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The EDELWEISS collaboration searches for light Dark Matter (DM) particles using germanium
detectors equipped with a charge and phonon signal readout. To circumvent the problem of
the large background of events with no ionization signal ("Heat-Only" events) that limits the
sensitivity of our detectors equipped with Ge-NTD sensors, the collaboration has tested the
use of NbSi Transition Edge Sensors (TES). A moderate reduction has been observed and further
improvements have been more recently obtained by exploiting the phonon yield from the Neganov-
Luke-Trofimov (NTL) effect to better resolve electron recoils from HO events. These results
pave the way for a new detector design, named CRYOSEL, that is being optimized for such a
discrimination. The first results obtained with an early prototype are presented.
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Introduction

There exist many theoretical models of dark matter (DM) particles. Within the very wide energy
range from 1 €V/c? to 1 TeV/c?, they can have detectable interactions with other particles [1-3].
Although big improvements in sensitivity have been achieved in detecting DM-nuclei or DM-
electron interactions in the GeV/c? to TeV/c? scale, the absence of signal [4-8] has encouraged
a lot of collaborations to turn to new technologies to detect lighter DM particles, in particular
below 1 GeV/c? [9-15]. This lower energy range comes with new challenges such as unidentified
low-energy backgrounds appearing in cryogenic experiments [16]. In the cryogenic detectors of
the EDELWEISS collaboration, these backgrounds take the form of events not associated with the
production of charges. Called Heat-Only (HO) events, they constitute the main element limiting
the experiment sentivity [17-19].

1. Context

The EDELWEISS collaboration uses germanium (Ge) bolometers equipped with both charge
and phonon readout to detect the interaction of a DM particle with either a nucleus of Ge or
its electronic cloud. As part of a joint R&D program with the RICOCHET collaboration, the
EDELWEISS collaboration is working on its Sub-GeV program with the objective of improving
its resolution and sensivity to the eV-GeV/c? range. So far, a 17 eV resolution was achieved on
the phonon channel by reducing the mass of detectors equipped with a Ge Neutron Transmutation
Doped (Ge-NTD) phonon sensor [20]. A 1.6 eV resolution for the energy of electron recoils
(ER) was achieved by applying a high voltage (HV) using the Neganov-Trofimov-Luke (NTL)
amplification [21] on that same type of detector [18] equipped with a Ge-NTD. Indeed, the total
phonon energy measured is Epponon = Erecoit + EnTL- The heat energy produced at the moment
of the interaction is E,¢c0i1, While En7r is another contribution to the phonon energy due to the
NTL amplification. When a number N of e~ h* pairs drift through the crystal under the effect of
an applied bias |AV/|, they interact with the crystal lattice producing additional phonons of energy
EnTr = NeAV (where e is the elementary charge). The total gain accounting for the NTL effect is
(g) = 1 +eAV/e,, where €, = 3.0 eV is the average ionization energy to produce a pair in Ge for
ER [22].

To study the effect of the type of phonon readout on the measured background, a detector
equipped with an NbSi Transition Edge Sensor (TES) sensitive to athermal phonons was then used
to extract a new DM-nucleon interaction exclusion limit using Migdal effect [19]. Although the
overall HO background measured with the NbSi TES was less than that measured with Ge-NTDs,
it remains the dominant background. Hence, detecting athermal ballistic phonons (as opposed to
the fully-thermalized phonons detected by the Ge-NTDs) is not sufficient to discriminate against
the HO background. One hypothesis to remove this background would be to detect the presence
of a single charge in the detector, taking advantage of the nature of HO events. An ionization
resolution result in the 30 eV, range was achieved thanks to three 40 grams detectors read out
using High Electron Mobility Transistors (HEMTs) [23]. Despite being seven to eleven times better
than EDELWEISS-III performance [24] and allowing a large gain in events discrimination, it is
not sufficient to extend the identification of charge to the domain of the single e~ h* pair needed to
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Figure 1: Left: Scheme of the geometry of the NbSi films and the electrodes. The colors represent the
different volumes bounded by the field lines. Center: Ratio r of the amplitude of the inner and outer film
phonon signal for the different event categories of Fig. 1 (left). The categories are shown using the same color
code. Right: Efficiency-corrected spectra of Heat-Only events selected by removing events with positive
ionization signals. Green: EDELWEISS-III 0.82 kg detector; blue: the 33.4 g RED30 detector; and red: the
NbSi209 0.20 kg detector. The efficiency-corrected spectra obtained with the NbSi209 detector by using the
phonon cut (r > 1.2) instead is shown in black. The dotted lines are power-law fits to guide the eyes. [25]

handle the HO problem. Tagging the presence of charges using the electrode readout is thus, not
yet an option for the needed energy scale. On the other hand, charges can be tagged indirectly by
tagging the NTL phonons created as they drift under the effect of an electric field.

