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Energy	Budget	of	the	Universe	
The cosmic inventory

Most of the Universe is Dark

Ωlum ∼ 0.01

Ωb ≃ 0.040 ± 0.005 -BBN 
-CMB

- CMB + SNIa 
- CMB - DM 
- acoustic peak in baryons

�
�x =

�x

�c
; CMB first peak⇥ �tot = 1 (flat); HST h = 0.71± 0.07

⇥
what’s the difference  
between DM and DE?

⌦DM ⇠ 0.26

⌦de ⇠ 0.69
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Evidences	of	Dark	Ma5er	

3) ‘precision  
      cosmology’

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP

MillenniumPlanck

Galaxy	rota9on	curves	 Gravita9onal	lensing	

CMB	
Large	Scale	Structures	
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Several	models	proposed	
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New	par9cle	with	general	characteris9cs:	
•  Stable	on	a	cosmological	scale		
•  Neutral	
•  Massive	
•  Weakly	Interac9ng	

Courtesy	M.	Cirelli	
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Experimental	approaches	to		

5	

M. Schumann (AEC Bern) – Dark Matter Summary 6

Production
@Collider

Indirect
Detection

Direct
Detection

Dark Matter Search
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Dark	Ma5er	Halo	

6	

ü  The	solar	system	
rotates	within	the	
DM	halo	

ü  Earth	experiences	
the	so	called		
“WIMP	wind”	

ü  Coming	from	the	
direc9on	of	the	
Cygnus	constella9on	
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Dark	Ma5er	Halo	

First	order	
approxima9on:	
maxwellian	v	
distribu9on	with	
vmean	~	230	km/s	
vescape	~	600	km/s	

7	

Astrophysics

=> WIMP flux on Earth: ~105 cm-2s-1 (MW=100 GeV, for 0.3 GeV/cm3)

From cosmological simulations of (DM only) 
galaxy formation: departures from the simplest 
case of a Maxwell-Boltzmann distribution

Velocity distribution of WIMPs in the galaxy

Survey by J. Read, J.Phys. G41 (2014) 063101 
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Local DM velocity PDF Vogelsberger et al. 2009

800 M. Vogelsberger et al.

the short dynamical time at the solar radius (about 1 per cent of
the Hubble time). This results in very efficient mixing of unbound
material and the stripping of all initially bound objects to a small
fraction of the maximum mass they may have had in the past (see
Vogelsberger et al. 2008, for a discussion of these processes). Note
that the actual density of DM in the solar neighbourhood and the
shape of the equidensity surfaces of the Milky Way’s DM distri-
bution will depend on how the gravitational effects of the baryonic
components have modified structure during the system’s formation.
Unfortunately, the shape of the inner DM halo of the Milky Way
is poorly constrained observationally (Helmi 2004; Law, Johnston
& Majewski 2005). The dissipative contraction of the visible com-
ponents probably increased the density of the DM component and
made it more axisymmetric (e.g. Gnedin et al. 2004; Kazantzidis
et al. 2004) but these processes are unlikely to affect the level of
small-scale structure. The very smooth behaviour we find in our
pure DM haloes should apply also to the more complex real Milky
Way.

4 V E L O C I T Y D I S T R I BU T I O N S

The velocity distribution of DM particles near the Sun is also an
important factor influencing the signal expected in direct detection
experiments. As mentioned in the Introduction, most previous work
has assumed this distribution to be smooth, and either Maxwellian
or multivariate Gaussian. Very different distributions are possible
in principle. For example, if the local density distribution is a su-
perposition of a relatively small number of DM streams, the local
velocity distribution would be effectively discrete with all particles
in a given stream sharing the same velocity (Sikivie, Tkachev &
Wang 1995; Stiff, Widrow & Frieman 2001; Stiff & Widrow 2003).
Clearly, it is important to understand whether such a distribution
is indeed expected, and whether a significant fraction of the local
mass density could be part of any individual stream.

We address this issue by dividing the inner regions of each of our
haloes into cubic boxes 2 kpc on a side, and focusing on those boxes
centred between 7 < r < 9 kpc from halo centre. In Aq-A-1, each
2 kpc box contains 104 to 105 particles, while in the level-2 haloes
they contain an order of magnitude fewer. For every box, we cal-
culate a velocity dispersion tensor and study the distribution of the
velocity components along its principal axes. In almost all boxes,
these axes are closely aligned with those the ellipsoidal equidensity
contours discussed in the last section. We also study the distribution
of the modulus of the velocity vector within each box. The upper
four panels of Fig. 2 show these distributions of a typical 2 kpc
box at the solar circle in Aq-A-1 (solid red lines). Here, and in the
following plots, we normalize distributions to have unit integral.
The black dashed lines in each panel show a multivariate Gaussian
distribution with the same mean and dispersion along each of the
principal axes. The difference between the two distributions in each
panel is plotted separately just above it. This particular box is quite
typical, in that we almost always find the velocity distribution to
be significantly anisotropic, with a major axis velocity distribution
which is platykurtic, and distributions of the other two components
which are leptokurtic. Thus, the velocity distribution differs signifi-
cantly from Maxwellian, or even from a multivariate Gaussian. The
individual velocity components have very smooth distributions with
no sign of spikes due to individual streams. This also is a feature
which is common to almost all our 2 kpc boxes. It is thus surprising
that the distribution of the velocity modulus shows clear features
in the form of bumps and dips with amplitudes of several tens of
per cent.
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Figure 2. Top four panels: velocity distributions in a 2 kpc box at the
solar circle for halo Aq-A-1. v1, v2 and v3 are the velocity components
parallel to the major, intermediate and minor axes of the velocity ellipsoid;
v is the modulus of the velocity vector. Red lines show the histograms
measured directly from the simulation, while black dashed lines show a
multivariate Gaussian model fit to the individual component distributions.
Residuals from this model are shown in the upper part of each panel. The
major axis velocity distribution is clearly platykurtic, whereas the other
two distributions are leptokurtic. All three are very smooth, showing no
evidence for spikes due to individual streams. In contrast, the distribution
of the velocity modulus, shown in the upper left-hand panel, shows broad
bumps and dips with amplitudes of up to 10 per cent of the distribution
maximum. Lower panel: velocity modulus distributions for all 2 kpc boxes
centred between 7 and 9 kpc from the centre of Aq-A-1. At each velocity,
a thick red line gives the median of all the measured distributions, while a
dashed black line gives the median of all the fitted multivariate Gaussians.
The dark and light blue contours enclose 68 and 95 per cent of all the
measured distributions at each velocity. The bumps seen in the distribution
for a single box are clearly present with similar amplitude in all boxes, and
so also in the median curve. The bin size is 5 km s−1 in all plots.

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 395, 797–811

Maxwellian

Median

68%; 95%

Aq-A-1

Dark matter only (DMO) simulations

Local density (at R0 ~ 8 kpc) 

local measures use the vertical kinematics of stars near 
the Sun as ‘tracers’ (smaller error bars, but stronger 
assumptions about the halo shape) 

global measures extrapolate the density from the 
rotation curve (larger errors, but fewer assumptions) 

also, modelling the phase space distribution over 
larger volumes around the solar neighbourhood 

⇢(R0) = 0.2� 0.56GeV cm�3 = 0.005� 0.015M� pc�3

⇢(R0) = 0.3± 0.1GeV cm�3 = 0.008± 0.003M�pc
�3

J. Bovy, S. Tremaine, APJ 756, 2012

J.Bovy,	S	Tremaine,	APJ	756,	
2012	

WIMP flux on Earth: ~105 cm-2 s-1  
(assuming MW=100 GeV)  
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Direct DM interaction signature 

•  Interac9on	type:	elas9c	sca5ering	off	nuclei	(but	other	proposed…)	
•  Signal:	nuclear	recoil	energy	

8	

•  For	WIMP	masses	in	the	10	GeV	–	1	
TeV	range:	
typical	recoil	energy	is	1keV	–	50keV	

N

χ χ

•  Interac9on	cross-sec9on	is	mostly	unknown,	though	different	models	
have	their	own	es9mates	in	the	range	σ	=	10-48–10-41	cm2	

•  Interac9on	could	be	Spin	Independent	(SI)	or	Spin	Dependent	(SD).	

