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Abstract Diamond operated as a cryogenic calorimeter is
an excellent target for direct detection of low-mass dark mat-
ter candidates. Following the realization of the first low-
threshold cryogenic detector that uses diamond as absorber
for astroparticle physics applications, we now present the
resulting exclusion limits on the elastic spin-independent
interaction cross-section of dark matter with diamond. We
measured two 0.175 g CVD (Chemical Vapor Deposition)
diamond samples, each instrumented with a Transition Edge
Sensor made of Tungsten (W-TES). Thanks to the energy
threshold of just 16.8 eV of one of the two detectors, we set
exclusion limits on the elastic spin-independent interaction of
dark matter particles with carbon nuclei down to dark matter
masses as low as 0.122 GeV/c?. This work shows the sci-
entific potential of cryogenic detectors made from diamond
and lays the foundation for the use of this material as target
for direct detection dark matter experiments.
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1 Introduction

Dark matter (DM) is one of the most investigated topics in
astroparticle physics. Its presence is highly motivated by
many observational evidences [1-3]. Many theories have
been built around the idea of a particle-like DM, predict-
ing candidates that cover an extended mass range. In the last
decade cryogenic experiments have been very successful in
reaching extremely low energy thresholds, taking on a cru-
cial role in the exploration of DM in the GeV mass range and
below. Among them, the Cryogenic Rare Event Search with
Superconducting Thermometers (CRESST) experiment has
recently gained sensitivity to DM masses of 0.115 GeV/c?
with an energy threshold down to 10 eV in an underground
measurement [4].

We have reported in a previous publication how a similar
energy threshold was achieved in an above ground measure-
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ment employing diamond single crystals as detector mate-
rial [5]. In this work we report limits on the elastic spin-
independent DM-nucleon interactions using data obtained
with these detectors. The experimental setup, data taking and
energy calibration will be described very concisely in this
work. For a more detailed description, we refer the reader to
our previous work in [5].

2 Diamond as cryogenic detectors

Cryogenic calorimeters are used in many different fields of
astroparticle physics. See [6] for a comprehensive review.
The high interest in these devices can be attributed among
others to the possibility of using different materials as energy
absorbers, with the remarkable advantage that the most suit-
able material can be chosen depending on the particular
research purpose [7]. With a Debye temperature of 2220
K and therefore a favorable phonon propagation, diamond
crystals have the properties to be excellent absorbers for cryo-
genic calorimeters aiming at reaching low-energy thresholds.
Additionally, the light nucleus of carbon (A = 12) allows to
probe lower DM masses, being kinematically favored com-
pared to heavier target nuclei. For a more detailed descrip-
tion of the advantages of using diamond for low mass DM
searches, see [8,9].

In the following we present the results obtained using two
diamond single crystals of 0.175 g and a size of (2 x 5 X
5) mm?> each. In the following they will be referred to as
detector I and detector 2. Each crystal has been instrumented
with a W-TES, with a design similar to the one used for the
CRESST experiment: a thin strip of W and two larger Al
pads that are partially covering the W layer. In the proximity
of the W-TES, an ohmic heater (Au film) is used to inject
artificial pulses to maintain the TES at the desired operating
temperature and to calibrate the energy response of the sensor
during the data taking. For calibration purposes, a > Fe source
(activity ~0.3 Bq) was installed on the crystals holder, at a
distance of about 0.5 cm from the crystals. For more details
about the experimental setup we refer to [5].

3 Energy reconstruction and data analysis

The detectors were operated in a dilution refrigerator at the
Max-Planck-Institute for Physics in Munich, Germany, in
an above ground facility without radiation shielding. To cal-
ibrate the energy spectra, for each detector we acquired a
dedicated data set, in which, by operating the W-TES with
a low bias current, we were able to maximize the dynamic
range of the sensor. This was necessary to reconstruct the
energy scale of the artificial pulses sent through the heater
using the 5.9 keV line from the calibration source, which
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would otherwise saturate the response of the sensor. We then
optimized the operational condition of the W-TES, focused
on achieving a low energy threshold, and we acquired a sec-
ond set of data that was used to perform the analysis presented
in this work. Thanks to the calibration of the heater response,
we were able to reconstruct the energy scale also in the oper-
ational conditions dedicated to maximize the sensitivity to
small energy deposits. For a more detailed description of the
energy calibration procedure we refer to [5]. The data taking
used in this work lasted 58.4 h and we collected statistics for a
total exposure of 4.3x 10~* kg day. Both detectors achieved
an excellent performance, reaching a baseline resolution of
3.54 eV and 3.42 eV respectively and energy thresholds of
19.7 eV and 16.8 eV, derived with the method described in
[5].

