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Search for Dark Matter 

• clear evidence for dark matter on 
different scales  

• observation of dark matter  
based on gravitational pull only 

• undiscovered new particles as a 
well motivated candidate to 
explain dark matter 

• direct detection: search for dark 
matter via elastic scattering of relic 
dark matter in the detector

2

http://cdms.berkeley.edu/Education/DMpages/science/directDetection.shtml



Dark Matter searches by Annual Modulation

• small interaction rate of dark 
matter expected 

• excellent knowledge of 
background required to identify  
dark matter signal 

• movement of earth in dark matter 
wind leads to annual modulation  
of dark matter signal  

• size of modulation amplitude 
~10% (threshold dependent)
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(http://arxiv.org/abs/1209.3339)



Annual Modulation of Dark Matter Interaction Rate

• DAMA/LIBRA experiment searches for dark  
matter via annual modulation of signal rate 

• operation of radiopure NaI(Tl)-crystals and detection of  
scintillation light from dark matter scattering 

• residual signal shows clear sign for an annual modulation of 
interaction rate in the energy region of 2-6 keVee
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16 26. Dark matter

the quality of the fluid and to run with C3F8. The final goal is to build PICO-250L, a
ton scale detector.

SIMPLE [30], an experiment using superheated liquid C2ClF5 droplet detectors run
at Laboratoire Souterrain de Rustrel, has completed its ”phase II”, without bringing
better limits than the experiments cited above. The collaboration intends to switch to
the bubble chamber technology.
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Figure 26.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [65], CDMS-Si, and
CoGeNT enclosed areas are regions of interest from possible signal events.
References to the experimental results are given in the text. For context, the blue
shaded region shows a scan of the parameter space of the pMSSM, a version of
the MSSM with 19 parameters, by the ATLAS collaboration [66], which integrates
constraints set by LUX and ATLAS Run 1; the favored region is around 10−10 pb
and 500 GeV.

Figures 26.1 and 26.2 illustrate the limits and positive claims for WIMP scattering
cross sections, normalized to scattering on a single nucleon, for spin independent and spin
dependent couplings, respectively, as functions of WIMP mass. Only the two or three
currently best limits are presented. Also shown are constraints from indirect observations
(see the next section) and a typical region of a SUSY model after the LHC run-1 results.
These figures have been made with the dmtools web page [64].

Table 25.1 summarizes the best experimental performances in terms of the upper limit
on cross sections for spin independent and spin dependent couplings, at the optimized

October 1, 2016 19:59

Interpretation of Annual Modulation as Dark Matter 

• interpretation of 
annual modulation as 
dark matter scattering 

• standard astrophysical 
assumptions for WIMP 
density and velocity 

• preferred mass and 
cross-section area 
excluded by other 
dark matter 
experiments 
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mΧ≈ 50 GeV ; σΧn ≈ 7·10-6 pb 
mΧ≈ 6-10 GeV ; σΧn ≈ 10-3 pb

PDG: Chin.Phys. C40 (2016) no.10,100001
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Annual Modulation - what do we know?

• statistically significant observation of annual modulated rate of events 
observed through NaI(Tl) scintillation light 

• origin of underlying process is unknown 

• observation is consistent with expectation from dark matter 
scattering modulated by annual changes of dark matter relative velocity 

• detailed systematic studies cannot explain annual fluctuation by 
background processes  

• assumptions: quenched scintillation light, together with standard 
astrophysical assumption could explain signal modulation via dark 
matter-nucleus scattering
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Measurement of Recoil Energy - Signal Quenching

• amount of scintillation 
light produced depends 
on underlying scattering 
process (“quenching”) 

• origin of scattering 
process unknown and 
size of total deposited 
energy undetermined  

• origin of annual 
modulation hindered 
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→measurement of total energy  
independent from scattering process

Quenching factor for NaI(Tl) 
for Na recoils



Detection of Dark Matter Scattering
• better 

understanding of 
underlying 
scattering process 
by scintillation 
light independent 
energy  
measurement  

• measurement of 
energy via  
phonon / heat 
channel
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NaI based 
experiments 

COSINUS (NaI)



The Cosinus Collaboration

about 20 scientists from seven institutions from  
Germany, Italy and Austria: 

i. Max-Planck-Institut für Physik- D-80805 München - Germany 
ii. INFN - Sezione di Milano-Bicocca, I-20125 Milano - Italy 
iii. Dipartimento di Fisica, Universita di Milano-Bicocca, I-20126 Milano - Italy 
iv. Institut fur Hochenergiephysik, Österreichische Akademie der 