Very	low	expected	rate	~	10-1	to	10-6	events/kg/day	
13/05/17	 D.	D'Angelo	



Direct	WIMP	interac9on	signature	
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Direct	Dark	Ma5er	experiments	

10	
M. Schumann (AEC Bern) – Direct Dark Matter Searches 11

World-wide Efforts

SNOLAB
DEAP/CLEAN
PICASSO
COUPP

Homestake/SURF
LUX

Soudan
SuperCDMS
CoGeNT

Boulby
DRIFT
(ZEPLIN)
(NaIAD)

Canfranc
ArDM

LSM
EDELWEISS
MIMAC

LNGS
XENON
DAMA/Libra
CRESST
DarkSide

JINPING
Panda-X
CDEX

YangYang
KIMS

Oto
PICOLON

Kamioka
XMASS
NEWAGE

WIPP
DMTPC

South Pole
DM-Ice
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The	Dark	Ma5er	roadmap	

11	

DAMA 

How to probe the WIMP landscape?

25

accessibletonextgenerationexperiments.Forthe100 GeV=c2

case, however, the exposure required to get 100 neutrino
background events is 2,150 ton-years. Given these expo-
sure numbers, it is likely that at high masses, in
the absence of a WIMP signal at higher cross sections,
discovery limits much below 10−48 cm2 will become
impractical due to the large exposures required even in
the Poisson-dominated regime.
As a final calculation, we have mapped out the WIMP

discovery limit across the 500 MeV=c2 to 10 TeV=c2,
shown in Fig. 12 (right). To cover this large WIMP mass
range, we combined the discovery limits of two Xe-based
pseudoexperiments with a threshold of 3 eV and 4 keV. To
ensure we are well into the systematics limited regime,
exposures were increased to obtain 500 neutrino events.
This line thus represents a hard lower discovery limit for
dark matter experiments. Interestingly, we can denote three
distinct features in the discovery limits coming from the
combination of 7Be and CNO neutrinos, 8B and hep
neutrinos and atmospheric neutrinos at WIMP masses of
0.5, 6, and above 100 GeV=c2 respectively. Also shown are
the current exclusion limits and regions of interest from
several experimental groups. If the potential WIMP signals
around 10 GeV=c2 are shown not to be from WIMPs, the
remaining available parameter space for WIMP discovery
is bounded at the top by the LUX Collaboration and at the
bottom by the neutrino background. Progress below this
line would require very large exposures, lower systematic

errors on the neutrino flux, detection of annual modulation,
and/or large directional detection experiments.

VII. CONCLUSION

We have examined the limitations on the discovery
potential of WIMPs in direct detection experiments due
to the neutrino backgrounds from the Sun, atmosphere,
and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over a wide range of masses from 500 GeV=c2 to
10 TeV=c2 that could lead to a significant dark matter
detection. WIMP-nucleon cross sections of ∼10−45 and
∼10−49 cm2 are the maximal sensitivity to light and heavy
WIMP dark matter respectively that direct detection
searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This limit
is roughly about 3 to 4 orders of magnitude below the
most recent experimental constraints. In the case of light
WIMPs (about 6 GeV=c2) next generation experiments
might already reach the saturation regime with about
100 neutrino background events. For heavier WIMPs
(above 20 GeV=c2) we have shown that progress below
10−48 cm2 will be strongly limited by the very large
increases in exposure required for decreasing gains in
discovery reach.

FIG. 12 (color online). Left: Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest.
The contours delineate regions in the WIMP-nulceon cross section vs WIMP mass plane which for which dark matter experiments will
see neutrino events (see Sec. III D). Right: WIMP discovery limit (thick dashed orange) compared with current limits and regions of
interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond this line would require a
combination of better knowledge of the neutrino background, annual modulation, and/or directional detection. We show 90%
confidence exclusion limits from DAMIC [46] (light blue), SIMPLE [47] (purple), COUPP [48] (teal), ZEPLIN-III [49] (blue),
EDELWEISS standard [50] and low threshold [51] (orange), CDMS II Ge standard [52], low threshold [53] and CDMSlite [54] (red),
XENON10 S2 only [55] and XENON100 [2] (dark green), and LUX [56] (light green). The filled regions identify possible signal
regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [57] (yellow, 90% C.L.), DAMA/LIBRA [58] (tan,
99.7% C.L.), and CRESST [59] (pink, 95.45% C.L.) experiments. The light green shaded region is the parameter space excluded by the
LUX Collaboration.

IMPLICATION OF NEUTRINO BACKGROUNDS ON THE … PHYSICAL REVIEW D 89, 023524 (2014)
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Dark	ma5er	
signatures	

12	

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

17

Drukier, Freese, Spergel 1986;

2-4 keV

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

DAMA/LIBRA NaI: 2% annual modulation

D. Spergel 1988 

Review%Strategies%for%Direct%Detection%

nuclear recoil=NR 
v/c ~ 7 x 10-4 

χ"

electron recoil=ER 
v/c ~ 0.3 

γ"

β,γ     discriminate between ER vs NR    
 -or-  eliminate sensitivity to ER  
 -or-     self-shielding & fiducial cuts 
 

n         multiple scatters 
   σ varies with target 

 

α    much higher energy deposit. Only a 
  problem for threshold devices, trackers 

 

diurnal directional      
     modulation 

Count nuclear recoils annual flux variation 

Signal 

Background 

  avoid 
shielding 
go deep 

Priscilla%Cushman% SLAC%2014%Summer%Institute% 2 

background	must	be	
very	low	or	zero	
(background-free	
experiments)		

signal	must	be	high	enough	to	
show	the	modula9on,	even	at	
the	price	of	more	and	not	
totally	known	background	

Detector	must	have	a	
direc9on	of	signal	
enhancement	

[Future]	
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The	Modula9on	DM	signature	
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The	Dark	Ma5er	signature	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.

30

Annual	modula9on	is	a	model	independent	signature		
of	Dark	Ma5er	interac9on	

13/05/17	 D.	D'Angelo	



DAMA/LIBRA	

•  Underground	loca9on:	LNGS	
•  Technique:	NaI	scin9lla9ng	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	

14	13/05/17	 D.	D'Angelo	



DAMA/LIBRA	
1.  DAMA/NaI					(100kg):																1996-2002	
2.  DAMA/LIBRA	(250kg)	Phase	I	:	2003-2010	

–  Mass	upgrade	

3.  DAMA/LIBRA	(250kg)	Phase	II:	2011-2016	
–  New	PMTs	(low	radioac9vity,	low	noise)	

4.  DAMA/LIBRA	(250kg)	Phase	III:	2017-…	
1.  No	light	guides	

15	

5x5	matrix	

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

Results	announced	for	2017	

13/05/17	 D.	D'Angelo	



The	DAMA/LIBRA	modula9on	

•  13	annual	cycles	(Dama/NaI	+	Dama/Libra)	
•  χ2/ndf	=	70.4/86	
•  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	(~	1.2%	of	signal)	