3.1 Data processing

The data has been recorded as a continuous stream with
25 kHz sampling frequency, using a 16 bit digitizer from
National Instruments (NI USB-6218 BNC). The complete
stream was then processed offline with an optimum filter, to
optimize the trigger threshold. Such a filter provides the the-
oretically best signal to noise ratio for the sought-for signal
shape (for more details, see e.g.[10]). It was created from the
noise power spectrum of the specific noise conditions of the
measurements, and from the shape of an averaged particle
event, also called standard event.

During data processing, the data stream was first divided
into windows of 655 ms around the triggered timestamp (in
case of multiple events in the same time window, the highest
pulse in the window is set at the correct position) and then
some parameters that describe the shape of the pulses and
of the baseline (e.g. pulse height, difference of the average
baseline values at the beginning and at the end of the window
and RMS of the baseline) were calculated. Figure 1 shows an
example of an event (black), as well as its filtered version

(grey).
3.2 Event selection

In the analysis procedure, we used the same filter used for
the offline triggering also for the amplitude estimation at the
trigger position. We extracted additional parameters from the
filtered data, in particular, the amplitude value evaluated by
the filter and the filter RMS which quantifies the difference
between the filtered pulse and the filtered standard event. The
latter determines the deviation of the particle pulse shape
from the one of the standard event that was used to create
the optimum filter. Using all these parameters, we applied
several cuts to remove artifacts and to select only windows
where we could assure a correct amplitude reconstruction of
the pulse.
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Fig. 1 Example of a particle event. In black the data stream is pre-
sented, while in grey the filtered data can be seen. The inset shows a
zoom into the pulse. The red line represents the trigger threshold

The main artifacts in our data set were caused by the fast
rise time of the pulses. The readout electronic was too slow
for high energetic pulses and caused a reset of the baseline
with respect to the pre-trigger range which deformed the
pulse shape. Given that these artifacts have different baseline
values before and after the reset, they were easily removed by
selecting only events with a small difference of the average
of the baseline at the beginning and at the end of the window.

We also accepted only those events with the best noise
condition and therefore discarded events with a high baseline
RMS. Finally, we excluded remaining artifacts and distorted
pulse shapes by applying a cut on the ratio of the filter RMS
and the filter amplitude.

We removed several hours at the beginning of the data tak-
ing where the detector response was very unstable. The sta-
bility check was performed by injecting heat pulses through
the resistor on the detectors for the entire duration of the
measurement with the purpose of monitoring the detector
response over time. After this stability cut, our final data set
counted 37.08 h measuring time that resulted in an exposure
of 0.27 g day.

Finally, the acquired data were calibrated using the pro-
cedure described at the beginning of the section (see [5] for
more details).

3.3 Trigger efficiency and survival probability

Once we obtained a calibrated energy spectrum for each
detector, we also performed a simulation to estimate the sig-
nal survival probability (or cut efficiency), i.e. with which
probability valid signal events survive the data processing
and cleaning steps. We simulated particle-like events with
a flat energy spectrum from 0O until the end of the dynamic

range of each detector which is 1.4 keV for detector 1 and
0.45 keV for detector 2.

These events were simulated by superimposing scaled
standard particle events on our real data stream at random
times. The voltage amplitude of each simulated pulse was
determined with a specific time-dependent detector response
function to account for the effect of instabilities. The detec-
tor response of each point in time could be studied with the
heater pulses. By applying the identical analysis steps as for
real data we studied the probability of signal events surviv-
ing the trigger algorithm and our quality cuts. To avoid an
overestimation of the signal survival probability we removed
events where the simulated and the reconstructed amplitude
differed by more than 3 times the baseline resolution of the
detector (with this cut we removed simulated events under
threshold that coincided with strong upward fluctuations of
the baseline). The result of the trigger and survival probabil-
ity can be seen in Figs. 2 and 3.

