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Evidence for Dark Matter
• Rotation curves of galaxies 

• Arms of spiral galaxies rotate faster than anticipated   

• Gravitational lensing  
• Light of distant galaxies is bent by gravitational potential 

• Temperature fluctuations of microwave background 
• Acoustic oscillations depend on dark matter density 

• Bullet cluster 
• Collision-less penetration of two massive galaxies  

• Structure formation 
• Observed present-day structure requires Dark Matter 

Several observations on astrophysical scales can not  
be explained with particles or forces from  

the Standard Model of Particle Physics 
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the anisotropies in the CMB. Located at the Earth-Sun L2 point (about a million miles from Earth), the satellite has
taken data continuously (most recently having released an analysis of seven years of operation) and is able to detect
temperature variations as small as one millionth of a degree. Due to the increased angular resolution of WMAP (and
through the use of computer codes which can calculate the CMB anisotropies given fundamental parameters such as
the baryon density) we now know the total and baryonic matter densities from WMAP:18

⌦mh
2 = 0.1334+0.0056

�0.0055, ⌦bh
2 = 0.02260± 0.00053, (5)

where ⌦mh
2 is the total matter density, and ⌦bh

2 is the baryonic matter density. The first essential observation is
that these two numbers are di↵erent; baryonic matter is not the only form of matter in the universe. In fact, the
dark matter density, ⌦dmh

2 = 0.1123± 0.0035, is around 83% of the total mass density. Locally, this corresponds to
an average density of dark matter ⇢dm ⇡ 0.3 GeV/cm3 ⇡ 5 ⇥ 10�28 kg/m3 at the Sun’s location (which enhanced
by a factor of roughly 105 compared to the overall dark matter density in the universe due to structure formation).
An analysis of the CMB allows for a discrimination between dark matter and ordinary matter precisely because the
two components act di↵erently; the dark matter accounts for roughly 85% of the mass, but unlike the baryons, it is
not linked to the photons as part of the “photon-baryon fluid.” Fig. (3) demonstrates this point extremely well; small
shifts in the baryon density result in a CMB anisotropy power spectrum (a graphical method of depicting the CMB
anisotropies) which are wholly inconsistent with WMAP and other CMB experiment data.
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FIG. 3: The CMB Anisotropy Power Spectrum for various values of ⌦b and ⌦dm (holding ⌦tot = 1) with WMAP year 7
data. The anisotropy power spectrum gives the level of temperature fluctuations on patches of various angular scales,

where a spherical version of a Fourier transform gives multipoles l, where roughly l = 180�/✓, with ✓ the angular scale in
degrees.

Analyses of the large scale structure of the universe also yield evidence for dark matter and help break degeneracies
present in the CMB data analysis. By calculating the distance to galaxies using their redshifts, cosmologists have
been able to map out the approximate locations of more than 1.5 million galaxies. For example, the Sloan Digital
Sky Survey (SDSS) has created 3-D maps of more than 900,000 galaxies, 120,000 quasars, and 400,000 stars during
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Direct Detection of Dark Matter - Basic Principle

• Weakly interacting massive particles scatter 
elastically with baryonic matter 

1.Recoil of nucleus leads to 

2.Deposition of energy followed by 

3.Measurement of deposited energy  

4.With at least one readout channel 

• Exact interaction rate (=cross section) and  
amount of deposited energy (=mass of dark matter 
particle) are unknown 

• Low mass dark matter requires sensitivity to 
low energy deposition ~ 10 eV
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Figure 21. Di↵erential rate versus nuclear recoil energy for 1 (upper left), 10 (upper right), 100 (lower
left) and 1,000GeV (lower right) WIMP masses assuming a spin-independent WIMP-nucleon cross section of
10�45 cm2, shown for Xenon (blue), Germanium (purple), Argon (green), Silicon (brown) and Neon (orange)
target.

the history of the field gives us confidence that progress will continue unabated through the next decade.
Beyond this point, sensitivity gains will begin to be limited by solar and atmospheric neutrino backgrounds.

10.2 Establishing a Discovery

Direct detection experiments must be able to detect the tiny (⇠keV) energy depositions of dark matter
while simultaneously excluding the background from standard model interactions at extraordinary levels
(<1 event/ton/year). In order for an observation of signal candidates in a given experiment to be convincing
evidence for WIMPs to the experimenters themselves, the results must be statistically significant (>3�) and
the estimate of the known backgrounds must be robust. In order to convince the community that WIMP
dark matter has been discovered, at least two such experiments with di↵erent targets and di↵erent systematic
e↵ects are required to provide evidence at the 5� level that is compatible with a single WIMP model, cross
section, and mass. Making some form of the experimental data public to the will help establish trust in the
result.