16	13/05/17	 D.	D'Angelo	



Interpreta9on	of	DAMA/LIBRA	results	

17	

Interac9on	on	Na	nuclei	

Mwimp	~	10	GeV				

σ	~	10	-40	cm2	

However	there	are	several	assump9ons	here:	
ü  Astrophysics:	DM	halo	
ü  Dark	ma5er	candidate:	WIMP	
ü  Nature	of	interac9on:	elas9c	and	Spin	Independent	
ü  Target	of	Interac9on:	nuclei	

Interac9on	on	I	nuclei	

Mwimp	~	80	GeV				

σ	~	10	-41	cm2	

In	the	simplest	
interpreta9on	of	SI	
WIMP-nucleus	

interac9on	there	are	
two	allowed	regions	
with	very	similar	χ2	

13/05/17	 D.	D'Angelo	



What	about	other	posi9ve	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	
modula9on	experiment	
latest	result	<2σ	

CDMS-Si	(2013)		
Si	detectors	
3σ	(0.19%	to	be	a	fluctua9on)	
not	observed	in	Ge	

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

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

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



DAMA	alterna9ve	explana9ons?	
•  The	rate	of	cosmogenic	muons	is	known	to	modulate	due	to	seasonal	

expansion/contrac9on	of	the	troposphere	which	changes	the	pion/kaon	
mean	free	path.	

•  Could	muon-induced	background	such	as	nuetrons	explain	D/L	
modula9on?	

•  Could	there	be	other	explana9ons	of	terrestrial	origin?	(e.g.	radon	
emana9on)	

•  Long	standing	ques9ons:		tens	of	papers	wri5en	on	the	subject.		
•  No	clear	conclusion	
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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 

14/05/17	 D.	D'Angelo	



1)	All	instrumental	sources	of	
modula9ons	have	been	
inves9gated	and	excluded:	

ü  radon	
ü  temperature	
ü  gas	pressure	
ü  noise	
ü  energy	scale	
ü  efficiencies	
ü  environmental	neutrons	

4)	No	modula9on	>	6keV	

Why	is	DAMA/LIBRA	robust?	

3)	No	modula9on	in	mul9-hit	events		

Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

•Would like to see the Multiples presented as a ratio to the underlying rate, 
rather than an absolute. 
◆Also add the error bars for multiples 

!5
5 140226_DM2014_Gaitskell_Review_v05 - February 28, 2014
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DAMA/NaI ≈ 100 kg
(0.29 ton×yr)

DAMA/LIBRA ≈ 250 kg
(1.04 ton×yr)

2-4 keV; χ2/dof =  9.5/13

A
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pd
/k

g/
ke

V
)

2-5 keV; χ2/dof = 13.8/13

 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.

Frequency (d-1)

N
or

m
al

iz
ed

 P
ow

er

0

5

10

15

0 0.002 0.004 0.006 0.008
Frequency (d-1)

N
or

m
al

iz
ed

 P
ow

er

0

5

10

15

20

25

0 0.002 0.004 0.006 0.008

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.

8

2)	Phase:	(144±7)d		
	cmp.	muon:	(182±6)d	

2-6keV	
6-20keV	
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A	complex	scenario	
•  DAMA/LIBRA	(D/L)	results	(and	other	posi9ve	low	mass	results)	are	in	

tension	with	several	other	experiments	
•  but	only	assuming	basic	SI	WIMP-nucleus	interac9on	and	standard	DM	halo.		

•  D/L	(and	CoGeNT)	observes	DM	annual	modula9on,	while	all	others	are	
coun9ng	experiments.		

•  No	other	experiments	is	using	NaI	as	target	material.	
•  Theore9cal	a5empts	to	let	D/L	coexist	with	other	results:		

NO	clear	conclusion.	
•  A5empts	to	explain	D/L	in	terms	of	background	have	been	made	

•  40K	
•  cosmogenic	(and	environmental)	background	

NO	clear	conclusion	
•  D/L	has	done	an	excellent	job.	Strong	arguments	to	sustain	the	result.		

NO	trivial	mistake	
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 Low-mas compatibility 
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) 1. 
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 Instrumental backgrounds (40K) 
J. Pradler, B. Singh and I. Yavin, PL B 720 (2013) 399-404 
R. Bernabei et al. (DAMA coll.), (2012) arXiv:1210.6199 and arXiv:1211.6346;  
J. Pradler and I. Yavin, (2012) arXiv:1210.7548. 
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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  
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Higher	
purity	
crystals	

Ac;ve	back-
ground	
rejec;on	

BeAer	PMTs	

Model	Independent	Test	

SABRE’s	four	pillars	

1	 2	 3	

Double	
loca;on	

4	

Not	just	a	test	but	a	higher	sensi9vity	stand-alone	experiment	
13/05/17	 D.	D'Angelo	

SA
BRE

SA
BRE



Overcoming	DAMA/LIBRA:	background	

27	

40K 

modulation  
region 

40K	3keV	EC	(10%	BR)	lies		
where	the	modula9on	
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 

Francis Froborg SABRE 8 / 15
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~1.5% of unosc. rate 

Modulation amplitude 
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High	Purity	NaI	powder	

28	

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

Francis Froborg SABRE 3 / 13
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•  Princeton	University	and	industrial	partners	(now	Sigma-Aldrich)	
have	yielded	Astro-Grade	powder	with	higher	purity	then	D/L	
crystals	

•  Large	effort	in	Spectrometry	(ICP-MS,	ICP-OES,	AMS)	in	several	labs	
to	measure	such	low	concentra9ons	

Concept & Progress Status & Outlook Conclusions
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New	batch	is	9ppb!	
13/05/17	 D.	D'Angelo	



High	Purity	Crystals	

3.5’	--		2kg	test	crystal		
from	Astro-Grade	powder	

29	

P."Urquijo,"SABRE"&"SUPL,"Cosmo"2016

gradient fill acronym only

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.

STAWELL UNDERGROUND PHYSICS LABORATORY

OVERVIEW

COLOUR

VARIANTS

STAWELL
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UNDERGROUND

SUPL

High"Purity"Crystals

17

●

●

●

●

●

9

inch
K [ppb]

Rb [ppb]

• Crystal$growth"(RadiaSon"monitoring"devices,"RMD)"

• 2.0"kg,"88mm"diameter"(design"95K98mm)""

• Good"scinSllaSon"properSes"

• <Rb>"<"0.1"ppb"(DAMA"<"0.35"ppb)

✴ using$veto$effecMve$[K]$is$below$1$ppb

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
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87Rb	<	0.1ppb	(<0.35ppb	in	D/L)	

Breakthrough!	 Full	size	5kg	crystal		
under	produc9on	

13/05/17	 D.	D'Angelo	



Overcoming	DAMA/LIBRA:	background	
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40K 

modulation  
region 

~1.5% of unosc. rate 

D/L spectrum 

Modulation amplitude 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

40K

40Ca

β-   

Q = 1.3 MeVEC

1.46 MeV γ

40Ar
PMTs 

� 
photons 

e- 

Crystal Module 
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Pillar	2:	Ac9ve	Background	Rejec9on	

31	

•  Surround	crystals	
with	liquid	scin9llator	

•  4π	gamma	detec9on	
•  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 
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Overcoming	DAMA/LIBRA:	threshold	
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modulation  
region 

D/L spectrum DAMA/LIBRA	energy	threshold		
is	set	to	2keV		

due	to	high	PMT	noise	

~1.5% of unosc. rate 

Modulation amplitude 
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Expected Sensitivity [1]
Use “standard” WIMPs reference model  

Use Best-Fit of DAMA/LIBRA 

Use 90% veto rejections 

Assume stable detector operations 

Use: 

10 ppb K 

5 ppt U, Th 

0.2 ppb Rb
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Overcoming	DAMA/LIBRA:	threshold	
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modulation  
region 

? 

