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Outline

• brief introduction to direct detection of dark matter  

• low mass dark matter - status and results of CRESST III 

• search for Dark Matter with several GeV/c2 

- liquid noble gas experiments - Xenon1T 

• potential dark matter signals  
- directions towards a deeper understanding - COSINUS 

• towards even lighter dark matter particles - DANAE



Unraveling the Particle Character of Dark Matter 

• clear evidence for dark matter on 
different scales  

• observation of dark matter  
based on gravitational pull only 

• undiscovered new particles well 
motivated candidate for dark matter 

• mass region below the WIMP mass 
scale (“low mass dark matter”) 
recently gained a lot of  
theoretical interest

 Physics Reports 555 (2015) 1–60

The SIMP Miracle
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We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

mDM ⇠ ↵ann (TeqMPl)
1/2

⇠ TeV , (1)

where ↵ann is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵ann ' 1/30 above, Teq is the matter-radiation
equality temperature and MPl is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵ann ' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

mDM ⇠ ↵e↵

�
T

2
eqMPl

�1/3
⇠ 100 MeV , (2)

where ↵e↵ is the e↵ective strength of the self-interaction
of the DM which we take as ↵e↵ ' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z2 symmetry, leads to DM in the keV

↵e↵ ' 1 ↵e↵ ' 1

DM
3→2 2→2 

✏ � 1

Kin. Eq.

FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

mDM ⇠ ↵ann (TeqMPl)
1/2

⇠ TeV , (1)

where ↵ann is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵ann ' 1/30 above, Teq is the matter-radiation
equality temperature and MPl is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵ann ' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

mDM ⇠ ↵e↵

�
T

2
eqMPl

�1/3
⇠ 100 MeV , (2)

where ↵e↵ is the e↵ective strength of the self-interaction
of the DM which we take as ↵e↵ ' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z2 symmetry, leads to DM in the keV

↵e↵ ' 1 ↵e↵ ' 1

SMDM
3→2 2→2 

✏ � 1
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FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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strongly interacting dark matter- 
expected mass scale ~ 100 MeV/c2



The Dark Matter Landscape - Detector Challenge 
• different mass regions 

require different detector 
technologies 

• low mass dark matter 
requires low detection 
threshold 

• detection of larger dark 
matter masses depend  
on exposure 

detection  
threshold

exposure

low mass  
dark matter

WIMP

lo
g 

sc
al

e

dark matter- nucleon 
 scattering rate
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The CRESST Experiment



The CRESST Collaboration

About 40-50 scientists from 6 institutions and 4 countries
�6



CRESST - Detection Principle I

simultaneous read-out of two  
signals 

• phonon channel:  
particle independent 
measurement of total 
deposited energy 

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

light detector
transition edge  

sensor

transition edge  
sensor

target crystal 
(CaWO4)

�7
scintillating 

housing



Signal-Background Separation 

• simultaneous readout of 
light and phonon channel 
allows background 
reduction 

• less scintillation light from 
dark matter-nucleus 
scattering  

• clear separation 
between signal and 
background at large 
Energy 

• significant overlap of 
bands at low energies 
(= low mass dark 
matter)

�8
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CRESST - Detection Principle II

• experiment operated at cryogenic temperature (<10 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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Crystal Intrinsic Background 

• experimental sensitivity 
limited by background 

• CRESST dominated 
by crystal-intrinsic 
radioactive 
contaminations 

• in-house production of 
CaWO4 crystals 
improves radio purity 
significantly

~3.5 counts /(kg keV d)

210Pb227Ac179Ta L1(EC)
crystal: 
TUM40

�10

crystal  
production  

at  
TU Munich

commercial  
crystal

TU Munich  
production



Background Simulation of CRESST Data

• understanding of 
background crucial 

• Geant4 based 
simulation to estimate 
intrinsic background 

• use measured α-
activity as input for 
Geant4 to determine 
intrinsic β/γ radiation
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Figure 6. Histogram of the events in the ROI (black line) recorded with TUM40 in CRESST-II
Phase 2. The red line indicates the sum of all identified background sources with the dominant peaks
from cosmogenic activation (2.6 keV, 10.7 keV, 11.3 keV) and the Cu X-ray line (8.0 keV). Inset:
decomposition of the background based on MC simulation (see text). The contributions of external
gamma radiation (green), external betas (grey) and intrinsic beta/gamma radiation from natural
decay chains (blue) are shown. The sum of these components (plus gamma peaks) are shown in red.
The individual 1-� error bands are depicted in the corresponding colour. The identified backgrounds
explain ⇠70% of the observed events.

5 Conclusions and outlook

TUM40 operated in the new detector housing has reached unprecedented background levels.
Using CaWO4 sticks to hold the target crystal, a fully-scintillating inner detector housing
is realized and backgrounds from surface-alpha decays are rejected with high e�ciency. A
phonon trigger threshold of ⇠ 0.60 keV and a resolution of �=(0.090±0.010) keV (at 2.60 keV)
are reached with TUM40. By using a CaWO4 crystal produced at the TUM, the intrinsic
background rate was reduced to the lowest level reported for CRESST CaWO4 detectors:
on average 3.51± 0.09 beta/gamma events per kg keVday in the ROI (1-40 keV) and a total
alpha activity from natural decay chains of Atot,↵ = 3.08±0.04mBq/kg. In this paper, a
detailed alpha analysis was performed which allowed to derive the activities of all decaying
isotopes of the natural decay chains. Based on these results, a GEANT4 MC simulation was
set up to investigate the contribution of intrinsic beta/gamma backgrounds in the ROI for
dark matter search (1-40 keV). An activity of ⇠ 494µBq/kg was found which corresponds
to ⇠ 30% of the total event rate. The MC simulation also shows the contribution of events
originating from external gamma radiation. An activity of 62.2µBq/kg (⇠ 4% of total) is

– 12 –

crystal: 
TUM40

green: external gamma radiation
gray: external betas
blue: intrinsic β/γ radiation from  
natural decay chains
red: sum + cosmogenic activation 

JCAP, 2015(06), 030



CRESST - Status before Summer 2017



Final Result of CRESST II 
EPJ C76 (2016) 25TUM 40 

(low background)

Lise  
(low threshold)

reduced sensitivity  
due to surface 55Fe

recoil at  
different  

nuclei

expected number of  
counts for σχ-n=1pb  

in the acceptance region

• energy threshold at 307 eV for 
nuclear recoil  
resolution 62 eV (at zero energy) 

• background level  
~ 8.5 counts / (keV∙kg∙d) 

• best sensitivity for dark matter 
particles between  
0.7* and 1.7 GeV/c2   

�13

307 eV

*July 2017: NEWS-G arxiv:1706.04934

EPJ C76 (2016) 25

Lise 



CRESST III 



Figure 5: In addition to the limits shown in fig. 2, the expected sensitivity (1 � C.L.) for di↵erent
exposures of 24g detectors with the improved performance expected from the mass reduction of
CaWO4 of present quality.

could approach the coherent neutrino scattering limit with an exposure of 1000 kg days, which
corresponds to about two years of data taking with 100 small modules (24g). We have to remark
that, in order to accommodate such a moderate target mass in the existing CRESST facility,
only an upgrade of the number of available read-out channels to about 300 would be needed.

