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1 Searching for Light Dark Matter with TESSERACT

1.1 Scientific Motivations

Elucidating the identity of dark matter (DM) is one of the most compelling problems of high
energy physics. For decades, theoretical and experimental probes have been focused on the weak
scale in the search for answers to nature’s deepest mysteries, including the identity of DM. This
is understandable: in addition to connecting the DM problem to the question of the natural
mass scale for the Higgs boson, the DM relic abundance falls out naturally from the freeze-
out paradigm. However, a lack of evidence for a thermally produced GeV-to-TeV mass-scale
Weakly Interacting Massive Particles (WIMP) in direct detection experiments and at the Large
Hadron Collider (see, e.g., Refs. [1], [2], [3], [4], [5], [6], [7]]) has motivated a theoretical effort
to develop new DM theories that are consistent with current experimental and observational
bounds. Some general properties of DM particle candidates can be established already from ob-
servational evidence and numerical simulations alone. The DM particle is favoured to be cold,
non-baryonic, should also be either absolutely stable (or extremely long lived) with only weak
interactions' with itself or any other particles from the Standard Model. Also, the DM particle
mass range can span nearly 50 orders of magnitude, from values as tiny as 10721 eV (fuzzy DM)
for bosons with de Broglie wavelength of the order of typical sizes of dwarf galaxies [8] up to the
(reduced) Planck scale M p ~ 2 x 10'® GeV (above which it is difficult to consider DM particles
as elementary). This is as much as we can be fairly confident about the general properties of
DM which, however, is only a first step towards identifying its real nature, since they can be
easily satisfied by a wide range of specific particle candidates, or in fact classes of candidates.
In particular, compelling models of new physics, including those of the dark sector, may nat-
urally have mass below the weak scale. These paradigms of hidden sector DM include Hidden
Valleys [9] with composite DM (whether dark mesons [10], atomic DM [11], or glueballs [12]),
Asymmetric DM [13], supersymmetric hidden sector DM [14, 15, 16, 17], strongly interacting
massive particles [18], and self-interacting DM [19, 20, 21]. Hidden sector theories have also
given rise to new approaches to deep questions, such as models for baryogenesis [22, 23, 24] and
“neutral naturalness” [25] solutions to the hierarchy problem.

1.2 TESSERACT at the Underground Modane Laboratory

The future TESSERACT (Transition Edge Sensors with Sub-eV Resolution And Cryogenic
Targets) experiment aims at detecting light dark matter, from the proton mass down to a fraction
of an electronvolt, via its interaction with ultra-sensitive new-generation cryogenic detectors.
TESSERACT aims to be a ground-breaking experiment, representing a significant paradigm
shift in relation to the current state of the art by considerably extending its light dark matter
search mass range as illustrated in Fig. 1. Indeed, it aims to probe DM over 12 orders of
magnitude in mass, using 1) sub-eV energy thresholds kinematically allowing to explore
DM particle masses down to the (sub-)eV-scale, 2) multi-target detectors: Al,O3, SiO,
GaAs, LHe, Ge and Si, to probe both nuclear (NRDM) and electronic (ERDM) recoil dark
matter interactions, and 3) a technology enabling DM interactions to be identified
from those arising from the radioactive and instrumental backgrounds. The combination
of these last three technological features is what makes TESSERACT unique with respect to the
competing experiments, e.g. DAMIC [27] and CRESST [28], also searching for light dark matter

There weak may stand for the familiar weak force, or instead some other (sub)weak force defined by some
non-negligible coupling to the Standard Model (SM) particles.
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Figure 1: Illustration of the long and near term TESSERACT targeted search sensitivities
probing light dark matter particles from the meV-scale up to the proton mass considering all
types of DM interactions. Figure extracted and adapted from [26].

particles. As of today, the TESSERACT project is a US-only collaboration? funded through
the Department of Energy (DOE) Dark Matter New Initiatives program since June 2020, which
covers the transition from R&D to a project. Since early 2022, the French RICOCHET and
EDELWEISS partners (the IN2P3 laboratories IP2I, LPSC and IJCLab) are discussing with the
TESSERACT collaboration in order to 1) install a dedicated cryostat for TESSERACT at the
underground Modane Laboratory (LSM), and 2) include the French semiconductor germanium
bolometer technology to the initial TESSERACT science program including the SPICE (Sec. 2.3)
and HeRALD (Sec. 2.4) detector technologies. TESSERACT is a single collaboration that will
deliver the shielding, cryogenics, calibration tools, detectors, and project management necessary
to achieve its scientific goals of leading the sub-GeV DM search over the next decade. The
collaboration envisions to have two similar cryostats so as to allow for the operation of all three
technologies, and allow some underground optimization of the detectors in one cryostat while
still performing DM searches simultaneously in the second one.

The project planning phase aims to produce a fully defined experimental concept and project
by the end of 2025 to lead the ultra-light DM search starting in 2026. The availability of a
cryostat early in the first R&D phase is crucial, and for this the french collaborator propose
to install and commission the TESSERACT Phase-1 cryostat at LSM. As more space at LSM
becomes available in the coming future, the Phase-2 cryostat could be installed to ramp up the
deployment of the different TESSERACTS technologies, building on the expertise and science
results from the Phase-1 cryostat.

2List of US institutes: Lawrence Berkeley National Laboratories, University California Berke-
ley, Argonne National Laboratory, Caltech, Texas A&M, Florida State University, UMass Ambherst
and University of Michigan State.
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Figure 2: Left: Picture of a prototype 1 cm?x1 mm Si athermal phonon detector for TESSER-
ACT. This prototype has a TES based athermal phonon sensor coverage of 1% and a critical
temperature T = 50 mK. Right: Energy distributions obtained using the device shown in the
left panel and optical photon calibrations with 405 and 450 nm wavelengths. Individual photon
detection are clearly visible thanks to an unprecedented 273 meV phonon baseline energy reso-
lution (RMS).
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2 TESSERACT Detector Technologies

The detection of sub-eV energy depositions from nuclear recoils with < 50 MeV DM and elec-
tronic recoils for < 1 MeV DM with > 100 g.yr exposure combined with background rejection
capabilities completely drives our experiment design. The proposed addition of the French
semiconducting bolometer technology, based on the recent developments performed by the
EDELWEISS and RICOCHET collaborations, will complement the initial SPICE (Sub-eV Po-
lar Interactions Cryogenic Experiment) and HeRALD (Helium Roton Apparatus for Light Dark
Matter) ones currently developed by the US collaborators. Indeed, all together, these detector
technologies will be sensitive to both nuclear recoil interacting DM (NRDM) and electron recoil
interacting DM (ERDM), with particle identification capabilities for background discrimination.
The total mass for each target type will be between 10 g and 1 kg (depending on the target and
R&D progress).

