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The main goal of the CRESST-III experiment is the direct detection of dark matter particles via their
scattering off target nuclei in cryogenic detectors. In this work we present the results of a silicon-on-
sapphire (SOS) detector with a mass of 0.6 g and an energy threshold of (6.7 + 0.2) eV with a baseline
energy resolution of (1.0 & 0.2) eV. This allowed for a calibration via the detection of single luminescence
photons in the eV-range, which could be observed in CRESST for the first time. We present new exclusion
limits on the spin-independent and spin-dependent dark matter-nucleon cross section that extend to dark

matter particle masses of less than 100 MeV /c2.
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I. INTRODUCTION

The search for dark matter (DM) is one of the biggest
challenges of modern-day physics. Convincing evidence
for the existence of this nonluminous matter has been found
on various scales of the Universe over the course of the last
century. However, despite many experimental efforts, the
nature of DM is still to be unveiled. An appealing solution
to this problem is the introduction of one or more new
unknown particles [1]. The Cryogenic Rare Event Search
with Superconducting Thermometers (CRESST-III) experi-
ment’s main goal is the direct detection of DM particles via
their scattering off target nuclei in cryogenic detectors. The
detectors are equipped with transition edge sensors (TESs),
operated at around 15 mK. These detectors reach sensi-
tivities down to very low energy depositions (< 100 eV),
allowing for the search of DM particles with sub-GeV /c?
masses. This makes CRESST-III one of the leading experi-
ments in low-mass DM searches. Another advantage of
this technology is the possibility to use different target

Published by the American Physical Society
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materials. In recent measurement campaigns of CRESST-
I various materials have been used as targets: CaWQ,,
Si, LiAlO,, Al,O3 (sapphire) and silicon-on-sapphire
(SOS). Currently, the strongest limits on spin-independent
interactions with sub-GeV /c?> DM under standard assump-
tions were obtained with a CaWQ, detector [2] and a Si
detector [3]. The strongest limits on spin-dependent
interactions of DM with protons and neutrons were
obtained with a LiAlO, detector [4].

The CRESST-III detector modules typically consist of a
main absorber crystal and a thin wafer detector. The wafer
is used to detect the fraction of energy converted into
scintillation light in the main absorber and to tag coincident
events. In this paper we present new results obtained with a
SOS wafer detector, operated between November 2020 and
August 2021 with a total exposure of 0.138 kg d. Due to the
low threshold of 6.7 eV and the baseline energy resolution
of 1.0 eV in this detector, we are able to measure and
resolve single photons in a cryogenic solid state detector
based on the TES technology for the first time within
CRESST. We observe vacuum ultra violet (VUV) lumi-
nescence photons from the nearby Al,O; main absorber
crystal in the detector module, which we use to fine-tune
our low energy calibration. The low energy threshold of
this detector further allows to extend our sensitivity to DM
particle masses of less than 100 MeV/c?.

First, we describe the experimental setup and the detector
design in Sec. II. The data analysis, in particular our novel
way of energy calibration, based on the detection of 7.6 eV
luminescence photons, is described in Sec. III. Then we
present the new exclusion limits on spin-independent and
spin-dependent DM interactions in Sec. IV and conclude
the discussion in Sec. V. In Appendix we briefly discuss the
estimation of the parameter space affected by the over-
burden and its effect on the calculated exclusion limits.

II. EXPERIMENTAL SETUP
AND DETECTOR DESIGN

A. Experimental setup

Since the expected rate of a DM signal is extremely low, a
low-background environment is necessary. The CRESST
experiment is therefore located in the underground facility of
the Laboratori Nazionali del Gran Sasso (LNGS) in Italy.
The rock overburden of about 1400 m (corresponding to
3800m.w.e.) reduces the flux of cosmic muons to (3.41 £+
0.01) x 10~* m~2s~! [5]. Remaining muons are tagged by a
muon veto system with a geometric coverage of 98.7% [6].
The experiment is additionally shielded by concentric layers
of various shielding materials. Environmental neutrons are
moderated by the outermost layer of polyethylene. Layers of
lead and copper shield against radioactive backgrounds.
Finally the detectors are surrounded by another layer of
polyethylene, protecting against neutrons originating from
the lead or copper shields. The extremely low temperatures

that are required to operate the CRESST detectors [O(mK)]
are achieved by the use of a commercial *He/*He-dilution
refrigerator. For a more detailed description of the exper-
imental setup see [6].