4 Next phases

We are developing a phased program to approach the coherent neutrino scattering limit in
3 steps of increasing sensitivity. This strategy will allow us to proceed exploring the light
WIMPs region with steps of up to 3 orders of magnitude in cross section sensitivity while we
are accomplishing the activity needed for the following step.
The current run (run33) is planned to go on until enough statistics is achieved to completely
explore the M1 region [11]. In the mean time prototypes of small modules are produced and
tested.
Key issues which need to be demonstrated in the next months before implementing the new
modules in the main CRESST setup are: i) direct evaporation of TES on the absorber crystal
(to avoid events from the carrier [9]), ii) increased amount of detected light (possible reduction
due to direct TES evaporation [25]), iii) performance of the new holding system.

Once these decisive features of small modules are demonstrated, the upgrade to a new gen-
eration of the CRESST (CRESST III) experiment could proceed as follows:

7

CRESST III - expected sensitivity 
• expect to reach  
σχ-n ~10-40 cm2  
for 1 GeV/c2 dark 
matter particles  

• detector R&D  
program for 
improved radio 
purity ongoing 

• to increase 
exposure upgrade 
of read out system 
planned  

Eth=100 eV

CRESST III projections

arXiv 1503.08065

�15



Figure 6: In addition to the limits shown in fig. 2, the expected sensitivity (1 � C.L.) for di↵erent
exposures of 24g detectors with the performances gain expected from size reduction and with
e
�
/� background reduced by a factor of 100.

• Phase I

– Physics Run:

∗ CRESST III-Run1 (run34) - run 10 small modules with crystals of available
quality to reach the sensitivity estimated in fig. 5;

– R&D for next phase:

∗ Revise design of standard-mass modules to improve discrimination of events from
the carrier;

∗ Reach the desired background reduction and scintillation performance of the
CaWO4 crystals.

Expected time scale: 06.2015-12.2016

• Phase II-a

– Physics Run:

∗ CRESST III-Run2 (run35) - run again 10 small modules with improved crystals
to finalize detector design and confirm crystal quality. This will allow us to reach
the sensitivity shown in fig. 6 in about one year of data taking;

– R&D for next phase:

∗ R&D on large crystals for large-mass modules O(1kg) to be possibly used for
gaining sensitivity at higher WIMP masses.

8

CRESST III - expected sensitivity 
• expect to reach  
σχ-n ~10-40 cm2  
for 1 GeV/c2 dark 
matter particles  

• detector R&D  
program for 
improved radio 
purity ongoing 

• to increase 
exposure upgrade 
of read out system 
planned  

CRESST III projections

arXiv 1503.08065

�16



• layout optimised for low-mass dark matter 

• cuboid crystal (20·20·10) mm3 ~ 24g 

• self-grown crystal with ~ 3 counts /(keV·kg·d) 

• full scintillating housing and instrumented sticks 

CRESST-III - low threshold detectors 

�17©A. Eckert/MPP ©T. Dettlaff/MPP ©A. Eckert/MPP

�T / �Q

c ·m



CRESST-III  low threshold detectors

• operation started in July 2016 

• high statistics γ- and neutron 
calibration 

• 20% of data used as training set

©R. Strauss/MPP

©R. Strauss/MPP

©A. Eckert/MPP



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

�19

baseline  
noise

template 
pulse

transfer function 
generated from baseline 

and template pulse

unfiltered pulse optimum filtered pulse

arXiv:1711.07692



CRESST-III Energy threshold

• 4 out of 5 detectors exceed design goal 
of 100 eV threshold

• ten 
detectors 
installed 

• six of ten 
detectors 
can be 
operated  

• four 
detectors 
have 
technical 
problems 
(no 
transition 
or noise)

threshold determined with optimum filter 

�20

J Low Temp Phys (2018). https://doi.org/10.1007/s10909-018-1948-6



Analysis of Detector A

• analysed data:  
10/2016-01/2018 

• non-blind data: 
20% randomly selected 

• detector mass: 24 g

©A. Eckert/MPP

�21

detector A

• data selection design  
on non-blinded data set 

• cuts to guaranty correct  
reconstruction of 
amplitude

• exposure: 5.7 kg∙d 

• exposure after  
cuts: ~3.7 kg∙d 

• threshold: 30.1 eV;  
≳ 60% survival  
probability 

30.1eV: Threshold

survival 
probability

preliminary



Detector A - Unblinding and Analysis optimised for 
30 eV Threshold

• extensive studies on training set (~20%) 

�22

e/γ

O
W

preliminary



Detector A - Background and Acceptance Region

• background in the energy range 
above 1 keV identical to previous 
CRESST results 

• increased sensitivity towards lower 
recoil energies opens unexplored 
background regions 

• strong raise of counts   
below 0.2 keV 

• further studies needed 

• separation of signal and 
background using light yield 

�23

background rate 1-40 keV: 
~3.5 counts / (keV∙kg∙d) 

identical to previous CRESST result 
(Eur.Phys.J. C74 (2014) no.12, 3184 )
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Detector A - Energy Spectrum

• region of interest 
between  
30 eV and 16 keV 

• 445 events between  
30 eV and 16 keV in 
RoI 

• set limit with Yellin’s 
optimal interval 
method; using 
standard astrophysical 
assumptions

�24

 M-shell (2.6 keV) and  
L-shell (10.7 keV & 11.3 keV)  

179Ta electron capture 

preliminary
(RoI)



Detector A - Dark Matter Exclusion Limit

reach 
extended 
down to  
160 MeV/c2 

sensitivity at 
500 MeV/c2 
improved by 
factor 10 

deeper 
understanding 
of background 
required

�25

CRESST -II 
307 eV and 52 kg∙d  

(Eur.Phys.J. C76 (2016) no.1, 25 )

this result 
30 eV and 3.7 kg∙d 

preliminary



Search for Dark Matter with masses at serval GeV/c2



Dark Matter Searches with Liquid Nobel Gases

• Dark Matter experiments 
based on Xenon lead the 
limit in the high mass  
(mχ ≳ 5 GeV) 

