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The quest for the particle nature of dark matter is one of the big open questions of modern physics.
A well motivated candidate for dark matter is the so-called WIMP - a weakly interacting massive
particle. Recently several theoretically well-motivated models with dark matter candidates in a
mass region below the WIMP mass-scale gained also a lot of interest, theoretically and experi-
mentally. The CRESST II experiment located at the Gran Sasso laboratory in Italy is optimised
for the detection of the elastic scattering of these low-mass dark matter particles with ordinary
matter. We show the results obtained with an improved detector setup with increased radio pu-
rity and enhanced background rejection and the results obtained with a dedicated low-threshold
analysis of a single conventional detector module. The limit achieved is the most stringent limit
achieved for direct dark matter experiments in the mass region below 1.8 GeV/c?. We will discuss
the expected performance for new small CRESST-type detectors to be used during the next data
taking phase. We conclude with an outlook of the future potential for direct dark matter detection
using further improved CRESST CaWOj cryogenic detectors.
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1. Introduction

Several observations on different scales clearly point to the existence of dark matter. Up to
now dark matter has been observed only via gravitational pull. The existence of a new particle,
not being observed by previous and current experiments, offers the best explanation of dark matter.
However, the properties of this new particle are yet unknown. Several well motivated theories
predict dark matter particle candidates in a large mass range from peV/c?> up to Mgyr. These
candidates are expected to interact with ordinary matter with an interaction strength well above the
gravitational interaction scale, leading to a possible detection of scattering processes between dark
matter and ordinary matter.

Recently dark matter candidates in the mass region of a few GeV/c? down to the sub-GeV/c?
region (low-mass dark matter) gained a lot of theoretical interest. This mass region can be still ac-
cessed with direct detection experiments, however, the experimental challenges differ from the one
experienced by direct detection experiments looking for weakly interacting dark matter (WIMP),
located in the mass region of tenth of GeV/c? to several TeV/c?. The expected differential scattering
rate with respect to the recoil-energy falls exponentially and much more steeply for low-mass dark
matter particles compared to particles with larger mass. Direct dark matter experiments looking for
WIMPs require a large exposure in order to be sensitive to possible scattering processes. For direct
detection experiments, searching for dark matter particles of a few GeV/c? or below, the detection
energy threshold is crucial, while the total exposure is of lower importance.

The CRESST experiment is a dedicated dark matter direct detection experiment searching for
low-mass dark matter particles. In the following we will summarise the latest results obtained by
CRESST II and published in [1, 2, 3, 4].

2. The CRESST II Experiment

The CRESST II experiment is located at the underground laboratory Laboratori Nazionali del
Gran Sasso in Italy. Dark matter particles are detected by looking for elastic scattering processes
of dark matter with nuclei of CaWQy crystals. The experiment is operated at a temperature of
about 15 mK. The total recoil energy deposited by the scattering process is measured by detecting
the generated phonons, using a superconductor attached to the surface of the crystal and operated
at its phase transition temperature. A second readout channel measures the scintillating light gen-
erated during the scattering process. Scattering of electrons or photons with the crystal produces
significantly more light than dark matter scatters (quenching) and the light measurement allows the
rejection of background events. For each event the light yield, defined as ratio of the energy mea-
sured in the light channel and the phonon channel, is determined. For electron or photon scatters
the light yield is normalised to one, scatters of dark matter particles are expected to have a lower
light yield. For smaller recoil energies the uncertainty on the light yield increases and background
events from electron or photon scattering events can potentially leak into the signal region. The
light yield versus phonon energy for data taken with a single detector is shown in Fig. 1. The
leakage of background type events into the signal region, indicated by the yellow box, is clearly
visible.
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Figure 1: Light yield as a function of the total recoil energy (phonon energy) for the Lise detector [2]. The
solid blue line indicates the upper and lower 90% boundaries for electron or photon scatters, the blue dashed
line corresponds to the lower five 6 boundary. The red (green) lines correspond to the 90% boundaries for
oxygen (tungsten) recoils. The yellow box indicates the signal region. The four events indicated by a circle
are statistically incompatible with leakage from the region of electron or gamma scatters and indicate the
presence of another source of background events.

The dominant background contribution originates from decays of crystal-intrinsic radioactiv-
ity. The overall sensitivity to direct dark matter detection is limited by the number of unidentified
background events in the region of interest. Recently the CRESST collaboration started an in-house
production of CaWOQy crystals at the Technical University of Munich. The radioactive contamina-
tions are significantly reduced with a background rate as low as 3.5 counts /(kgkeV d).

3. Results

In this article we will mainly discuss results obtained with two different detector modules,
called TUM40 and Lise. While the detector module TUM40 [1] is built using a crystal from the
in-house production with low intrinsic radioactive noise, the second detector is based on a conven-
tional detection design and a commercial crystal with normal intrinsic background conditions [2].
Data taken during a previous data taking period are used to test the Majorana character of neutri-
nos [4].

3.1 Search for low-mass dark matter

The key for detecting low-mass dark matter particles is the sensitivity for low energetic nu-
clear recoils. The expected differential dark matter-nucleus interaction rate increases exponentially
towards low-mass dark matter particles. The analysis presented here uses data from a single detec-
tor module. With the TUM40 detector module a detection threshold of about 600 eV for nuclear
recoils is achieved, while for data taken with the Lise detector module the threshold is determined
to be about 300 eV. The number of selected events in the region of interest is used to set a limit
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on the dark matter-nucleon cross section. For the dark matter density and the dark matter veloc-
ity distribution standard astrophysical assumptions are used. A limit is set by assuming all events
are originating from dark matter scatters and the maximal possible cross-section is determined by
using Yellin’s optimal interval method, which is considered to provide a conservative limit.

