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Abstract

Despite the multiple and convincing evidence of the existence of dark matter (DM)
in our Universe, its detection is one of the most pressing questions in particle phys-
ics. As of today, there is no unambiguous hint which could clarify the particle nature
of DM. For these reasons, a huge experimental effort is ongoing, trying to realize
experiments which can probe the particle properties of DM. In particular, direct
search experiments are trying to cover the largest possible mass range, from a few
MeVs up to TeVs. Particularly suited for the sub-GeV mass region are detectors
containing light nuclei, which are sensitive to the scattering of light DM candidates.
Among them, we investigate a carbon-based absorber to explore DM masses down
to the MeV region. Thanks to their cryogenic properties (high Debye temperature
and long-lived phonon modes), carbon-based materials operated as low temperature
calorimeters could reach an energy threshold in the eV range and would allow for
the exploration of new parameters of the DM-nucleus cross section. Despite several
proposals, the possibility of operating a carbon-based cryogenic detector is yet to be
demonstrated. In this contribution, the preliminary results obtained with a diamond
absorber operated with a TES temperature sensor will be reported. The potential of
such a detector in the current landscape of DM searches will also be illustrated.
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1 Introduction

From the observation of galaxies to the measurement of the cosmic microwave back-
ground, several pieces of evidence suggest that the Universe is filled by the non-
luminous dark matter (DM). Many particle candidates for DM have been proposed,
but none of them has been detected yet. As a consequence, the experiments have just
set upper limits in the region of parameters described by the cross section for the
DM-nucleus interaction and the mass of the DM particle. In the absence of a posi-
tive detection, in the recent years a large fraction of the scientific community started
to explore the possibility of detecting DM with mass in the sub-GeV range. This is
supported by well motivated theories where light DM particles arise from hidden
sectors (see [1-3] and references therein).

Among the different experimental approaches, cryogenic detectors are well suited
for the search of light DM interactions with target nuclei. Experiments using cryo-
genic detectors (CRESST [4], EDELWEISS [5] and SuperCDMS [6]) are leading
the sensitivity in the low-mass region for DM—nucleus interactions. In such experi-
ments, the elastic scattering of DM particles with the nuclei of the target would pro-
duce a nuclear recoil that is detected as a temperature variation of the cryogenic sen-
sor. For the detection of sub-GeV DM particle, a light target nucleus is kinematically
preferable, compared to heavier target nuclei. Carbon represents an ideal choice for
a low-mass DM detector, and diamond in particular for its excellent intrinsic thermal
properties. In the following sections, the properties of diamond as cryogenic target
for low-mass DM detection will be described and the results of the first operation
at cryogenic temperature of a diamond absorber coupled to a transition edge sensor
(TES) will be presented.

2 Diamond as Low-Mass DM Detector

The kinematic of the DM direct detection is described in terms of the masses of the
target material and of the incoming DM particle. When a DM particle with energy
Ep\ and mass mpy, elastically and coherently scatters off a target nucleus of mass
my, it will deposit the recoil energy Eg:

2u?

MmpmMy

Eg = Epy (1 = cos®) 1)
where p is the reduced mass of the nucleus—DM system mpymy/(mpy + my) and 6
is the scattering angle in the center of mass reference frame.