D/L spectrum DAMA/LIBRA	energy	threshold		
is	set	to	2keV		

due	to	high	PMT	noise	

Important	to	uncover	
	the	1-2keV	region	

Next-genera9on		
Photomul9plier	Tubes	

solid:	10GeV	χ	on	Na	
dashed:	80GeV	χ	on	I	
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Pillar	3:	PhotoMul9plier	Tubes	(PMTs)	

Baseline:	R11065	3”	PMTs	

5.5mBq	

-  no	light	guides	
custom	pre-amplifiers	

-  reduced	a�er-glow		

34	

Less	background	

More	light	

Less	noise	

A	14pe/keV	light	collec9on	is	possible		

13/05/17	 D.	D'Angelo	



R&D	trying	to	improve	R11065-20:	

1.  Replace	ceramic	stem	with	individual	ceramic	pin	feedthroughs	

•  Improved	stability	

•  Lower	light	emission	

•  Less	background	

13/05/17	 D.	D'Angelo	 35	

Additional Material

Improving PMTs

New Stem

Designed to reach higher
radio-purity and better stability

Ceramic feedthroughs use ultra
high purity alumina (Al2O3)

Special brazing of feedthroughs
to Kovar plate by PPPL

High QE PMT to be built with
this stem by Hamamatsu

Francis Froborg SABRE 0 / 0

PHOTOMULTIPLIER TUBE     R11065-20
Dimensional Outline and Basing Diagram (Unit : mm)

Note : E678-20B will be supplied with R11065-10

Note: 
The plastic base (JEDEC No.B20-102) and the socket (E678-20B) are attached for initial test only. 
These parts have a certain amount of radioactivity and are not suitable for low temperature operation. 
When the tube is used in a detector, please remove these parts. Please design and prepare 
a voltage divider board which has low radioactivity and is suitable for low temperature operation. 

The point index is K (cathode) 

Distance between lead and flange : 2.3 mm 

2.  Use	Super	BiAlkali	photocathodes:	

• 	higher	Quantum	Efficiency	

• 	Lower	Dark	Noise	

Pillar	3:	PhotoMul9plier	Tubes	(PMTs)	



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

performance.	
•  Crystal	Trigger:	coincidence	of	opposing	PMTs	
•  Liquid	Scin9llator	trigger:	coincidence	of	N	PMTs	

36	

ORed	Dark	Ma5er	mode	
ANDed	K	measuring	mode	
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	PoP	vessel	

•  1.4x1.5m	stainless	steel	
vessel	

•  ~2ton	of	liquid	scin9llator	
(PC+ppo)		

•  10	x	8”	PMTs	
•  In	a	temporary	loca9on	in	
Hall	B	at	LNGS	
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Lower Background
The Portable Veto

The SABRE Veto Vessel

1.5 m diameter ⇥ 1.5 m length

Made out of low radioactivity steel

⇠ 2.3 tons of scintillator (PC+PPO)

10 veto PMTs (Hamamatsu R5912)

Expected light yield ⇠ 0.2 p.e./keV

Shielded by lead, water, and probably
polyethylene
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Proof of Principle

Goals

Measure impurity levels of first
high-purity crystal(s)

Determine effectiveness of veto

Setup

Location: LNGS

1-2 crystals (5.5 kg)

Intermediate insertion system

Status

Most components available

Commissioning of vessel in
Princeton nearly completed

Preparations at LNGS in progress

Start this fall

Francis Froborg SABRE 10 / 13
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	PoP	shielding	
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Goals

Measure impurity levels of first
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Most components available

Commissioning of vessel in
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Lead	basement	

Polyethylene			

Water		
tanks	

Space	in	Hall-C	expected	June	2017	



Expected	backgrounds	

1.  from	crystals:	

•  40K:	0.03	cpd/kg/keVee		

•  87Rb:	<0.07	cpd/kg/keVee		
(upper	limit)		

•  238U,	232Th:	~0.02cpd/kg/keVee	

•  3H,	210Pb	to	be	determined	

2.  external:	

γ	from	PMTs,	enclosure,	vessel,	rocks	
are	negligible	
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In"region"of"interest,"2"K"6"keVee"

• 87Rb:"0.07"cpd/kg/keVee"(upper"limit"from"crystal)"
• 238U,"232Th,"3H,"210Pb"in"crystal:"0.02"cpd/kg/keVee"(U"&Th"measured,"3H"&"210Pb"

sSll"unclear)"

• 40K:0.03"cpd/kg/keVee"(from"crystal)"

• γ"from"PMTs,"enclosure,"vessel,"rocks:"0.002"cpd/kg/keV
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MonteCarlo	simula9ons	

Total:	0.13cpd/kg/keVee	–	DAMA/LIBRA:	~1cpd/kg/keVee	
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SABRE:	Full	Scale	Experiment	

40	

•  Final	mass	to	be	
determined	
according	to	
background	

•  Steel	vessel	could	
host	up	to	7	modules	
=	35kg	

•  Eventually	design	
larger	vessel	

1.5m 

1.5m 

Detector	concept	scheme	

	~20cm	lead	or	steel	

13/05/17	 D.	D'Angelo	



Sensi9vity	

41	

4σ	power	to	verify		
DAMA/LIBRA	

Exposure:	
50kg	x	3y	
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Expected"performance

•Single"50"Kg"NaI(Tl)"array"

• 0.13"cpd/kg/keVee"total"
background"in"ROI"

• 6"σ"to"refute"modulaSon"

• 4"σ"verificaSon

External$background$is$es6mated$to$be$rela6vely$small$compared$to$internal.
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Concept & Progress Status & Outlook Conclusions

Expectations
Sensitivity

Sensitivity

3 years stable detector operations

No other seasonal effect in ROI

50 kg NaI(Tl) array

0.15 cpd/kg/keV total
background in ROI

) 6s to refute modulation
) 4s to verify modulation

Francis Froborg SABRE 9 / 13

3"year"operaSon

Background:	
	0.13		

cpd/kg/keVee	

[or	6σ	to	refute]	

13/05/17	 D.	D'Angelo	
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Pillar	4:	Double	loca9on	

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	systema9cs	

Any	season-related	contribu9on	to	the	modula9on	would	reverse	phase	

13/05/17	 D.	D'Angelo	



Underground	labs	

43	
M. Schumann (AEC Bern) – Direct Dark Matter Searches 11

World-wide Efforts

SNOLAB
DEAP/CLEAN
PICASSO
COUPP

Homestake/SURF
LUX

Soudan
SuperCDMS
CoGeNT

Boulby
DRIFT
(ZEPLIN)
(NaIAD)

Canfranc
ArDM

LSM
EDELWEISS
MIMAC

LNGS
XENON
DAMA/Libra
CRESST
DarkSide

JINPING
Panda-X
CDEX

YangYang
KIMS

Oto
PICOLON

Kamioka
XMASS
NEWAGE

WIPP
DMTPC

South Pole
DM-Ice

SUPL: 
Stawell  

Gold Mine 

13/05/17	 D.	D'Angelo	



Stawell	gold	mine	

44	

State of Victoria, ~ 300km west of Melbourne, ~3h drive. 

13/05/17	 D.	D'Angelo	



Underground	
Labs	

45	

JinPing 

SUPL: 
Stawell  

Gold Mine 

13/05/17	 D.	D'Angelo	



Stawell	Underground	Physics	Laboratory	(SUPL)	

•  Only	underground	lab	in	
southern	hemisphere		

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

entrance)	
•  Background	condi9ons	

measured	(rocks,	cosmogenics):	
similar	to	LNGS.	