• Simultaneous read out of 

(a) Scintillation (S1) 

(b) Ionisation (S2)

�27



Latest result from Xenon1T 

• separation of electron 
and nuclear recoil 
events in the S1 / S2 
plane 

• total exposure of 1 t x yr  

• profile likelihood analysis 
returns no excess of 
events above the 
expected background

4

FIG. 2: Spatial distributions of DM search data. Events that pass all selection criteria and are within the fiducial mass are
drawn as pie charts representing the relative probabilities of the background and signal components for each event under the
best-fit model (assuming a 200 GeV/c2 WIMP and resulting best-fit �SI = 4.7 ⇥ 10�47 cm2) with color code given in the
legend. Small charts (mainly single-colored) correspond to unambiguously background-like events, while events with larger
WIMP probability are drawn progressively larger. Gray points are events reconstructed outside the fiducial mass. The TPC
boundary (black line), 1.3 t fiducial mass (magenta), maximum radius of the reference 0.9 t mass (blue dashed), and 0.65 t core
mass (green dashed) are shown. Yellow shaded regions display the 1� (dark), and 2� (light) probability density percentiles of
the radiogenic neutron background component for SR1.

FIG. 3: DM search data in the 1.3 t fiducial mass distributed in (cS1, cS2b) (left) and (R2, cS2b) (right) parameter spaces with
the same marker descriptions as in Fig. 2. Shaded regions are similar to Fig. 2 except showing the surface (blue) and ER (gray)
background components for SR1. The 1� (purple dashed) and 2� (purple solid) percentiles of a 200 GeV/c2 WIMP signal are
overlaid for reference. Vertical shaded regions are outside the ROI. The NR signal reference region (left, between the two red
dotted lines) and the maximum radii (right) of the 0.9 t (blue dashed) and 1.3 t (magenta solid) masses are shown. Gray lines
show iso-energy contours in NR energy.

ground is from �-decays of 214Pb originating from 222Rn
emanation. The maximum and minimum decay rate of
214Pb is (12.6 ± 0.8) and (5.1 ± 0.5)µBq/kg, estimated
from 218Po ↵-decays and time-coincident 214Bi-214Po de-
cays, respectively, similarly to the method used in [25].
The corresponding event rates in the ROI are (69 ± 4)

and (29 ± 4) events/(t⇥yr⇥keVee). The total ER back-
ground rate is stable throughout both science runs and
measured as (82+5

�3 (sys)±3 (stat)) events/(t⇥yr⇥keVee)
after correcting for e�ciency, which is the lowest back-
ground achieved in a dark matter detector to date.

The NR background includes contributions from ra-

arXiv:1805.12562

�28

electron recoil

nuclear recoil



Result from Xenon1T

• set limit in the 
cross-section 
vs mass 
plane 

• observed 
sensitivity 
consistent 
within the 2σ 
expectation 

• best limit in 
the above 6 
GeV/c2
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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Annual modulation of Signal



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%
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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 1-6 keVee (new - previously 2-6 keVee)
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arXiv:1805.10486

9.5σ

3 The annual modulation of the residual rate

The same procedures already adopted for the DAMA/LIBRA–phase1 [1, 2, 3, 4, 5]
have been exploited in the analysis of DAMA/LIBRA–phase2.
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Figure 2: Experimental residual rate of the single-hit scintillation events measured
by DAMA/LIBRA–phase2 in the (1–3), (1–6) keV energy intervals as a function of
the time. The time scale is maintained the same of the previous DAMA papers for
consistency. The data points present the experimental errors as vertical bars and
the associated time bin width as horizontal bars. The superimposed curves are the
cosinusoidal functional forms A cosω(t − t0) with a period T = 2π

ω = 1 yr, a phase
t0 = 152.5 day (June 2nd) and modulation amplitudes, A, equal to the central values
obtained by best fit on the data points of the entire DAMA/LIBRA–phase2. The
dashed vertical lines correspond to the maximum expected for the DM signal (June
2nd), while the dotted vertical lines correspond to the minimum.

Fig. 2 shows the time behaviour of the experimental residual rates of the single-hit
scintillation events in the (1–3), and (1–6) keV energy intervals for the DAMA/LIBRA–
phase2 period. The residual rates are calculated from the measured rate of the single-
hit events after subtracting the constant part, as described in Refs. [2, 3, 4, 5, 14, 15].
The null modulation hypothesis is rejected at very high C.L. by χ2 test: χ2/d.o.f.
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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 
(previous 2-6 keVee 
results) 

• preferred mass and 
cross-section area 
excluded by other dark 
matter experiments  

• latest results 1-6 keVee 
cannot be explained 
with WIMP spin-
independent interaction
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mΧ≈ 50 GeV ; σΧn ≈ 7·10-6 pb 
mΧ≈ 6-10 GeV ; σΧn ≈ 10-3 pb
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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 flux 

• 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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Independent NaI(Tl) experiments

• gain deeper understanding of DAMA/LIBRA results 

i. repeat experiment with identical conditions 

ii. detailed study origin of annual modulation  
(locate experiment at southern hemisphere) 

iii. understanding underlying scattering process 

• several experiments started or ongoing to understand 
origin of observed annual modulation 
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Hyun Su Lee,       Center for Underground Physics (CUP), Institute for Basic Science (IBS)

Global NaI(Tl) efforts
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KIMS/COSINE
@ Yangyang

PICO-LON 
@ Kamioka

DM-Ice @ South Pole

SABRE 
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SABRE 
@ LNGS

Physics run start 
Sept/2016

Physics run start 
Aug/2017
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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

detection principle similar to CRESST



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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1st NaI-Prototype and Mounting in Cryostat

Construction and operation of first 
detector module for cryogenic operation

Light detector 
(Silicon on Saphire + 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

arXiv:1705:11028



NaI-crystal - Prototype Performance

241Am

I escape

Na recoil band

I recoil band

10 keV threshold

e 
- /gamma band

�40

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



Required Sensitivity for COSINUS

• relate rate from annual modulation with total rate for dark 
matter-nucleus scattering → requirement on exposure 

• need to be sensitive to a rate of 0.01 / (kg day) in order to 
exclude dark matter interpretation of DAMA / LIBRA 
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Figure 1. COSINUS exclusion power, defined as the bound on the total rate (or equivalently the
total exposure with zero observed events) that COSINUS must achieve for excluding DAMA in a
halo-independent way, as a function of the assumed threshold in COSINUS for di↵erent DM masses.
More general assumptions correspond to weaker exclusion power, meaning that stronger bounds are
necessary to achieve an exclusion. The most general bound, valid for arbitrary DM-nucleus scattering,
is derived in section 3. The assumption of falling recoil spectra, which is more restrictive but still
covers many cases of interest, is discussed in section 4. The specific example of halo-independent
constraints on spin-independent scattering is considered in section 5. The red dot in each panel
indicates the design sensitivity of COSINUS, Ethres = 1keV and Rbound

COSINUS
= 0.1 kg�1 days�1.

compare the results obtained from this approach with the ones obtained for more specific as-
sumptions on the interactions of DM in section 5. Our conclusions are presented in section 6,
while additional technical details can be found in appendix A.