Robust estimate of experimental backgrounds requires use of in-situ experimental data to estimate known
backgrounds and to reduce the probability of the existence of any unknown backgrounds. Independent means

Community Planning Study: Snowmass 2013
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Scintillating Calorimeters - Detection Principle I

Simultaneous read-out of two  signals 

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

• (Scintillation) light:  
different response for  
signal and background events for 
background rejection (“quenching”)
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block-shaped target crystal
(with TES) 

reflective and 
scintillating housing

CaWO4 iSticks
(with holding clamps & TES)

light detector (with TES)

CaWO4 light detector holding 
sticks (with clamps) 



Scintillating Calorimeters - Detection Principle II

• Experiment operated at cryogenic temperature (~15 mK) 

• Nuclear recoil will deposit energy in the crystal leading 
to a temperature rise proportional to energy

�T / �Q

c ·m
ΘD:Debye  
temperature

• Detection of small energy depositions 
requires very small heat capacity c 

• Detection of temperature rise with 
superconductor operated at the phase 
transition from normal to superconducting

28 CHAPTER 2. THE CRESST EXPERIMENT
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Figure 2.2: A measured transition of a thin tungsten film from the normal to the superconduct-
ing state. Such a transition is used in CRESST to convert a small temperature variation DT into
a measurable resistance change DR.

particle. Based on this understanding, a quantitative model has been developed which
can explain the observed properties of CRESST signal pulses [41].

As a first step, a particle interaction in the target crystal creates a population of
high-frequency phonons with frequencies of O(THz). As the corresponding phonon
energies are in the meV range and thus large compared to thermal energies at the
cryogenic operating conditions, these phonons are called non-thermal. Their initial
frequency spectrum depends on the type of interaction (and thus on the interacting
particle), but they quickly start to decay due to lattice anharmonicities. The rate of
this decay is strongly frequency-dependent (proportional to n5

phonon) so that, after some
100 µs, the initial phonons have converted down to a phonon population with a roughly
uniform frequency of a few 100 GHz (still non-thermal at millikelvin temperatures).
Compared to the response time of the thermometer, these phonons are relatively stable,
and after a few surface reflections they uniformly fill the crystal. They can then either
be absorbed by the thermometer, thermalize in the crystal, or escape from the crystal
through its holding clamps into the heat bath.

When a non-thermal phonon enters the thermometer, it can efficiently be absorbed
by the free electrons of the metal film. In this case, its energy is quickly distributed
and thus thermalized among the electrons, heating up the electron system of the ther-
mometer. This provides a first, fast contribution to the measured temperature rise of
the thermometer film. The thermalized energy in the electron system will then mostly
escape to the heat bath via the thermal coupling of the thermometer.

Those phonons which thermalize in the crystal before being absorbed by the ther-
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Signal-Background Separation 

• Simultaneous readout of  
light and phonon channel 
allows background  
reduction 

• Less scintillation light for 
nuclear recoils   
(“quenching”) 

• Clear separation between 
signal and background  
at large ENR 

• Significant overlap of 
bands at low energies  
(= low mass dark matter)
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Background Simulation for CRESST  

• Geant4 based 
simulation of 
background 
contribution and 
composition  

• Simulation 
reproduces 
~80% of the 
observed events 
in the region of 
interest 
[1 keV, 40 keV]
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Energy Calibration using Neutron Capture Events 

• Several tungsten isotopes have 
a high cross-section 𝒪(20 b) for 
neutron-capture  

• Subsequent γ-emission with 
energy transfer to the nucleus 
→ nuclear recoil 

• γ escapes undetected  

• neutron capture of 182W (27%) 
produces a recoil energy of 
112.4 eV 

nth + 
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JINST 16 (2021) 07, P07032 

• Energy calibration performed with 
keV X-ray sources (e.g. 55Fe@5.9 
keV and 6,5 keV) and extrapolated 
towards lower energies 

• Calibration in 𝒪(100 eV) energy 
region is of great interest
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Energy Calibration using Neutron Capture Events 

• Irradiation with neutron source (252Cf, AmBe) 

• Significant recoil peak of 182W neutron capture with subsequent γ-emission  

• Dedicated experiment with neutrons from a reactor in preparation CRAB
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Results from the CRESST Experiment



The CRESST Collaboration

about 60 scientists from  
9 institutions and 5 countries
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CRESST III - Detector Module
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CRESST III - Selected Data 

• number of events exponentially  
increasing for low energies

13
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FIG. 5. Light yield versus energy of events in the dark matter dataset,
after selection criteria are applied (see section IV 4). The blue band
indicates the 90 % upper and lower boundaries of the b /g-band, red
and green the same for oxygen and tungsten, respectively. The yel-
low area denotes the acceptance region reaching from the mean of the
oxygen band (red dashed line) down to the 99.5 % lower boundary of
the tungsten band. Events in the acceptance region are highlighted in
red. The position of the bands is extracted from the neutron calibra-
tion data as shown in figure 3.