•  Radon	free	air	from	surface	
•  Construc9on	started	in	July	

2016	
•  Expected	comple9on:	end	2017	

46	

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

Francis Froborg SABRE 11 / 13
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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

6 140226_DM2014_Gaitskell_Review_v05 - February 28, 2014

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 

5 

Data with 12 crystals!

•  12 crystals (104.4kg) installed in the Cu shield. 
•  2.5 year data (Sep. 2009 – Feb. 2012) 
• Background Level : 2~3 cpd/kg/keV  
•  Source calibration with 55Fe & 241Am 
•  1 year of data (Sep. 2009 – Aug. 2010) published with 

PSD analysis. 
• Backgrounds are well understood. 

Total backgrounds 
Multiple –hit  backgrounds 

MC 
Data 

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. 

3. DESCRIPTION OF THE EXPERIMENT 

ANAIS is the large scale conclusion of previous studies 
i d i h diff b h U i i fcarried out with different prototypes by the University of 

Zaragoza group at Canfranc. 

40 cm neutron shielding

Original proposal 
consisted of 100 kg of 
N I(Tl) l d Active vetos

20 cm lead

NaI(Tl) crystals to study 
the annual modulation 

PVC box

Enlargement of target 
mass up to 250 kg was

2 mm Cd
mass up to 250 kg was 
proposed in the frame of 
the  MULTIDARK

10 cm Roman lead Vibration isolator
project.

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

13/05/17	 D.	D'Angelo	
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DM[Ice%
Ann Mod: Same phase if  WIMPs,  
            Opposite phase for most  
            seasonal backgrounds 
No radon or water table fluctuations 
 
At 2450 m depth, constant T= �20o C     
(warmer than a Minnesota winter) 
 
IceCube provides a muon veto,  

        radiopure shielding 
        lab infrastructure 

Tilav for  
IceCube 

Selvi for LVD 

Prototype: 8.5 kg NAIAD crystals  
(~8 cts/keV/d) at the bottom  
of  two IceCube strings (Dec 2010) 
 

42 
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Cosine-100	

Merging	of	DM-ICE	and	KIMS	collabora9ons	
Star9ng	data	taking	now	at	YangYang	(S.	Korea)	
Also	implemen9ng	liquid	scint.	veto	but	only	40cm.	
Background	suppression	on	40K:	~50%		
Not	a	deep	loca9on:	need	ac9ve	muon	tagging	

14/05/17	 D.	D'Angelo	 49	

Chang	Hyon	Ha	@ichep2016	



Cosine-100	backgrounds	
•  Crystal	producer:	Alpha	Spectra	
•  8	crystal	of	different	sizes	and	produc9on	batches	
•  Total	mass:	~106kg	
•  Background	levels:	x1.5	to	x4	DAMA	levels	
•  Designed	for	a	quick	verifica9on	

14/05/17	 D.	D'Angelo	 50	

Chang	Hyon	Ha	@ichep2016	



Cosine-100	sensi9vity	

•  No	confirma9on	plot	provided	
•  Very	unlikely	to	reach	Energy	threshold	<2keV	
•  A	conclusive	test	may	need	to	wait	a	further	(planned)	experiment	with	250kg		

at	new	Laboratory	(to	be	built)	
14/05/17	 D.	D'Angelo	 51	

Chang	Hyon	Ha	@ichep2016	



ANAIS-112	
•  Laboratorio	Subterraneo	de	Canfranc	(LSC)	in	Spain	(Universidad	de	Zaragoza)	
•  Experiment	under	construc9on:	3x3	crystal	matrix	for	112kg	total	mass	
•  Present	background	levels	(measured	in	ANAIS-37	prototype):		

	~30ppb	40K	and	0.7-3mBq/kg	in	210Pb	
•  Crystal	producer:	Alpha	Spectra	

arXiv:1704.06861	

13/05/17	 D.	D'Angelo	 52	



Conclusions	

•  First	point	of	the	roadmap	of	direct	Dark	Ma5er	
searches:	verify	the	D/L	result	
–  in	tension	with	other	results	only	under	certain	
assump9ons	

•  A	model	independent	verifica9on	requires	a	new	
NaI(Tl)	experiment	

•  Several	players	around	the	world	aim	at	this.	
•  SABRE	aims	to	deploy	two	twin	detectors	at	LNGS	
and	SUPL	(different	emispheres)	
–  also	able	to	inves9gate	the	Dark	Ma5er	modula9on	with	
enhanced	sensi9vity	

14/05/17	 D.	D'Angelo	 53	

Thank	you	for	your	a;en<on	!	



BACKUP	SLIDES	
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SABRE	Collabora9on	

NOW	2016	 D.	D'Angelo	-	SABRE	 55	

Concept & Progress Status & Outlook Conclusions

Collaboration

SA
BRE

SA
BRE

Adelaide University
Australian National University
Swinburne University
University of Melbourne

LNGS & GSSI
INFN Rome
University of Milano & INFN

Imperial College London

PNNL
Princeton University

Francis Froborg SABRE 12 / 13

Concept & Progress Status & Outlook Conclusions

Collaboration

SA
BRE

SA
BRE

Adelaide University
Australian National University
Swinburne University
University of Melbourne

LNGS & GSSI
INFN Rome
University of Milano & INFN

Imperial College London

PNNL
Princeton University

Francis Froborg SABRE 12 / 13

Concept & Progress Status & Outlook Conclusions

Collaboration

SA
BRE

SA
BRE

Adelaide University
Australian National University
Swinburne University
University of Melbourne

LNGS & GSSI
INFN Rome
University of Milano & INFN

Imperial College London

PNNL
Princeton University

Francis Froborg SABRE 12 / 13

Concept & Progress Status & Outlook Conclusions

Collaboration

SA
BRE

SA
BRE

Adelaide University
Australian National University
Swinburne University
University of Melbourne

LNGS & GSSI
INFN Rome
University of Milano & INFN

Imperial College London

PNNL
Princeton University

Francis Froborg SABRE 12 / 13

Australian	Na9onal	University	
Swinburne	University		
University	of	Adelaide		
University	of	Melbourne		
	
LNGS	&	GSSI	
INFN	Rome	
University	of	Milano	&	INFN		
	
Imperial	College	London		
	
LLNL	
PNNL	
Princeton	University		

SA
BRE

SA
BRE



Possible	addi9onal	Backgrounds	

56	

Isotope	 produc;on	 half-life	 Energy	 decay	
22Na	 cosmogenic	

a�va9on	
2.6y	 2.8MeV	 β+	+	γ	

3H	 intrinsic	or	
neutron	
a�va9on	

12.3y	 18.6keV	 β-	

125I	 cosmogenic	
a�va9on	

59.4d	 67keV	 EC-γ,		
125Te	X-ray	

129I	 cosmogenic	
a�va9on	

107	y	 peak	at	
40keV;	up	
to	194keV	

β-,	
129Xe	γ	

210Pb	 Radon	 22.3y	 16+46keV	 β-	+	γ	

→ Radon	control	
→ Ground	transporta9on	and	underground	storage	

13/05/17	 D.	D'Angelo	



LNGS	 Stawell	

Neutron	Flux	(n/s/cm2)	 4	x	10-6	 7	x	10-6	
Gamma-rayflux	<3MeV	(γ/s/cm2)	 0.73	 ~1	
Rock	Hall	238U		(ppm)	 6.8-0.42-0.66	 0.64	
Rock	Hall	232Th	(ppm)	 2.2-0.06-0.06	 1.63	

