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THE DAMA/LIBRA MODULATION 
Modulation 
•  1 year period 
•  Peaked end of May 
•  WIMP signal peaked 

beginning of June 
•  9σ significance 

Amplitude 
•  Peaked at ~3 keVe 
•  Prominent in 2-6 

keVe 

Remarks 
•  Detector makes use 

of an array of 250 kg 
high purity NaI 
(unique) 

•  Observation can be 
explained in the 
WIMPs framework 
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THE LOW-MASS 
STRUGGLE 
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FIG. 5. WIMP parameter space for spin-independent (⇠A2)
WIMP-nucleon scattering. The 90% C.L. upper limit (solid
red) is depicted together with the expected sensitivity (1�
C.L.) from the background-only model (light red band). The
CRESST 2� contour reported in [3] is shown in light blue.
The dash-dotted red line refers to the reanalyzed data from
the CRESST commissioning run [22]. Shown in green are the
limits (90% C.L.) from Ge-based experiments: SuperCDMS
(solid)[7], CDMSlite (dashed) [23] and EDELWEISS (dash-
dotted) [24]. The parameter space favored by CDMS-Si [4]
is shown in light green (90% C.L.), the one favored by Co-
GeNT (99 % C.L. [2]) and DAMA/Libra (3� C.L. [25]) in
yellow and orange. The exclusion curves from liquid xenon
experiments (90% C.L.) are drawn in blue, solid for LUX [6],
dashed for XENON100 [5]. Marked in grey is the limit for
a background-free CaWO4 experiment arising from coherent
neutrino scattering, dominantly from solar neutrinos [26].

masses and, thus, to clarify the nature of the higher mass
maximum (M1). This will be the subject of a blind anal-
ysis of additional data collected during the currently on-
going run.

The improved performance of the upgraded detector
manifests itself in a significantly improved sensitivity of
CRESST-II for very low WIMP masses. This can be
seen by comparing the current limit (solid red line) using
the data of a single detector to the one obtained from
the reanalyzed commissioning run data (dash-dotted red
line) [22]. For WIMP masses below 3 GeV/c2 CRESST-
II probes new regions of parameter space, previously not
covered by other direct dark matter searches.

The sensitivity for light WIMPs can be improved in
future runs by further reducing the background level and
enhancing the detector performance. Such improvements
are realistic and substantial gains in sensitivity for low
WIMP masses are possible, even with a moderate target
mass.
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A COMPLEX SCENARIO 
•  DAMA/LIBRA (DL) results (and other positive low mass results) are 

“excluded” by several other experiments.  

•  DL (and CoGeNT) observes DM annual modulation, while all others are 
counting experiments.  

•  No other experiments is using NaI as target material. 

•  Theoretical attempts to let DL coexist with other results:  
NO clear conclusion. 

•  Attempts to explain DL in terms of background have been made 

•  40K 
•  cosmogenic (and environmental) background 
NO clear conclusion 

•  DL has done an excellent job. Strong arguments to sustain the result. 
NO trivial mistake. 
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SABRE KEY 
FEATURES 

Detect Dark Matter annual modulation in NaI crystals 
1.  New radio-pure NaI crystals 

1.  Higher purity NaI powder than ever achieved 
2.  Further purification during crystallization 
3.  Low background methods (used in Borexino and 

DarkSide) in handling and processing 
2.  New low-background and high-QE photosensors  

1.  3” PMTs. Hamamatsu R11065-20 (< 10mBq of gamma 
from U and Th) or upcoming 4” version. 

2.  SiPM. Should be below 1mBq. R&D in progress. 
3.  Active Background rejection with liquid scintillator. 
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THE 40K ISSUE 



RADIO-PURE POWDER 
(USA WAY) 
4-year work at Princeton University. 
Purify precursors of NaI: Na2CO3  
 Element MV laboratories Sigma Aldrich 

“Astro-Grade” 
DAMA powder 

K 12ppb 3.5 ppb 
(18 ppb) 

<100ppb 
(13 ppb in crystal) 

Rb 14ppb 0.2 ppb not reported 
Th <200ppt 

~ 3.5ppt* 
<1700ppt 
<1ppt* 

20ppt 

U <100ppt 
<1ppt* 

<500ppt 
<1ppt* 

20ppt 

* Preliminary by means of ICP-MS dilution method at PNNL 
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STD-purity crystal grown at RMD, high-purity in process 



RADIO-PURE CRYSTAL 
(ITALIAN-CHINESE WAY) 

