis of consecutive ↵-
decays [34]. Measurements with a prototype LS detector
and simulation studies show that these upper limits are
su�ciently small to ensure negligible background contri-
butions to the NaI(Tl) crystals [47].

Energy calibrations of the LS veto system are per-
formed with various �-ray sources inserted in the calibra-
tion tubes. The position dependence of the light yields
was inferred from measurements made with disk sources
placed at di↵erent positions on the outside of the LS con-
tainer during the commissioning period. After applying
these LS characteristics to data, the LS deposited energy
spectrum shown in Fig. 5 is obtained.

Coincident events between the LS and a single crystal
show a time correlation for LS signals with energies above
20 keV. With a 20 keV LS energy threshold requirement

and a 200 ns coincidence window between LS and crystal
signals, there are only 0.3% accidental coincidences in
the sample of the selected events. With these conditions,
the energy spectrum of events in Crystal-1 that occur in
coincidence with LS signals is shown in Fig. 6. By com-
paring the crystal energy spectrum with and without the
coincidence condition in the 2–4 keV region, we can de-
termine a 72% tagging e�ciency for 3 keV X-rays from
40K decay. Similarly, Crystal-2 has a tagging e�ciency
of 74%. Both agree well with simulated e�ciencies and
the measured 40K activities from the previous measure-
ments in the KIMS array. For other crystals, this data-
driven e�ciency estimation is di�cult due to additional
3 keV events from 109Cd, low light yields or low internal
40K levels. For these crystals, tagging e�ciencies from
simulations are between 65 and 75%, depending on the

2	crystal	
optically	
degraded	

<13> 
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4 ppt using a time di↵erence analysis of consecutive ↵-
decays [34]. Measurements with a prototype LS detector
and simulation studies show that these upper limits are
su�ciently small to ensure negligible background contri-
butions to the NaI(Tl) crystals [47].

Energy calibrations of the LS veto system are per-
formed with various �-ray sources inserted in the calibra-
tion tubes. The position dependence of the light yields
was inferred from measurements made with disk sources
placed at di↵erent positions on the outside of the LS con-
tainer during the commissioning period. After applying
these LS characteristics to data, the LS deposited energy
spectrum shown in Fig. 5 is obtained.

Coincident events between the LS and a single crystal
show a time correlation for LS signals with energies above
20 keV. With a 20 keV LS energy threshold requirement

and a 200 ns coincidence window between LS and crystal
signals, there are only 0.3% accidental coincidences in
the sample of the selected events. With these conditions,
the energy spectrum of events in Crystal-1 that occur in
coincidence with LS signals is shown in Fig. 6. By com-
paring the crystal energy spectrum with and without the
coincidence condition in the 2–4 keV region, we can de-
termine a 72% tagging e�ciency for 3 keV X-rays from
40K decay. Similarly, Crystal-2 has a tagging e�ciency
of 74%. Both agree well with simulated e�ciencies and
the measured 40K activities from the previous measure-
ments in the KIMS array. For other crystals, this data-
driven e�ciency estimation is di�cult due to additional
3 keV events from 109Cd, low light yields or low internal
40K levels. For these crystals, tagging e�ciencies from
simulations are between 65 and 75%, depending on the

(almost)	good	“bad”	
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Cosine-100	sensitivity	
•  Background	level	in	the	Region	of	Interest	(2-6keV):	2-4	times	DAMA-Ph1		
•  Very	unlikely	to	reach	Energy	threshold	<2keV:	not	included	in	spectra	
•  Possibly	inconclusive	test	if	negative?	
•  Ideas	a	new	experiment	with	250kg	at	new	Laboratory	(to	be	built)	
•  Two	upcoming	conferences	in	Korea,	NDM	and	ICHEP	

•  Will	there	be	a	release	of	the	first	results	with	~1.5y	data?	
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FIG. 25. Projected upper limits on the spin-independent
WIMP-nucleon cross section using a likelihood analysis.
The black curve represents the median exclusion limit of
COSINE-100 assuming a 1 keV threshold at a 90%C.L. The
green and yellow regions represent 1� and 2� deviations
from this median, respectively. The blue contours designate
DAMA-allowed regions for spin-independent interactions. A
more conservative exclusion limit assuming a 2 keV threshold
for COSINE-100 is shown in red.