Concrete	238U		(ppm)	 1.05	 <1.86	(wall)	
<2.18	(floor)	

Concrete	232Th	(ppm)	 0.66	 3.84	(wall)	
3.49	(floor)	

Radon	Bq/m3		

(12	day	accumula9on)	 ~50	 408±40	(free	air)	
36±5	(comp.	air)	

Muon	Flux	(μ/h/m2)	 ~1.2	 to	be	measured	

SUPL	Background	measurements	summary	

57	13/05/17	 D.	D'Angelo	



58	

Counting%Recoils:%KIMS%

   CsI  vs  NaI 
 

 Better PSD than NaI(Tl) 
 Less Hygroscopic 
 High cesium radioisotopes 
      Reduce 137Cs in processing (water) 

      134Cs (τ ½ = 2 y) cosmogenic activation 

      Reduce 87Rb (in Cs ore)  

   via repeated recrystallization 

       
Bkd achieved: 2~3 cpd/kg/keV 

KIMS (Yangyang Lab, Korea - 2400 mwe) 

12  CsI(Tl) crystals = 104 kg  

Priscilla%Cushman% SLAC%2014%Summer%Institute% 43 13/05/17	 D.	D'Angelo	



KIMS	CsI	

59	

Annual%Modulation%%
in%other%experiments%

KIMS Ann Mod amp  
is consistent with null,   
incl. the exp. decay of  134Cs. 
 
The 90%  upper limit of  KIMS amplitude is  
      comparable to DAMA’s ann mod  
            (0.0189 cpd/kg/keV) 

Priscilla%Cushman% 46 

KIMS 

requires a low threshold for DAMA check 

CoGeNT sees  
a 2.2 σ effect 

13/05/17	 D.	D'Angelo	



CDMS	
•  Loca9on:	Soudan	Mine	in	Minnesota,	780m	deep	

•  Detectors:	towers	of	Ge	and	Si	detectors	

•  Hybrid	detectors:	bolometers	and	solid	state	

•  Opera9ng	temperature:	~50mK	

•  CDMS-II	mass:	MSi	~	1.5	Kg	+	MGe	~	3.8Kg	

•  SuperCDMS	mass:		MSi	~	1.8	Kg	+	MGe	~	5Kg		

60	

CDMS II – the Z-sensitive Ionization and 
Phonon (ZIP) Detectors

7/20/16 Danielle H. Speller, UC Berkeley - IDM 2016

Outer charge 
guard ring (3mm) Inner charge 

electrode

Phonon sensors

Collection of :
-Ionization (Charge electrodes)
-Athermal phonons (TESs)
à Event by event discrimination between 
nuclear and electron recoil events 4

Background Discrimination in CDMS II

7/20/16 Danielle H. Speller, UC Berkeley - IDM 2016

NUCLEAR RECOILS ELECTRON RECOILS

Ionization Yield = (Ionization)
(Recoil energy inferred from phonons)

Ionization yield for nuclear recoils is lower than 
for electron recoils à Excellent discrimination

Recoil Energy (keV)

Io
ni

za
tio

n 
Y

ie
ld

Electron Recoils 
(Background)

Nuclear Recoils 
(Signal Region)

5
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The	CDMS-II	Si	result		
•  Efficiency	of	electron	and	gamma	

background	rejec9on:	99.9%	
•  WIMP	search	energy	reagion:	

10-150	keV	
•  3	events	pass	the	event	selec9on	

criteria	
•  Expected	background:	~0.7	events.	

Probability	to	be	explained	as	
background-only:	0.19%	

•  Spin-Independent	WIMP-nucleon	
elas9c	sca5ering:	~9GeV	WIMP	
mass	
–  Not	in	agreement	with	DAMA/

LIBRA	result	
–  In	agreement	with	COGENT	

result	
61	
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FIG. 2. Ionization yield versus recoil energy in all detectors
included in this analysis for events passing all signal criteria
except (top) and including (bottom) the phonon timing crite-
rion. The curved black lines indicate the signal region (-1.8�
and +1.2� from the mean nuclear recoil yield) between 7 and
100 keV recoil energies for detector 3 in Tower 4, while the
gray band shows the range of charge thresholds across de-
tectors. Electron recoils in the detector bulk have yield near
unity. The data are colored to indicate recoil energy ranges
(dark to light) of 7–20, 20–30, and 30–100 keV to aid the
interpretation of Fig. 3.

of data taking (⇠24 hours ).
In yield, events were required to be within +1.2� and

�1.8� from the mean of the nuclear recoil yield. Can-
didate events were also required to have phonon pulse
timing consistent with a nuclear recoil. In order to take
advantage of the fact that the timing parameters are
better measured at high energies, the phonon timing
data-selection cut was optimized in three energy bins:
7–20 keV, 20–30 keV, and 30–100 keV [23]. Fig. 1 shows
the nuclear-recoil e�ciency i.e., the estimated fraction of
nuclear recoils at a given energy that would be accepted
by these signal criteria, measured using nuclear recoils
from 252Cf calibration. The abrupt changes in e�ciency
are due to the di↵erent detector thresholds and changes
to the timing cuts in the three energy bins. Signal ac-
ceptance was measured using nuclear recoils from 252Cf
calibration. After applying all selection criteria, the ex-
posure of this analysis is equivalent to 23.4 kg-days over
a recoil energy range of 7–100 keV for a WIMP of mass
10 GeV/c2.

Neutrons from cosmogenic or radioactive processes
can produce nuclear recoils that are indistinguishable
from those from an incident WIMP. Simulations of the
rates and energy distributions of these processes using
GEANT4 [24] lead us to expect < 0.13 false candidate
events (90% confidence level) in the Si detectors from
neutrons for this exposure with all e�ciencies included.

A greater source of background is the misidentifica-
tion of surface electron recoils, which may su↵er from re-
duced ionization yield and thus contribute events to the
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FIG. 3. Normalized ionization yield (standard deviations
from the nuclear recoil band centroid) versus normalized
phonon timing parameter (normalized such that the median
of the surface event calibration sample is at -1 and the cut
position is at 0) for events in all detectors from the WIMP-
search data set passing all other selection criteria. The black
box indicates the WIMP candidate selection region. The data
are colored to indicate recoil energy ranges (dark to light) of
7–20, 20–30, and 30–100 keV. The thin red curves on the bot-
tom and right axes are the histograms of the data, while the
thicker green curves are the histograms of nuclear recoils from
252Cf calibration data; both are normalized to have the same
arbitrary peak value.

WIMP-candidate region; these events are termed “leak-
age events”. Prior to looking at the WIMP-candidate
region (unblinding), the expected leakage was estimated
using the rate of single scatter events with yields consis-
tent with nuclear recoils from a previously unblinded Si
dataset [25] and the rejection performance of the timing
cut measured on low-yield multiple-scatter events from
133Ba calibration data. Two detectors used in this anal-
ysis were located at the end of detector stacks, so scatters
on their outer faces could not be tagged as multiple scat-
ters. The rate of surface events on the outer faces of these
two detectors were estimated using their single-scatter
rates from a previously unblinded dataset presented in
[25] and the multiples-singles ratio on the interior de-
tectors. The final pre-unblinding estimate for misidenti-
fied surface electron-recoil event leakage into the signal
band in the eight Si detectors was 0.47+0.28

�0.17(stat.) events.
This initial leakage estimate informed the decision to un-
blind. After unblinding, we developed a Bayesian es-
timate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[21, 25]. Multiple-scatter events below the electron-recoil
ionization-yield region from both 133Ba calibration and
the WIMP-search data were used as inputs to this model.
Because the WIMP-search sample is sparser compared
to the calibration data, the combined estimates are more
heavily weighted towards the calibration data leakage es-
timates. Additionally the leakage estimate is corrected
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of data taking (⇠24 hours ).
In yield, events were required to be within +1.2� and

�1.8� from the mean of the nuclear recoil yield. Can-
didate events were also required to have phonon pulse
timing consistent with a nuclear recoil. In order to take
advantage of the fact that the timing parameters are
better measured at high energies, the phonon timing
data-selection cut was optimized in three energy bins:
7–20 keV, 20–30 keV, and 30–100 keV [23]. Fig. 1 shows
the nuclear-recoil e�ciency i.e., the estimated fraction of
nuclear recoils at a given energy that would be accepted
by these signal criteria, measured using nuclear recoils
from 252Cf calibration. The abrupt changes in e�ciency
are due to the di↵erent detector thresholds and changes
to the timing cuts in the three energy bins. Signal ac-
ceptance was measured using nuclear recoils from 252Cf
calibration. After applying all selection criteria, the ex-
posure of this analysis is equivalent to 23.4 kg-days over
a recoil energy range of 7–100 keV for a WIMP of mass
10 GeV/c2.

