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Abstract The future RICOCHET experiment aims to search
for new physics in the electroweak sector by measuring the
Coherent Elastic Neutrino-Nucleus Scattering process from
reactor antineutrinos with high precision down to the sub-100
eV nuclear recoil energy range. While the RICOCHET collab-
oration is currently building the experimental setup at the
reactor site, it is also finalizing the cryogenic detector arrays
that will be integrated into the cryostat at the Institut Laue
Langevin in early 2024. In this paper, we report on recent
progress from the Ge cryogenic detector technology, called
the CryoCube. More specifically, we present the first demon-
stration of a 30 eVee (electron equivalent) baseline ioniza-
tion resolution (RMS) achieved with an early design of the
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detector assembly and its dedicated High Electron Mobility
Transistor (HEMT) based front-end electronics with a total
input capacitance of about 40 pF. This represents an order
of magnitude improvement over the best ionization resolu-
tions obtained on similar phonon-and-ionization germanium
cryogenic detectors from the EDELWEISS and SuperCDMS
dark matter experiments, and a factor of three improvement
compared to the first fully-cryogenic HEMT-based preampli-
fier coupled to a CDMS-II germanium detector with a total
input capacitance of 250 pF. Additionally, we discuss the
implications of these results in the context of the future Ric-
OCHET experiment and its expected background mitigation
performance.
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1 Introduction

The recent first observation of Coherent Elastic Neutrino-
Nucleus Scattering (CENNS) by the COHERENT collabo-
ration has opened new avenues to search for physics beyond
the standard model [1,2]. The RICOCHET collaboration [3,4]
is aiming for a CENNS measurement with percentage preci-
sion down to sub-100 eV nuclear recoil energies where sig-
natures of such new physics may arise [S]. These include for
instance the existence of sterile neutrinos and of new medi-
ators that could be related to the long lasting dark matter
problem, and the possibility of non-standard neutrino inter-
actions that would dramatically affect our understanding of
the electroweak sector.

The future RICOCHET experiment will be deployed at the
Institut Laue Langevin (ILL) within the H7 experimental
site [3] to measure with high precision the CENNS process
from reactor antineutrinos. To achieve its goal, the RICO-
CHET experiment seeks to utilize a kg-scale cryogenic detec-
tor payload combining the CryoCube and the Q-Array, two
cryogenic detector technologies consisting of 18-to-27 Ge
and 9 Zn crystals, respectively. The cryogenic detectors will
be located 8.8 m away from the 58 MW nominal thermal
power reactor leading to a CENNS event rate of approxi-
mately 12.8 and 11.2 events/kg/day with a 50 eV energy
threshold in the Ge and Zn target crystals, respectively. Both
technologies are being optimized to combine a sub-100 eV
energy threshold with particle identification capabilities to
reject both the gamma-induced electronic recoil background,
and the non-ionizing low energy excess observed in all low-
energy threshold cryogenic detectors [6]. Above the thresh-
old of particle identification, the neutron-induced nuclear
recoils are expected to be the limiting background to the
future RICOCHET experiment. A recent characterization of
this neutron background has shown that, despite the 15 m.w.e.
artificial overburden at the ILL-H7 site, the RICOCHET neu-
tron background will be dominated by cosmogenic neutrons
and that RICOCHET’s expected CENNS signal-to-noise ratio
should be around unity [3].