XII. SUMMARY AND CONCLUSIONS

The main goal of the COSINE-100 experiment is to
independently confirm or dispute DAMA’s long-standing
annual modulation signature. The detector is comprised
of eight ultra-low background NaI(Tl) crystals encapsu-
lated in copper and shielded by several layers of exter-
nal radioactivity attenuators. Unlike the DAMA appara-
tus, the experiment is additionally equipped with cosmic-
ray muon panels and a liquid scintillator veto to tag
events that may originate from non-WIMP-induced in-
teractions external to the crystal. The detector has been
taking data since September 30, 2016, and the fraction
of physics-quality data is greater than 95%. A variety of
control and monitoring systems are in place that collect
and record environmental data that are used in correla-
tion studies with the crystal data. The initial data per-
formance levels are consistent with expectations and we
expect to continue stable data-taking for the next two
years. With these data, a model-independent analysis
will be performed to prove or refute DAMA while we can
also examine a large portion of the WIMP-mass/cross-
section parameter regions that are favored by the DAMA
results.
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FIG. 20. Energy spectrum comparisons for four crystals from di↵erent powder samples. (left) A zoomed view of the E20 keV
region of the spectrum. The background levels are lowest for Crystal-4 and Crystal-6, which reflect their lower 210Pb and
40K contamination levels. The spectra were made after the application of the three noise rejection criteria. (right) The peak
near 50 keV reflects the 210Pb contamination level in each crystal. Crystal-4 and Crystal-6 have been underground for less than
one year and so cosmogenic peaks (e.g. 125I at 67.8 keV) are additionally seen.
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FIG. 21. Charge-weighted mean time (horizontal) versus en-
ergy (vertical) for Crystal-6. The island of events with low
mean time and high energies is due to ↵-induced events and is
well separated from �-/�-ray-induced events. Due to quench-
ing e↵ects, the measured ↵-energy is lower than its full energy.

described in Ref. [34].

The source of 40K in the NaI(Tl) crystals is almost
entirely from contamination that originated in the NaI
powder, and no significant increase in the contamina-
tion level is introduced during the crystal growing proce-
dure [34, 35]. The natK measurements for all crystals are
listed in Table I. The natK content in the DAMA crys-
tals is in the 10�20 ppb range [9], levels that have been
achieved in some of the most recently produced COSINE-
100 crystals.
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FIG. 22. A scatter plot of energy deposition in Crystal-2
(vertical) versus that deposited in other crystals in the array
(horizontal). The 40K events are identified as the distinct
island in the energy spectrum near 3 keV in Crystal-2 and
1460 keV measured in the one of the other crystals.

E. Background summary

The high-energy �-ray spectra show pronounced back-
ground peaks: a 1460 keV line from 40K and lines from
daughter nuclei in the 238U and 232Th decay chains.
These background levels are reduced by as much as 80%
by requiring single-hit crystal events with no signal in
the LS. Using a GEANT4 simulation, we estimate the
e�ciency for vetoing these background components as a
function of the crystal’s position in the detector array.
Figure 23 shows a comparison between the high-energy
spectrum with and without the LS veto application.
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2	years	
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ANAIS-112	
•  Started	physics	run	August	2017.	
•  Laboratorio	Subterraneo	de	Canfranc	(LSC)	in	Spain.	

•  not	deep	->	need	active	muon	veto.	
•  No	liquid	scintillator	veto	for	gammas.	

arXiv:1704.06861	
arXiv:1710.03837	
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ANAIS-112	background	
•  9	crystals,	12.5	kg	each,	produced	by	Alpha	Spectra	for	112	kg	total	mass	
•  Background	levels	very	similar	to	COSINE:		

~30ppb	40K	and	0.7-3.2mBq/kg	in	210Pb	
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(1 mBq 40K/kg = 32.3 ppb)	

18ppb	



ANAIS-112	sensitivity	
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5	years	

DAMA-PH1	

Best	crystal	D8	spectrum	
•  About	3x	DAMA	background	in	[2-6]keV	
•  Analysis	threshold	limited	to	>2keV	?	

arXiv:1704.06861	
arXiv:1710.03837	

•  Possibly	inconclusive	test	
	if	negative?	

•  Ideas	to	implement	active	veto	



Conclusions	

•  DAMA/LIBRA-Phase2	confirms	the	observation	of	
a	modulation	
–  in	tension	with	other	results	only	under	certain	
assumptions		

–  somewhat	less	easy	to	fit	with	a	basic	SI	scenario	
•  A	model	independent	verification	requires	a	new	
NaI(Tl)	experiment		

•  Several	players	around	the	world	aim	at	this:	
–  COSINE	
– ANAIS	
–  SABRE	

•  Exciting	times	ahead!	
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Thank	you	for	your	attention!	