Contacts taken with SICCAS company in Shanghai (China). 
Excellent experience in TeO2 for CUORE ββ decay 
experiment. 
Now starting a facility for high-purity NaI crystals. 
R&D on powders started in collaboration with I.N.F.N. 
Test crystal growth funded in 2015. 
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Fig.3 Views from the new production facility for NaI:Tl crystals (clockwise): growth charge preparation room; dry room 

general view; dry room (cutting polishing); NaI:Tl scintillators ready for use 
 

 
 

  
 

  
Fig.4 New production site of the company Kunshan Jincheng Chemical Reagent Co. Ltd (clockwise): KJCR headquarters; 

KJCR industrial buildings; KJCR offices; photo with KJCR management 
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WORK PLAN 
•  Test background rejection in liquid scintillator using 

DarkSide neutron-veto: 
•  Module insertion system is being finalized in Princeton. 
•  1° deployment with standard NaI crystal scheduled 

 before end of 2014. 
•  2° deployment with high purity NaI by RMD (Boston, USA) 

scheduled beginning of 2015. 
•  3° deployment with high purity NaI by SICCAS (Shanghai, 

China), mid 2015? 
•  Make a demostrator to test final design 

•  Make SABRE detector 
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CRYSTALS TEST IN 
DARKSIDE 
•  Coincidence with 

neutron-veto detector 
•  2-PMTs coincidence 

signal ORed with TPC 
trigger. 

•  NaI crystal inside 
water Cherenkov and 
active scintillator 
shielding 

•  3” diameter x 4” length 
cyclindrical  NaI crystal 
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Low radioactivity 
copper housing: 
U, Th < µBq/kg 
 



DEMONSTRATOR 

One SABRE detector in an 
active veto 

•  Installed in DarkSide-10 water 
shield 

•  VETO based on LAB 
scintillator 

•  4  high radiopurity PMTs. 

The device will allow to 
•  Study the purity of different 

crystals 
•  Study the optical read-out 

•  PMTs vs SiPMs. 

Davide D'Angelo for the SABRE coll. CoEPP-CAASTRO Workshop 2014: SABRE 15 



USING SIPM 
SiPMs exibts high QE 

> 40-50 % (limited only by fill factor) 
SiPMs exibit HIGH pe 
resolution 

Up to 5 % (compared to 30 % from PMT) 
Low dark rate at T < -50 ⁰C 

Better than 1 cps/mm² at 106 gain 
~2kHz for a surface equiv to a 
3”PMT. 

Radiopurity to be tested 
In principle can be very good: it is 

only high purity Si 
Cryogenic amplifiers can be 
used to sum up all the cells 

•  Radioclean electronics already 
available 
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DarkSide

É

• ultra+low+background+
feasible+

• currently+available+
commercial+solu'ons+
(SensL,+Hamamatsu,+
Advansid,+etc.)+

• 12x12+arrays+(sensi've+
area+∼+3”+PMT)+

• cheap,+robust,+compact+

• promising+
performances+@+LN

SiPM to enhance the LAr technology 

16DarkSide

FBK+interested+in+specific+
development+through+R&D+
agreement



DETECTOR SCHEME 
q  Cylinder : 1.5 m x 

1.5 m 
q  2 tons LAB 

scintillator 
q  10 8-inch PMTs 
q  Reflector in inner 

surface (>95%). 
q  Expected: 0.22 p.e./

keV 
q  Shielding: 25cm Pb 
q  Portable 
q  Minimum crystal 

array: ~50kg 
(7x8kg) 
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BACKGROUND SIMULATION 

Based on radio-purity of NaI powder  
(after crystal growth one could reach lower background rate) 

Davide D'Angelo for the SABRE coll. CoEPP-CAASTRO Workshop 2014: SABRE 18 



SABRE COLLABORATION 
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3 USA Institutions 

4 INFN sections (Milano, Roma, Napoli, LNGS) 



BEYOND SABRE: 
DOUBLING THE EFFORT 

Hypothesis: can the DAMA/LIBRA results be explained in term of 
environmental and/or cosmogenic background? 

 - Tens of papers written 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 



BEYOND SABRE: 
DOUBLING THE EFFORT 

Hypothesis: can the DAMA/LIBRA results be explained in term of 
environmental and/or cosmogenic background? 

 - Tens of papers written on the subject: no clear conclusion 

Need to perform the new measurement in two separate underground 
sites, using twin detectors. 
Ideally the second location should be in southern hemisphere. 

 LNGS + STAWELL MINE would do the trick. 

SABRE project is proceeding well with US and INFN efforts and has been 
approved by LNGS scientific comete. 

New collaborators could benefit from expertise in low-radioactivity 
techniques and results of R&D (crystals, photo-sensors, liquid 
scintillators). Welcome! 
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