Similarly to the EDELWEISS experiment [7], particle
identification with the CryoCube will be achieved thanks
to the simultaneous measurement of phonon and ioniza-
tion energies. The Ge crystals are equipped with a germa-
nium Neutron Transmutation Dopped (NTD) phonon sen-
sor and aluminum electrodes to collect signals from the ion-
ization induced electron—hole pairs. Setting aside the low
energy excess (see Sect. 6 for a dedicated discussion), to
achieve the targeted CENNS sensitivity of the RICOCHET
experiment, the CryoCube phonon and ionization channels
are designed to achieve 10 eV and 20 eVee (eV electron
equivalent) baseline energy resolutions (RMS), respectively
[8]. With such performance, the CryoCube discrimination
energy threshold against electron recoils is expected to be
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on the order of 100 eV, allowing for a percentage precision
CENNS measurement. While both the SuperCDMS [9] and
EDELWEISS [10] collaborations have already demonstrated
phonon energy resolutions on the O(10) eV-scale with tens
of gram target crystals, state-of-the-art ionization energy res-
olution would be the limiting factor for the CryoCube. At
present, ionization resolutions of 220 eVee and 350 eVee,
for EDELWEISS [11] and SuperCDMS [12] respectively,
leading to keV-scale discrimination energy thresholds, are
an order of magnitude greater than our RICOCHET design
requirement. It is worth mentioning that baseline ionization
energy resolutions on the order of 30 eVee have already been
achieved in large p-type point contact (PPC) Ge detectors
operated at 77 K [13—16]. This was accomplished in part by
minimizing the input capacitance to the preamplifier stage
of their silicon Field Effect Transistors (FETs). The lower
input capacitance is achieved by (1) reducing the capaci-
tance of the electrode itself to (O(1) pF), and (2) reducing the
capacitance of the cabling between the FET and the electrode
by reducing the distance between the two. The reduction of
cabling capacitance is much more difficult to achieve with
sub-100 mK cyogenic detectors with FET-based electronics
operated at 100 K. Indeed, reducing the distance between the
detectors and the FET to a few centimeters would impose an
overwhelmingly large heat load to both the cryostat and the
detectors preventing any simultaneous phonon measurement.
Additionally, the highly asymmetric design of the PPC elec-
trodes produces inhomogeneities in the electric field where
some low field regions (< 0.1 V/cm) may be affected by
reduced charge collection efficiencies in the Ge crystal oper-
ated at 10 mK and at low voltage biases (< 10 V). Such
low voltage biases are required to keep significant parti-
cle discrimination capabilities in ensuring that the resulting
Neganov—Trofimov—Luke phonon energy, created from drift-
ing the charge carriers across the crystal [17,18], is of the
order of the recoil energy.

Thanks to their much lower intrinsic current noise, input
capacitance and working temperature allowing for reduced
cabling length and related stray capacitance, High Electron
Mobility Transistors (HEMT), developed by the Center for
Nanoscience and Nanotechnology (C2N) and commercial-
ized by CryoHEMT [19], have been identified as a replace-
ment for the standard FET to improve the ionization resolu-
tion of semiconducting cryogenic bolometers. A first fully
cryogenic HEMT-based preamplifier has been successfully
operated with a CDMS-II Ge detector, characterized by a
total! input capacitance of about 250 pF, and achieved an
unprecedented 91 eVee (RMS) ionization resolution [20].
This result, while falling short of the RICOCHET goals (see
Sect. 6), demonstrated the interest of using HEMT-based

! The total input capacitance is the sum of the capacitances from the
detector, the cabling and the HEMT.
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Fig. 1 Left: Photo of the RED177 planar detector. The phonon and ion-
ization signals are respectively measured with an NTD sensor, glued in
the middle of the top surface, and top and bottom aluminum electrodes.
The electrical connection between the 10 mK and 1 K stages is done
via a 5cm long and 100 pwm thick flexible Kapton PCB with constantan
leads visible on the left-hand side of the photo. Middle: Photo of the
10 mK stage electronics mounted on the bottom of the detector holder.

preamplifiers in the context of cryogenic detectors, and paved
the way to the ongoing CryoCube developments.