2 Direct detection with DAMA and COSINUS

To introduce the relevant notation and conventions, let us briefly review the formalism for
DM direct detection. The di↵erential event rate with respect to recoil energy is given by

dRT

dER

=
⇠T⇢

mTm�

Z 1

vmin

vf(v + vE(t))
d�T

dER

d3v , (2.1)

where m� and mT are the mass of the DM particle and the target nucleus T, ⇠T is the mass
fraction of T relative to the total detector mass, ⇢ and f(v) are the local DM density and
velocity distribution in the rest frame of the Sun, vE(t) is the velocity of the Earth and
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Figure 1. COSINUS exclusion power, defined as the bound on the total rate (or equivalently the
total exposure with zero observed events) that COSINUS must achieve for excluding DAMA in a
halo-independent way, as a function of the assumed threshold in COSINUS for di↵erent DM masses.
More general assumptions correspond to weaker exclusion power, meaning that stronger bounds are
necessary to achieve an exclusion. The most general bound, valid for arbitrary DM-nucleus scattering,
is derived in section 3. The assumption of falling recoil spectra, which is more restrictive but still
covers many cases of interest, is discussed in section 4. The specific example of halo-independent
constraints on spin-independent scattering is considered in section 5. The red dot in each panel
indicates the design sensitivity of COSINUS, Ethres = 1keV and Rbound

COSINUS
= 0.1 kg�1 days�1.

compare the results obtained from this approach with the ones obtained for more specific as-
sumptions on the interactions of DM in section 5. Our conclusions are presented in section 6,
while additional technical details can be found in appendix A.

2 Direct detection with DAMA and COSINUS

To introduce the relevant notation and conventions, let us briefly review the formalism for
DM direct detection. The di↵erential event rate with respect to recoil energy is given by

dRT

dER

=
⇠T⇢

mTm�

Z 1

vmin

vf(v + vE(t))
d�T

dER

d3v , (2.1)

where m� and mT are the mass of the DM particle and the target nucleus T, ⇠T is the mass
fraction of T relative to the total detector mass, ⇢ and f(v) are the local DM density and
velocity distribution in the rest frame of the Sun, vE(t) is the velocity of the Earth and
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Towards even lighter Dark Matter mass scales
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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
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χ χ
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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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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

�45
Eur.Phys.J. C77 (2017) no.12, 905 



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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Measured Performance of 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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Dark Matter studies using RNDR DEPFET

• common R&D project between 
semiconductor laboratory of Max 
Planck Society and HEPHY  

• ongoing study with a 64x64 pixel 
test device  

• understanding and reduction of 
dark current essential 

• first measurements expected by 
early 2019

�48Eur.Phys.J. C77 (2017) no.12, 905 



Summary and Outlook 

• CRESST operates CaWO4 crystals at cryogenic temperatures to search 
for low mass dark matter particles - threshold of 30 eV reached  

• excellent sensitivity to low energy nuclear recoils provide the best 
sensitivity for dark matter particles < 1.7 GeV/c2 

• Xenon1T provides best limit for dark matter > 6 GeV/c2 

• (region between 1.7 and 6 GeV/c2 covered by DarkSide (formerly CDMS)) 

• several projects underway to perform independent  
measurement of DAMA/LIBRA observation → COSINUS 

• new detector developments to move towards MeV/c2 dark matter
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additional information



Results from a gram-scale cryogenic calorimeter
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Results from gram-scale cryogenic calorimeter

• energy detection 
threshold Eth ∝ M2/3  

• O(1g) detector is 
expected to reach 10 eV 
threshold 

• cryogenic operation of 
detector above ground 
without significant 
shielding 

• initially planed as a proof-
of-principle measurement  

• run-time of 0.11 g·days

arXiv 1707.06749 (accepted by EPJC) 
and Phys. Rev. D 96 (2017) 022009

a

b

c

d

a

e

Al2O3 (Sapphire)

Eth	=	(19.7±0.1)eV	
σth	=	(3.83±0.15)eV	
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Trigger threshold

randomly triggered  
noise traces

size: 5x5x5 mm3 
weight: 0.49 g 

TES for phonon readout

Transition Edge Sensor (TES)



Results from gram-scale cryogenic calorimeter

• improve signal to noise performance 
by applying optimum filter 

• no-data blinding  
→ no data quality cuts applied 
(only stability cuts)  
→ most conservative approach 

• dark matter limit using standard 
astrophysical assumptions and Yellin 
optimal interval method 

• probe elastic dark matter 
scattering down to 140 MeV/c2 

• see also ν-cleus proposal 
(Eur.Phys.J. C77 (2017) 506) for 
application as detector for coherent 
ν-nucleus scattering
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• G-LD: no transition  
• I-all: no transitions 
• B- one iStick : heater 

broken cannot be 
operated 

• C and D - iStick system: 
working, but introduces 
strong noise on phonon 
channel

6/50 TES not working (including the 5 of detector I) 
•  The wiring is >10 years old 
•  A TES is a sensitive but challenging device
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of the PBH mass Mc, assuming a monochromatic mass function. The purple region on the left is excluded by evaporations [8],
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the blue, violet, yellow and purple regions by the microlensing results from Subaru (HSC) [43], Kepler (K) [44], EROS [45] and
MACHO (M) [46], respectively. The dark blue, orange, red and green regions on the right are excluded by Planck data [36],
survival of stars in Segue I (Seg I) [47] and Eridanus II (Eri II) [48], and the distribution of wide binaries (WB) [49], respectively.
The black dashed and solid lines show, respectively, the combined constraint with and without the constraints depicted by the
colored dashed lines. Other panels: Same as the upper left panel but for a lognormal PBH mass function with � = 2 (upper
right) and for a power-law PBH mass function with � = �1 (lower left) and � = 1 (lower right).

for the two extreme cases, ✏ = 0.4 (solid purple line) [51]
and ✏ = 0.1 (dotted purple line) [52].