1. Light Yield

Figure 5 shows the dark matter data after all the cuts de-
scribed before in the light yield versus energy plane. In accor-
dance with figure 3, the blue, red and green bands correspond
to b /g-events and nuclear recoils off oxygen and tungsten, re-
spectively. The red dashed line depicts the mean of the oxygen
band, which also marks the upper boundary of the acceptance
region, shaded in yellow. The lower bound of the acceptance
region is the 99.5 % lower boundary of the tungsten band,
its energy span is from the threshold of 30.1 eV to 16.0 keV.
Events in the acceptance region (highlighted in red) are treated
as potential dark matter candidate events. We restrict the en-
ergy range to 16 keV for this analysis since for higher energies
the energy reconstruction cannot be based on the optimum fil-
ter method due to saturation effects. This choice, however,
hardly affects the sensitivity for the low dark matter particle
masses of interest. The choice for the acceptance region was
fixed a-priori before unblinding the data. We do not include
the full oxygen recoil band in the acceptance region because
the gain in expected signal is too small to compensate for the
increased background leakage from the b /g-band.

2. Energy Spectrum

The corresponding energy spectrum is shown in figure
6 with events in the acceptance region highlighted in red.
In both figures 5 and 6, event populations at 2.6 keV and
⇠11 keV are visible. These originate from cosmogenic activa-

FIG. 6. Energy spectrum of the dark matter dataset with lines visible
at 2.6 keV and 11.27 keV originating from cosmogenic activation of
182W [11]. Gray: all events, red: events in the acceptance region (see
figure 5).

tion of the detector material and subsequent electron capture
decays:

182W + p ! 179Ta+a, 179Ta EC�! 179Hf+ g.

The latter decay has a half-life of 665 days, which implies
a decreasing rate over the course of the measurement after ini-
tial exposure of the detector material. The energies of the lines
correspond to the L1 and M1 shell binding energies of 179Hf
with literature values of EM1 =2.60 keV and EL1 =11.27 keV,
respectively [14]. As already mentioned in section IV 1, the
clearly identifiable 11.27 keV line was used to fine-adjust the
energy scale, and therefore to give an accurate energy infor-
mation in the relevant low-energy regime. These features were
already observed in CRESST-II [11, 15]. Additionally, a pop-
ulation of events at ⇠540 eV is visible, which hints at EC
decays from the N1 shell of 179Hf with a literature value of
EN1 =538 eV [14].

Below 200 eV, an excess of events above the flat back-
ground is visible, which appears to be exponential in shape.
Due to decreasing discrimination at low energies, it cannot be
determined whether this rise is caused by nuclear recoils or
b /g events (see figure 5). It should be emphasized that noise
triggers are not an explanation for this excess, as it extends too
far above the threshold of 30.1 eV. According to the definition
of the trigger condition in section III 1, the expected number of
noise triggers for the full dataset would be around 3.6. We ob-
serve an excess of events at lowest energies in all CRESST-III
detector modules with thresholds below 100 eV; the shape of
this excess varies for different modules, which argues against
a single common origin of this effect. No clustering in time of
events from the excess populations is observed.
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Due to decreasing discrimination at low energies, it cannot be
determined whether this rise is caused by nuclear recoils or
b /g events (see figure 5). It should be emphasized that noise
triggers are not an explanation for this excess, as it extends too
far above the threshold of 30.1 eV. According to the definition
of the trigger condition in section III 1, the expected number of
noise triggers for the full dataset would be around 3.6. We ob-
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detector modules with thresholds below 100 eV; the shape of
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Limit on Spin-independent Dark Matter

• extend sensitivity 
down to 160 
MeV/c2 

• unexpected rise 
of event rate 
below 200 eV
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CRESST III

CRESST surface run 
(10.1140/epjc/s10052-017-5223-9)

Phys. Rev. D 100, 102002 (2019)



Rising background towards low Energies - 
the low Energy Excess (LEE) 



Low Energy Excess - the Observation

• The non-observation of a potential dark 
matter signal in the “classical” WIMP region 
led to an opening toward lower energy 
regions 

• Starting from ~200 eV nuclear recoil 
observation of unexpected exponential 
crowing background  

• Similar observations by different 
experiments 

• Unexplained origin of background limits 
searches in the sub-GeV mass region

Phys.Rev.D 100 (2019) 10, 102002
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Low Energy Excess - the Study 
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EXCESS-Workshop 
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Dark Matter Search using Silicon 