In this paper we report on the first demonstration of
30 eVee (RMS) ionization baseline energy resolution with
RICOCHET Ge cryogenic detectors operated at 15 mK. This
result has been achieved with an early design of a sub-element
of the CryoCube detector array, called MiniCryoCube, host-
ing three 38 g Ge detectors with their dedicated HEMT-based
front-end electronics thermally anchored at 1 K. The paper
is organized as follows: in Sect. 2 we present the experi-
mental setup including the CryoCube holding structure and
the Ge detector design; in Sect. 3 we detail the HEMT-based
preamplifier; in Sects. 4 and 5 we present our data processing
and results, respectively. Finally, we discuss the implication
of these first results in the context of the low-energy excess
mitigation in Sect. 6, and give our conclusions in Sect. 7.

2 Experimental setup

The first tests of charge preamplification with HEMTs pre-
sented hereafter were performed with three CryoCube proto-
type detectors: RED177, RED227, and RED237. Each detec-
tor consists of a 38 g Ge cylindrical crystal of 30 mm diameter
and 10 mm height equipped with two planar electrodes and a
2x2mm? NTD sensor” glued in the middle of the top elec-
trode (see [8,22] for more details about the CryoCube detec-
tor designs). Itis worth mentioning that detectors with similar
designs have already achieved phonon baseline energy reso-
lutions between 18 and 30 eV, using the JFET-based EDEL-

2 The NTD sensors used for the CryoCube detector array have been
retrieved from the EDELWEISS-III experiment [21] and modified to
match the CryoCube specifications.

The latter hosts the load and feedback resistors, as well as the cou-
pling capacitors. Right: MiniCryoCube assembly, hosting the detectors
RED177, RED227, and RED237 (from right to left), mounted on the
mixing chamber stage of the IP2I R&D cryostat. The 1K stage of the
MiniCryoCube lies above the three detectors and houses the HEMT
preamplifiers. This stage is thermally anchored to the 1 K plate via a
cold finger

WEISS electronics [7], hence already nearing the RICOCHET
specifications on the phonon performance side [8,10].
Figure 1 (left panel) shows a photo of the RED177 planar
detector with its Ge crystal held in its copper casing. Though
not read out in this work, the NTD sensor is both electri-
cally and thermally connected to the flexible Kapton printed-
circuit board (PCB) thanks to a total of six 25 pwm diameter
gold wirebonds. The aluminum electrodes fully cover the flat
top and bottom surfaces. In order to limit charge trapping on
the lateral side, each electrode extends on that surface by
2mm, hence limiting the height of the exposed bare Ge sur-
face to 6mm. The electrodes are electrically connected to the
flexible PCB thanks to a total of eight 25 pm diameter alu-
minum wirebonds. The detector holder has been designed to
both minimize vibration induced noise and reduce electrical
capacitance by ensuring a minimal distance between the alu-
minum electrodes and the copper casing of 3 mm [8]. From
our simulations we expect a mutual capacitance between each
electrode and the copper casing of 4.06 pF, and a mutual
capacitance between the two electrodes of 10.86 pF [22].
The middle panel of Fig. 1 is a picture of the gold plated
circular copper piece mounted on the bottom of the detector
holder. It hosts the feedback and load resistors as well as
the coupling capacitors (see Sect. 3), heat sinking them to
10 mK. Lastly, the detector and its 10 mK stage electronic
components are electrically connected to their dedicated 1 K
front-end electronics via a 100 pm thick flexible Kapton PCB
with unshielded constantan leads (see Fig. 1 left panel).
Figure 1 (right panel) shows a fully integrated MiniCry-
oCube array hosting three planar detectors, namely RED177,
RED227,and RED237, mounted on the 10 mK mixing cham-
ber stage of the R&D cryostat at the Institute of Physics of
the 2 Infinities (IP2I) in Lyon, France. The upper 1 K stage of
the MiniCryoCube, only 5cm above its lower 10 mK stage,