2.1 Athermal phonon Transition Edge Sensors

Athermal phonons produced directly via particle interaction, or indirectly via photon or *He
atom absorption, anharmonically decay to lower-frequency phonons in the bulk of the crystal.
Since this decay rate scales with the phonon energy as E° [29], these bulk thermalization pro-
cesses turn off around O(10 K), and the low-energy phonons begin to free stream balistically. If
the scattering surface is instrumented with superconducting phonon sensor arrays and a phonon
has energy > 4 K, it can annihilate a Cooper pair within the superconducting Al collection
fins, transferring on average about 50% of its energy into kinetic and potential energy of the
resulting quasi-particles. These quasi-particles subsequently diffuse within the Al film until they
encounter a trapping site in the Al and are lost, or they are transmitted into the small-volume
TES attached to the edge of the fins, where they thermalize their remaining energy for mea-
surement [30]. It has been shown that the baseline energy resolution, or equivalently the energy
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sensitivity, of the athermal phonon detector scales as

o o Vo' T2, (1)
Equation 1 illuminates the design changes required to increase sensitivity; we must decrease
the size of the detector to cm? scale from the 100 cm?® traditionally used by SuperCDMS and
EDELWEISS for higher mass DM. Additionally, we must lower 7, from the 40-60mK range
currently used in SuperCDMS to ideally 15-20 mK.

Figure 2 shows a recent TES based athermal phonon sensor detector prototype (left panel)
together with its observed energy spectra following optical photon calibrations (right panel).
The presented detector prototype is a 1 cm? x 1 mm Si crystal with 1% TES surface coverage
and a T, of 50 mK. As one can see, first evidence for individual optical photon detection, with
wavelengths of 405 and 450 nm, is clearly visible. Despite its 50 mK critical temperature, this
prototype detector achieved an unprecedented baseline energy resolution of 273 meV (RMS)
which could be further improved by about ten fold in lowering T, to the targeted 15-20 mK
temperatures. Using Eq. 1, one can derive that a 1 cm® Ge (5.35 g) or Si (2.33 g) detector
should achieve sub-eV energy thresholds using optimized TES based athermal phonon sensors
as currently being developped by the TESSERACT collaboration.

2.2 Low-Energy Excess

In recent years, as cryogenic detector experiments successfully lowered their energy threshold
below O(100) eV, a strong and yet-to-be-explained low-energy excess (LEE) background compo-
nent has been observed [31]. Its level, observed in all low-threshold cryogenic experiments such
as EDELWEISS [32, 33], CRESST [28], RICOCHET [34], NuCLEUS [35], and SuperCDMS [36]
is between 10° and 102 DRU at 100 eV recoil energy, hence several orders of magnitude larger
than the expected radiogenic backgrounds. This low-energy excess represents a tremendous
threat to many ongoing and upcoming low-threshold cryogenic DM experiments as it may very
well overwhelm the putative targeted signals and dramatically limit their search sensitivities.
Among some of the general properties of this excess (see [31] for a detailed review), the EDEL-
WEISS/RICOCHET collaborations have observed that these excess backgrounds do not ionize,
hence their name “Heat-Only” (HO). As of today, the most likely hypothesis regarding this
background origin is that it is either due to stress induced microfractures in the target crystal or
at its interface with the phonon sensors. This suggests two important ways forward 1) find the
origin of this background in order to suppress it, and 2) next generation of low-threshold cryo-
genic experiments must develop particle identification and/or active HO rejection techniques to
achieve their expected DM sensitivities. Both strategies are being investigated by the
TESSERACT collaboration.

Additionally, it is worth mentioning that superconducting quantum circuits (q-bits) see
anomalously short decoherence times partially due to high density of quasiparticles (broken
Cooper pairs due to energy depositions) that decrease as a function of time [37], in a similar
fashion to the low-energy excess observed in all low-threshold cryogenic experiments [31]. There
is therefore possibly a highly mutual benefit to solve this excess backgrounds at low energy for
both light DM searches and quantum computer developments.

2.3 SPICE

SPICE: Al;O3; and SiO; Detectors — Since the vibrational energy scale in crystals is
O(100) meV, for DM particle masses mpy < O (30 MeV), we can’t use the simplifying approx-
imation that the nucleus is free. Instead, we must think about the DM scattering coherently
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with the entire crystal producing a single phonon [38, 39, 40]. The kinematics of optical phonon
production are favorable; due to their gapped nature, all of the kinetic energy of the DM can po-
tentially be used for phonon creation. Additionally, since optical phonons modulate the electric
dipole in polar crystals, they have strong couplings to infrared photons, and thus by extension,
to all DM models that interact through a kinematically mixed dark photon.

To maximize sensitivity to these electromagnetically coupled DM models SPICE aims at
developing an array of 1 cm?® Al,O3 and SiO, detectors, instrumented on one face with ather-
mal phonon sensors as presented in Sec. 2.1 with eV-scale energy thresholds and lower. The
primary goal for these polar crystal detectors is to search for single optical phonons produced by
electromagnetically interacting DM via scattering (3 keV < mpy < 1 MeV) and via absorption
(100 meV < mpy < 1 eV). Backgrounds that directly interact with a TES/athermal phonon
sensor, like stress-induced microfracture events within the athermal phonon sensor itself, are
expected to be distinguishable in multiple ways. First, the athermal phonon collection time,
Teollects 18 purposefully designed to be two times larger than 7gensor. As such, events that deposit
all of their energy within the TES can be distinguished from crystal interactions. Second, we can
instrument each pixel with 2 separately read-out phonon sensor arrays; crystal events deposit
energy nearly equally in the two arrays due to the low sensor coverage factor, while background
events that interact with a single sensor would be trivially separable. Figure 3 (left panel) shows
a picture of a first ~ 10 g AlyO3 prototype detector currently being tested by the TESSERACT
collaboration.

SPICE: GaAs scintillation Detector — Due to its small bandgap (1.52 V), GaAs is
ideally suited to search for inelastic ERs from electromagnetically coupled DM that is scattered
(mpm > 1 MeV) or absorbed (mpy > 1.5 eV). In our detector concept, each 1 cm® GaAs
detector is instrumented with athermal phonon sensors on its surface, and inside an optical
cavity with a 1 cm? x 1 mm thick instrumented Ge crystal that serves as an infrared photon
collector (see Fig. 2 - left panel). Due to its world-leading 60% quantum efficiency for a cryogenic
scintillator [41], on average nearly 12% of the total ER energy ends up in photon energy, a large
fraction of which will be absorbed and sensed by the photon sensor. Requiring a coincidence of
signals to differentiate signal from backgrounds is standard practice for high-mass DM searches;
in particular our setup certainly builds upon the design strategies of CRESST [42]. However,
there are 2 significant differences. First, GaAs has a scintillation yield of about 125 ph/keV
which is ten times larger than the one of CaWOy, [41]. Secondly, GaAs has similar bandgaps as
Ge and Si crystals and is therefore focused on finding an electronic recoil signal in the presence
of lower yield backgrounds, including zero yield backgrounds (like micro-fractures) which is
nowadays limiting CRESST performance. Considering the TES based athermal phonon sensor
performance described in Sec.2.1 and the GaAs light yield, we expect to reject low-energy excess
events down the eV-scale (single photon) recoil energy and extend ER/NR discrimination down
to few tens of electronvolt hence allowing additional promising NRDM sensitivity that will be
complementary with the semiconducting targets.