The Cosmic Microwave Background (CMB) anisotropy
constraints on PBH accretion are subject to uncertain-
ties in the accretion process and its e↵ect on the thermal
history of the universe at early times. To account for
this, we show the bounds for both collisional ionisation
(solid dark blue line) and photoionisation (dotted dark
blue line) [36]. Recently, another sort of accretion limit
has been obtained in the mass range from a few to 107M�
on the grounds that PBH accretion from the interstellar
medium should result in a significant population of X-ray
sources [53]. Indeed, several earlier papers have consid-

ered such a limit [54, 55]. However, all these limits are
very dependent on the accretion scenario and are there-
fore not shown.

Lensing is the only phenomenon which has been
claimed to provide positive evidence for PBHs. For ex-
ample, the results of the MACHO project – searching for
microlensing of stars in the Magellanic clouds – originally
suggested halo DM in the form of 0.5M� objects [56]
and these could plausibly be PBHs formed at the quark-
hadron phase transition at 10�5s. However, the DM frac-
tion was later reduced to 20% [57]. The interpretation
of the MACHO results – and also the EROS and OGLE
results – is very sensitive to the properties of the Milky
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Dark Photons as Dark Matter Candidates

• Dark Matter candidate through U’(1) Standard Model allowed 
extension → Dark Photon 

• coupling to the Standard Model U(1) symmetry  
via kinetic mixing term κ 

• ℒ=ℒSM-¼Vμν2-κ/2 FμνVμν+mV2/2 VμVμ 

• relic abundance of dark photons from inflationary perturbations can 
account for Dark Matter relic density  

• ΩV≈0.3 √(mV/1 keV) (Hinf/1012 GeV)2 

• possible parameter space for kinematic mixing term κ experimentally 
not excluded 
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Detection Principle of Dark Photons

• dark photons couple with eκ to 
charged particles 

• ‘photoelectric effect’ leads to 
deposition of total energy  in the 
crystal 

• total absorption - no elastic 
scattering! 

• expected cross-section for Dark 
Photons: σV(EV=mV)vV≃κ2σγ(ω=mV)c 

• expected rate per ≃  
ρDM/mVc2 ·κ2σγ(ω=mV)c
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Detection of Dark Photons with CRESST

• data collected 
with the Lise 
detector 

• Ethr ≈ 300 eV 

• signal expected in 
the electron band 

• search for mono-
energetic peak at 
dark photon 
mass

�59

Dark Matter 
(nuclear recoil)

Dark Photons 
(photoelectric 

effect)

• focus on dark photons with  
mV < 2 keV

NEW



Detection of Dark Photons with CRESST

• empirical background model 
with several components 

• constant electron recoil 
background 

• excess-light events 
(electrons originating 
from outside detector 
module  
→ light from scintillating 
foil)   

• Dark Photon signal with 
assuming detector resolution  
(~60 eV to ~100 eV) 
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Fig. 2. Top panel: Fit results for the phonon energies. In ad-
dition to the measured data, the stacked contributions of all
components are shown. The fixed mean of the signal peak was
set to 0.4 keV. The drop in the models below 2 keV is related to
the decreasing signal-survival probability. Bottom panel: The
residuals, i.e., the di↵erences between the data and the fitted
model, are depicted as solid black line. In addition, the statis-
tical uncertainties (central 90% region) of the fitted model are
shown as green-shaded region.

FIG. 5 shows the marginalized posterior PDF for the
signal rateRS for a peak position of 0.4 keV as an example.
This marginalized PDF was obtained by a Markov Chain
Monte Carlo algorithm [25] which was used to perform all
fits for this work.

An upper limit for the signal rate can be obtained as
the corresponding quantile of P (RS |data), e.g., the up-
per 90% limit for RS corresponds to the 90% quantile of
P (RS |data). For the example of FIG. 5 this upper 90%
limit is 1.77 counts kg�1day�1.

This limit on the signal rate RS can be converted into
a limit on the kinetic mixing using equation (2). We re-
peated the described Bayesian fit-procedure with di↵er-
ent fixed positions for the dark-photon signal in 0.05 keV
steps from 0.3 to 2 keV. The resulting limit for the kinetic
mixing is shown in FIG. 6 as a function of dark-photon
mass. In addition, existing limits (90% confidence level)
from astronomy, the XENON and DAMIC experiments
are shown. Our result improves the existing constraints
for dark-photon masses between 0.3 and 0.7 keV/c2.

The recently started (July 2016) Phase 1 of CRESST-
III has the potential to further improve this limit. The
detectors operated in this phase of CRESST-III will have
energy thresholds of . 0.1 keV [33]. Thus, with these de-
tectors we can extend our limits towards smaller dark-
photon masses of . 0.1 keV/c2.

Fig. 3. Top panel: Fit results for the light energies. Only
events within the phonon-energy slice between 0.3 and 1 keV
are shown in this plot. In addition to the measured data, the
stacked contributions from the electron-recoil band and excess-
light events are shown. Bottom panel: The residuals are de-
picted as solid black line. In addition, the statistical uncer-
tainties (central 90% region) of the fitted model are shown as
green-shaded region.

5 Conclusions

The dynamics of galaxies and galaxy clusters give evi-
dence for the existence of dark matter. However, its origin
and nature remain unknown up to now. There is a variety
of theories for dark matter. In recent years, theories pre-
dicting interactions of dark-matter particles with electrons
rather than nuclei became more popular. One example are
dark photons, i.e., long-lived vector particles with a kinetic
mixing to standard-model photons.

Like several other direct dark-matter searches, CRESST-
II is optimized for an observation of dark-matter particles
interacting with nuclei. However, the obtained data can
also be used to search for dark-matter candidates with
di↵erent interactions. In this work we present the limits
for the kinetic mixing of dark photons based on data from
Phase 2 of CRESST-II corresponding to an exposure of
52 kg-days. To obtain this limit we performed Bayesian
fits of an empirical background model and a potential
dark-photon signal to the measured data. Our new limit
improves the existing constraints for dark-photon masses
between 0.3 and 0.7 keV/c2. Due to its low energy thresh-
olds, the recently started CRESST-III Phase 1 has the
potential to further improve this limits.

region used  
for limit
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Detection of Dark Photons with CRESST

• deposited energy 
corresponds 
directly to the 
Dark Photon mass 

• performance  
determined by 
background and 
detector resolution
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Fig. 4. Top panel: Distribution of phonon energies of excess-
light events. For this plot only events with light energies
larger than the 99% quantile of the electron-recoil band (equa-
tion (8)) were taken into account. In addition, the stacked dis-
tributions of all components of the fit model are shown. The
contribution by the signal is too small to be visible in this plot.
The drop in the models below 2 keV is related to the decreas-
ing signal-survival probability. Bottom panel: The residuals are
depicted as solid black line. In addition, the statistical uncer-
tainties (central 90% region) of the fitted model are shown as
green-shaded region.