• Wafer-like silicon detector 
with 0.35 g  
used as absorber  

• Ethr = (10±0.2) eV 

• Improved sensitivity for dark 
matter masses below 160 
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Spin-dependent Dark Matter search using LiAlO2

• Lithium and Aluminum have unpaired proton / 
neutron leading to an effective spin coupling to 
dark matter 

• LiAlO2 crystals 10.5 g each  and Ethr ~ 90 eV 

8

FIG. 8. The exclusion limits for proton-only (left) and neutron-only(right) spin-dependent DM-nucleus cross sections versus DM particle mass
set by various experiments compared with the two lithium modules described in this work with 6Li, 7Li and 27Al. This work gives the most
stringent limits between 0.25 GeV/c2 - 2.5 GeV/c2 for proton-only and between 0.16 GeV/c2 - 1.5 GeV/c2 for neutron-only interactions. The
solid red line shows the Li1 limits which includes the scintillation light information and the dashed red line shows the Li2 limits where no light
information was available (hence worse). The previous above ground results from CRESST using the same detector material and procedure
with higher threshold and lower exposure is also shown with solid black line[7]. Also, CRESST-III 2019 results for neutron-only interactions
using 17O are shown also in dashed light-blue line(right)[4]. Additionally, we show the limits from other experiments: EDELWEISS [28] and
CDMSlite with 73Ge[29], PICO with 19F[30], LUX [31] which use 129Xe + 131Xe, J. I. Collar with 1H [32] and the constrain derived in [33]
from Borexino.

noise baseline. The same formalism was also employed and
discussed in our previous work [4].

The choice of ROI is motivated in section III 5, where we
define our candidate events. A similar procedure was used
for the calculation of the limits from the Li2 blind data ex-
cept that no band fit could be employed. The exclusion limits
are finally calculated using Yellin’s optimum interval method
[42, 43] to extract the upper limit on the cross section of
DM particles with 6Li along with 7Li and 27Al. Limits on
the spin-dependent reference cross section for proton/neutron-
only interaction are shown in figure 8 for DM masses from
0.16 to 6 GeV/c2, for both the modules, and compared with
those from other experiments. These results are reported us-
ing Yellin’s optimum interval method to extract the 90% con-
fidence level upper limits. We can see around 3-4 orders of
magnitude improvement in both proton and neutron limits for
the entire probed mass range, compared to our previous test
done with the same material in the above ground facility with
a higher energy threshold and lower exposure [7]. The Li1
module provides up to an order of magnitude better results
than the Li2 module because of the additional scintillation
light information. For very low masses, which are dominated
by the LEE that cannot be discriminated from nuclear recoils,
the difference is negligible. For the proton-only interactions,
we improve the existing limits from 0.25 to 2.5 GeV/c2 by
up to a factor of 2.5 compared to other experiments. For the
neutron-only interactions, we achieve the strongest limit be-

tween 0.16 and 1.5 GeV/c2, more than an order of magnitude
better than the limits from our 2019 results using 17O [4].

V. CONCLUSION

In this work we present the detailed analysis and results
of two lithium-based cryogenic detectors operated in the un-
derground facility of the CRESST experiment at LNGS. We
highlight the results of the best performing one and validate
its analysis with the result of a second, identically manufac-
tured detector. The best performing one achieves a threshold
of 83.60 eV that corresponds to sensitivities down to a DM
mass of 0.16 GeV/c2. We have probed spin-dependent DM
particle interactions with nuclei, distinguishing proton-only
and neutron-only interactions. For proton-only interactions,
leading exclusion limits for the mass region between 0.25 and
2.5 GeV/c2 are presented. Additionally, for neutron-only in-
teractions, best sensitivity was achieved in the mass range of
0.16 and 1.5 GeV/c2.

The results of this run showed that LiAlO2 is an excel-
lent material to study spin-dependent interactions and will
therefore be included in future CRESST projects. Below DM
masses of 0.6 GeV/c2 the limit-setting power of the CRESST
lithium detector modules decreases. The reason for this is an
excess of events at low energies. The source of these is cur-
rently under investigation.
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Dark Matter Searches with Diamond

• Diamond offers access to even lower dark matter masses 

• Successful above-ground proof-of-principle measurement  

• Next steps: enlarge detector mass and exposure and further improve TES design
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COSINUS   
Cryogenic Observatory for Signals seen in Next 
Generation Underground Searches



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 
can reach up to 7%

22

J.Phys.G 47 (2020) 9, 094002



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 - nucleus scattering 

• residual signal shows clear sign for an annual modulation of 
interaction rate in the energy region of 2-6 keVee (now Ethr=0.75 keVee)
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Nucl.Phys.Atom.Energy 22 (2021) 4, 329-342