B. Detector design

The standard design of a CRESST-III detector module
consists of a main absorber and a wafer detector [2]. The
role of the wafer detector is to detect scintillation light
emitted from the main absorber. The main purpose is to
discriminate electron recoils from nuclear recoils in the
main absorber via their difference in the emitted scintilla-
tion light. This work concentrates on the analysis and
results of the wafer detector of a sapphire detector module.
The wafer detector is considered as the main absorber in
this analysis. The full module is shown in Fig. 1. The main
absorber is an (20 x 20 x 10) mm® Al,O; crystal with a
mass of 15.9 g, equipped with a tungsten transition edge
sensor (W-TES). The wafer detector is a (20 x 20 x
0.4) mm?® SOS crystal (silicon layer of ~1 um on an
Al,O5 crystal) with a mass of 0.6 g, likewise equipped

Wafer
detector

FIG. 1. Picture of the sapphire detector module. Shown are the
main absorber, consisting of monocrystalline sapphire, and the
SOS wafer detector. Both detectors are equipped with a W-TES.
The crystals are held by copper sticks in a bare copper housing.
The >°Fe calibration source is mounted through a small hole in
one of the side walls of the module.
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with a W-TES. The W-TES is located on the side of the
wafer with the silicon layer, facing away from the main
absorber. Both crystals are held by copper sticks and are
kept in a bare copper housing. In both detectors, the W-TES
film is operated at a stable temperature around ~15 mK,
corresponding to a point in the transition between the
normal conducting and super conducting phase, where its
electric resistance depends linearly on its temperature.
Signals are converted into a voltage pulse by SQUIDs
and are subsequently read out and saved by the data
aquisition system [7]. The detectors are sensitive to temper-
ature changes of O (pK). The sensors are stabilized at their
operating temperature via heating resistors on the crystals.
These resistors are used to periodically inject electric pulses
(in the following called heater pulses) at different energies
into the system, covering the dynamic range of the TES.
This allows to determine the detector resolution over the
full range of the TES. In addition to the stabilization of
the detectors, these heater pulses are also used to monitor
the time dependence of the detector response to energy
depositions, which is used in the calibration. A low-activity
>Fe source, used for energy calibration of the detectors, is
mounted through a small hole in the side wall of the
module. The source is covered by a layer of glue and coated
with gold to shield against Auger electrons and to prevent
scintillation light originating from the glue to reach the
detector.

III. DATA ANALYSIS

A. Data processing

We use a continuous data acquisition with which the full,
dead-time free output of the detector is recorded and saved
to disk [8]. The triggering of the data is done offline with a
software using an optimum filter [9] and can be iteratively
repeated as the analysis is refined. Furthermore, the full
stream of detector output is available, which contains not
only the particle and heater pulses, but also a large fraction
of noise. This is used to perform simulations by super-
imposing artificial pulses onto the stream, which are
necessary in order to estimate the survival probability of
events (see Sec. III C). For this work we used data recorded
between November 2020 and August 2021 with the
detector described in Sec. II B. Before cuts, these data
amount to a gross exposure of 0.138 kgd.

In a first step, we maximize the signal-to-noise ratio of
the recorded data with an optimum filter, which is indi-
vidually created, based on the specific signal pulse shape
and noise characteristics of each detector. Due to the design
of this filter, the original pulse height of the signals is
preserved, such that the filter amplitude is a direct estimator
for the signal amplitude. We then define the trigger
threshold by setting the accepted number of noise triggers
to 1 kg='d~" and select all pulses with amplitudes above
this threshold. The threshold determination is based on an

analytical model of the distribution of amplitudes of a large
ensemble of filtered noise samples, which allows to
calculate the noise trigger rate as a function of the thresh-
old. This method is described in detail in [10]. The detector
presented in this work has an extremely low threshold at
only (6.7 +0.2) eV.

The amplitudes of the pulses carry the information of the
energy deposited in the detector. All triggered pulses are
subject to a list of selection criteria. The data selection
criteria are designed to keep only pulses for which the
amplitude can be properly reconstructed. The first type of
cut removes time intervals from the data in which the
detector was not in stable operating conditions (stability
cut). Afterward, we remove all events that are in coinci-
dence with a trigger of the muon veto system (muon
coincidence cut). Lastly, we apply a series of quality cuts to
remove events which have a pulse shape deviating from the
standard one. These include, e.g., electronic artifacts or
pile-ups of pulses. A detailed list of the applied selection
criteria can be found in [11].