24 HERALD

While a strong motivation for a “He target material is the low nuclear mass, superfluid “He also
has several material properties which aid in the readout of nuclear recoils. The first of these
properties is the long lifetime and propagation distance of the phonon (and phonon-like ‘roton’)
excitations. The second relevant material property is the low binding energy of *He atoms at
the liquid/vacuum interface. The atomic binding energy is so low (0.62 meV) that much of the
phonon/roton population lies above this energy, such that a single signal phonon can individually
eject a single “He atom into the vacuum. This athermal 1-to-1 process is termed ‘quantum
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Figure 3: Left: Photo of a first ~10 g Al,O3 prototype detector from the SPICE technology.
Middle: Photo of the HERALD v0.1 detector mounted at the mixing chamber stage of a
dilution cryostat at UMass Ahmerst. Right: Waveforms obtained with HERALD v0.1 from an
55Fe source (red) and a 2*?Cf neutron calibration (blue).

evaporation’. Several theoretical descriptions of this process have been given [43, 44, 45], and
are in general qualitative agreement, predicting evaporation probabilities (per phonon incidence
at the interface) of some 10s of percent. Experiments have shown broad consistency with
theoretical prediction [46]. A sensor or sensor array in the vacuum region then receives a
burst of ejected *He atoms as the primary signal, and these atoms are sensed via their van der
Waals binding energy to the sensor surface (~10 meV per adsorbed atom). The third relevant
property is the helium superfluidity. As it is a liquid target, there should be no mechanical micro-
fractures-like events within the helium itself contributing to “Heat-Only” (HO) backgrounds.
Vibrational coupling is suppressed between the vessel walls and the superfluid helium, since
objects move through pure superfluid helium without viscosity. Scattering events within the
helium will produce rotons and phonons, yielding evaporated helium atoms to be detected on
multiple athermal phonon pixels suspended above the liquid. Therefore, requiring coincidence
between multiple pixels should drastically reduce HO backgrounds, even if individual pixels have
HO events within them. Finally, superfluid helium is a very bright scintillator, with about 33%
of ER energy going into prompt scintillation light. The NR light yield, while nonlinear with
energy, is also very high: at energies measured so far we find a Lindhard quenching factor of
40%, corresponding to 13% of NR energy going into prompt scintillation. The scintillation signal
will be another handle on discriminating ER events, NR events, and instrumental backgrounds
for higher DM masses.

Early 2023, the HeRALD team successfully built and tested their first detector prototype [47].
Figure 3 middle shows a picture of the HERALD v0.1 prototype detector equipped with a
Cs-based superfluid He film stopper and a photon/*He detector, instrumented with athermal
phonon TES, facing a 2.75 cm high and 6 cm diameter liquid “He cell corresponding to about a
total He target mass of 10 g. Right panel of Fig. 3 shows some first data from the HERALD v0.1
detector prototype exposed to a 252Cf neutron calibration source (blue waveforms) and to a %>Fe
source emitting 5.9 keV X-rays (red waveforms). From these first data set, one can clearly appre-
ciate the detection of the prompt scintillation signal followed by the one from the He quantum
evaporation. Also, the comparison between the blue and red waveforms suggests that there is in-
deed an enhancement of the phonon/roton yield for nuclear recoils hence leading to a significant
pulse shape discrimination between keV-scale ER and NR. For this present data, the detection
threshold for energy in the *He quasiparticle system is approximately 145 eV, which already
corresponds to a very promising light dark matter mass sensitivity mpy > 220 MeV /c? [47].
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Figure 4: Left: Event distribution in the ionization versus recoil energy plane obtained with
FID8&03 from the EDELWEISS-III collaboration operated at LSM. Black dots correspond to “low
background” data with the K- and L-shell X-ray lines clearly visible, and the red dots correspond
to neutron calibration data. Note that the large population of events below Fji,, = 600 eV, and
Er =4 keV corresponds to the so-called “noise-blob”. Right: Energy spectrum recorded with
a voltage bias of 66 V and 70 V following the "'Ge activation of the RED30 detector prototype
at LSM. Figure taken from [33]

2.5 Cryogenic semiconducting bolometers

The EDELWEISS and SuperCDMS experiments have pioneered the use of cryogenic semicon-
ductor crystals (Ge and Si) to search for DM particles. Following a particle’s interaction in
the detector medium, the induced recoil will release its energy by creating both phonons (heat)
and charge carriers (ionization). To first order?, the different measurable energy quantities are
intertwined as follows:

Eion = Q(Er)ER , EnTL = Eion% , and Eheat = Er + ExTL = ER {1 + Q(ER)‘:] (2)
where V is the voltage bias and € is the average energy required for an electron recoil to produce
an electron-hole pair. FEye.t and Ej,, stand for the heat and ionisation energies, respectively.
FEntr is the additional Neganov-Trofimov-Luke heat energy produced by drifting the charge
carriers across the crystal [48, 49]. The quenching factor Q(ER) is by definition equal to 1 for
ER, between 0 and 0.3 for NR below 20 keV [50], and equal to 0 for “Heat-Only” backgrounds.
It is worth highlighting that, in addition to the event-by-event discrimination, the simultaneous
heat and ionisation energy measurements at V # 0 also provides a direct measurement of the
true nuclear recoil energy, hence avoiding any assumptions on the ionisation yield. Following

Eq. (2), two operating modes can be considered.

Low-voltage mode: By operating the detector at low enough bias voltages (<4 V), such
that Entr, < Egr for nuclear recoils, the simultaneous measurement of heat and ionisation
provides an event-by-event identification of the recoil type, hence allowing a highly efficient
rejection of the dominant low-energy excess and gamma backgrounds. Residual gamma- and
surface beta-backgrounds are further removed using active surface rejection, based on either
veto electrodes or charge asymmetry, of the FID (Fully Interdigitised Design) from the EDEL-
WEISS [51] experiments.