13.7 σ

room temperature



The COSINUS Experiment

• Apply cryogenic detector technology 
pioneered by CRESST to NaI crystals 

➡ Gain new information on the 
underlying process 

• Challenges: Operation of  
NaI-crystals as cryogenic detector 

• hygroscopic, soft,  
low melting point… 

➡ operation as remoTES cryogenic 
calorimeter (M.Pyle et al. 1503.01200)

Signal

Background

Nucl.Instrum.Meth.A 1045 (2023) 167532
24



COSINUS Detector Prototype Module

• NaI crystal from SICAS with high intrinsic 
radiopurity  
(6-22 ppb of 40K - design goal) 

• Ethr=2.66±0.04 keV 
(Final design goal 1 keV)

• event-by-event particle discrimination 
for NaI demonstrated for the first time 

• σNaI=(0.441±0.011) keV 
σbeaker=(0.998±0.052) keVee  
(for NaI-remoTES scintillation light)

• First underground measurement 
of a cryogenic operated NaI crystal

3.7 g neutron calibration data

25
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First Underground Dark Matter Limit

• First dark matter limit with cryogenic operated NaI crystal 
clearly shows power-of-event by event discrimination

26

arXiv:2307.11139arXiv:2307.11139

}}11.6 g⋅d



COSINUS - next Steps

• Event-by-event discrimination allows 
separation between signal and 
background events 

27

water tank to reduce  ambient  
neutrons and muons 

 no veto:  (3.5±0.7) cts kg-1 yr -1) 
veto:  (0.11±0.08) cts kg-1 yr -1

Eur.Phys.J.C 76 (2016) 8, 441

Simulation 100 kg⋅d

Status December 2023



COSINUS Strategy - COSINUS 1π

Exposure 100 kg⋅d ~ 1y 

• 8 modules à 34g x 365 days  
~ 100 kg⋅d 

• exclusion of any falling recoil 
spectra with mχ> 6 GeV/c2 

Exposure 1000 kg⋅d ~ 3y 

• 24 modules à 34g x (3.3x365) 
days ~ 100 kg⋅d 

• exclusion of any arbitrary recoil 
spectra with any mχ

28
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Strategy - Timeline

29

vous  
êtes 
ici

Data taking will start this year
Cryostat



Summary

• Cryogenic detectors make significant contribution to dark matter searches in 
the sub-GeV dark matter mass region 

• Technology allows easy operation of different absorber material  

• multiple nuclei in a single crystal (CaWO4, LiAlO2,…) 

• first cryogenic operation of NaI will provide unique information for 
understanding DAMA/LIBRA 

• Current sensitivity to low-mass dark matter is limited by exponentially rising  
background below ~200 eV 

• origin of background studied in a community-wide effort 

• significant progress achieved; however, no full understanding yet

30



Vienna Workshop  
on Simulation 2024 
22nd-27th April 2024

https://indico.cern.ch/event/1275551/
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Additional Information



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

DAMA/LIBRA Measurement - 
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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Spin-dependent Dark Matter search using LiAlO2

• Interaction of dark matter with the net Spin of the nuclei  

• Nuclei Spin determined by single unpaired proton or 
neutron 

• lower sensitivity since spin-dependent cross-section 
scales with A2 due to coherent scattering

nuclear angular  
momentum

n/p  spin  matrix elements



Background simulation for CRESST - method I

• Geant4 based simulation to 
estimate intrinsic background  

• use α-activity as input: 

• identification of  decay / isotope 

• measured activity reflects size of 
contamination 

• determine energy spectrum of 
isotope decay and scale it 
accordingly to the measured activity
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Figure 5. Discrete alpha lines from the natural decay chains observed with the crystal TUM40
in an exposure of 29 kg-days between 4 and 7MeV. The lines identified in the U-238, U-235 and
Th-232 chains are listed. In addition, an external 210Po line is visible where only the alpha energy
(5.30MeV) and not the recoil of 206Pb (103 keV) is detected. The individual activities are listed in
table 2. The peaks of 238U and 234U completely dominate the spectrum (upper cut in histogram at
70 counts/[10 keV]).

plements photo-electric e↵ect, Compton scattering, Rayleigh scattering, conversion in e+e�

pairs, ionisation, and bremsstrahlung production.

The results of this data-based simulation is shown in figure 6 (inset): the blue curve
shows the sum of all beta/gamma events from natural decay chains. The 1-� error band (light
blue) is a combination of the statistical error of the simulation and the uncertainty of the
experimentally determined activities of the beta emitters. This contribution has an activity
of A1�40 = 494.2± 48.4µBq/kg in the ROI which corresponds to a mean rate of 3.51± 0.09
counts/[kg keVday]. For the first time, the contribution of the intrinsic beta/gamma emitter
could be disentangled and accounts for (30.4± 2.9)% of the total events observed. The main
contributions originate from 234Th (346µBq/kg), 227Ac (93µBq/kg), 234Pa (35µBq/kg) and
228Ra decays (9µBq/kg). The characteristic edges at ⇠ 9 keV and ⇠ 24 keV originate from
the contribution of the 227Ac spectrum (see section 3.1). The values of all relevant beta
emitters are listed in table 3.