B. Calibration

The wafer detector is optimized for very low energies.
Therefore, the direct hits of the events coming from the
K, and K; X-ray lines of the *Fe decay at 5.89 and
6.49 keV [12] are energetic enough to drive the TES out of
its transition into the normal conducting phase, leading to
highly saturated pulses. The amplitude of these pulses
cannot be reconstructed with an optimum filter. Instead we
perform a truncated standard event fit which uses the
known pulse shape information only in the linear regime
of the TES, excluding all pulse samples above the corre-
sponding truncation limit. This method is well established
and was used in past CRESST analyses [13,14]. Here we
use this method for a first calibration of the wafer detector.

Luminescence of the main absorber: during the data
processing step in the analysis of the main absorber, the
wafer detector is read out simultaneously whenever the
main absorber triggers on an event, independently of
the presence of an event in the wafer detector. In the
analysis of the main absorber crystal we observe a
coincident signal between the main absorber and the wafer
detector, which is mostly visible in the case of >°Fe x-rays
hitting the main absorber. Figure 2 shows a 2D histogram of
these signals in both detectors. The energy scale of the
wafer detector in this plot is the one of the calibration based
on the truncated fit, as described above. The energy
depositions in the wafer detector show several equidistant
populations, with the first population being centered around
zero and the second one following at around 9 eV.

Ultra pure sapphire crystals emit VUV luminescence at
7.6 eV via the radiative decay of excitons [15,16]. This
luminescence can be actively excited by external radiation.
The high initial energy deposition in the main absorber of
about 6 keV can lead to a multiplication of the electronic
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FIG. 2. 2D histogram of the energies in both detectors of events
coincident with hits of x-rays from the >°Fe calibration source at
5.89 and 6.49 keV (y-axis) in the main absorber. The energies in
the wafer detector (x-axis) show several separate equidistant
populations at very low energies.

excitations, which in turn leads to the creation of several
luminescence photons, each with an energy of 7.6 eV [16].
The timescale of the VUV emission is of the order of
ns [16—18], while the pulse risetime for the wafer detector is
of the order of 100 ps. Therefore, multiple luminescence
photons from one x-ray event cannot be resolved in time
and their energies will add up.

The probability of a single luminescence photon to
deposit energy in the wafer detector is mostly given by
the solid angle of the wafer detector with respect to the
position of the emission in the main absorber. The
probability of measuring n € {0, 1,2,3,4, ...} photons in
the detector simultaneously is then described by a binomial
distribution, which explains the observed decreasing inten-
sity between the equally spaced populations in Fig. 2. We
therefore interpret these populations as the energy depo-
sitions of single photons of 7.6 eV (second population) and
multiples of such (following populations). The first popu-
lation (centered around zero) shows the case of no lumine-
scence photons reaching the wafer detector. Indeed, we are
able to identify these events as empty noise traces and
remove the first population with our selection criteria,
leading to the distribution in Fig. 3. In the final analysis the
main absorber was not triggered. Therefore, no events
below threshold are included in the dataset and no cut is
necessary to remove the empty noise traces.

The presence of these peaks is an excellent opportunity
to perform a fine-tuning of the calibration at these low
energies. For this we follow our standard calibration
method: We reconstruct the amplitudes of the calibration
events with the optimum filter. Then we use the injected
heater pulses to correct the reconstructed amplitudes for the
time dependence of the detector response. We fit four
Gaussian distributions with equal distance and constant
resolution to a histogram of the time corrected recon-
structed amplitudes of the events forming the luminescence
peaks to obtain the calibration factor:

400F
3500
300F

250;

200; 2x7.6eV
150F

]00;7 3x7.6eV

Counts per 0.5 eV

4 x7.6eV

5 10 15 20 25 30 35 40 45
Energy (eV)

50

FIG. 3. Energy spectrum of luminescence events in the wafer
detector in coincidence with >Fe events in the main absorber
(black) together with four fitted Gaussian distributions with equal
distance and resolutions (red). The red dashed line depicts the
energy threshold after the fine-tuning of the calibration.

