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Abstract The CRESST-II (Cryogenic Rare Event Search with Superconducting Ther-
mometers) experiment, whose second phase has been successfully finished in summer
2015, aims at the direct detection of dark matter particles. The intrinsic radiopurity
of CaWOy crystals, the capability to reject recoil events from alpha-surface contam-
ination, and the energy threshold were significantly improved compared to previous
runs of the experiment. A moderate exposure of 29 kg-days acquired by one ~250¢g
CaWOy detector provides competitive limits on the spin-independent dark matter
particle-nucleon cross section and probes a new region of parameter space for dark
matter particle masses below 3 GeV/c2. The potential for low-mass dark matter parti-
cle search can be further exploited by a new detector design planned for CRESST-IIIL.
We describe the experimental strategy for the near future and give projections for the
sensitivity.
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1 Introduction

During the last two decades, direct searches for dark matter in the form of particles
have rapidly improved their sensitivity to spin-independent dark matter particle-
nucleon scattering . Possible hints for low-mass dark matter particles with masses of
O(10GeV/c?) which were published in recent years [1—4] are disfavoured or excluded
by a variety of experiments [5—10]. These non-conclusive experimental results and new
theoretical dark matter models have drawn the attention to dark matter particles with
masses of ~10 GeV/c? and below [11].

2 First Results from CRESST-II Phase 2

The CRESST-II (Cryogenic Rare Event Search with Superconducting Thermometers)
experiment uses scintillating CaWOy crystals as target material for interactions with
dark matter particles [1]. CRESST uses modular detectors of ~300g each of which
is based on a two-channel detector readout: the CaWQ4 target crystal is operated as a
cryogenic detector at mK temperatures to measure the total deposited energy of particle
interactions (phonon detector). The temperature rise is measured by a transition edge
sensor (TES) which is made of a thin W film. A separate light detector, a silicon-
on-sapphire absorber (diameter 40 mm, thickness: 500 wm), which is also equipped
with a TES measures the scintillation light output induced by interactions in the target
crystal. Due to light quenching [12] in CaWOy4, the scintillation light detection allows
to identify the type of particle interaction. This is crucial to discriminate unavoidable
beta/gamma backgrounds from possible dark matter particle-induced nuclear-recoil
events which, to a certain extent, can be even tagged as O, Ca, and W recoils [13].

CRESST-II Phase 2 was running between July 2013 and August 2015 with a total
target mass of ~5kg. Eighteen detector modules of four different detector designs
[15] were operated. In this paper, the detector module (called TUM40) with the best
overall performance is discussed. The target crystal, a block-shaped CaWOy crystal
with a mass of 248 g, is held by sticks made of CaWO, material [14]. Together with
a polymeric foil (which covers the remaining part of the inner housing), the sticks
provide a detector housing with a fully scintillating inner surface (see Fig. 1). With
this detector, previously observed backgrounds from surface-alpha decays are rejected
with high efficiency [14]. The CaWO; crystal used (TUM40) was produced in-house
at the Technische Universitidt Miinchen [16]. In this way, the intrinsic background level
could be reduced to an average beta/gamma rate of 3.51/(kgkeV day) at 1-40keV [17],
a factor of 2-10 better than for previously available crystals. An energy threshold of
~ 600eV and a resolution of oph=(0.090£0.010) keV (at 2.60keV) were achieved
with this detector.

In the first data of TUM40, all events observed in the region of interest for dark mat-
ter search are compatible with leakage of beta/gamma backgrounds. For the achieved
exposure of 29 kg-days, no indications for additional backgrounds or an excess signal
are observed. Consequently, a limit on the spin-independent dark matter particle-
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Fig.1 Scheme of the new detector module: CaWOQy sticks are used to hold the target crystal. They are fed
through holes in the copper support structure. Together with the scintillating foil surrounding the crystal,
a fully scintillating inner detector housing is realized. This provides an efficient veto against surface-alpha
backgrounds [14] (Color figure online)

nucleon scattering cross section is derived (see Fig. 3) [18]. It probes a new region of
parameter space for dark matter particle masses below 3 GeV/c? and disfavours the
dark matter interpretation of the CRESST-II Phase 1 results [1].

3 Potential of CRESST-III

CRESST-II phonon detectors with masses of ~300 g achieve energy thresholds of
typically 300-800eV (50 % trigger efficiency). Since the expected exponential recoil
spectra extend only up to energies of O(1keV) for dark matter particle masses of
O(1GeV/c?) [11], the energy threshold is crucial for the sensitivity to low-mass dark
matter.