@ Springer
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is thermally anchored to the 1 K still plate thanks to a 15 mm
diameter copper rod and a copper braid. The two stages of
the MiniCryoCube are mechanically coupled to each other
thanks to 1.6 mm thick X- and Z-shaped titanium alloy Ti-
15-3-3-3 [23] support structures on the front/back and sides,
respectively. With a set of heaters and thermometers located
on the two MiniCryoCube stages, we measured that the total
heat load from the 1 K stage on the 10 mK stage, only 5cm
below, is about 1 wW. With a mixing chamber temperature
set to 15 mK, the temperature at the detectors was found to
be about 16 mK. Such thermal performance allows for an
optimal operation of both the phonon and ionization chan-
nels of all three planar detectors simultaneously. Lastly, each
HEMT-based 1 K preamplifier PCB is terminated by a 25-pin
micro-D connector which interfaces with the readout cabling
going directly to a 300 K feedthrough. To quantify the impact
of the cabling impedance on the charge amplifier perfor-
mance, all three detectors were connected via stainless steel
shielded coaxial cables with either low-impedance (5 €2) Cu
leads (RED177 and RED227) or high-impedance (125 €2)
constantan leads (RED237).

The room temperature electronics consists of a BiLT-
BN103 chassis equipped with low-noise DC sources BE2142
from iTEST and custom filters. The latter are used to bias the
HEMT and the detector’s electrodes. The output signal is fed
to a SR5184 amplifier from Signal Recovery, and low-pass
filtered with a 8-order Bessel filter from KEMO with a cut-off
frequency of 63 kHz. The signal streams are digitized at 100
or 200 kHz with a 16-bit National Instrument NI-6218 DAQ,
and stored on disk for further data processing and analysis.

Prior to their installation in the cryostat the Ge detectors
were exposed to an AmBe source, emitting 6 x 107 neu-
trons per second, for about 114h (RED177 and RED227)
and 15h (RED237) for "' Ge activation. This activation from
neutron capture will lead to electron-capture decays from the
K/L/M shells producing X-ray lines with summed energies
of 10.37 keV, 1.30 keV, and 160 eV, respectively (see [24]).
On top of being monoenergetic, these decays are uniformly
distributed throughout the entire Ge crystal volume, allowing
for a precise study of the detector response and calibration.

3 HEMT based common source preamplifier

The three HEMT-based preamplifiers considered in this work
are in a standard common source configuration with a 1 k2
load resistor on the drain (Ry) [25]. The choice of using
a common source scheme comes from its wide range of
application. The latter is well suited to study the intrinsic
properties of the transistor (e.g. bias curves, gain, and volt-
age noise), and leads to reasonable output gain of about 10
which is enough to be coupled to low-noise room temper-
ature amplifiers [26]. The HEMTs and drain resistors are
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mounted on a custom PCB encapsulated in a copper chassis
on the MiniCryoCube 1 K stage. Following our HEMT-based
preamplifier model optimization [25], we only used 4.6 pF
input capacitance HEMTs from CryoHEMT [19]. The dissi-
pated power from each readout channel is given by:

P = Vyslas + Ryl3, (1

with V;s and Iz the drain-source voltage and current bias,
respectively. The standard HEMT bias operating point con-
sidered in the following of this work is { Vg, = 100 mV,
155 = 300 pA} leading to a dissipation power per HEMT
channel of 120 pW. In comparison to [20], our preamplifier
design only uses one HEMT per ionization channel leading
to significantly reduced heat load from 1 mW to 120 uW per
channel. With a maximum of 108 ionization channels in total
for a fully instrumented CryoCube with 27 detectors, each
equipped with up to 4 ionization channels [8,22], we expect
a total heat load of about 13 mW on the still stage, which can
be handled by the RICOCHET cryostat.