BACKUP	SLIDES	
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The	effect	of	Na	Quenching	
•  Quenching	of	nuclear	recoils	on	Na	has	been	measured	several	times:	
•  DAMA	uses	a	flat	30%,	confirmed	by	several	measurements	in	the	‘90s	
•  2	more	recent	measurements	point	to	a	lower	and	energy	dependent	

quenching	
•  Fit	of	the	DAMA	modulation	is	heavily	dependent	on	the	quenching	
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and corresponding crystal resolutions are applied to the
energy deposited. The resulting simulated spectrum was
used in conjunction with the experimental spectrum for
the chi-square test. An example of the resulting spec-
trum is shown in Fig. 11. The quenching factor values
and uncertainties are listed in Table I. The measured QF
values are characterized by a decrease in value as the
neutron recoil energy decreases. The single exception to
this trend is the lowest energy data point corresponding
to a 7.3 keVnr and 8.2% QF. The larger measured value
is most likely a result of extremely low light yield caus-
ing an artificially large QF value. See [2] and [30] for
further discussion of this threshold e↵ect. Our results
are plotted in Fig. 12 with previously published results
from [2, 3, 13, 14, 31–33].

VI. DISCUSSION AND CONCLUSIONS

To more fully understand the implications of these
lower QF values on dark matter limits we have used
them with the DAMA/LIBRA modulation signal [1] to
determine constraints on the WIMP mass and interaction
cross-sections. Standard WIMP-halo values were used
and only spin-independent WIMP-nucleon interactions
were considered [9, 34, 35]. The analysis was based upon
a chi-square minimization using the observed modulation
from 2 keVee�10 keVee.

FIG. 13. Local best-fits for of DAMA/LIBRA modula-
tion spectrum using the standard spin�independent WIMP
model. Green and red curves use the DAMA reported
Quenching factors of 0.30 for Na and 0.09 for I. The blue curve
uses the new Na quenching factors for the light�WIMP fit.
The heavy�WIMP fit does not change due to its dependence
on the iodine quenching factor. The light�WIMP fit is much
worse with the new quenching factors.

Fig. 13 shows the best fit WIMP signal over the
DAMA/LIBRA modulation signal for both quenching
factor measurements. When using the DAMA QF mea-
surement of 0.3, a global best fit is found at a heavy

FIG. 14. The 1�, 3�, and 5� significance contours for the
DAMA/LIBRA data in the WIMP parameter space. The re-
sults using the DAMA/LIBRA quenching factors are shown in
dashed lines. The results using the new quenching values are
in solid lines. The heavy-WIMP contours remain unchanged
while the 1� and 3� contours for the light-WIMP have disap-
peared completely. The dotted line represents the dark matter
exclusion curve calculated using the overall DAMA/LIBRA
observed event rate [1]. WIMP parameters above this line
are ruled out at 90%CL.

WIMP mass (⇠74 GeV/c2) with a �2
min of 11 with 14

degrees of freedom. There is also a local minimum at
light WIMP mass (⇠12 GeV/c2) with a �2

min of 13 with
14 degrees of freedom.

The light-WIMP recoil is dominated by Na recoils and
is therefore sensitive to the change in Na QF value. The
higher mass WIMP signal is primarily due to Iodine re-
coils and as expected, remains una↵ected in this study.
The new quenching factors show that that light WIMP
local minimum almost completely disappears with a new
�2

min of 37 with 14 degrees of freedom. The low mass
WIMP region is strongly disfavored using these new
quenching factor values. This results in increasing disso-
nance between other experiments’ standard WIMP pic-
ture, and that from the DAMA/LIBRA data. The
heavy-WIMP region is almost completely ruled out by
the DAMA/LIBRA total rate exclusion curve, shown in
Fig. 14 as a dotted line. These regions are also ruled out
by results of other experiments such as CDMSII [36]and
KIMS [37].

This experiment measured quenching factors for the
nuclear recoils on sodium across an energy range of 7�48
keVnr using the coincidence between a sodium iodide de-
tector and a scintillating paddle counter. In our earlier
analysis [29] we observed a flattening of the quenching
factor value, but it lacked high counting statistics, and
coincidence timing cuts. This more complete study re-
sulted in values ranging from 6�18% QF and agrees well
with the low energy measurements of [2] and [3]. Our cur-
rent results more closely follow the Lindhard prediction

arXiv:1706.07494	