In Fig. 2, we plotted only the trigger efficiency that we
determined with a dedicated simulation in a limited energy
range until 0.1 keV to enhance the statistics at low ener-
gies. With this simulated data set we calculated the ratio of
the triggered events to the total number of simulated events
and fitted it with an error function. We expect the energy
threshold to be at the simulated energy value where the error
function drops below half of its constant value. With the fit
we obtained the value of (19.7 £ 5.1) eV for detector 1 and
(16.1 £ 4.4) eV for detector 2. This confirms our previous
energy threshold cited in [5] which was calculated by simply
converting the voltage threshold into eV using a calibration
factor. For the determination of the trigger efficiency and the
survival probability over the whole dynamic range of the two
detectors we used a second set of simulated data. The results
are presented in Fig. 3. For typical underground measure-
ments of CRESST, the trigger efficiency is constant through-
out the whole energy range at a level of ~80%. This trigger
efficiency includes dead time mostly due to the removal of
unstable periods and to a lesser extent due to pile-up with
heater pulses or other events. In above ground measurements
the total event rate is much higher leading to a much higher
pile-up probability. This leads to a lower trigger efficiency
of only ~65% at higher energies. Since during the trigger
process in case of multiple pulses in the same time window,
only the largest one was tagged as triggered, the trigger effi-
ciency is even lower at low energies. This energy dependence
of the trigger efficiency is enhanced due to an artifact caused
by high energy particles. The fast rise of these pulses caused
resets of the baseline that resulted in pulses being assigned a
fixed wrong amplitude (calibrated at about 1.1 keV in detec-
tor 1 and around 0.2 keV in detector 2). Events smaller than
this amplitude were hidden by this artifact and were there-
fore tagged as not triggered. Such energy dependence is not
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Fig. 2 Confirmation of the energy threshold of detector 1 and 2 using
simulated data. We plotted the trigger efficiency against the simulated
energy value (blue) and fitted the distribution with an error function
(black line). We expect the threshold value to be at the energy value
where the trigger efficiency drops below half of the constant trigger

present in the signal survival probability since pulses with
the incorrect pulse shape are effectively removed.

We fitted the survival probability with an error function
considering a flat survival probability at high energies. With
this fit we estimated a survival probability of 25.8% in detec-
tor 1 and one of 39.8% in detector 2. As can be seen, by
comparing the survival probability (brown) with the trigger
efficiency (blue) the quality cuts don’t remove a significant
number of signal events at low energies, where the efficiency
is mainly reduced by the trigger algorithm. At higher ener-
gies, the quality cuts remove events that could not be cor-
rectly reconstructed due to baseline jumps occurring in their
vicinity.

Figure4 shows the final calibrated spectra for both detec-
tors corrected with the corresponding survival probability.
For better visualization both detectors are plotted up to the
same energy value of 0.45 keV, which corresponds to the
end of the dynamic range of detector 2 and starting from the
energy value where both detectors have a constant survival
probability.

4 Dark matter results

The final energy spectra of our analysis (Fig. 4) show a rise
of events towards low energies. This is an effect that is not
new to the scientific community, as it has been observed
in many other experiments operated both underground and
above ground, as described in [11]. We conservatively con-
sider these events as potential signal and calculate exclusion
limits adopting Yellin’s optimum interval method [12,13].
The upper limit on the elastic spin-independent DM-nucleon
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efficiency at higher energies. For detector 1 the threshold value is (19.7
+ 5.1) eV while for detector 2 it is (16.1 &= 4.4) eV (brown lines). For
both detectors the threshold of the previous publication of 19.7 eV and
16.8 eV are within the fit errors

interaction is derived by comparing for each DM particle
mass the observed spectrum with the expected one, corrected
with the detector response as obtained by simulation. For the
calculation of the expected differential energy spectra we
adopted the standard DM halo model, with an asymptotic
velocity of vy = 220km/s [14], a local DM density of ppm
=0.3 (GeV/c?)/em? [15] and the galactic escape velocity of
Vese = 544 km/s [16].