The 1 K HEMT-based common source preamplifier is
connected to the 10 mK stage electronics which are located
underneath the detector holder (see Fig. 1 middle panel).
This stage encapsulates the 800 M2 total load and feed-
back resistors from Mini Systems Inc., and the 2 nF coupling
capacitors. These components are glued on a 100 wm thick
flexible Kapton PCB, with copper leads, that goes around
the copper casing to connect both the phonon and ionization
selnsors to the readout electronics. According to capacitive
measurements performed at room temperature using a pre-
cision RLC meter QuadTech 7600B and COMSOL® simu-
lations, we found that the cabling parasitic capacitance from
this flexible Kapton PCB should be between 15 pF and 25 pF,
hence comparable to the detector’s mutual capacitances. As
such the total input capacitance of our HEMT-based pream-
plifier is estimated to be about 40 pF per channel, hence about
six times lower than what was achieved in [20]. According to
our model, with this prototype cabling, we expect to achieve
baseline energy resolutions between 27 and 35 eVee (RMS)
considering a differential readout and data processing (see
Sect. 4). Experimental efforts are ongoing to further reduce
the parasitic capacitance from the flexible Kapton PCB down
to only a few pF in order to achieve the targeted 20 eVee
(RMS) baseline ionization resolution (see Sect. 7).

4 Data processing

Following each data acquisition, the data streams from the
two ionization channels A (top electrode) and B (bottom elec-
trode) are processed using the pipeline detailed in [27]. As
the parasitic capacitance from the cabling is similar to that
of the detector’s electrodes the internal noise sources from
the HEMT preamplifier can propagate from one channel to
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Fig. 2 Differential (Vp — Vy) 102
noise power spectrum of
RED227 with Vg5 = 100 mV and
15 =300 pA and the mixing
chamber at 17 mK. The black,
grey and red solid lines show the
decorrelated and raw data, and
our noise model considering a
parasitic capacitance of 20 pF,
respectively. The total
contributions from the two
ionization channels A and B of
the current (7,,), voltage (E,), 100 1
and Johnson noise sources are
also shown as dashed purple,
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Fig. 3 Observed energy spectra from RED177 (red), RED227 (blue),
and RED237 (orange). The spectra are normalized in events per kilo-
gram per day and per keVee and are not corrected for efficiency (see
text). The three detectors were operated with the two MiniCryoCube
stages at 17 mK and 1.135 K, respectively. The data were acquired
continuously for 92h (RED177), 75h (RED227), and 65h (RED237)

the other. This results in some non-negligible fraction of the
noise to be correlated between the two channels A and B,
in addition to any correlated electromagnetic pick-up noise
sources from the environment. As one electrode collects the
holes and the other the electrons, the difference Vg — V4 con-
tains the summed signal amplitudes while the sum Vp + V4
contains most of the observed noise from the two channels.
The signals are therefore decorellated using an algorithm
inspired by [28] about common noise sources subtraction.
The result of this decorrelation is shown in Fig. 2, where the
gray and black solid lines compare the noise power spectra
of Vg — V4 for RED227 before and after this decorellation
procedure.

The red line on Fig. 2 is the prediction of our noise
model adapted from [25] assuming a parasitic capacitance

with the HEMT biased at Vg = 100 mV and /5 = 300 pA. The inset
figures show, for RED177, the fit (black dashed line) to the K- and L-
electron capture decay X-ray lines from the activated ’' Ge at 1.30 keV
and 10.37 keV (see text for details). Note that the binning along the
x-axis of the normalized energy spectra is logarithmic, and linear for
the inset figures

of 20 pF. The contributions of the total current, voltage and
Johnson noise sources from the two ionization channels are
also shown. Though a detailed study about the comparison
between our HEMT-based preamplifier noise modelisation
and the data is ongoing, we can already notice that our model
is in reasonable agreement with the data, especially between
100 Hz and 30 kHz. We found that using this newly developed
differential decorrelation processing method we improved
the baseline energy resolutions by 10-20%. For the rest of
this work we will only consider the decorrelated differential
signal.

@ Springer
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5 Results

In order to study the response of the three detectors and of
these newly developed HEMT-based preamplifiers, continu-
ous streams of 92, 75 and 65h of data were accumulated on
the detectors RED177, RED227 and RED237, respectively,
from the 26th of January to the 5th of February 2023. The A
and B electrodes were respectively biased at +2 V and —2 V,
and the detector and preamplifer stages of the MiniCryoCube
were stable at 17 mK and 1.135 K, respectively.