Ai e &L (1)
iZ1254 V270

f(E) =

with E being the time corrected reconstructed amplitude.
The free fit parameters are the amplitudes of the four peaks
A; the mean of the first peak x and the width of the peaks o.
The fit is restricted to amplitudes above the trigger thresh-
old of the wafer detector in order to ensure that they are
correctly reconstructed. The resulting conversion factor
from time corrected reconstructed amplitudes to units of
energy decreases with respect to the original calibration
factor based on the fit of the saturated pulses of the direct
hits of Fe events in the wafer detector. This shifts the
threshold in units of energy from 8.0 eV (original calibra-
tion) to 6.7 eV (fine-tuned calibration), which shows that
the extrapolation from ~6 keV to ~6 eV in the original
calibration was already quite accurate. The fine-tuned
calibration leads to more reliable results and thus to more
reliable DM exclusion limits. The fit results in a width of
the peaks of (2.65 + 0.05) eV. Figure 3 shows a histogram
of the luminescence events after removing the first pop-
ulation and after the fine-tuning of the calibration together
with four fitted Gaussian distributions illustrating the single
photon hits in the detector.

C. Final spectrum and efficiency

In the final calibrated energy spectrum used for the DM
analysis, all events that are clearly in coincidence with an
5Fe event in the main absorber (the luminescence peaks)
are removed by our selection criteria. The final energy
spectrum, measured with a total exposure of 0.138 kg d and
after applying all selection criteria, is shown in Fig. 4. The
most striking feature of the spectrum is the strong rise of the
event rate toward lower energies. The rate of these low
energy events strongly exceeds the expected background
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FIG. 4. Final energy spectrum used for the DM analysis, after
applying all selection criteria, with a total exposure of 0.138 kg d.
The steeply rising event rate toward lower energies is known as
the low energy excess (LEE).

rate and is therefore often referred to as the low energy
excess (LEE). An extensive summary of the observed LEE
in CRESST-III and other experiments can be found in the
report of the first EXCESS Workshop [19]. A deeper
investigation of the LEE in CRESST-III in [20] excludes
DM interactions, as well as intrinsic or external radio-
activity as major contributions to the LEE. Additionally,
scintillation light is excluded as a source for the LEE. A
general observation in [20] is an exponential decay of the
rate over time. This decay is also observed in the LEE rate
of the detector presented in this work. The current data
taking campaign in CRESST-III employs new detector
designs to test further hypotheses [21]. In particular the
apparent presence of two different components in the shape
of the LEE in Fig. 4 and other detectors is under inves-
tigation, which is targeted with the design of the DoubleTES
module, showing promising first results in [22].

The probability of a valid event to survive all steps of the
analysis is obtained by performing a simulation. We
superimpose ~3 x 10° artificial pulses onto the continuous
stream of real data at random times to obtain a simulated
data stream with known energies per event. Their energies
are uniformly distributed over the linear regime of the
detector between 0 and 130 eV. The simulated data are then
processed by the same analysis chain as the real data. Due
to the randomness in the time distribution, some of the
pulses are superimposed onto different types of artifacts on
the stream with a proportion that is representative of the real
data. Since the amplitudes and timestamps of the simulated
events are known, the surviving fraction of events after
triggering and after applying the selection criteria can be
extracted as a function of their energy. This energy
dependent surviving fraction of events can then be used
as an estimator for the survival probability of real particle
events. Figure 5 shows the energy dependent fraction of

0.9

0.8

0.7

0.6F

0.5

0.4

0.3

Surviving fraction

0.2F
0.1F

0:

3 4 5 678910 20 30 40 50 10°

Simulated energy (eV)

FIG. 5. Energy dependent surviving fraction of simulated
events after triggering (light gray) and after applying all selection
criteria (dark gray). The red line shows a fit of an error function to
the trigger efficiency, verifying the energy threshold at 6.7 eV and
a baseline resolution of 1.0 eV.

surviving events after triggering (light gray) and after
applying all selection criteria (dark gray).