Therefore, an enormous gain in sensitivity is expected if the energy resolution and,
hence, the threshold of the phonon channel are reduced further. For CRESST-1II, we
chose a straight-forward approach to improve the detector performance, namely to
scale down the volume of the absorber crystals. According to the model of cryogenic
detectors [19], this has some basic implications for a calorimeter: For a crystal with
reduced size, the area of TES can be smaller in order to absorb the same fraction
of phonons induced by a certain energy AE. Since the temperature rise in the TES
AT ~ AE/C increases when reducing the heat capacity C of the thermometer, a
smaller TES will consequently raise the signal-to-noise ratio of the detector. In addi-
tion, the collection area of the TES can be increased using superconducting Al phonon
collectors (without increasing the heat capacity C of the thermometer). Concretely,
for a block-shaped CaWOy with a size of 10 x 20 x 20mm? and a mass of 24 g, an
improvement in energy resolution by a factor of 10-50 compared to ~300 g crystals
is expected. Therefore, energy thresholds of order O(50eV) are feasible.

Parallel to us, an alternative concept to improve CRESST detectors was worked out
[20]. Although completely unrelated to the CRESST-III strategy, we appreciate the
findings in the manuscript, as they might become relevant for large-scale cryogenic
experiments in the future.

According to the target crystal, the size of the light detector can be scaled down
without a penalty in collection efficiency for scintillation photons. Since, in first
approximation, the signal-to-noise ratio is inversely proportional to the volume of
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Fig. 2 Drawing of the
CRESST-III detector prototype.
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(Color figure online) + mass: 24g
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the absorber, an improvement by a factor of about 3—4 is expected for the CRESST-
III light detectors (20 x 20 mmz) compared to that of CRESST-II (40 mm diameter).
Furthermore, the re-absorption of photons in the CaWOy crystal is reduced due to the
smaller crystal size. Atlow energies (<10keV), the light detector resolution is typically
not sufficient to fully discriminate beta/gamma backgrounds. Since the light channel
provides a partial discrimination of the background over the entire energy range down
to the threshold, CRESST-III will still benefit moderately from improvements of the
light channel.

In Fig. 2, a drawing of the CRESST-III detector prototype is shown. The target
crystal and the light detector are held by CaWOy sticks to establish a fully scintillating
inner housing. This technique efficiently rejects all kinds of surface-alpha backgrounds
[14].

An additional instrumentation of the detector holder, namely CaWOQy sticks
equipped with TESs, is under investigation and will be the subject of future pub-
lications. The additional readout of events occurring in the sticks would reject all
possible kinds of backgrounds related to the detector holder.

In summary, the following improvements in detector performance are assumed
conservatively for CRESST-III:

— A phonon-detector energy threshold of 100eV;

— Due to the reduced size of light detector (by a factor of ~3), an improvement in
resolution by a factor of 3;

— Due to the reduced thickness of the crystal (reduced absorption of photons in the
crystal), an increase in light collection by a factor of 2.

The response of such a detector is computed by MC simulations [18] based on the
same background level as in CRESST-1I Phase 2. The resulting limit on the spin-
independent dark matter particle-nucleon cross section is expected between the dashed
lo lines in Fig. 3 (yellow band) for an exposure of 50 kg-days. The presently best limits
would be lowered by about three orders of magnitude below <5GeV/c?. The desired
exposure could be achieved by operating ten CRESST-III detectors of 24 g each for
~1 year. A higher exposure does not give a significant improvement unless lowering
the background level.
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There are promising techniques to reduce, both, the intrinsic contamination of
CaWOy (e.g., by repeated re-crystallization at the growth facility at TUM) and the
level of external radiation (e.g., by active and passive shielding around detectors, close-
packing of detectors). Our goal is to lower the overall background by a factor of 100
for the second phase of CRESST-III. A sensitivity projection (1 o) for 1000kg-days
of exposure of detectors with this improved performance is shown in Fig. 3 (blue
band within dotted lines). This corresponds to 100 detectors of 24 g each measured
for ~2 years which will require more readout channels.

4 Conclusion

The results of CRESST-1I Phase 2 [ 18] demonstrate the potential of phonon-light detec-
tors, in particular, for low-mass dark matter search. Energy thresholds of <100eV and
significantly improved crystal-intrinsic background levels are feasible with the next
generation of detectors. With a moderate target mass of O(3kg) and a measuring
time of ~2 years, most of the accessible dark matter particle parameter space below
10 GeV/c? can be probed. The preparations for the first phase of CRESST-III are ongo-
ing and first data is expected for the beginning of 2016. On the long term, CRESST-III
might reach sensitivities close to coherent neutrino-nucleus scattering cross sections
with exposures of >50kg-years [21].
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