Furthermore, the response of the detector to external gamma radiation is studied with
a dedicated MC simulation. The intensity of the individual components is scaled such to
match the observed external gamma peaks (see section 3.1). All identified external gamma
lines which are listed in table 1 are included in the study. The result is shown as in figure 6
(inset) as a green line with the corresponding 1-� error band (light green). The only peak in
the ROI identified as to originate from external radiation is the Cu X-ray peak at 8.0 keV.
The continuous Compton background from external sources (peaks at higher energies) is

– 10 –

JCAP, 2015(06), 030
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Background simulation for CRESST - method II

energy spectrum
 of sim

ulated 
234Th decay w

ith G
eant4
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Measurement of Recoil Energy deposited by Scattering

March 13, 2012 0:16 WSPC - Proceedings Trim Size: 9in x 6in Saab˙Direct˙Detection
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100% energy
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Fig. 2. The corners of the triangle correspond to common energy readout channels.

Experiments are listed near the main readout channel, or between the two channels used

for discrimination.

sun,4 whereas background sources are not expected to exhibit such a
variation. Under the assumption of a non-rotating WIMP halo the event
rate is expected to exhibit maxima/minima in June/December, with an
amplitude of a few percent. Since the amplitude of the modulation is
small in comparison to the overall rate, this method lends itself to
experiments with large exposures and overall interaction rates.

(2) Directional variation of the recoiling nucleus. Under the assumption of
a non-rotating WIMP halo, the motion of the solar system through
the galaxy results in a net WIMP wind from the direction of the solar
system’s motion of similar magnitude to the velocity dispersion of the
WIMPs at the Sun’s position in the halo. The strong correlation be-
tween the direction of the incoming WIMP and the recoiling nucleus
means that the majority of signal events, as seen from the laboratory
frame, should point in the direction of the WIMP wind.4 Background
events are not expected to exhibit a non-uniform directionality, or none
that is correlated with the relative directions of the laboratory frame
and the WIMP wind, which varies on a 24 hour time scale as the earth
rotates on its axis. Employing such a discrimination technique requires,
by necessity, detectors capable of reconstructing the tracks of individual
nuclei.
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CRESST-III optimum filter
• implementation of the Gatti-Manfredi filter  

• optimum filter maximizes 
signal-to-noise ratio  

• typical improvement about factor 2-3 

• new DAQ for CRESST-III with continuous 
data sampling 

• threshold set after optimum filter

39
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https://doi.org/10.1016/j.nima.2019.06.030


Selection efficiency

• data taking period: 
5/2016-02/2018 

• 20% of data as non-
blind training set 
randomly selected  

• size of selected data 
set (after cuts): 3.64 
kg⋅d 

• efficiency (energy 
dependence not taken 
into account) ~65%

40

threshold Eth = 30.1 eV 
(cross-check by fitting  

error function) 

triggered events
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Eff. ≃ 65%
filter effect
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3

of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Ze↵(r)/r. Ze↵(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l

0
, L once it converges.

Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, ne, (unobserved)
scintillation photons, n� , and heat. To calculate ne, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, Ni, and
a number of excited atoms, Nex, whose initial ratio is
determined to be Nex/Ni ⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, fR, is essentially zero at low energy,
resulting in ne = Ni and n� = Nex. The fraction, fe,
of initial quanta observed as electrons is therefore given
by fe = (1 � fR)(1 + Nex/Ni)�1

⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = Eer/W , where Eer is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with fR and Nex/Ni, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use Nex/Ni = 0.2, fR = 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < fR < 0.2, 0.1 < Nex/Ni < 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
Nex/Ni are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for fR is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].

We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n

(1) =
Floor(Eer/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n

(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus ne = n

0
e + n

00
e , where n

0
e represents the

primary electron and is thus 0 or 1 with probability fR

or (1 � fR), respectively, and n
00
e follows a binomial dis-

tribution with n
(1) + n

(2) trials and success probability
fe. This procedure is intended to reasonably approxi-

1 10 100 103
10-39

10-38

10-37

10-36

10-35

10-34

Dark Matter Mass @MeVD

s
e
@cm

2 D

Excluded by
XENON10 data

1 ele
ctron

2 ele
ctron

s

3 ele
ctron

s

Hidden-
Photon models

FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and FDM = 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
fR, Nex/Ni and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the mDM-�e plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(FDM = 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by