The constant trigger survival probability of ~81% above
10 eV is caused by dead time of the trigger, mostly due to
the presence of heater pulses that are injected into the
detectors for stabilization and calibration purposes. The
shoulder in the efficiency curves at around 0.1 keV emerges
from a filter effect. The filtered output of a pulse contains
small side maxima, symmetrically distributed around the
pulse [8]. The height of these maxima depends on the
amplitude of the originally filtered pulse. The amplitude of
the side maxima of the largest heater pulses corresponds to
an energy of about 0.1 keV in this detector. After the filter
process, particle events with energies below this value that
appear close enough to such a heater pulse in time (before
or after) can be hidden by one of these side maxima.
Effectively this reduces the trigger probability for particle
events with energies below 0.1 keV, leading to the shoulder
in the efficiency curve.

Figure 5 also shows the fit of an error function to the
trigger efficiency curve, which is used for a verification of
the trigger threshold in units of energy. The threshold is
defined as the value at which 50% of all simulated pulses
that are not lost to the trigger dead time are triggered. The
fit to the trigger efficiency curve with 1000 bins between
0 and 20 eV results in an energy threshold of (6.70 +
0.22) eV and a resolution of (1.03 £ 0.20) eV, confirming
the claimed threshold.

IV. DARK MATTER RESULTS

For the DM analysis we use the dataset described in
Sec. III. We consider all events above the energy threshold
at 6.7 eV up to 130 eV for the DM analysis, excluding the
nonlinear region of the detector. All events that lie within
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this energy range are considered as potential DM events.
We calculate our exclusion limits using the Yellin optimum
interval method [23,24]. We neglect the thin layer of Si on
the sapphire wafer and only calculate the expected recoil
spectra for Al,Os.

Sapphire as a detector material is suitable to search for
spin-independent (see Sec. IV A) as well as spin-dependent
(see Sec. IV B) DM interactions. Using the simulations
described in Sec. III C, we calculate the energy spectra we
expect to measure in our detector (considering the dis-
tortions of the differential recoil spectra by the trigger
efficiency, the selection criteria and the finite detector
resolution) for each DM mass under the different inter-
action models described below. In both cases we assume
the standard DM halo model, with a local DM density p, =
0.3 GeV/c?/cm?® [25] and the DM velocity following a
Maxwell-Boltzmann distribution with the rotational veloc-
ity of our solar system at vy = 220 km/s [26] and the
escape velocity v.,. = 544 km/s [27]. These assumptions
are in accordance with the recommended conventions
in [28].

A. Spin-independent interactions

(a) Recoil rate: the differential recoil rate of spin-
independent elastic DM-nucleus interactions is ex-
pressed as [29]:

dr, PrMT 42 1

dER - ;fTNT m, 2ﬂ12\1A GNF (Q)I(Umm) (2)
with N being the number of target nuclei 7" per unit
mass, m, the mass of the DM particle, m; the mass of
the target nucleus and py the DM-nucleon reduced
mass. The material-independent DM-nucleon interac-
tion cross section is oy. The relation to the spin-
independent zero-momentum transfer cross section on
a pointlike nucleus, o, is written as [29]:

2

GOZGN‘AZ'M—; (3)

10N

which introduces the atomic number, A, into Eq. (2).
We take the structure of the nucleus into account via the
nuclear form factor F2(q), depending on the momen-
tum transfer ¢ = \/2myER. In this work we use the
Helm form factor [30] in the parametrization of Lewin
and Smith [25]. Z(v;,) describes the mean inverse

velocity of DM particles, with v, (ER) = 4 /”’ZZ‘?‘,
being the minimal velocity a DM particle needs to
create a recoil of energy Ey in the target. An analytical
description of Z (v, ) is given in [26]. The total recoil
rate in a composite material is expressed as a sum over
the different target nuclei weighted by their respective

contribution to the total target mass, f7.
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FIG. 6. Upper limits on the elastic, spin-independent dark
matter particle-nucleon interaction cross section as a function
of the dark matter particle mass at 90% confidence level (CL).
The result of this work is shown in the thick solid red line with the
strongest exclusion limit under standard assumptions for dark
matter masses between (74-202) MeV/c?. Other exclusion
limits obtained from solid-state cryogenic detectors are also
shown, dashed lines correspond to measurements above ground:
CRESST-II (Si) [3] in orange, CRESST-III (CaWQ,) [2] in thin
red, CRESST-surf (Al,05) [32] in magenta, SuperCDMS-CPD
(Si) [33] in green and SuperCDMS-0VeV (Si) [34] in blue.
Shown in the dash-dotted gray line is the limit obtained from
organic scintillators by J. I. Collar [35]. The upper boundary of
the shaded red area shows a very conservative estimation of the
parameter space below which DM particles are not affected by the
rock overburden.