Fig. 5. Marginalized posterior PDF for the signal rate RS . For
this example with a fixed peak position of 0.4 keV the upper
90% limit is 1.77 counts kg�1day�1.
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FIG. 6. MC simulation of the expected background from
a contamination of the inner surface of the inner veto with
a surface �-emitter (210Pb). The histograms shows the en-
ergy deposits in the target for two cases: an inactive inner
veto (black) and an active coincidence rejection (red) with
a threshold of 30 eV. A background reduction of O(102) is
feasible at low energies

(MC) study performed with the Geant4 code in version
10.2p1 and using the Livermore low-energy electromag-
netic models [26, 27]. Exemplary for a surface contami-
nation we simulated the �-decay of 210Pb by placing the
lead ions at rest on the inner surface of the inner veto, fac-
ing one target calorimeter made of Al2O3. The source ac-
tivity is assumed to be O(1 kg�1keV�1d�1), the maximal
external �-activity observed with TUM40, a module op-
erated in CRESST-II phase 2 [28]. The black histogram
in Fig. 6 shows the background spectrum seen by the tar-
get with inactive inner veto, the red histogram shows the
spectrum of the remaining background in case of an ac-
tive coincidence rejection with a threshold of 30 eV (see
red star in Fig. 2). Clearly a reduction of more than
two orders of magnitude is feasible. Compared to the ex-
pected external radiation (see below) this is a negligible
value. A more detailed MC study is in preparation and
intended for future publication.

F. Outer-veto detector

Given the smallness of the calorimeter array and the
inner veto system, these components can be embedded
in a large cryogenic outer veto. We consider cylindrical
crystals with a diameter and height of O(10 cm) which
are segmented into two (or more) parts with a central
cavity to host the inner detector parts (see Fig. 7). Each
crystal of the outer veto is instrumented with a TES. It is
foreseen to use materials that are known for their excel-
lent phonon properties, such as e.g. Ge and CaWO4, and
that have been demonstrated as cryogenic detectors with
masses of O(100 g-1 kg). Thresholds between 300 eV and
1 keV are reached with such devices, in agreement with

FIG. 7. Technical drawing of the fiducial volume detector.
Two calorimeter arrays are installed inside the CaWO4 outer
veto with diameter of 10 cm. The veto is made of two parts
with a height of 5 cm each which are equipped with TESs and
operated as cryogenic detectors.

the prediction of the performance model for calorimeters
in section II B (Fig. 2). CaWO4 is the preferred mate-
rial: it has the heavy element W which provides a high
cross-section for gamma radiation and the relatively light
element O for an e�cient moderation of neutrons. The
simulations below are therefore performed using CaWO4.
However, when scaling up the number of detectors (see
section IIG) larger diameters of CaWO4 crystals are nec-
essary which currently are not available. In this case, Ge
crystals are a promising alternative, since those are read-
ily produced in large diameters (up to 300mm), with high
radiopurity.
Also the rejection power of the outer veto was esti-

mated with a MC study. Here a CaWO4 target was
placed inside the nested shields of inner and outer veto.
As typical background we investigate gamma rays follow-
ing the remaining spectrum at the Dortmund Low Back-
ground facility [29], a low-background site at the surface
which will be discussed in section III. FIG. 8 shows as
black histogram the background spectrum observed by
an unshielded target, in blue the remaining background
in case of a passive outer veto, and in red the remaining
background in case of an active outer veto with a thresh-
old of 1 keV. Even with only a passive veto a background
supression of more than 3 orders of magnitude at low en-
ergies is feasible. Activating the outer veto increase the
supression to more than 4 orders of magnitude. Impor-
tantly, the expected gamma-induced electron-recoil spec-
trum remains flat down to energy threshold (see inset of
Fig. 8).
For a first estimate of muon-induced neutron back-

grounds, a basic MC simulation was performed. Using

5

what is predicted by the performance model for calorime-
ters (section II B). Part of the discrepancy may be ex-
plained due to worse noise level in the MPI setup (by
factor 1.5-3 [6]) compared to the low-noise benchmark
setup used for the calculation of the predictions (Equ.
9). The considered detector, being the first prototype
of a gram-scale calorimeter, is expected to improve by
further developments and adjustments of the TES sensor
(e.g. by increasing the phonon collector area, by reducing
the film thickness or alternative TES geometries).

In the calibration measurement a flat background spec-
trum of ⇠ 1.2 · 105 counts/[kg keV day] (7-10 keV) is ob-
served above the calibration peaks [23]. This is expected
due to the absence of any shielding and can be considered
as an absolute upper limit for the total rate in surface
experiments (here it corresponds to ⇠ 0.3Hz). It is com-
parable to typical total acount rates observed in O(1 kg)
cryogenic detectors operated in underground laboratories
[18]. The result clearly demonstrates that gram-scale de-
tectors can be operated in a high-background environ-
ment – in particular at surface level – while allowing low
energy thresholds and stable operating conditions. When
using an anti-coincidence veto, in particular a muon-veto
surrounding the cryogenic setup (e.g. around a volume
of 80x80x80 cm3), the resulting dead-time due to the fi-
nite timing resolution of the calorimeter pulses (typically
⇠ 10µs [25]) is maximally ⇠ 1%.

The performance of the prototype fulfills the require-
ments listed in the previous section in terms energy
threshold and operability at surface-level. To demon-
strate the required background level – for the near fu-
ture – measurements with further developed CaWO4 and
Al2O3 calorimeters at low-background experimental sites
(e.g. a shallow laboratory) are planned. In particular,
the target calorimeter(s) will be embedded in the inner
and outer cryogenic shieldings which are discussed in de-
tail in the following sections.