It is then clear that the composition of the target plays a crucial role in the capa-
bility of a given material to investigate different parameters in the DM-nucleus
interaction landscape. In particular, for a DM particle much lighter than the mass of
the target nucleus we have y ~ mp), and the recoil energy Ey scales with szM. This
shows that an extremely low energy threshold is needed to detect sub-GeV DM. The
state-of-the-art technology has successfully demonstrated the possibility to operate
cryogenic detectors with thresholds of a few tens of eV (in CaWO, [4], Ge [5], and
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Al,O5 [7]), using TES and neutron transmutation-doped (NTD) Germanium ther-
mistors. If such a threshold could be obtained also with a diamond target, this would
become an excellent candidate material for the detection of DM in the next years.
Diamond represents an ideal material for the detection of low-mass DM par-
ticles. It is made of a light element (Z = 6), and with a Debye temperature of
2220 K, this material is characterized by high-energy and long-lived phonon
modes, which should result in optimal performance as cryogenic detector. Moreo-
ver, diamond is also a semiconductor, with excellent isotopic purity. This makes
a simultaneous readout of the phonon and the charge signals possible, allow-
ing for background discrimination (as performed by the experiments described
in Refs. [5, 6]). A complete review of the properties of diamond as cryogenic
sub-GeV DM detector can be found in [8]. The expected nuclear recoil rate for
different masses of DM particles is shown in Fig. 1. For lower DM masses, the
recoil spectrum is compressed toward lower energies and the threshold is the only
key issue for reaching the sensitivity in the sub-GeV range. Despite the excellent
properties of diamond as a target, it has never been operated as a cryogenic detec-
tor with TES sensor until today. In the early 90s, a 100 mg diamond operated
with an NTD showed an energy resolution of 3 keV FWHM (at 80 keV) [9]. It
is clear that a diamond detector with much lower threshold could be the ideal tool
to explore sub-GeV DM candidates. One of the main obstacles that still prevents
a large usage of this material in the scientific community is its cost, together with
the high purity that is needed to operate a crystal as cryogenic detector. Never-
theless, in the last few years, thanks to the use of diamonds in the semiconduc-
tor electronics industry, the cost of high-purity diamonds has dropped and has
become now more accessible for a variety of research fields. Among them, the
quantum computing community is focusing its attention on lattice vacancies in

Recoil spectra on diamond
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Fig. 1 Expected differential recoil rate in a diamond detector. Different curves are for different masses of
DM interacting particle (color figure online)
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diamond as possible qubit for quantum information processing and devices [10].
It is then reasonable to assume that in the next few years diamond will become
available and usable for a larger market, especially for scientific applications.

3 Detector Realization

We operated a diamond detector of size (5 X 5 x2)mm?, produced by AuDi-
aTec [11]. It consists of a single crystal diamond, grown by chemical vapor depo-
sition (CVD) on a substrate of It/YSZ/Si. The upper limits on the purity certified
by the producer are at the level of 1 ppm for nitrogen and 10'°cm~ for boron.

To measure the phonons produced in the absorber, we instrumented the dia-
mond with a TES, very similar to those used for the CRESST experiment [12].

It consists of a thin film (200 nm thick) of tungsten (0.42 mm? area), directly
evaporated onto the diamond surface. Aluminum phonon collectors were then
evaporated partly on top of the tungsten area. They increase the phonon collec-
tion area without compromising the heat capacity of the sensor and hence provide
an enhanced signal amplitude. The aluminum pads serve also for electrical con-
nection to the readout system via aluminum bond wires (diameter 25 um). Also,
a thin gold film is sputtered onto the diamond surface. It connects to the TES
and provides a weak thermal connection to the heat bath via gold bond wires
(diameter 25 um). A heater made of a thin gold film was also directly deposited
in proximity of the TES. It has the function of stabilizing the sensor temperature
in the optimal operating point and is also used to inject heat pulses for detector
energy calibration and detector response linearization. Unfortunately, during the
measurement presented in this work, the heater was not fully operational and it
was not usable for stabilization and calibration purposes. A picture of the TES on
the diamond absorber is shown in Fig. 2.

N
s iing sitent fillm
€, Heater
Phonon collectors
300um
(=
4

Fig.2 Picture of the TES fabricated on the diamond absorber. The different components are indicated by
arrows. See text for details (color figure online)
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The detector was mounted on a copper holder and held in place on small sap-
phire balls (I mm diameter), providing point-like contacts on both top and bottom
surfaces.

4 Results

The data presented here were acquired in a dilution refrigerator at the Max-
Planck-Institut for Physics in Munich, Germany. The resistance variation of the
TES was measured with a SQUID readout system similar to the one used in the
CRESST experiment [12].