(b) Exclusion limits: Figure 6 shows the 90% CL upper limit
on spin-independent DM-nucleon interaction cross
sections as a function of the DM particle mass [31].
The limits are calculated using the Yellin optimum
interval method [23,24].

Due to the extremely low threshold, the exclusion limit
extends down to a DM mass of 73 MeV/c?, giving leading
limits on DM interactions under standard assumptions of
elastic nuclear scattering between masses of 74 MeV /c?
and 202 MeV /c?. The result improves previous limits by a
factor of about 30, 400, 40 at masses of 100, 130,
165 MeV/c?, respectively. For comparsion, considering
the original calibration with the °Fe source, the limit is
slightly shifted to the right with the lowest mass point being
at 80 MeV/c?>. Above 202 MeV/c? the limit is not
competitive with previous limits anymore due to the high
rate in the LEE, the low exposure and the low cutoff energy
at 130 eV. A scattering of DM particles in the rock
overburden or the atmosphere changes their velocity
distribution and thus also the expected shape of the nuclear
recoil spectrum in Eq. (2) and (4), which ultimately affects
the calculation of exclusion limits. The shaded red area
indicates a very conservative estimation of the parameter
space above which we expect the DM particles to be
affected by the rock overburden. Considering this estimate,
the exclusion limits for DM particles with masses above
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87.3 MeV/c?> are not affected. Below this mass the
particles are expected to undergo one or multiple scatter-
ings in the overburden. Some details of this estimation are
described in Appendix.

B. Spin-dependent interactions

(a) Recoil rate: the differential recoil rate of spin-depen-
dent interactions of DM with protons/neutrons only,
denoted as p/n, is expressed as [29]:

dR Py (Tr1) (Spmr)?
X N Loy T TNt o 7
S e v e L

4)

with Nz, p,, m,, my and Z(v,,,) having the same
definition as above and y,, being the reduced mass of
DM-proton/neutron. The sum runs over the isotopes of
the target nuclei 7 which are sensitive to spin-
dependent interactions, weighted by their respective
contribution to the total target mass f;. We work in the
limit of small momentum transfers (¢ — 0) and there-
fore neglect the nuclear form factor. The relation of the
material independent DM-proton/neutron cross sec-
tion ,,/, to the zero-momentum transfer cross section
oy is given by [29]:
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FIG. 7. Upper limits on the elastic, spin-dependent dark matter
particle-neutron interaction cross section as a function of the dark
matter particle mass at 90% confidence level (CL). The result of
this work is shown in the solid red line with the strongest
exclusion limit under standard assumptions for dark matter
masses between (73-162) MeV/c?. Other exclusion limits ob-
tained from solid-state cryogenic detectors are also shown,
dashed lines correspond to measurements above ground: EDEL-
WEISS ("*Ge) [40] in green (including a shaded region showing
the constraints on the cross section from the overburden),
CDMSlite ("*Ge) [41] in blue, CRESST-surf (LiAlO,) [42] in
dashed red, CRESST-III (CaWQ,) [2] in orange and the results of
two CRESST-III detectors (LiAlO,) [4] in black and gray. The
upper boundary of the shaded red area shows a very conservative
estimation of the parameter space below which DM particles are
not affected by the rock overburden.
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with J; being the nuclear ground state angular mo-
mentum of the nucleus 7" and (S, , 7) is the expectation
value of the proton/neutron spins in the nucleus 7. For
the calculation of the exclusion limits in this work we
use J = 5/2 for both *’Al and 70 [36], (S,) = 0.343
and (S,) =0.0296 for 2’Al [37] and (S,) =0 and
(S,) = 0.5 for 1’0 [38]. We use the natural abundances
of 100% for ?’Al and 0.037% for 170 [39].

(b) Exclusion limits: the 90% CL upper limit on spin-
dependent DM-neutron interactions is shown in Fig. 7,
the limit on DM-proton interactions is shown in
Fig. 8 [31].