E. Low-threshold inner veto and detector holder

Background from the surfaces of the target crystals
and surrounding surfaces is a big challenge for rare-event
searches, and can limit the sensitivity at low energies.
The inner veto provides an active discrimination against
beta and alpha decays occurring on surfaces. Typical Q-
values of such decays are between ⇠ 10 keV and 10MeV
typically shared between 2,3 or more product particles
leaving the interaction point in di↵erent directions. In
a configuration where the target is surrounded by a 4⇡
active veto, the total energy of the reaction is detected
(apart from the energy transferred to neutrinos in beta
decays). In this way, a high fraction of such backgrounds
can be rejected by coincident events in the veto. The
rejection of surface background is crucial in particular
when approaching ultra-low energy thresholds, as can be
seen in experimental data (see e.g.[20]). Fig. 5 shows
a section view of the inner part of the detector. In the

a

b

c

d e

f

g

h

FIG. 5. Schematic side view of the detector array. Red: target
calorimeter cubes (a) of (5x5x5)mm3 with a TES each. Blue:
Si wafers instrumented with TESs providing a 4⇡ surface veto
(b,c,d,e,f). Two slabs have pyramides (b,c) with a height of
200µm which are produced by wet chemical etching. These
structure holds the target crystals. Slab b is flexible due to
a thickness of only 200µm. Purple: Sapphire balls with a
diameter of 1mm. Green: Two outer Si slabs (g,h) of 2mm
thickness press together the inner part. Slab b thereby acts as
a spring. Slab h hosts the electrcal wiring which is connected
to the TES with wire bonds (black).

following, the functionality of the relevant detector com-
ponents is briefly discussed:

• Target (red): The detector consists of 9 target
calorimeters (a in Fig. 5) arranged in a 3x3 de-
tector array. Each crystal is equipped with a TES
(see chapter II C).

• Active components (blue): To realize a 4⇡ veto
against surface backgrounds, Si wafers read-out by
a TES each are used (b-f). Two of these (b and c)
are in contact with the target crystals via pyrami-
dal Si structures on the wafers. The upper one (b)
is thin enough (200µm) to be flexible - the wafer
acts as a spring. Pressed to the target crystals, the
thin wafer realizes a spring-loaded holding struc-
ture which can compensate for thermal contraction
of the various components of the detector. Pos-
sible events induced by the detector holder (e.g.
by thermal-stress relaxation) can be rejected since
they induce also phonon signals in the TESs of b
and c.

• Passive components (green): Two Si slabs (g and h)
are used as support structures for the calorimeter
array. They are attached to each other by 4 posts
(shown in Fig. 4) providing the necessary pressure
to hold the target crystals. The lower wafer (h)
is equipped with Al (Au) wiring for the electrical
(thermal) connection of the target calorimeters and
the inner veto devices.

The inset in Fig. 4 shows a prototype Si wafer with a
pyramid structure produced at the Halbleiterlabor of the
Max-Planck-Society. The structure is defined by photo-
lithography techniques and the pyramid structures are
then realized by wet chemical etching.
The rejection power against surface related back-

ground was estimated with a dedicated Monte Carlo

arXiv:1704.04320
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FIG. 8. MC simulation of the expected energy deposit in case
of a �-background similar to the remaining one in the Dort-
mund Low Background facility [29]. The histograms show the
energy deposits in the target for three cases: without any veto
(black), in case of a passive outer veto (blue), and in case of
an active outer veto (red) with a threshold of 1 keV. The inset
zoom to the first 10 keV. Clearly a background reduction of
O(103) at lowest energies is reasonable.

an active CaWO4 outer veto, the neutron background is
reduced by a factor of ⇠ 10, independent of the recoil en-
ergy (studied in the energy range from 10 eV to 300 keV).
By a clever combination of passive shielding elements like
borated polyethylene, and active shielding elements like
instrumented plastic or liquid scintillators, and LiF crys-
tals, neutron background levels can be further reduced.
This concerns shielding systems placed outside the cryo-
genic setup surrounding the cryostat at all sides. In ad-
dition we provide two technologies to further reduce and
reject this potentially harmful background: 1) the outer
cryogenic veto system described above and 2) the active
background discrimination by the multi-target approach.
The latter might be a powerful tool to reduce ultimate
backgrounds, particularly neutrons. This is described in
more detail in section III. Nevertheless, we conclude that
a dedicated MC simulation using measured muon spec-
tra in combination with a calorimeter measurement at
the experimental site are necessary. This is beyond the
scope of this work and will be subject of a future publi-
cation.

G. Production and scalability

A disadvantage of cryogenic detectors when compared
to e.g., scintillation detectors has always been the di�-
culty to scale up the experiments in size. The new de-
tector concept presented here overcomes most of these
problems. In principle, the detector has been designed
such, that the number of production steps of the individ-
ual detector components are independent of the number

FIG. 9. Technical drawing of a up-scaled calorimeter array
using state-of-the-art wafer sizes of 150mm diameter (e.g.
Al2O3 as target and Si as holder). In one production step, a
total target mass of ⇠ 110 g can be achieved using an array
of 225 crystals.

of target calorimeters involved.

The target calorimeters are produced from wafers with
a thickness of 5mm and variable diameters (CaWO4 up
to 60mm, Al2O3 up to 200mm, and Si up to 300mm).
With well-established techniques of the semiconductor
industry, as e.g. photolitography, thin-film evaporta-
tion, etching or sputtering, the TES sensors are be-
ing simultaneously equipped on each target calorimeter,
and the wafer is cut only afterwards into the individual
(5x5x5)mm3 crystals. The same up-scaling is possible
for the inner veto (section II E) which acts as a detector
holder. It is entirely produced by the above-mentioned
methods. The cutting of the wafers is done by means of
a laser or other automated methods. The cabling for a
large amount of TES sensors are implemented by pho-
tolitography in combination with sputtering on the inner
veto wafers as done for the 3x3 array. Further, it has
been shown (e.g. in [30]) that large amounts of SQUIDs
can be realized by SQUID multiplexing.

For the first phase of the experiment, we focus on the
production of 3x3 arrays with moderate requirements of
size and channel numbers which is foreseen as su�cient
for a discovery of CNNS (see below). In a second step,
the technology mentioned above enables experiments up
to the kg-scale with energy thresholds of O(10 eV); an
exposure allowing precision measurements of the CNNS
cross-section and interesting BSM physics. Fig. 9 shows
a technical drawing of a future calorimeter array of 225
crystals which correspond, using Al2O3, to a total mass
of ⇠ 110 g.

arXiv:1704.04320
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FIG. 11. Count rates on CaWO4 (red) and Al2O3 (green) expected from a benchmark nuclear power plant of 4GW for the
3 experimental sites considered. The black dotted lines indicate di↵erent background levels (extrapolation to lower energies)
measured in di↵erent experimental sites. From top to bottom: a) the Stanford shallow underground facility [33], b) the low-
background setup at the ARC in Seibersdorf [34], c) the Dortmund low-background facility [29] and d) the Heidelberg shallow
laboratory [35]. The full black line (e) shows the expected (simulated) background level using the outer and inner veto of
the fiducial-volume cryogenic detector. The grey band indicates the uncertainty of the background level with a lower limit at
the intrinsic background level of CaWO4 crystals measured at LNGS [28]. Reactor-correlated backgrounds are considered as
negligible at the considered distances from core.