The resulting elastic spin-independent DM-nucleon scat-
tering cross section exclusion limits with 90% confidence
level are shown in Fig. 5. A zoomed in version of it can be
seen in Fig. 6. In these plots we are comparing the exclusion
limits obtained with the diamond detector only to the pre-
vious CRESST results, in order to highlight the potential of
the use of this new material compared to standard CRESST
detectors.

One can clearly observe that, due to the light nucleus,
the diamond detectors are extending the excluded parameter
space to lower DM masses compared to the previous best
above ground limits of CRESST [17] (dashed black in Figs.
5 and 6), that was obtained using a 0.5 g sapphire detector
with an energy threshold of 19.7 eV. Using the detector 2
results it was possible to exclude masses until 0.122 GeV/c?.
For large dark matter masses the sensitivity of all the above
ground measurements is limited by the low exposure and by
the background.

The green curve shows as a reference the current best
limit from CRESST for masses below 0.16 GeV, which was
obtained with a 0.35 g silicon wafer detector with a threshold
of 10 eV in the well shielded underground setup of CRESST
at the LNGS [4]. The lower background in the below ground
measurement leads to a much better limit at higher masses.
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Fig. 3 Trigger efficiency (blue) and survival probability (brown) of

detector 1 and 2. We calculated the probability of simulated events sur-
viving the trigger and the quality cuts. The distribution of the survival
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Fig. 4 Event rate per kg day keV corrected with survival probability.
We plotted the calibrated spectrum after trigger and quality cuts and
corrected each energy bin of the size of 3 eV with the constant survival
probability. The spectra are plotted starting from the energy value at
which the survival probability is constant for both detectors (0.03keV).
Detector 2 (red) is plotted until the end of its dynamic range (0.45
keV) while detector 1 (blue) is plotted only until 0.45 keV for a better
visualization

At low masses the diamonds cover a similar range compared
to the silicon results despite the higher threshold. This high-
lights again the advantage of using a material with light target
nuclei and demonstrate the potential of using diamond as a
target in cryogenic detectors for low mass direct dark matter
searches.

Detector 2
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| mmm Trigger efficiency
mmm Survival probability
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probability has been fitted with an error function (black line). The con-
stant survival probability of detector 1 is 25.8 % while of detector 2 it
is 39.8%
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scattering cross section at 90% CL, calculated for detector 1 (blue) and 2
(red) using Yellin’s optimum interval method. In black, the previous best
above ground exclusion limits of CRESST are plotted [17]. In green, the
best exclusion limits below 0.160 GeV/c? from CRESST underground
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how detector 1 (blue) and 2 (red) are excluding additional parameter
space compared to the previous best above ground limits
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5 Conclusions

These results demonstrate the potential of cryogenic detec-
tors using diamond as target material for direct DM searches.
In particular, their properties make them an ideal material
for low-threshold experiments. With this proof-of-principle
measurement we reach an energy threshold of 16.8 eV on
the best performing detector, which allows for a sensitivity
to DM masses down to 0.122 GeV/c?.

Figures5 and 6 show how thanks to the lighter nucleus
diamond could exclude a larger parameter space compared
to the previous best above ground measurement which had
a comparable threshold and exposure. The difference with
respect to the best underground limit has to be attributed
not only to the different mass of the nucleus but also on the
differences in energy threshold, exposure and low energy
background, the origin of which is not yet known [11].

Diamond has the potential to be sensitive to a larger param-
eter space than the one presented in this work by pushing
down the energy threshold and reduce the background in
an underground measurement. Therefore, we are planning
to extend our research with this material. In particular we
aim to reach a higher exposure using larger crystals, and
a better performance thanks to an improved read-out chain
and an optimized W-TES sensor design. With these improve-
ments, cryogenic diamond detectors will have the possibility
to explore new properties for the interaction of sub-GeV DM
with ordinary matter.
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