2. Tagging NTL phonons

The detector used to detect NTL phonons is called NbSi209. It is a 200 g Ge cylindrical
bolometer equipped with top and bottom grid aluminum (Al ) electrodes to measure the ionization
signal. The top Al electrode does not cover the entire surface of the crystal, leaving a free area for
the phonon sensor : in this case, the NbSi209 is equipped with an NbSi TES sensitive to athermal
phonons. The NbSi film is lithographed in the shape of a spiral in the Al-free area of the top face
of the crystal. The spiral is divided into two parts of equal resistance and read as two different
sensors : the inner and outer films which dimensions are shown on Fig. 1 (left). More details on the
experimental and acquisition setups are presented in [25]. The geometry of NbSi209 Al electrodes
allows to discriminate between populations of events occurring in different volumes of the crystal :
the lateral, annular, intermediate and central parts of the detector represented by different colors on
Fig. 1 (left). For instance, charged events which ionization signal is fully collected by the bottom
Al electrode, and not at all by the top annular electrode, are considered to be events from the
central blue volume of Fig. 1, i.e., the volume under the NbSi TES. Looking at the ratio r of energy
deposited on the inner and outer NbSi films (r = Ejpner/Eouter) Was found to be a good indicator
of the presence of short-range high-energy phonons, that is, athermal NTL phonons, emitted in the
proximity of the TES. Indeed, an excess of energy is only present in one film at a time, suggesting
that the other film is only sensitive to the down-converted phonon contribution common to both
films. In particular, it is explicitly visible for events selected as coming from the central volume
using the electrode signal. The spectrum of events as a function of r on Fig. 1 (center) shows a clear
excess of energy deposit on the inner NbSi film (» > 1.2) that can point to a sensitivity to the NTL
phonons produced by these events. On Fig. 1 (right), we present the efficiency-corrected spectra
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of HO events selected by imposing E;,, < 0 for different detectors. In green, an 800 g EDW-III
detector, in blue the 30 g detector from [18], in red the 200 g NbSi209 detector. By selecting the
events with r > 1.2 from the red spectrum, we obtain the black spectrum. The three detectors were
operated during the same cool-down. The athermal phonon sensor measurements display a reduced
rate of HO compared to that of the 33 g Ge-NTD equipped detector, but comparable rate compared
to the 800 g one. Using the NbSi phonon sensor is not sufficient to discriminate against HO events,
on the other hand, applying a cut on r allows to significantly reduce the HO rate. Tagging athermal
phonons allows to partially reject HO events. This opens the possibility of developping a new
detector type able to detect the presence of charges produced within the crystal by tagging NTL
phonons : the CRYOSEL detectors.

3. CRYOSEL

The CRYOSEL project relies on the development of bolometers equipped with a new sensor
design called the Superconducting Single Electron Device (SSED) with the aim of tagging the
presence of a single charge produced in the crystal. The CRYOSEL detectors are 40 g cylindrical Ge
crystals with rounded edges, equipped with a Ge-NTD phonon sensor, Al electrodes for ionization
readout and the SSED made of an NbSi line lithographed at the center of its top surface[26]. The
electrodes and SSED are designed such as to constrain the field lines when applying an electric field
to the detector, so that the created charge carriers drift towards the SSED. During their journey, the
charges produce NTL phonons but the overwhelming majority of NTL athermal phonons is created
in the very high field region in the vicinity of the SSED. The arrival of these high-energy phonons
on a small section of the SSED ring loccaly triggers its superconducting-to-normal transition
(T, = 46 mK), giving an exploitable signal in the form of an increased resistance of the NbSi line
Rssgp measured in kQ, where the resistance of the entire film is 1 MQ.