3We neglect here the phonon energy loss due to Frenkel defects and to charge trapping.
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The EDELWEISS collaboration successfully achieved an average baseline energy resolution
(RMS) of 400 eV and 220 eV, for the heat and ionization channels, respectively, leading to
the most efficient ER/NR discrimination at the time — see Fig. 4 (left panel). Thanks to this
dual measurement, EDELWEISS has demonstrated a gamma and surface-beta rejection factors
better than < 2.5 x 1075 and < 4 x 1075 at 90% C.L. respectively, while keeping a nuclear recoil
acceptance of about 75% down to a nuclear recoil energy of 15 keV [51]. In 2016, thanks to
these detector performance, though considerably limited by the “Heat-Only” (HO) excess back-
ground, the collaboration achieved leading exclusion limits on SI interactions for WIMP masses
from 5 to 30 GeV/c? [52], and provided the first measurement of the cosmogenic activation
rate of tritium in Ge above-ground [53]. The RICOCHET CENNS experiment has considerably
improved upon the previous EDELWEISS detector performance, now achieving heat and ioniza-
tion energy resolution (RMS) of 20-to-50 eV and 30-t0-40 eV, respectively, thanks to its newly
developed CryoCube detector technology (see Sec. 5.1). Such performance will allow in turn to
achieve ER/NR rejection down to 100 eV and a 10° HO background rejection down to about
250 eVur [34]. The French TESSERACT partners will pursue this “low-voltage” approach in
order to push for heat and ionization resolutions at the eV-scale in order to allow for highly
sensitive NRDM sub-GeV DM searches, see Sec. 5.1.

High-voltage mode: By operating the detector at high voltage biases (>100V), the cryo-
genic calorimeter is effectively turned into a charge amplifier of mean gain (1 + Q(ER)%) As
Fheat =~ Eion, event-by-event discrimination is no longer possible and an ionization yield model
has to be assumed to convert the total heat energy into a nuclear recoil energy equivalent. This
operation mode is highly beneficial to any DM searches looking for interactions with electrons
instead of nuclei. First, the total phonon signal is amplified by a factor (1 + %), while the HO
background is not. Electron recoil signal should then appear as discrete peaks corresponding to
Enrr, = N|eV| where N is the number of electron-hole pairs, e is the electron charge. For bias
voltages such that eV is significantly larger than the phonon sensor resolution, ERDM signals
should form comb-like structure, differentiable from a smooth background of HO events.

The EDELWEISS collaboration achieved in 2020 a 46 eV resolution on a 33.6 g Ge prototype
detector operated at 78 V [33], corresponding to a resolution of 0.53 electron-hole pair. While
not sufficient to resolve individual values of charges, as achieved by the 1 g Si HVeV detector of
Ref. [54], the low backgrounds attained by EDELWEISS resulted in more stringent constraints
on ERDM signals. This confirmed for the first time the relevance of the use of relatively
massive germanium detectors in the HV regime. Figure 4 (right panel) shows the event energy
distribution following a "' Ge activation where we can clearly identify the X-ray lines from the
electron-capture decays from the K/L/M shells at 10.37 keV, 1.3 keV, and 160 eV respectively.
Thanks to this exquisite energy resolution, the collaboration has achieved the first Ge-based
sub-100 MeV /c? dark matter search and the most stringent limit at the time on Dark Photons
below ~ 10 eV /c? [33]. As can be observed from Fig. 4 (right panel), the HO excess is also clearly
visible below 300 eV.. The latter has been found to dramatically reduce the dark matter search
sensitivity of the RED30 detector prototype by several orders of magnitude. Following these
results, the CRYOSEL program has started in order to design a cryogenic detector technology
aiming for single-e/h detection combined with an active rejection of the HO excess background.
The French TESSERACT partners will then develop few 10s of grams detector with sub-eVe,
energy threshold and highly efficient HO discrimination to complement the ERDM reach of the
TESSERACT experiment (see Sec. 5.2).
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3 Experimental Apparatus at the Modane Underground
Laboratory

In addition to the detector technology contribution, the French teams intend to provide access to
the ideal environment for the ambitious science goals and intense cryogenic detector development
program of TESSERACT. Exceptional low-radioactivity conditions and ease of access are key
elements for its success.

The Modane Underground Laboratory (LSM) is a French national lab dedicated to the
development of the astroparticle physics programme. Being protected from cosmic rays, it
provides the low background conditions necessary for experiments dealing with rare or exotic
interactions. It has been proven to be an ideal site for cryogenic searches for DM and for
neutrinoless double-beta decay, as attested by the success of the EDELWEISS and CUPID-Mo
programs.

The mean rock thickness of 1700 m (about 4800 m water equivalent) reduces the muon flux
down to about 5 muons/m?/d [55] , which is more than 10° times smaller than at the surface. To
further protect the TESSERACT detectors, this time from the surrounding rock radioactivity,
they will be protected by passive shielding layers (see Sec. 3.1). Figure 5 shows the prelimi-
nary version of the planned layout of the Phase-1 crysotat (see Sec.1.2) of the TESSERACT
experiment at LSM. The experimental setup, consisting of the cryogenics system, shielding,
electronics, data acquisition along with the specialized ISO-6 clean room will be located in the
previous EDELWEISS location. Utilities for the cryogenic system and radon suppression will
be located on the mezzanine of the above mentioned area.

The cryostat of the future TESSERACT experiment at LSM will be either a Bluefors LD
400 or a CryoConcept HexaDry-UQT 200 which are both cryogen-free dilution refrigerator with
8 mK base temperature and allows for easy, integrated operations. Necessary laboratory services
such as air conditioning, electrical power, cooling water, compressed air and network connections
will be provided by LSM.

3.1 Shielding Design and Underground Integration

The shielding for TESSERACT is being designed based on early Monte Carlo simulations.
They infer the acceptable contamination levels of the shielding materials along with their size.
A sketch of the experimental set-up along with the shielding scheme is shown in Fig. 6.

The overall design of the TESSERACT shielding follows well-established techniques for re-
ducing environmental backgrounds, using layers of hydrogenous material for neutron moderation
and high-Z material to reduce the gamma flux. The final layer of shielding, closest to the de-
tectors, must be of the highest radiopurity material. The outermost layer of the TESSERACT
shield is composed of 15 ¢cm of high density polyethylene (HDPE), which reduces radiogenic neu-
trons produced in the cavern walls. This first line of defense is called the outer neutron shield.
The next layer inwards is a 20 cm-thick gamma shield made of lead which reduces the accom-
panying external gamma flux. This is followed by an additional layer of 27 c¢cm polyethylene
between the lead and the titanium outer vacuum can of the cryostat. This inner neutron shield
attenuates any secondary neutrons from spallation, as well as neutrons and gammas emitted
by trace internal radioactivity in either the cryostat or the lead. The “self-shielding” capability
of the shield design, where each layer reduces the background flux from the outward layers,
is a critical design feature. This enables a design in which only the innermost materials must
be of exceedingly high purity, while the outer shielding layers can have looser purity restric-
tions, reducing costs for screening and assay. Part of the lead and polyethylene shielding for
the TESSERACT LSM cryostat will be provided by the IN2P3 groups’s share of the available
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Figure 5: Proposed preliminary layout of the TESSERACT experiment at LSM - Phase I sharing
the former EDELWEISS-IIT experimental space [56] with the BINGO 0vff experiment [57].
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material from EDELWEISS.