Physics of the Dark Sector

• new forces / new mediators  
relax the theoretical lower  
bound on dark matter masses  
→ sub-GeV dark matter  

• dark matter searches based on 
dark matter nucleon elastic 
scattering  

• energy deposition from recoil:  
ENR ≃ 2μΧ,N2・vΧ2/mN 

→ for 100 MeV mΧ ∼ 1 eV ENR*  

arXiv:1509.01515

* for silicon

GeV

10-40 cm2

arXiv:1206.2644
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Detection techniques for light Dark Matter

• dark matter detection  
using ionisation signal  
from Dark Matter- 
electron scattering 

• inelastic nature of scattering and increased energy 
transfer possible due to lightness of electron 

• detection of small ionisation signals allow to probe 
Dark Matter particles down to ~ 1 MeV

43

χ χ

p p-q

e- e-

N + N +X X *{ }
Figure 3. The scattering of a DM particle with a bound electron. The DM transfers momentum ~q to the target, exciting it
from the ground state X to an excited state X⇤, which can be either a higher-energy bound state or an ionized state.

relation between recoil energy and momentum transfer given in Eq. (3.1). The energy transferred to
the electron, �Ee, can still be related to the momentum lost by the DM, ~q, via energy conservation:

�Ee = ��E� ��EN = �
|m�~v � ~q|2

2m�
+

1

2
m�v

2
�

q2

2mN
= ~q · ~v �

q2

2µ�N

. (3.2)

Here the �EN term accounts for the fact that the whole atom also recoils. In practice this term is
small, which also allows us to replace µ�N with m�. We thus define

Ee ⌘ �Ee = ��E� (3.3)

as the energy transferred to the electron.2 Since an arbitrary-size momentum transfer is now possible,
the largest allowed energy transfer is found by maximizing �Ee with respect to ~q, giving

�Ee 
1

2
µ�Nv

2
'

1

2
eV ⇥

⇣ m�

MeV

⌘
. (3.4)

This shows that all the kinetic energy in the DM-atom collision is (in principle) available to excite the
electron. For a semiconductor with an O(eV) bandgap, ionization can be caused by DM as light as
O(MeV).

What is the likelihood of actually obtaining a large enough q to excite the electron? This brings
us to the second major difference compared to DM-nuclear scattering: the electron is both the lightest
and fastest particle in the problem. The typical velocity of a bound electron is ve ⇠ Ze↵↵, where
Ze↵ is 1 for outer shell electrons and larger for inner shells. This is much greater than the typical DM
velocity of v ⇠ 10�3. The typical size of the momentum transfer is therefore set by the electron’s
momentum,

qtyp ' µ�evrel ' meve ⇠ Ze↵↵me ' Ze↵ ⇥ 4 keV . (3.5)

Returning to Eq. (3.2), the first term on the right dominates as long as m� is well above the bound
in Eq. (3.4). This gives a simple formula for the minimum momentum transfer required to obtain an
energy �Ee:

q & �Ee

v
⇠

�Ee

4Ze↵ eV
⇥ qtyp . (3.6)

2We emphasize that Ee is the energy transferred to the electron, not its kinetic energy. Some of this energy goes
to overcoming the binding energy. As we will discuss further in §5, in semiconductors the remaining energy is rapidly
redistributed by secondary scattering processes, which can produce further electron-hole pairs.
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Detection techniques for light Dark Matter

• band gap of silicon ~ eV order of magnitude smaller compared to Xe  

• expected reach for Dark Matter mΧ ≳ 250 keV・(ΔEB/1eV) 

• sensitivity depends crucially on detector specific backgrounds (e.g. “dark counts”)

DM mass

1 GeV1 MeV1 keV

Noble liquids [e-]Superconductors [e-]

Superfluid Helium [N]

~eV energy 
resolution

~keV energy 
resolution

~meV energy 
resolution

SuperCDMS, DAMIC, … XENON10/100/1T/nT, LUX, LZ, …
Semiconductors [e-]

Scintillators [e-] 2D graphene [e-]

Chemical-bond breaking [N]

PTOLEMY

FIG. 11: Materials that could be used to probe sub-GeV DM, down to keV masses, by scattering o↵

electrons [e�] or nuclei [N ]. Certain DM candidates, which can instead be absorbed by bound electrons in

these materials, could be probed down to meV masses (not shown). Adapted from [173].

• Signal discrimination & Background model : Since discovery is the primary goal of any
direct detection experiment (as opposed to setting new limits), it is essential to be able
to distinguish real DM scattering events from backgrounds. This may be on an event-by-
event basis (such as in many of the existing nuclear-recoil DM searches) or on a statistical
basis over many events (for example by annual modulation or directional sensitivity).