The cryostat reached a base temperature well below 10 mK, and the tungsten
TES on the diamond crystal showed a normal-to-superconducting transition cen-
tered at about 11 mK. The transition curve is shown in Fig. 3. Although not opti-
mized for the instrumentation of the diamond, this is the first transition curve of a
tungsten TES operated on a diamond detector that was ever recorded.

A bias current of 4 pA was applied to the sensor, and a measurement of a few
hours was carried out. The energy spectrum is shown in Fig. 4. ¥Fe X-ray source
that was placed in proximity of the diamond for the low-energy region calibration
shifted out of its position during the detector preparation preventing an accurate
energy reconstruction of the acquired events.

It is nevertheless possible to spot a prominent feature in the recorded spec-
trum of Fig. 4 which we assign to the nominal value 5.9 keV from >>Fe. We can
then estimate an energy resolution on the baseline of o = 70eV. This preliminary
result will be confirmed by a further cryogenic measurement that will be per-
formed in the very near future in the same cryogenic infrastructure. With a fully
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Fig. 3 Normal-to-superconducting transition curve of the TES operated on the diamond detector. The
transition in the tungsten film is between 9 and 14 mK (color figure online)
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Fig.4 Uncalibrated energy spectrum acquired with the prototype diamond detector (color figure online)

functioning heater, the sensor will be stabilized in the optimal operating point and
the calibration source will provide an accurate energy scale for the evaluation of
threshold and energy resolution. The result presented here demonstrates the proof
of principle of diamond as cryogenic detector operated with a TES thermometer.

5 Discussion

Being clear, the importance of using a light material as target for sub-GeV DM
detection, in the following the reach of diamond target for the detection of nuclear
recoil DM will be discussed. The standard assumption used to obtain spin-inde-
pendent limits is a local DM density of ppy; = 0.3(GeV/c?*)/cm? [13], an asymptotic
velocity of v = 220 km/s [14] and an escape velocity of v,,. = 544 km/s [15] (see [4]
for more details).

A background level of 3 counts/(keV - kg - day) is conservatively assumed, as the
one obtained in Ref. [16] for a CaWO, crystal. However, for a more accurate estima-
tion of the sensitivity in the DM detection landscape, also the background due to the
natural radioactive isotopes '“C should be taken into account. This isotope is pro-
duced by cosmogenic activation, and it will have an impact on the low-energy part
of the spectrum, where the DM signal is expected to appear. '“C is a f~ emitter, with
a Q-value of 160 keV. Nevertheless, it has to be noticed that the use of overburden
carbon as starting material for the crystal growth could greatly reduce the amount of
the radioactive isotope in the diamond. Concentrations as low as '*C/C ~ 107'8 can
be achieved using deep underground methane deposits [8].

In Fig. 5, we calculated the projected sensitivity for an exposure of 1 year. Three
different materials are used for comparison: diamond, CaWO, and germanium.
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Dark matter limits
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Fig.5 Sensitivity projections for the elastic, spin-independent DM-nucleus scattering cross section, as a
function of the DM particle. Different materials (diamond, CaWO, and germanium) with different energy
thresholds are considered. See text for details (color figure online)

We considered a (5 x 5 X 2) mm?® diamond target, and we performed the sensitiv-
ity projection assuming a threshold of 5 eV. This value that seems achievable based
on the state-of-the-art TES technology was derived according to the consideration
explained in [7]. For CaWO, and germanium, we considered a 25 g target, with a
threshold of 50 eV: these values have been successfully demonstrated by the current
experimental techniques (see [4, 5] for details). Figure 5 demonstrates that even with
a limited amount of material, a diamond target would allow to study regions of the
parameter space in the sub-GeV range for DM particle that are currently unexplored.

6 Conclusion

In this work, we have demonstrated the successful fabrication of a tungsten TES on
a CVD single crystal diamond. With a transition temperature of about 11 mK, this
is the first time that a diamond absorber is operated with a TES sensor as cryogenic
detector. This result represents the starting point for the development of a diamond
detector which can probe sub-GeV DM candidates.
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