Protection from prompt radon gammas and prevention of radon daughter contamination
over time necessitates a 5 cm-thick radon barrier layer outside the lead to maintain a nitrogen
atmosphere within the shield interstices. A radiopure mu-metal shield between the inner neutron
shield and the cryostat is also required in order to reduce the Earth’s magnetic field at the
detectors. Indeed, the phonon readout of TESSERACT detectors is based on SQUID amplifiers
which performance (in particular their noise) is impacted by external magnetic fields. The
required reduction of the external magnetic fields to a value close to ~1 uT (at least a factor 50
below the Earth’s value) will be achieved with a mu-metal cyclinder of ~1 mm thickness around
the external can of the cryostat.

The shielding is designed to be assembled from the bottom up and the outside inwards. All
single pieces are small enough to be easily moved into the experimental hall either by hand,
carts, or pallet jacks. Some parts such as the layers of the HDPE shielding might need to be
pre-assembled. Similarly, we plan to perform steps such as cleaning and sealing the lead at
suitable facilities at the surface to minimize risk and waste production underground.

3.2 Material and Assay Screening

All materials used to build the experiment as well as the detectors will be selected rigorously
based on their high radiopurity level. The French groups intend to have a substantial contri-
bution to the systematic campaign of radiopurity measurements of materials that will start in
2024 via alpha and gamma spectrometers. The gammas from the material bulk will be screened
via HPGe detectors. The main detector will be Gentiane HP Ge, currently operating at the
LSM since 1997 and dedicated to the EDELWEISS experiment. It is an n-type HPGe diode of
about 210 cm?® mounted in a closed-ended coaxial configuration. Its sensitivity allows activity
measurements down to the mBq level for U/Th chains.

A new dual HPGe detectors is under consideration to allow for higher efficiency measurements
and gamma coincidence studies. The dual detector consists of two Broad Energy Ge (BEGe)
detectors from Mirion. The BEGe detector covers the energy range of 3 keV to 3 MeV. The
detector has a short, fat shape which greatly enhances the efficiency below 1 MeV for typical
sample geometries. This shape is chosen for optimum efficiency for real samples in the energy
range that is most important for routine gamma analysis. The BEGe detector also exhibits
lower background than typical coaxial detectors because it is more transparent to high energy
cosmogenic background radiation that permeates aboveground laboratories and to high energy
gammas from naturally occurring radioisotopes such as 4°K and 2°®T1 (thorium).

An XTA UltraLo-1800 will be commissioned at a surface cleanroom at LPSC in the winter
of 2024 to be moved underground at LSM. It will help with screening and assay of material
surfaces.

The XIA Ultralo-1800 alpha particle counter is an ionization counter with a validated sensi-
tivity of 0.001140.0003 alphas/cm? /hr above ground. It can reach sensitivity as low as 0.0001
alphas/cm? /hr when 700 m deep underground at Yangyang Underground Laboratory. The XIA
has a drift chamber 15x21x21 inches in size which is filled with boil-off gas from a liquid argon
dewar. The counting region is adjustable to a square region (1800 cm?) or a circular region
(707 cm?), allowing non-destructive screening of large surfaces. Unlike proportional counters,
using pulse shape analysis, the XTA counter is able to disentangle alpha particles originating on
the sample tray from alpha particles originating on the chamber walls, ceiling or mid-air.

The XTA Ultral.o-1800 detector is not fully dedicated to the TESSERACT screening cam-
paign, and sample measurements will be requested and accorded on first come-first served basis
following the LSM scientific priority. The dual HPGe detector will be procured to be dedicated
to TESSERACT during the first years. An MoU with LSM will be detailed to secure smooth
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Figure 6: TESSERACT shielding with dimensions surrounding the central cryostat. We have,
from outside to inside, a layer of PE, a stainless steel enclosure, lead bricks, another layer of
PE, and then the cryostat. All measurements are in mm.

13



IN2P3 Scientifc Council
TESSERACT October 23-24 2023

operations of the detectors underground and future uses, beyond the TESSERACT screening
scope.

4 Radioactive Background Considerations

To achieve world-leading light dark matter sensitivities with TESSERACT, it is of the utmost
importance to reach the lowest radioactive background levels. As discussed in this section,
all sources are being considered and will be both assessed and minimized with both Geant4
simulations and extensive screening measurements. The overall targeted background levels of
TESSERACT, before any detector rejection cuts, is about 5 evt/kg/keV /day for the gammas
and less than 1072 evt/kg/keV /day for the neutrons.

4.1 Radioactive sources

Among the different categories of background sources, we have identified eight sources that
can generate undesired events in the detectors, potentially contributing background to the dark
matter-candidate data set. These source categories are:

1 Coherent scattering of solar neutrinos on Ge nuclei (Coherent Neutrinos).
2 Radioactive impurities in the detector crystals (Detector Internal Contamination).

3 Radioactive impurities, particularly 23®U and 232Th and their daughter products and
40K, uniformly contaminating the material of the detector hardware, cryostat and shield
volumes (Material Internal Contamination).

4 Activation of other materials around the detectors by cosmic rays (Material Internal Ac-
tivation)

5 Radioactive impurities contaminating the surfaces of all components (Surface Contamina-
tion). Surface sources are further sub-divided into two categories: those with and without
a direct line of sight to the detectors. Only surfaces with direct line of sight (the detec-
tor faces and inner housing surfaces) produce detector-surface backgrounds (background
source 9), while both categories produce detector-bulk backgrounds (background source
5).

6 Prompt radon decays in the interstitial air spaces within the detector shield (Prompt
Interstitial Radon).

7 Radiation from the surrounding cavern environment (Cavern Environment).

8 Cosmic ray induced neutrons from the cavern wall or the shielding materials during ex-
perimental operations (In situ Cosmic Ray Induced Neutron Backgrounds).

9 Radioactive impurities contaminating the surfaces of the detectors or detector housings
having line-of-sight to the detectors, particularly 2'°Pb from radon daughters (Surface
Line-of-Sight Backgrounds).