The resulting energy spectra, normalized to events/
keVee/kg/day, from all three detectors are shown in Fig. 3.
Each spectrum has been obtained after applying cuts to reject
pile-up events and saturated traces but are not corrected for
efficiency. In comparing the observed energy spectra from
[10], using the same cryostat, crystal size, and shielding con-
figuration, we expect an efficiency for all three detectors of
about 50% above 300 eVee, i.e. 8-t0-10-0 above the baseline
noise.’ From Fig. 3 one can clearly see the X-ray lines at 1.30
and 10.37 keV emitted in the electron capture of ' Ge. These
lines exhibit a non-Gaussian shoulder towards lower ener-
gies. This well-known feature is due to incomplete charge
collection, and was quantified in [8] where we found an upper
limit on the fraction of incomplete charge collection events
of about 10% for the planar detector design. The experimen-
tal resolutions at 1.30 and 10.37 keV listed in Table 1 are the
standard deviations of the Gaussian component obtained in
least-square fits such as those shown in Fig. 3 (see inset pan-
els), where the peaks are modeled as a Gaussian combined
with an exponential tail. After subtracting quadratically the
baseline energy resolutions from the observed line widths at
1.3 keV and 10.37 keV for all three detectors, we find resid-
ual energy dispersions between 9% and 20% larger than our
expectations. The latter are computed assuming a standard
Fano factor value of F = 0.1057 £0.0002 at 5.9 keV for Ge
detectors operated at 77 K [29] and a mean energy to create an
electron—hole pair of 3.0 eV [30,31]. This could be explained
by both the incomplete charge collection and the event-to-
event gain variations expected with these common source
preamplifiers which are not in a closed loop configuration
[26]. In addition to the 7! Ge K- and L-shell electron capture
lines, the energy spectra shown in Fig. 3 exhibit a continu-
ous component rising at the lowest energies. This increase
in event rate below 500 eVee is attributed to the dominat-
ing neutron induced nuclear recoil background, as shown in
[3]. Finally, the steep rise below 250 eVee, mostly visible
for RED227 and RED237 which have lower resolutions than
RED177, is due to noise induced triggers.

3 1t is worth mentioning that a dedicated study about our detection
efficiency, including the dual phonon-ionization readout and extended
to lower energies, is currently ongoing and will be presented in a future
work.
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Figure 4 (left panel) presents the energy distributions of
noise traces for all three detectors (solid lines), accumu-
lated over their continuous data acquisition periods, from
which we derived the following time averaged baseline
ionization energy resolutions (RMS) from a Gaussian fit
(dashed curves): 30.8 +0.1 eVee (RED177),33.94+0.1 eVee
(RED227), and 37.3 & 0.2 eVee (RED237), see Table 1.
This demonstrates for the first time that a 30 eVee ioniza-
tion resolution has been achieved in a cryogenic bolometer
operated at 17 mK (RED177), and that all three detectors
in the array reached resolutions on the 30 eVee-scale. This
also equals the performance of the best PPC ionization-only
Ge detectors [13-16], operated at 77 K and thus with much
relaxed heat load constraints. The worse energy resolution
of RED237 is likely due to additional Johnson noise from
its higher impedance constantan cabling, see Sect. 2, which
reduced the gain of the RED237 HEMT preamplifier by a
factor of two compared to the other detectors RED137 and
RED227, further degrading its signal-to-noise ratio. Figure 4
(right panel) presents the time variation of the observed base-
line energy resolution of the three detectors. Each data point
corresponds to an averaged resolution value over two hours.
The energy resolution of all three detectors was extremely
stable over the entire acquisition time, with a dispersion of
less than 1 eVee, and with no apparent time degradation. This
result is particularly important in the context of the Rico-
CHET experiment aiming at measuring the CENNS process
with a high precision with year-long data acquisition time.