We present results obtained with the first operational SSED-equipped CRYOSEL detector
called CRYOS50, specifically, results on the SSED response to injected IR photon pulses. The
details on the analysis and experimental setup are presented in [26]. The SSED response in k€ to
IR photon pulses of energy Ej 5. Was studied first by applying various biases |AV/| with a fixed
temperature of the detector 7;,,, as shown on Fig 2 (left) and then by changing 7, and keeping
|AV| constant as shown on Fig 2 (right). The absolute energy of the photon pulses was calibrated
by comparing signal in the Ge-NTD and on the electrodes to those observed for ER events (see
below and Fig 3). The dashed lines systematically correspond to the Sossgp triggering threshold
of the SSED, where ossgp is the SSED baseline resolution (RMS), of the corresponding color.
The left panel of Fig 2 shows that the SSED signal exceeds the threshold only at high energy. This
is not observed for point-like ER events in the bulk, indicating that the small non-zero signal in
laser events is due to the presence in each burst of a few charges created very close to the electrodes.
The blue and orange curves roughly display the same behaviors : below a certain value of E7 ;g¢r,
it is not sufficient to trigger the SSED, this is called the gap. Then Rssgp rises with Ep e, this is
the threshold mode. Finally, both curves reach a plateau which corresponds to the saturation mode,
where the entire NbSi ring has fully transitioned from superconducting to normal. An increased
bias leads to a lower gap : indeed the SSED needs twice as less Ey 45, to reach Rssep = 500 k€,
that is, half its maximum resistance, when |AV| = 60 V (blue) compared to when |AV| = 30 V
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Figure 2: SSED amplitude in kQ as a function of the laser pulse energy in keV.. The SSED amplitudes
are extracted from the mean value of the Gaussian fit of the amplitude distributions per laser energy. The
vertical error bars correspond to the statistical uncertainty of the fit values. The dashed lines indicate the
triggering threshold at Sossgp where ossep is the SSED baseline resolution (RMS). Left: Data taken at
fixed T,, = 15 mK with [AV| = 0 V in green, 30 V in orange and 60 V in blue. The SSED threshold at
Sossep are 0.89 kQ (green), 1.22 kQ (orange), 1.49 kQ (blue). Right: Data taken with fixed |AV| = 60 V
with T;,,, = 15 mK in blue and 42 mK in orange. The triggering threshold at Sossgp are 1.49 kQ (blue) and
1.85 k€2 (orange) for the two values of 7,,,. [26]

(orange). This scales with the number of NTL phonons produced, as it is multiplied by 2 when the
bias is multiplied by 2. Hence, increasing the applied bias improves the SSED threshold. The blue
curve on the right panel of Fig 2 is the same as the one on the left panel but this time compared
to data taken with 7,,, = 42 mK with a fixed bias of [AV| = 60 V. The temperature difference
AT =T, — T, is a crucial parameter to veto the HO population. Operating CRYOS0 at a higher
temperature lowers the SSED trigger threshold because fewer phonons are needed to bridge the
temperature gap AT.
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Figure 3: CRYOS50 ionization energy as a function of
heat energy in keV,, for data taken at 7;,, = 15 mK
and |AT| = 60 V following "'Ge activation. The

Lowering AT by either operating at a higher
temperature and/or by reducing the critical tem-
perature of the SSED line is another way of im-
proving the SSED triggering threshold. Despite
having a triggering threshold of several hun-
dreds of e~ h* pairs [26], Fig. 3 shows that the
CRYOSEL detectors can indeed discriminate
against HO events by applying a cut on Rssgp.
The data presented were taken at 7,,, = 15 mK
with |AV| = 60 V following "!Ge activation.
The black dots correspond to events for which
Rssep > 2 kQ, the K-shell and L-shell cal-
ibration peaks are visible at 10.37 keV,.. and
1.3 keV,. respectively. The red dots are events

K-shell and L-shell calibration peaks are visible at
10.37 keVe, and 1.3 keV,, respectively. The black
dots correspond to events with Rgspp > 2 kQ, that
is , events that have triggered the SSED. On the other
hand, events with Rgspp < 2 kQ (that did not trigger
the SSED) are represented by red dots.

for which Rgspp < 2 kQ, that is, events that
did not pass the 50 SSED triggering threshold.
This cut on Rssgp allows to get rid of all events
with E;,, = 0 keV,, which is a very promising
first step for the CRYOSEL project.

Conclusion

We presented recent results achieved by both the EDELWEISS and RICOCHET collaborations
to improve the sensitivity of cryogenic detectors. In regard to the HO background, the collaborations
have described a technique able to tag charged events by detecting and localizing athermal phonons
using NbSi TES. Inspired by these results, a new type of NbSi sensor was developed and tested with
the objective of being able to tag the presence of a single charge to reject entirely the HO population
of events down to energies where the resolution of the electrode readout is not sufficient. The first
operational prototype equipped with this new SSED already showed promising results by allowing
to remove events with no ionization. In the near future, CRYOSEL detectors will be part of a
physics run within the BINGO experiment cryostat at LSM [27, 28]. On the long term, CRYOSEL
detectors are proposed as an additional detector technology to TESSERACT experiment at LSM.
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