The categories are defined by the methods by which they are estimated and/or mitigated.
The cosmic ray induced neutron flux (source 8) is minimized by the underground location of
the LSM. The design and implementation of the primary shield addresses the cavern and en-
vironmental backgrounds (source 7). Prompt radon decays in interstitial air (source 6) will be
addressed by purging the shielding with a flow of dry nitrogen. A set of backgrounds (sources
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2-5 & 9) will be minimized by a rigorous program of controlling material sourcing, produc-
tion, shipping, cleaning, and assembly. Solar neutrinos (source 1) are an ultimately limiting
background (producing the so called “neutrino floor or fog”) for the currently envisioned exper-
imental design. Surface background sources having line-of-sight to the detectors are assessed,
studied, and mitigated in such a sufficiently different manner they are treated separately from
the other background categories in most all background discussions to follow.

Detector Internal Contamination - The dominant backgrounds expected for the detec-
tors are due to radioactive impurities within the detector crystals. The first measurement of
the 3H decay rate in germanium detectors was done by EDELWEISS. It has been interpreted in
terms of production rate of 82421 nuclei/kg/day with statistical and systematic uncertainties
combined [53]. That will require an excellent control of the detector exposure at surface and
storage at shallow sites.

Indeed, exposure to high-energy cosmic-ray secondaries (i.e., neutrons, protons, and muons)
results in the production of tritium (*H) as a spallation product from interaction of the cosmic-
ray secondaries with the nuclei in the detector crystals [58].

The long half-life of tritium (t;/,=12.3 years) results in an accumulation of this radioactive
impurity whose §-decay product has an endpoint energy of 18.6 keV. The tritium background
will be modeled using a generic 5-decay energy spectrum [59], the production rates, the activa-
tion times, and the detector crystal masses.

Ge Activation Lines - Exposure of the Ge detector substrates to high-energy cosmic-ray
secondaries results in the production of several radioisotopes that decay by electron capture.
Our background estimates will be based on the four isotopes measured in the EDELWEISS
experiment [53] that are sufficiently long-lived to contribute background in the TESSERACT
Ge detectors: %%Ge daughter, %°Zn, °Fe and 4°V. Each decay can proceed via electron capture
from the K, L or M shell, giving rise to a total of 12 spectral peaks to be taken into account in
the experiment background budget.

Material Internal Contamination - Radioactive impurities are introduced in all materials
at some level during the manufacturing process. The 238U and 23?Th isotopes are unstable but
long-lived and are present in most materials at low concentrations. Both of these isotopes have
a chain of decay daughters that are assumed to be in secular equilibrium. Additionally, isotopes
such as 40K and 60Co are naturally present in many materials because of their long half-lives,
but they do not have accompanying series of daughter radioisotopes. The TESSERACT groups
at LPSC and IP2I Lyon have focused and will expand assay efforts on those materials and
components that are either unique to the TESSERACT experiment or are of particular concern
due to their relative contribution to the background prediction.

Material Internal Activation - Exposure to high-energy cosmic-ray secondaries results
in the production of long-lived radioisotopes in the construction materials surrounding the de-
tectors. In particular, the cosmogenic activation of copper presents a background source for
the TESSERACT experiment. Copper is used both for the detector mechanical assembly and
support and the nested cylindrical cryostat canisters.

Surface Contamination - Materials accumulate concentrations of radioactive isotopes on
surfaces exposed to air containing dust and radon. Airborne dust typically contains relatively
high concentrations of 233U, 232Th, and %°K. Daughters from the decay in air of 22?Rn may
implant shallowly into a material surface, resulting in a buildup of the long-lived 2'°Pb that
later decays through a short chain and produces a roughly constant emission rate of X-rays,
betas and alphas.

The detector response and detector type are particularly important considerations when
evaluating the impact of the surface backgrounds on the experimental sensitivity. Building up on
the successful experience from the EDELWEISS-III collaboration in measuring and disentangle
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the surface events via the FID technology [52], the French teams are the best suited experts in
the field. The order-of-magnitude improvement in ionisation resolution achieved by RICOCHET
promises an outstanding discrimination power against surface events and optimal conditions for
a thorough test of the stringent cleaning and dust exposure protocols that will be developed for
the detector installation.

Prompt Interstitial Radon - Radon decays in the underground laboratory air produce
moderately high-energy gamma-rays via the 2'4Pb and 2'4Bi daughters. We assume a radon
level of 15 Bq/m? in the LSM underground laboratory based on a measurement performed by
EDELWEISS [60]. EDELWEISS has also shown that this background can be reduced by three
orders of magnitude by sealing the region between the lead gamma shield and the cryostat
and purging it with a flux of de-radonized air. Such seal was achieved without transmitting
environmental vibrations from the shield to the cryostat.

These classes of backgrounds provide a list of sources to investigate, many of which are
amenable to quantification using the GEANT4 Monte Carlo code developed by the collaboration
for radiation transport package. For each component volume in the GEANT4 framework, we
create multiple source datasets by distributing radioactive nuclei (in particular 233U, 232Th,
40K, and cosmogenically activated isotopes) or equilibrium neutron spectra uniformly over the
surfaces or throughout the volume. The resulting simulation output files are then analyzed
in a post-processing stage to determine the fraction of background source generated primaries
result in a energy deposition in a detector crystal. Each component in the experiment’s bill of
materials is associated with a single GEANT4 volume, and the appropriate simulation dataset
is used to calculate background rate for any given background source. Where the required CPU
time is not prohibitive, in particular for all of the detector and housing components, a proper
statistic to simulate is equivalent to 50 years of decays for each volume. For small or very thin
components such as readout cables and printed circuit boards, we do not distinguish between
surface and bulk sources in simulation.

The French collaborators have a recognized expertise in the simulation of all these back-
grounds (acquired notably in the EDELWEISS and RICOCHET experiments) and plan to con-
tribute strongly to these efforts, using the available tools and resources at the IN2P3 Centre de
Calcul.

4.2 Total radioactive background budget

The initial simulations performed by TESSERACT are based on the rock composition and den-
sity of the Homestake formation. A statistic of 10'° external y-rays from 23®U and 232Th chains
and about 10° neutron events from (a,n) and spontaneous fission in cavern walls were simu-
lated. Internal backgrounds of the shielding material are modeled using measured radioactive
activities in titanium, stainless steel, copper, and polyethylene as published by SuperCDMS,
EDELWEISS, LZ and other experiments.

Extensive simulations of the entire TESSERACT installation as planned for LSM will be
required in order to finalize the selection of the construction materials and optimize the passive
shielding design, satisfy the background requirements, and set limits on the amount of cosmic
ray exposure. The final design must achieve backgrounds sufficiently low to meet the science
goals of the experiment.

In order to achieve the science goals of TESSERACT, the radioactive background of the
facility (underground environment, shielding, cryostat and detector components) has to be
< 10 evts/kg/keV/day (DRU) below 1 keV before any detector discrimination power. The
CUTE underground test facility [61] at SNOLAB has proven a radioactive background bud-
get validated in a 600 g Ge detector of 6.7+0.8 evts/keV /kg/day in the energy range from 1 to
1000 keV from all facility components [62]. About 10% of the rate is contributed by the detector
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stack. The major contributors to the background budget are the gammas from the SNOLAB
cavern (~ 30%), the inner layer of the external lead shield (~20%) and the stainless steel of the
OVC (~13%).