6 Mitigating the non-ionizing low-energy excess

The choice of a dual phonon-and-ionization readout for
the CryoCube was initially motivated to reject the gamma
induced electronic recoil and beta-decay related surface
backgrounds [8]. However, as the phonon energy threshold
of the bolometers improved, a new and overwhelming source
of background of unknown origin has been identified. The
latter, observed in all cryogenic experiments with a threshold
below 100 eV, is the subject of ongoing intense worldwide
investigations (see [6] for a detailed review). From the com-
bined RICOCHET-CryoCube [8] and EDELWEISS [10,32]
observations, this low-energy excess has been found to be
non-ionizing. In [32] an upper limit on its ionization yield of
<4 x 107* (at 90% C.L.) has been derived. The rate of this
excess, also referred to as “heat only”, has been measured to
be between 10° and 10° events/day/kg/keV below 100 eV in
different low-threshold cryogenic experiments [6]. As such,
this background is about 5 orders of magnitude larger than
the CENNS signal expected with the future RICOCHET exper-
iment at ILL [3]. If not mitigated efficiently, this “heat only”
background could therefore jeopardize the CENNS sensitiv-
ity of the future RICOCHET experiment.
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Fig. 4 Left: Energy distributions of noise traces for all three detec-
tors RED177 (red), RED227 (blue), and RED237 (orange) obtained
from continuous data acquisitions of 92h, 75h, and 65h, respectively.
The resulting average baseline ionization resolutions (RMS) derived
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from a Gaussian fit (dashed curve) are: 30.8 + 0.1 eVee (RED177),
33.9 + 0.1 eVee (RED227), and 37.3 + 0.2 eVee (RED237). Right:

Time evolution of the observed baseline energy resolution for RED177,
RED227, and RED237 leading to the energy spectra shown in Fig. 3

Table 1 Observed baseline and

peak resolutions (RMS) at the Detector Baseline 1.30 keV 10.37 keV
1.30 keV and 10.37 keV lines RED177 30.8 £ 0.1 39.2£0.6 75.6 + 0.3
for the three planar detectors
RED227 33.9+£0.1 40.7 + 1.1 76.7+0.4
RED237 37.3+£0.2 43.44+2.1 74.6 0.9

This background can be rejected by requiring the pres-
ence of an ionization signal above a certain threshold. How-
ever, this comes with a loss in efficiency on the CENNS
signal that depends on the ionization yield of nuclear recoils.
For instance, a 30 to 60 ionization threshold cut leads to a
rejection power ranging from about 10 to 10° [33]. Figure 5
shows the remaining CENNS event rate passing the ioniza-
tion threshold (left y-axis), and the corresponding CENNS
survival probability (right y-axis), as a function of the ion-
ization baseline resolution. The calculations were done for
rejection levels ranging from 3¢ to 60 and considering the
standard Lindhard quenching factor model with k = 0.157
[34]. Our results suggest that in the case of an overwhelm-
ing “heat only” excess, as currently observed in all cryo-
genic experiments, reducing the baseline ionization resolu-
tion is pivotal to the success of the future RICOCHET exper-
iment. Indeed, assuming a 4o ionization threshold corre-

sponding to a 107 rejection factor, as would be required from
our observed “heat only” rate [8,10,32], the CENNS event
rate increases from 7 x 1073 to 1 event/kg/day by reducing
the baseline energy resolution from 91 eVee, as achieved in
[20], to our targeted 20 eVee. With the already demonstrated
baseline ionization resolutions presented in this work, the
expected CENNS event rate surviving a 4o ionization thresh-
old cut would be between 0.4 (RED177) and 0.2 (RED237)
events/kg/day. Note that we obtain similar results when con-
sidering the recently measured CONUS quenching factor
[35], and a significantly enhanced CENNS event rate by a fac-
tor of 3 when considering instead the measurement from [15].
The strong dependence of the RICOCHET experiment’s sensi-
tivity to the assumed nuclear recoil ionization yield highlights
the need for precise measurements of this value near 100 eV
recoil energy [36,37], a task that should be facilitated with

@ Springer
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Fig. 5 CENNS event rate (left y-axis) and CENNS signal acceptance
(right y-axis) as a function of the baseline ionization energy resolution
assuming a 3-to-6 ¢ ionization threshold. The ionization yield model
considered here is the standard Lindhard quenching factor on germa-
nium with k£ = 0.157. The performance of the three detectors presented
in this work are shown in colored dashed lines while the CryoCube
targeted resolution is represented by a solid red line

the major improvements in charge resolution achieved in this
work.