Due to the low threshold, also the limit on spin-
dependent DM-neutron interactions extends down to a
mass of 73 MeV/c?, giving leading limits in a mass range
from 73 MeV/c? to 162 MeV/c? under standard assump-
tions. Conservatively, masses below about 113 MeV/ c? are
expected to be affected by scattering in the overburden,
details are given in Appendix. Due to 'O not being
sensitive to spin-dependent DM-proton interactions, only
27Al is considered in the calculation of the exclusion limit
on DM-proton interactions. Therefore the lowest mass that
can be probed is slightly higher at 94 MeV/c?. The
overburden is not expected to have any influence in the
entire excluded mass range in this case.
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FIG. 8. Upper limits on the elastic, spin-dependent dark matter
particle-proton interaction cross section as a function of the dark
matter particle mass at 90% confidence level (CL). The result of this
work is shown in the solid red line. Other exclusion limits obtained
from solid-state cryogenic detectors are also shown, dashed lines
correspond to measurements above ground: CDMSlite ("*Ge) [41]
inblue, CRESST-surf (LiAlO,) [42] in dashed red and the results of
two CRESST-II detectors (LiAlO,) [4] in black and gray. Limits
by J. I. Collar in dash-dotted gray [35]. The upper boundary of the
shaded red area shows a very conservative estimation of the
parameter space below which DM particles are not affected by
the rock overburden.
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V. CONCLUSION

In this article we report on the results of the analysis
of a thin SOS wafer detector of the CRESST-III experi-
ment. This detector has an excellent resolution of (1.0 £
0.2) eV and an energy threshold for nuclear recoils of
(6.7+£0.2) eV, allowing to probe DM particle masses
below 100 MeV/c?. Furthermore, this low energy thresh-
old made it possible to observe single photons in a
CRESST detector for the first time. VUV luminescence
photons with an energy of 7.6 eV, emitted by a larger Al,O5
crystal in the vicinity of the wafer detector, irradiated by an
SFe source, are used for a fine-tuning of the energy
calibration at very low energies. The calculation of exclu-
sion limits on spin-independent elastic DM-nucleon scat-
tering results in leading limits in a mass range between
(74-202) MeV /c? under standard assumptions. We expect
DM particles with masses below 87.3 MeV/c?> might be
affected by interactions with the overburden, this effect has
to be studied in more detail. Al,O5 contains isotopes that
are also suitable for the calculation of limits on spin-
dependent interactions of DM particles on protons and
neutrons. In the case of spin-dependent elastic DM-neutron
scattering, the results give leading limits in a mass range
between (73-162) MeV /c? under standard assumptions. In
this case we expect masses below 113 MeV/c? might be
affected by interactions with the overburden. The presence
of an excess of events at low energies, incompatible with
the assumption of a flat background, strongly decreases our
sensitivity in this mass regime. The origin of these events is
subject to current investigations within CRESST-III and
many other DM direct detection and CEUNS experiments
employing solid state detectors.
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APPENDIX: ESTIMATION OF THE PARAMETER
SPACE AFFECTED BY THE OVERBURDEN

For the estimation of the effect of shielding by the
overburden of the experiment we follow the method
described in [43]. We give a short outline including the
numbers used for the calculation and some important points
to consider when interpreting the shaded regions in the
exclusion results (Figs. 6-8) in this work.

(a) Calculation of the affected parameter space: DM
particles with masses and cross sections within the
shaded region are expected to reach the detector with-
out scattering in the rock overburden or atmosphere.
For DM particles within this parameter space we can
safely assume that the standard description of the
expected recoil spectra of DM events in the detector
holds. For cross sections above the shaded regions not
all DM particles would have reached the detector
without scattering beforehand. Not considering the
entire parameter space where even a tiny fraction of
the expected DM particles have scattered once or more
in the overburden is of course a very conservative
approach. Many of the scattered particles will still reach
the detector, albeit with an altered velocity distribution
which affects the spectral shape of the expected signal
and thus the calculated limit. Methods which try to take
this into account and calculate an estimate on the
stopping power of the overburden often assume that
the DM particles move in a straight line through the
overburden while being slowed down due to scattering
processes. This mostly holds for heavy DM particles,
but at very low masses the particles are kinematically
much more likely to have larger scattering angles,
which makes it difficult to estimate the actual path
length of the particle in the overburden.