Most of the external gammas enter through the gaps between the external and internal lead
shielding. If a lower background budget is required for TESSERACT, we would pay attention to
it during the shield design study considering additional gamma shielding to reduce those gaps,
and replacing the highest contributors from the facility (TFA lead shield and OVC) with lower
activity materials (lower activity lead for the shield for instance). For the OVC, TESSERACT
is indeed considering clean radiopure titanium material from LZ experiment. Lastly, specifically
designed cryogenic detectors acting as active veto, as planned by the BINGO [57] and Nu-
CLEUS [63] experiments, could be used to further reduce the TESSERACT background levels
if needed.

5 Proposed French Detector Technology and Science Reach
for TESSERACT

In this section we detail the proposed French detector technology contribution for the TESSER-
ACT experiment at LSM and its science reach. As described in Sec. 2.5, our plan is to focus
on both ERDM and NRDM searches with optimized semiconducting cryogenic detectors, which
builds upon the legacy of the former EDELWEISS experiment and today’s RICOCHET and
CRYOSEL programs, and also benefits from synergetic developments with CUPID. For now
our focus is on using Ge target material, given its excellent performance and our expertise, but
complimentary targets such as Si and diamond will be investigated at later stages.

5.1 NRDM searches with low-voltage semiconducting detectors

Existing detector performance — Following the successful completion of the EDELWEISS
scientific program, which has pioneered the dual readout of phonon and ionization energies at
the few keV-scale for O(10) GeV DM particle mass, the RICOCHET collaboration has taken the
lead in pushing the “low voltage” cryogenic Ge technology down to the O(100) eV energy scale.
Indeed, the RICOCHET experiment aims at measuring with high precision the reactor neutrino
induced nuclear recoils via the Coherent Elastic Neutrino Nucleus Scattering (CENNS) process
down to 100 eV to search for new physics in the electroweak sector [64]. To do so, the French
IN2P3 RICOCHET team, which encompasses the French TESSERACT team, is currently devel-
oping the next generation of “low-voltage” Ge cryogenic detectors, called CryoCube, designed
to reach gion = 20 €V, and opn = 20 eV baseline energy resolution (RMS) in ionization and
phonon energies, respectively, with a total payload of 1 kg of Ge target material [65].

Figure 7 (left panel) is a photo of a sub-array of the CryoCube, called MiniCryoCube, which
can host up to three 42 g Ge crystal detectors equipped with an NTD (Neutron Transmutation
Dopped) heat sensor and aluminum electrodes to simultaneously measure both the phonon and
ionization energies following a particle interaction. The MiniCryoCube is made of two stages,
a 10 mK stage hosting the three detectors and a 1 K stage hosting the front-end HEMT-based
electronics for the ionization readout*. In June 2023 the RICOCHET collaboration successfully
achieved an unprecedented ionization resolution of ojo, = 30 V.. (RMS) with a common source
preamplifier topology, commercial amplifiers and filters at room temperature [67]. This result
was the first demonstration that such performance was achievable with bolometers operated at

4The High Electron Mobility Transistors (HEMT) used in our work are developed by the Center for
Nanoscience and Nanotechnology (C2N) and commercialized by CryoHEMT [66].
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Figure 7: Left: Photo of a MiniCryoCube assembly, hosting the detectors RED127, RED167,
and RED237 (from left to right), with its two stages at 10 mK hosting the three detectors, and
at 1 K hosting the HEMT-based electronics. Right: Event distribution in the ionization versus
recoil energy plane obtained with RED167 from the RICOCHET collaboration operated at IP2I
in a MiniCryoCube detector array. The blue dots correspond to “low background” data with
the K- and L-shell X-ray lines clearly visible, and the red dots correspond to neutron calibration
data. Note that the large population of events below FEj,, = 160 eV.. and Er = 400 eV
corresponds to the so-called “noise-blob”. Note the tremendous detector improvement between
the EDELWEISS-III (Fig. 4 — left panel) and RICOCHET low-voltage detector technologies.

15 mK and represents an improvement by a factor of 7 and 11 with respect to previous reso-
lutions achieved by the EDELWEISS and SuperCDMS collaborations, respectively. Nowadays,
the RICOCHET French team is testing its newly designed room temperature electronics that
allows for a dual measurement of phonon and ionization energies [68]. First results obtained in
July 2023 are shown in Fig. 7 (right panel) where we show the event distributions in the ioniza-
tion versus recoil energy plane from “low background data” (blue points), where we can clearly
see the K- and L-shell lines at 1.3 and 10.37 keV, and from an AmBe neutron calibration data
(red points). The performance obtained then were about 44 eV, and 60 eV baseline resolutions
(RMS) for the ionization and phonon energies, respectively. Though still a factor of 2-to-3 from
the CryoCube specifications, this result has tremendous implications as it demonstrates for the
first time 1) the viability of the CryoCube technology, and 2) that particle identification can
be extended well into the sub-keV energy region as required for RICOCHET , see Fig. 4 (left
panel) for comparison with former EDELWEISS performance. It is worth highlighting that the
CryoCube detector technology developed in the context of RICOCHET is particularly relevant
for TESSERACT. Indeed, CENNS kinematics from reactor neutrino is very similar to that of
a DM particle with a mass of about 2.7 GeV. As such, the CryoCube detector is specifically
designed to detect, and identify over the radioactive and “Heat-Only” backgrounds, a putative
DM signal with a mass of 2.7 GeV and above. Searching for lower DM masses will therefore
require 1) a reduced phonon energy threshold and ionization energy resolution, 2) a reduction
of the overwhelming “Heat-Only” background, and 3) a dedicated ultra-low background setup
underground as planned for the TESSERACT experiment, see Sec. 3.