• Improved material fabrication: Some new ideas require specific target materials with,
for example, unprecedented levels of purity or structural coherence. This may require
advances in the technology for fabricating these materials.

D. Overview of Strategies and Target Materials

While searching for (elastic) nuclear recoils rapidly loses sensitivity for DM below a few
GeV, a fruitful strategy is to search for DM scattering o↵ bound electrons (instead of a
nucleus) [40]. This allows all of the available DM kinetic energy to be transferred, so that
for a bound electron with a binding energy �EB, one can in principle probe masses of

m� & 250 keV ⇥
�EB

1 eV
. (18)

The signal depends on the material, but consists of one or more electrons (possibly am-
plified by an electric field) in noble liquids [40, 158], semiconductors [40, 134, 175, 176],
superconductors [171, 177], graphene [178], or one or more photons in scintillators [40, 179].

Another strategy to probe below the GeV-scale is to search for DM scattering o↵ nuclei
using inelastic processes. The breaking of chemical bonds in molecules or crystals could
produce measurable signals for few-MeV DM masses [40, 138], while multi-phonon processes
in superfluid helium or insulating crystals could provide sensitivity to keV DM masses [172].
Photon emission in the nuclear recoil could also probe below the GeV-scale [180].

The strategy to search for recoiling electrons has been proven to probe DM as light as a
few MeV in existing two-phase xenon-based time projection chambers (TPC) (XENON10

40
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Detection techniques for light Dark Matter

• Dark Matter scatters on bound 
electrons in dense media   

• relation between energy 
deposition and momentum 
transfer differs to nuclear 
scattering 

• parametrised with a 
momentum dependent 
form factor FDM 

• detection of single 
electrons with low noise   

Prospects for Upcoming DM–Electron Scattering Searches
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Figure 1. Selected near-term projections for the
DAMIC (green curves) and SuperCDMS-silicon (dark
red curves) experiments, for different ionization thresh-
olds and (background-free) exposures, as indicated. Solid
curves show the 95% C.L. exclusion reach from sim-
ple counting searches, while dashed curves show the
5�-discovery reach from annual modulation searches.
The gray shaded region shows the current XENON10
bound [31], while the shaded green region shows the es-
timated (much weaker) bound from 2012 DAMIC data
with a ⇠11-electron-hole pair threshold. The projections
for SuperCDMS-germanium (not shown) are comparable
to silicon. See §6.5 for more details. The three plots show
results for the different indicated DM form factors, corre-
sponding to different DM models.

expands on the previous calculation in [9]. Higher recoil energies for the scattered electron allow
a larger number of additional electron-hole pairs to be promoted via secondary scattering. Using
a semi-empirical understanding of these secondary scattering processes, we convert our calculated
differential event rate to an estimated event rate as a function of the number of observed electron-hole
pairs. These results will allow several experimental collaborations, such as DAMIC and SuperCDMS,
to calculate their projected sensitivity to the DM-electron scattering cross-section, given their specific
experimental setups and thresholds. It will also allow them to derive limits on this cross section in the
absence of a signal, or the preferred cross section value should there be a signal, in forthcoming data.
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DEPFET detector as sub-GeV Dark Matter detector

• DEPFET: depleted field effect detector 

• charge collection in an internal gate  

• collected charge modulates  
current in FET 

• known and applied detector concept, 
e.g. for Belle II 

• focus previously on energy 
measurement and spatial resolution  

• noise performance limited  
by 1/f noise
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DEPFET detector as sub-GeV Dark Matter detector

• 1/f noise limit can be further 
reduced by using repetitive 
non-destructive readout 
(RNDR)  

• charge transfer between sub-
pixels in a “super-pixel” allow 
statistically independent 
measurements 

• effective noise can be 
reduced to σeff ≈ σ/√N
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DEPFET-RNDR Prototypes 

• proof-of-principle for 
DEPFET-RNDR demonstrated 
(Wölfel et al., NIMA 566 (2006) 536) 

• DEPFET-RNDR prototype 
sensors are available  

• 450 μm thickness, in principle 
up to 850 (1000?) μm 
possible 

• “target mass” about 13 g / 
module

48
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Measured Performance for DEPFET-RNDR

• noise performance as a function of readout cycles 
measured and reproduced by simulation 

• noise performance of σ=0,21 e- achieved

Dependency of 
equivalent  

noise on number of 
cycles

Minimum

Increase due to  
leakage current

1 / √N  
decrease
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Measured Performance of DEPFET-RNDR

• measurement of single 
electrons with 5σ 
separation possible 

• discrimination of  number 
of electrons possible 

• gated operation (switch off 
charge collection during 
readout) under 
investigation 

• reduction of noise 
increase with #transfers 
due to leakage currents
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