mental data describing detectors operated in shallow or
above-ground low-background environments exist in the
literature, mostly for Ge detectors. The following total
background levels are reached in selected experiments:
0.4 counts/[kg keV day] at the shallow underground lab
in Heidelberg [35], 5 counts/[kg keV day] at the Dort-
mund low-background facility [29], ⇠ 20 counts/[kg keV
day] at the ARC in Seibersdorf [34] and 200 counts/[kg
keV day] in the CDMS experiment operated at the Stan-
ford underground facility [33] (black dotted lines). All
values correspond to the rates in the lowest energy bin of
the respective experiment. The grey band in Fig. 11 in-
dicates the uncertainty in the observed background level
depending on the individual site, the overburden and the
shielding design. The lowest energy threshold (⇠ 500 eV)
among the listed experiments is achieved by CDMS [33].

We use the highest background level reported as a con-
servative upper limit for the sensitivity studies. Even
more conservative, we do not consider the additional
background-rejection capability of the inner and outer
cryogenic veto. As shown in chapter II E and II F by a
dedicated MC study, the cryogenic fiducial-volume de-
tector reduces surface, gamma and neutron backgrounds
by factors of & 103 and ⇠ 10, respectively, in the target
volume. In the following, the (flat) background rate of
200 counts/[kg keV day] is referred to as the benchmark.

In case of CaWO4 the CNNS signal is 2� 3 or-
ders of magnitude above the conservative benchmark

background whereas in case of Al2O3 the signal-to-
background ratio is much smaller (factor of 1-5), see Fig.
11. The multi-target approach, therefore, is a power-
ful tool to actively discriminate neutrino-induced signals
from backgrounds. In particular, it allows to identify
possible ultimate exponentially shaped, signal-like back-
grounds.

3. Experimental site and discovery potential

An extensive likelihood study is performed to investi-
gate the discovery potential of CNNS with the proposed
small-scale experiment. We consider one CaWO4 (to-
tal mass: 6.84 g) and one Al2O3 (total mass: 4.41 g)
calorimeter array inside the inner and outer active cryo-
genic veto (see Fig. 7). The benchmark background level
is assumed and, conservatively, the rejection capability of
the surface veto is not used for the background estima-
tion. Three di↵erent thresholds are studied (5, 10 and
20 eV) which, however, have only a minor impact on the
discovery potential. We define three scenarios:

• Near case: A distance of 15m from the reactor
core - a site within the reactor containment. High-
est count rates are expected, but there are tough
requirements for the shielding against correlated
backgrounds. The access is restricted and strict
safety regulations have to be considered.
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FIG. 12. Artist view of a typical nuclear power plant with
possible experimental sites (red boxes) for the 3 di↵erent sce-
narios (see text).

• Medium case: A distance of 40m from the re-
actor core - outside the containment and the reac-
tor building. Possibly a shallow site in a adjoining
building or a dedicated site with an artificial over-
burden. Easier access and a better infrastructure.

• Far case: A distance of 100m from the reactor
core - far away from the critical reactor compo-
nents, possibly outside the entire power-plant area.
Straightforward access and plenty of possible sites.

For each case, spectra are randomly generated for a
large number of varying exposures. The results of this
MC simulation are studied with a likelihood ratio analy-
sis. In every MC experiment, one spectrum each is gen-
erated for the CaWO4 and Al2O3 arrays. The unbinned
likelihood of a model’s parameters is calculated as a prod-
uct over the individual likelihoods for each event in both
spectra and the Poisson likelihood for observing this total
event numer (Extended Maximum Likelihood method).
The single event likelihood is proportional to the sum of
the signal and background rates for the given parameter
values. Two very simple models are considered: the free
model has two parameters, namely the level of the flat
background and the strength of the CNNS signal relative
to the standard model expectation. In the null model,
the CNNS signal strength is held at zero. The maximum
likelihood of each model at the best fit parameter val-
ues is denoted Lfree and Lnull respectively. Since the two
models are nested with one additional parameter in the
free model, the likelihood ratio test statistic

W = 2 log
Lfree

Lnull

follows a �2-distribution with one degree of freedom (by
Wilks’ theorem). The square root of the test statistic
therefore follows a standard normal distribution, so that
the statistical significance in � of the claim of a CNNS
signal with nonzero cross-section in addition to the as-
sumed flat background is directly given by

p
W for each

pair of spectra.

FIG. 13. Discovery potential of CNNS vs. time at a 3.5 GW
reactor core from the likelihood ratio analysis described in
the text. The combination of one CaWO4 and one Al2O3

calorimeter array is investigated assuming the benchmark
background level of 200 counts/[kg keV day]. Each data
point corresponds to a set of simulated spectra at the nominal
threshold of 10 eV. Three cases for the reactor distance d are
considered (see text): near case (blue), medium case (green)
and far case (grey). The full lines are fits of a square-root-
function to the MC data. Corresponding fits to simulations
with 5 eV threshold (dashed lines) and 20 eV threshold (dash-
dotted lines) are shown. Varying the threshold thus has only
a minor impact on the dicovery potential.

Fig. 13 shows the resulting discovery potential of the
3 scenarios. The MC data (data points) using an energy
threshold of 10 eV are fitted by square-root functions (full
lines). Changing the threshold to 5 and 20 eV has only a
minor influence on the result (square-root fits shown as
dashed and dash-dotted lines respectively). The individ-
ual MC results for 5 and 20 eV threshold are not shown
for clarity. All three scenarios show a very promising po-
tential for the discovery (5�) of CNNS - in the near case
within ⇠ 1 day, in the medium case within < 2weeks and
in the far case within ⇠ 4months of measuring time.

Background studies including dedicated measurements
on the individual sites and detailed MC simulations are
required to find the most suitable site. At the medium
and far sites, expected backgrounds are rather straight-
forward, while for the near site a proper understanding of
the possibly remaining reactor-correlated backgrounds is
needed. The near site, however, would - despite a rapid
discovery of CNNS - allow a precision measurement (sta-
tistical error on a percent level) of the cross-section pre-
dicted by the Standard Model within a measuring time
of one year. Impressively, this can be performed by a
detector with a total target mass of ⇠ 10 g, given the
necessary control of systematics.
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