7 Conclusion and outlook

In this paper we have presented the first ionization read-
out performance from three RICOCHET germanium detector
prototypes with their dedicated HEMT-based preamplifiers
mounted in a CryoCube sub-element. All three detectors
demonstrated 30 eVee-scale ionization energy resolutions
with an estimated total input capacitance of 40 pF. This is
comparable to the best resolutions achieved with ionization-
only Ge detectors with few-pF input capacitance that operate
with much less stringent heat load constraints [13—16]. This
result corresponds to an improvement by a factor 7 and 11
with respect to previously achieved ionization resolutions
from the EDELWEISS [21] and SuperCDMS [12] collabo-
rations, both using cryogenic Ge detectors operated at 20 and
50 mK, respectively. It is also a factor of 3 better than the pre-
viously achieved 91 eVee resolution from the first cryogenic
HEMT-based preamplifier that was characterized by a total
input capacitance of 250 pF [20]. Additionally, our HEMT-
based preamplifier dissipates about ten times less power per
channel compared to [20], opening the possibility to readout
150 channels with heat sinking the cold electronics at 1 K,
as required from the CryoCube detector assembly specifica-
tions.

In Sect. 6, we investigated the implication of reaching
such low ionization resolutions on the mitigation of the lim-

@ Springer

iting low-energy excess (so-called “heat only”’). We found
that by imposing an ionization threshold cut with our tar-
geted 20 e Vee ionization resolution, this overwhelming back-
ground could be reduced by about 103 while retaining a
CENNS signal event rate of 1 event/kg/day. This study also
highlighted the crucial need for the RICOCHET experiment
to improve by about an order of magnitude the ionization
performance previously achieved by the EDELWEISS and
SuperCDMS collaborations to secure its CENNS sensitivity.

Though the HEMT-based common source preamplifiers
considered here allowed us to first study the HEMT proper-
ties and achieve a 30 eVee-scale ionization resolution, they
do not fully comply with the CryoCube readout specifica-
tions. Due to their low-gain (~10) and their required low-
noise amplifiers at room temperature, the collaboration has
developed optimized HEMT-based preamplifiers that will be
tested in the coming months [26]. The increased gain of these
preamplifiers will lead to a lower sensitivity to environmental
noise with a gain of 100. Additionally, they will be compat-
ible with our newly developed room-temperature amplifiers
and digitizer which will allow us to read out the phonon and
ionization channels of these detectors simultaneously. Lastly,
using this dedicated CryoCube readout electronics together
with reduced parasitic capacitance flexible PCB, currently
under development, we expect to further improve our ioniza-
tion resolution down to the targeted 20 eVee.

Such ionization performance, combined with already
demonstrated 20 eV-scale baseline phonon energy resolution
[10], will allow to reduce the particle identification threshold
down to the 100 eVnr-scale (eV nuclear recoil), hence one
order of magnitude lower than that achieved in current dual-
readout cryogenic dark matter experiments such as EDEL-
WEISS [11], SuperCDMS [12], and CRESST [38]. Finally,
this will simultaneously allow for (1) a precise CENNS mea-
surement with RICOCHET, (2) the possibility to directly mea-
sure the nuclear recoil ionization yield down to 100 eVnr,
and (3) further characterizations and understanding the ori-
gin of the overwhelming low-energy excess affecting all low-
threshold cryogenic experiments, drastically limiting their
CENNS and low-mass dark matter sensitivities [6].
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