The result is shown in Fig. 2 and compared to other dark matter searches, using the same
astrophysical input. The Lise detector module with a lower energy threshold returns the better limit
for lowest mass dark matter particles compared to the result obtained with the TUM40 detector
module. For dark matter masses of several GeV/c? the limit obtained by experiments based on
liquid Xenon are better, since the overall exposure dominates the results. Due to higher background
contamination the result of the Lise detector module is worse compared to the limit obtained with
the TUM40 detector module. Clearly for dark matter direct detection experiments CRESST II
offers the best sensitivity for dark matter candidates below 1.8 GeV/c?.
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Figure 2: Result of the dark matter searches using CRESST II detector modules [2]. The red dashed line
corresponds to the limit obtained with the TUM40 detector module, the solid red line to the limit obtained
with the Lise detector module. For further information about the other results shown in the figure the reader
is referred to the legend.

3.2 Limit on the momentum dependent cross-section

The results summarised in chapter 3.1 assume a momentum independent dark matter-nucleon
cross section, leading to an exponential increase of the differential event rate towards low recoil
energies. Outstanding problems from comparing helioseismological predictions with solar models
can be solved by postulating asymmetric dark matter with a momentum dependent dark matter-
nucleon cross section [5]. The standard cross-section is modified as Ggark matter—nucleon = 00(4/ qo)z,
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with g being the momentum transfer, oy the standard momentum-independent cross-section and g
a reference value. This cross-section behaviour leads to a decrease in the expected differential dark
matter - nucleon cross section for lower recoil energies. For a momentum transfer of go = 40 MeV,
corresponding to a typical recoil energy of 10 keV, the discrepancies between the helioseismolog-
ical predictions and the solar models can be resolved, assuming a dark matter particle with a mass
of 3 GeV/c? and a cross section of 10737 cm?. The data obtained with the Lise detector module
can be reinterpreted assuming a momentum dependent cross-section [2]. The limits corresponding
to different dependencies on the momentum transfer ¢ are summarised in Fig. 3. The best fit value
discussed in [5] can be excluded with the recent CRESST II data set.
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Figure 3: The figure shows the limits for momentum dependent dark matter-nucleon cross sections using
data from the Lise detector module [6]. The exponent of the momentum dependent term is summarised
in the legend. The best fit value, indicated by the cross, with an asymmetric dark matter model and a ¢>
dependence, as obtained by [5], is excluded.

3.3 Search for double electron capture processes

In the Standard Model of particle physics neutrinos are the only possible particles which could
act as Majorana-type particles. In this case the particle would be it’s own anti-particle. The ob-
servation of a simultaneous beta-decay of two nuclei, where the neutrino of one decay is absorbed
by the other decay (0v2f3), would be an unambiguous sign for the Majorana character of neutri-
nos. Besides this, the Majorana character can also be probed by a neutrino-less double electron
capture process (OVEC), with two electrons simultaneously captured and two protons transformed
into neutrons, without emitting any neutrinos. The expected lifetime for such an process is much
longer compared to Ov2f decays and any possible signal is more difficult to observe. However, the
current limits for the isotopes “°Ca and '3 W are not very strong and can significantly be improved
with the existing CRESST II data set. The double electron capture with two neutrinos released has
also not been observed up to now and is part of this analysis as well. In this case the most probable
decay is based on the capture of two electrons from the K-shell (2v2K).

Data from the CRESST II experiment taken between 2009 and 2011 are analysed to search
for these processes [4]. While for the results summarised in chapters 3.1 and 3.2 events with
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Isotope | Process Ty [yl
40Ca | OVEC | > 1.40x 10%*
Oca | 2v2K | >9.92 x 10*!
180w | OVEC | >9.39x10'®
180w | 2v2K | >3.13x 10"

Table 1: The table summarises the limits for the lifetime T} /5, obtained for the two isotopes 40Ca and '80W
and the two different decay scenarios OVEC and 2v2K [4].

a light yield smaller than one are used, here events consistent with an electron or gamma scatter
and a light yield of around one are studied. For OVEC events the total energy is absorbed in the
detector, since no energy is carried away by any neutrino. A potential signal would show up as a
peak for electron or gamma events with the expected energy release. No signal is observed and a
limit is set for OVEC and 2v2K decays for “°Ca and '3°W isotopes. The limits determined for the
different decays and isotopes are summarised in table 1. For the 2v2K of '8'W the limit improves
by a factor of 30, compared to previous measurements, the other measurements improve the limit
up to a factor of seven.

4. Outlook

Recently a new data taking campaign with an improved CRESST II detector module design
started. The new design is based on smaller CaWOy crystals, leading to an even higher phonon
density and an increased sensitivity towards smaller nuclear recoil energies. The design goal is to
reach an energy threshold of 100 eV. Modules are already installed in the cryostat and the detectors
reached their operation temperature.

In a second operation phase the sensitivity will be further improved by lowering the intrinsic
radioactive background of the crystals by a factor of 100. The expected sensitivity for the the final
operation phase is shown in Fig. 4.

5. Summary

Several astrophysical measurements clearly indicate the existence of dark matter. The most
likely scenario is a new type of particle. Dedicated experiments search for elastic scattering of
these dark matter particles with ordinary matter, CRESST 1I is one among them. The CRESST
II experiment has the best sensitivity to detect low-mass dark matter particles in the masse region
between 500 MeV/c? and 1.8 GeV/c?. The CRESST collaboration recently started an upgrade
program to further improve the sensitivity in this mass region by several orders of magnitudes.
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Figure 4: Estimated sensitivity for dark matter detection using the CRESST experiment with an improved
detector design with an expected nuclear recoil energy threshold of 100 eV and improved intrinsic radio
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