Neutrons from cosmogenic or radioactive processes
can produce nuclear recoils that are indistinguishable
from those from an incident WIMP. Simulations of the
rates and energy distributions of these processes using
GEANT4 [24] lead us to expect < 0.13 false candidate
events (90% confidence level) in the Si detectors from
neutrons for this exposure with all e�ciencies included.

A greater source of background is the misidentifica-
tion of surface electron recoils, which may su↵er from re-
duced ionization yield and thus contribute events to the
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FIG. 3. Normalized ionization yield (standard deviations
from the nuclear recoil band centroid) versus normalized
phonon timing parameter (normalized such that the median
of the surface event calibration sample is at -1 and the cut
position is at 0) for events in all detectors from the WIMP-
search data set passing all other selection criteria. The black
box indicates the WIMP candidate selection region. The data
are colored to indicate recoil energy ranges (dark to light) of
7–20, 20–30, and 30–100 keV. The thin red curves on the bot-
tom and right axes are the histograms of the data, while the
thicker green curves are the histograms of nuclear recoils from
252Cf calibration data; both are normalized to have the same
arbitrary peak value.

WIMP-candidate region; these events are termed “leak-
age events”. Prior to looking at the WIMP-candidate
region (unblinding), the expected leakage was estimated
using the rate of single scatter events with yields consis-
tent with nuclear recoils from a previously unblinded Si
dataset [25] and the rejection performance of the timing
cut measured on low-yield multiple-scatter events from
133Ba calibration data. Two detectors used in this anal-
ysis were located at the end of detector stacks, so scatters
on their outer faces could not be tagged as multiple scat-
ters. The rate of surface events on the outer faces of these
two detectors were estimated using their single-scatter
rates from a previously unblinded dataset presented in
[25] and the multiples-singles ratio on the interior de-
tectors. The final pre-unblinding estimate for misidenti-
fied surface electron-recoil event leakage into the signal
band in the eight Si detectors was 0.47+0.28

�0.17(stat.) events.
This initial leakage estimate informed the decision to un-
blind. After unblinding, we developed a Bayesian es-
timate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[21, 25]. Multiple-scatter events below the electron-recoil
ionization-yield region from both 133Ba calibration and
the WIMP-search data were used as inputs to this model.
Because the WIMP-search sample is sparser compared
to the calibration data, the combined estimates are more
heavily weighted towards the calibration data leakage es-
timates. Additionally the leakage estimate is corrected
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CoGeNT	
•  CoGeNT	(Coherent	Germanium	Neutrino	Technology)	

–  Originally	thought	for	neutrino	coherent	sca5ering,	now	fully	a	DM	project.	

•  Loca9on:	Soudan	mine	in	Minnesota,	780m	deep	
•  Opera9on	years:	Dec	2009	–	May	2013	
•  Single	440	g	PPC	(p-Type	Point	Contact)	Germanium	detector		
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The	CoGeNT	result	
•  3.4y	data	
•  Excellent	background	fit	
•  Excess	of	events	

–  but	background-only	hypothesis	is	
only	excluded	at	1.9σ	

•  Modula9on	observed	
–  2011:	2.8σ	
–  2014:	2.2σ	

•  Problem:	it	implies	a	WIMP	signal	
modula9on	as	large	as	35-65%	

–  requires	a	non-maxwellian	velocity	
distribu9ons	in	the	halo	

63	

High	Purity	Germanium	

CoGeNT 440	g	PPC	at	Soudan	Lab		
										with	500	eVee	threshold	
 
 
CDEX at	deep	Jin-Ping		Lab:			
	PPC	+	NaI(Tl)	Compton	veto,			
475	eVee	threshold	
20g	è	1	kg	è	10	kg	è	1T		

	 	 	 	 	(0νββ with	76Ge	enrichment)	
		

TEXONO  at	Kuo	Sheng	Reactor	(30mwe)	
PPC	(1	kg)		moved	to	CDEX		(Jin	Ping	Lab)	
Also	studying	n-type	HPGe		
for	νe coherent	scarering	

PRL	107	(2011)	141301	

arXiv:1401.3295	
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CRESST-II	Detectors	

64	

300g	scin;lla;ng	
CaWO4	crystal	

Heat	sensor	

Light	detector	 Heat		sensor	

Light	reflector	
(scin9lla9ng)	

•  Loca9on:	LNGS	
•  CaWO4	scin9lla9ng	bolometers	
•  Hybrid	detectors:	phonons	and	

light		
•  Opera9ng	temperature:	14mK	
•  18x	300g	detectors:	~6kg	total	

mass	
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CRESST	

65	

Paolo Gorla - LNGSIDM 2016 - Sheffield 13

300 g Detector Module

W-thermometer

light detector phonon detector

CaWO4 crystal

W-thermometer

clamps 
holding the
crystal

light absorber 

scintillating 
reflector

Paolo Gorla - LNGSIDM 2016 - Sheffield

The CRESST Experiment  
Cryogenic Rare Event Search with Superconducting Thermometers

14

Inner PE 
neutron shield

Dilution 
Refrigerator

Neutron 
PE shield

Muon veto

20 cm Pb

14 cm Cu

Detectors

CRESST detectors need to be operated at ~14 mK. The 
CRESST facility (Dilution refrigerator) provides a low 

background, low vibration, ~10 mK experimental volume.
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CRESST-II	Phase-1	2011	
•  Exposure:	730	kg	day	
•  Signal	region:	10-40keV	
•  Counts:	67	events	
•  Expected	background:	

66	

6 G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search

Fig. 6. (Color online) The data of one detector module (Ch20),
shown in the light yield vs. recoil energy plane. The large num-
ber of events in the band around a light yield of 1 is due to
electron and gamma background events. The shaded areas in-
dicate the bands, where alpha (yellow), oxygen (violet), and
tungsten (gray) recoil events are expected. Additionally high-
lighted are the acceptance region used in this work (orange),
the reference region in the ↵-band (blue), as well as the events
observed in these two regions. See text for discussion.

most of its energy in the clamp before reaching the target
crystal, it can appear at low energy. The rate of such
↵-events di↵ers by some factor of two among the detector
modules (see Section 4.2).

Secondly, Fig. 6 shows a characteristic event popula-
tion in and below the tungsten band around 100 keV. This
is present in all detector modules, albeit the number of
events varies. This population can be attributed to the
lead nuclei from 210Po ↵-decays on the holding clamps
(see Section 2.4). The distribution of these events exhibits
a low-energy tail, with decreasing density towards lower
energies. In spite of this decrease, there are detector mod-
ules (the ones with a high population of such lead events)
in which the tail visibly reaches down to energies as low
as a few tens of keV.