Wissenschaften, A-1050 Wien - Austria 
v. Atominstitut, Technische Universität Wien, A-1020 Wien - Austria 
vi. INFN - Laboratori Nazionale del Gran Sasso, I-67010 Assergi (AQ) - Italy 
vii. Gran Sasso Science Institute, I-67100 L'Aquilla - Italy
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The COSINUS Experiment - Detection Principle
• cryogenic operation of 

NaI-crystal  

• simultaneous read-out of  

• phonon channel:  
particle independent 
measurement of 
deposited energy  
(= nuclear recoil energy) 

• (scintillation) light:  
different response for 
signal and background 
events for background 
rejection (“quenching”)

NaI target crystal

carrier crystal (e.g. CdWO4)
TES

Si beaker as light absorber

Interface

TES
Thermal link

Thermal link
TES

TES
Thermal link

Thermal link
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→separation between nuclear 
scattering and  

β/γ background events



COSINUS - Expected Performance

Black: β/γ-background 
   flat  1c /(keV kg day) 

+ 40K: 600μBq/kg


Eur. Phys. J. C  (2016) 76:441 

Red: 10 GeV/c2 WIMP with 
2 10-4 pb (Savage et al.) 
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dependent couplings, respectively, as functions of WIMP mass. Only the two or three
currently best limits are presented. Also shown are constraints from indirect observations
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Light yield = Light signal / Phonon signal

Quenching factors by V. Tretyak, 
Astropart. Phys. 33, 40 (2010) 



COSINUS - Expected Performance

• threshold of 1 keV nuclear recoil 
• 4% of deposited energy measured as scintillation light

DAMA/LIBRA 
2-6 keVee Signal

Energy # Events Fraction
1-2 keV 1078 45 %

2-6 keV 1262 53 %

> 6 keV 46 2 %

TOTAL 2386 100 %

Simulation of  
WIMP-events 

(100 kg d  before cuts)
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DESIGN  

GOALS



The COSINUS Experiment - Challenges 

• NaI is hygroscopic 
→ requires careful handling in glove box 

• high contamination with 40K  
emission of ~3 keV Auger electron 
possible   

• small signal amplitude 
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First NaI-Prototype and Mounting in Cryostat

Construction and operation of first 
detector module for cryogenic operation

Light detector 
(Silicon on Sapphire + TES)

NaI phonon detector 
(undoped)

Decoupling system 
to reduce  

microphonic noise

Copper

housing
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5 cm of Pb to shield radioactivity

from the dilution unit of the cryostat

30x30x20 mm3 (66g)

CdWO4 carrier crystal

surrounded by  
reflecting foil



NaI-crystal - Prototype Performance

241Am

I escape

Na recoil band

I recoil band

10 keV threshold

e 
- /gamma band
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arXiv: 1705.11028 

→first successful  
measurement of NaI crystal  

as cryogenic detector
hits of the  

CdWO4 carrier 

Na and I recoil  
band empty

light 

phonon



NaI-crystal - Prototype Performance

• energy 
threshold:  
10 keV 

• 3.7% of 
energy from 
γ/β-events 
deposited in 
detector is 
measured as 
scintillation 
light 

16

241Am

I escape

55Fe

10 keV threshold

 arXiv 1705.11028

exposure after cuts: 0.46 kg d 

→improvement of detector  
performance needed 



Future Plans 

• optimisation of performance 

• improve light yield and lower threshold 

• measurement of quenching factors 

• new prototypes with improved light yield 

• proof of particle discrimination using neutrons

17

beaker shape light detector 
of high  

purity silicon 
→improved light detection 

about 10 kg d needed  
to clarify if events originate  

from nuclear recoils



Summary and Conclusion 

• DAMA/LIBRA experiment observes annual modulation of 
rate based on scintillation measurements from NaI(Tl)  

• simultaneous measurement of phonon energy (= total 
energy) provides additional information on scattering 
process including γ/β-background rejection 

• COSINUS is an R&D project aiming for cryogenic 
operation of NaI-crystals and measurement of total energy  

• COSINUS achieved first successful measurement of NaI-
crystal as a cryogenic calorimeter
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Additional Material
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3 keV Auger electron emitted together 
with the 1.46 MeV gamma quantum

Typically high contamination with 40K