The calculation of the shaded regions is dependent
on the observed data. Ata given DM mass the excluded
cross section (Glow € {Gnucleon,SI’ Oneutron,SD > Gproton,SD}7
010w follows the exclusion limits in Figs. 6, 7, and 8,
respectively) can be directly translated into an excluded
number of observed events, N p [01ow X Nops, SCE
Eq. (2) and Eq. (4)]. We want to stress that N, is
not the actual number of observed events. It corre-
sponds to the expected number of events above the
energy threshold for DM particles with an interaction
cross section oy,,, (integral of Egs. (2) and (4) over the
observed energy range for a fixed cross section). The
expected number of particles reaching the detector
without scattering in the overburden beforehand,
N nse-» can be expressed as (Eq. (2) in [43]):

Nl.ll’lSC

Oy.N/p/n
= d Al
N obs Olow exp{ Z / rnA } ( )

The term in the exponential is defined as the optical
depth for scattering off a target nucleus A over a
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distance r, with n,(r) being the number density and
o, the interaction cross section of DM with the
nucleus, which is related to the interaction cross section
of DM with a single nucleon via Eq. (3) for the spin-
independent case and via Eq. (5) in the spin-dependent
case. The sum runs over all relevant nuclei considered
in the model of the overburden. For cross sections equal
to (or smaller than) o, n/p/n, the number of unscattered
events must be equal to (or larger than) the number of
observed events. Thus, by setting the fraction % =1,
we can calculate the cross section 6, n/p/n, giving the
upper boundary of the shaded region. The expected
number of DM particles reaching the detector without
scattering in the overburden is exactly equal to N, for
cross sections along the upper edge of the shaded
region.

(b) Model of the overburden: We include the atmosphere
and the rock overburden of the Laboratori Nazionali
del Gran Sasso (LNGS) in our calculations. The rock
consists mainly of CaCO; and MgCO; and has a
density of 2.71 4 0.05 g/cm? [44]. With an average
depth of 1400 m, this results in 3800m.w.e (meters
water equivalent). The full list of all elements and their
abundance in the Gran Sasso rock is: C (11.88%),
O (4791%), Mg (5.58%), Al (1.03%), Si (1.27%),
K (1.03%), Ca (30.29%) [44]. The isotopes we
consider in the case of spin-dependent interactions
and their respective abundances and values for J, (S,,)
and (S,) are given in Table I. The values for ?’Al and
170 are the same as in the main text.

The atmosphere in our simple model consists of
78.084% N, and 20.946% O, [45,46]. The total mass
of the atmosphere is M =5.15x 10'8 kg [47].
Assuming a uniform density of 1.2 kg/m? [48] results
in a thickness of about 8.50 km. Following [49], we
assume that DM particles arrive at the location of the
detector under an angle of about 54° [43] relative to the
zenith, which is the average angle at the relevant

TABLE I.  List of isotopes we consider in our calculation of the
effect of the overburden on spin-dependent interactions. The
natural abundances are taken from [39]. Spin expectation values
from [51] (shell model for 2°Si, otherwise average values), and the
values for “N from [43].

Isotope Abundance (%) J (Sp) (Sn)
B¢ 1 1/2 0.0175 0.1635
Mg 10 5/2 0.0565 0.3595
MK 93 3/2 0.1905 0.0525
2si 4.67 1/2 0.016 0.13
4N 99.6 1 0.5 0.5
5N 0.4 1/2 0.136 0.028

latitude given the Earth’s motion through the galactic
halo. In the case of spin-dependent interactions, we
consider the isotopes !’O with the same values as in the
main text, "“N and N (see Table I).

(c) Interpretation: As can be seen, the calculation of the
shaded region is indirectly influenced by the presence
of the LEE. If a higher (lower) number of events is
observed, the interaction cross section with the over-
burden will be estimated at a lower (higher) value.
Based on our observations in [20], we have strong
reasons to believe that the LEE is not caused by an
external particle source. The LEE can be included in a
likelihood based approach [50], which mitigates its
impact on the calculated limits. Since the origin of the
LEE is not yet fully understood, this is only possible
by modeling it with an empirical function. In this
work, we choose to be conservative by calculating our
limits with the Yellin optimum interval method, in
which we consider all observed events as possible DM
events. This means that the effect of the overburden is
probably strongly overestimated in the plots shown
above. Nevertheless, they give a good first estimate.
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