Finally, low energy events are present in the oxygen,
(calcium,) and tungsten bands at energies up to a few tens
of keV, i.e. in the region of interest for the WIMP search.
These events will be the main focus of our discussion in
the following. We start by defining the acceptance region
on which the discussion will be based.

3.3 Acceptance Region

Depending on the mass of a possible WIMP, any of the
nuclei in CaWO4 can be a relevant target for WIMP scat-
tering as discussed above. We therefore choose our accep-
tance region such that it includes all three kinds of nu-
clear recoils: it is located between the upper boundary of
the oxygen band and the lower boundary of the tungsten
band. This selection automatically includes the calcium
band.

module Emin
acc [keV] acc. events

Ch05 12.3 11

Ch20 12.9 6

Ch29 12.1 17

Ch33 15.0 6

Ch43 15.5 9

Ch45 16.2 4

Ch47 19.0 5

Ch51 10.2 9

total - 67

Table 1. Lower energy limits Emin
acc of the acceptance regions

and the number of observed events in the acceptance region of
each detector module.

We restrict the accepted recoil energies to below
40 keV, since as a result of the incoming WIMP veloc-
ities and nuclear form factors, no significant WIMP signal
is expected at higher energies. On the other hand, to-
wards low energies the finite detector resolution leads to
an increasing leakage of e/�-events into the nuclear recoil
bands. We limit this background by imposing a lower
energy bound E

min
acc in each detector module, chosen such

that the expected e/�-leakage into the acceptance region
of this module is one event in the whole data set. Due to
the di↵erent resolutions and levels of e/�-background in
the crystals, each module is characterized by an individ-
ual value of Emin

acc . Table 1 lists the values of Emin
acc for all

modules.
An example of the resulting acceptance region is shown

(orange) in Fig. 6 and the events observed therein are
highlighted. In the sum over all eight detector modules,
we then find 67 accepted events, the origin of which we
will discuss in the following. Table 1 shows the distribu-
tion of these events among the di↵erent detector modules.
Since Emin

acc as well as the width of the bands are module-
dependent, di↵erent modules have di↵erent sized accep-
tance regions and thus di↵erent expectations with respect
to background and signal contributions.

3.4 Backgrounds in the Acceptance Region

With the above choice of the acceptance region, four
sources of background events can be identified:

1. leakage of e/�-events at low energies,
2. ↵-events due to overlap with the ↵-band,
3. neutron scatterings which mainly induce oxygen recoils

in the energy range of interest, and
4. lead recoils from ↵-decays at the surface of the clamps,

degraded to low energy.

In the following, we estimate the contribution of each of
these backgrounds and finally investigate a possible excess
above this expectation. When present, such an excess may
be the result of WIMP scatterings in our detectors, or of
course an unsuspected background.

one	crystal	only	

Eur.	Phys.	J.	C	(2012)	72:1971	
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Table 4 Results of the maximum likelihood fit. Shown are the ex-
pected total contributions from the backgrounds considered as well
as from a possible WIMP signal, for the parameter values of the
two likelihood maxima. The small statistical error given for the e/γ -
background reflects the large number of observed events in the e/γ -
band. The other errors correspond to a 1σ confidence interval as de-
termined by MINOS (see Sect. 5.1). The corresponding WIMP mass
and interaction cross section are listed for each of the two likelihood
maxima

M1 M2

e/γ -events 8.00 ± 0.05 8.00 ± 0.05

α-events 11.5+2.6
−2.3 11.2+2.5

−2.3

Neutron events 7.5+6.3
−5.5 9.7+6.1

−5.1

Pb recoils 15.0+5.2
−5.1 18.7+4.9

−4.7

Signal events 29.4+8.6
−7.7 24.2+8.1

−7.2

mχ [GeV] 25.3 11.6

σWN [pb] 1.6 · 10−6 3.7 · 10−5

6.1 Resulting fit parameters

We find that the total likelihood function has two maxima in
the parameter space, which we denote M1 and M2, respec-
tively. M1 is the global maximum, but M2 is only slightly
disfavored with respect to M1. We will hence discuss both
solutions in the following.

Table 4 shows the expected contributions of the back-
grounds and of a possible WIMP signal in the two likeli-
hood maxima. The background contributions are very sim-
ilar for M1 and M2: The expected e/γ -background is one
event per module according to the choice of the acceptance
region, with a negligible statistical uncertainty due to the
large number of events in the e/γ -band. The lead recoil and
the α-background are similar to our simple estimates given
in Sect. 4. Both these backgrounds are slightly larger than
the contribution from neutron scatterings. In the context of
the latter, the fit assigns roughly half of the coincident events
to neutrons from a radioactive source and to muon-induced
neutrons, respectively. This translates into about 10 % of the
single neutron background being muon-induced.

In both likelihood maxima the largest contribution is as-
signed to a possible WIMP signal. The main difference
between the two likelihood maxima concerns the best-fit
WIMP mass and the corresponding cross section, with mχ =
25.3 GeV in case of M1 and mχ = 11.6 GeV for the
case M2. The possibility of two different solutions for the
WIMP mass can be understood as a consequence of the dif-
ferent nuclei present in our target material. The given shape
of the observed energy spectrum can be explained by two
sets of WIMP parameters: in the case of M1, the WIMPs are
heavy enough to detectably scatter off tungsten nuclei (cp.
Fig. 1), about 69 % of the recoils are on tungsten, ∼25 % on
calcium and ∼7 % on oxygen, while in M2, oxygen (52 %)

Fig. 12 Energy spectrum of the accepted events from all detector
modules, together with the expected contributions from the considered
backgrounds and a WIMP signal, as inferred from the likelihood fit.
The solid and dashed lines correspond to the fit results M1 and M2,
respectively (Color figure online)

and calcium recoils (48 %) constitute the observed signal
and lead to a similar spectral distribution in terms of the re-
coil energy. The two possibilities can, in principle, be dis-
criminated by the light yield distribution of the signal events.
However, at the low recoil energies in question, there is con-
siderable overlap between the oxygen, calcium, and tung-
sten bands, so that we can currently not completely resolve
the ambiguity. This may, however, change in a future run of
the experiment.

Figure 12 illustrates the fit result, showing an energy
spectrum of all accepted events together with the expected
contributions of backgrounds and WIMP signal. The solid
lines correspond to the likelihood maximum M1, while the
dashed lines belong to M2. The complicated shape of the
expectations is the result of taking into account the energy-
dependent detector acceptances. In particular, the different
energy thresholds of the individual detector modules lead to
a steep increase of the expectations when an additional mod-
ule sets in.

We note that neither the expected α- or lead recoil back-
grounds nor a possible neutron background resemble a
WIMP signal in terms of the shape of their energy spec-
trum. Even if our analysis severely underestimated one of
these backgrounds, this could therefore hardly be the expla-
nation of the observed event excess.

On the other hand, the leakage of e/γ -events rises steeply
towards low energies and one may be tempted to consider a
strongly underestimated e/γ -background as the source of
the observation. However, in addition to the energy spec-
trum, also the distribution in the light yield parameter needs
to be taken into account. Figure 13 shows the corresponding
light yield spectrum of the accepted events, together with the
expectations from all considered sources. Again, the shape

4.7σ	 4.2σ	
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CRESST-II	Phase-2	Results	

67	
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CRESST-III: go for the small
To improve sensitivity to low 
masses a radical change of 
strategy: 

19
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CRESST-III	
24g	crystals	

100eV	threshold	
Status:	commissioning	
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