Detector performance milestones and subsequent science reach — The goal of the
“low voltage” semiconducting cryogenic bolometer program is to achieve unprecedented NRDM
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Figure 8: NRDM sensitivity projections of three detector configurations in the dark matter and
cross section plane for a constant payload of 100 g.year : (dashed red line) 20 eV phonon, 20
eV ionization, no reduction of “heat only”; (dashed blue line) 1 eV phonon, 3 eV, ionization,
reduction of “heat only” by 100; (green dashed line) 100 meV phonon, 3 eV, ionization, reduc-
tion of “heat only” by 10%. “Heat only” background free sensitivities are also shown as the red,
blue, and green solid lines. The orange, gray and dark gray contours are the so-called neutrino
floor [69, 70], the existing exclusions from all experiments, and the ones only from the cryogenic
experiments, respectively.

sensitivities down to 50 MeV DM mass with highly efficient particle identification and back-
ground rejection capabilities, against bulk and surface backgrounds, and against the overwhelm-
ing “Heat-Only” excess. To achieve this scientific goal, and based upon the charge and phonon
readout developments from RICOCHET and the athermal TES from TESSERACT (see Sec. 2.1),
we propose to develop 1 cm? crystal targets with ultimate 3 eV,, and 100 meV ionization and
phonon baseline energy resolutions (RMS), respectively. Regarding the ionization performance,
a new electrode design, combined with a new crystal holder strategy, will be developed in order
to achieve a detector capacitance of 1 pF with negligible parasitic capacitance. Our HEMT-
based preamplifier model suggests that with a 2 pF total capacitance (detector + HEMT) we
could achieve single-electron charge resolution readout [71]. On the phonon resolution side,
we plan to switch from the currently used NTD to the more sensitive athermal phonon TES
sensors discussed in Sec. 2.1. Additionally, ongoing work, from our US partners, studying the
low energy excess background with the TES sensors from TESSERACT seem to suggest that
a significant fraction of the “Heat-Only” events are coming from the sensor itself. In depth
studies are ongoing to reduce the TES film induced stress in order to dramatically reduce this
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overwhelming and particularly damaging background.

Figure 8 illustrates NRDM sensitivity projections from a 100 g-yr Ge “low-voltage” detector
payload operated at a voltage bias of 4 V. We consider here three sets of detector performance
milestones, starting from the almost existing MiniCryoCube technology from RICOCHET (red
lines) to our targeted ultimate performance (green lines). We then subdivided the sensitivity
projections into two categories: without including the LEE in the background model (solid
lines), and including the LEE (or “heat only” background) with varying intensities following
reasonable assumptions (dashed lines). Sensitivities have been computed using the radiogenic
background from Sec. 4.2, including the overwhelming “Heat-Only” background as measured
by the RED20 [32] and RED30 [33] EDELWEISS prototype detectors, and the boosted decision
tree analysis from [72] without background subtraction. For the dashed lines, the first reduction
of the “heat only” rate by a factor 100 (blue dashed line) is justified by switching from NTD to
TES. Indeed, EDELWEISS detectors using NTD have been documented to have a LEE about
100 times larger than the ones from CRESST-III using similar crystal masses but with TES [73],
possibly due to the use of glue [74]. The following reduction by a factor of 100 (green dashed
line) is motivated by the ongoing work on stress induced films currently being carried out by
the TESSERACT US partners.

As one can see from Fig. 8, first leading NRDM results are to be expected on a short timescale
with a single RICOCHET MiniCryoCube detector array for a DM particle mass of 3 GeV and
above, thanks to its O(100) eV energy scale particle identification capability. The blue and green
projected sensitivities correspond to what we expect after switching to athermal TES, leading to
both improved phonon baseline energy resolutions and reduced HO background, and achieving
single-e/h pair charge resolution hence extending our particle identification capabilities down to
the O(10) eV energy scale. Figure 8 also presents projected sensitivities without including the
HO background, shown as solid red, blue, and green lines, in order to appreciate what would be
the ultimate NRDM reach of our technology assuming that the low energy excess is both fully
understood and mitigated in the coming years. Lastly, Fig. 8 shows that, even with moderate
payloads of 100 g.year and despite of the presently observed low energy excess (HO), our low-
voltage semiconducting cryogenic bolometer program will allow to achieve world leading NRDM
sensitivities down to a DM particle mass of 50 MeV over the next few years. It is also worth
emphasizing that only such cryogenic detectors, directly measuring the nuclear recoil energy,
can probe such sub-GeV DM particle masses with minimal systematic uncertainties. Larger
payloads in the 1 kg.year scale, or above, are also envisioned in a longer time scale and would
be compatible with the TESSERACT low-background setup at LSM.

Lastly, it is worth highlighting that this program is complementary to the NRDM searches
with HeRALD as it uses different target nuclei (germanium at first, and possibly silicon and
diamond later on) and different detection techniques which are both pushing for particle iden-
tification and efficient rejection of the low-energy excess.

5.2 ERDM searches with high-voltage semiconducting detectors

The CRYOSEL detector development program — The CRYOSEL proposes a high-risk,
high-reward high-voltage alternative technology to complement the more gradual path towards
low threshold offered by the low-voltage CryoCube program. The CRYOSEL strategy focuses
more aggressively on the rejection of HO background in searches involving signal comprising
one or a few electrons, a problem that is central in the case of ERDM searches [33]. Indeed,
the ERDM searches performed with the 33 g detector of Ref. [33] were by far more limited by
this background than by the energy resolution or the leakage current. The CRYOSEL strategy
was encouraged by the possibility to reduce the HO background in an EDELWEISS detector
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equipped with thin-film NbSi TES sensors that were capable to measure the spatial dependence
of athermal phonons [75], [76].

In the CRYOSEL design, the charge electrode readout is replaced by a very sensitive ather-
mal phonon sensor, detecting the large flux of phonons emitted via the NTL amplification
process when charges drift through a small, very high electric field region. This specific field
configuration is achieved by using the phonon sensor itself as a point-contact like electrode, as
shown in Fig. 9. A NbSi layer deposited on the crystal surface is patterned to a 10 ym circular
line having a diameter of 2 to 5 mm. The NbSi film can operate either as a TES or in a pro-
posed innovative regime called SSED (Superconducting Single Electron Device) well below its
critical temperature. At high charge-collecting voltage the SSED is expected to trigger on single
electron-hole events and tag the presence of charge. While phonons emitted by HO events may
be expected to be distributed uniformly over the entire crystal volume, nearly all NTL phonons
are emitted in a few mm? zone located under the NbSi microwire phonon sensor. In these con-
ditions a suppression factor >1000 of the HO event rate is expected . The SSED design will be
optimized to trigger on single-charge events but is not expected to read the charge signal with
a high resolution. A high-resolution measurement will be provided by a NTD-Ge thermistor
glued on the Al electrode. A 20 eV NTD phonon resolution and a bias of 200 V is sufficient to
provide a <10% resolution on the peaks due to the detection of discrete number of electron-hole
pairs. ERDM signals should thus correspond to discrete Gaussian peaks over the smooth HO
background spectrum, strongly suppressed by the SSED rejection efficiency.

The CRYOSEL R&D program has started in 2021, and has the support of an ANR since
2022. The ANR objectives focus on the determination of the rejection power for HO events, on
the SSED response to surface and incomplete charge collection events, and on the strategy to
limit dark current events. This ANR program will be concluded by the end of 2024, with the
planned operation of a single SSED detector for a few months in the BINGO cryostat in order
to perform a 1 kg-day exposure test of the technology in an underground environment.

Furthermore, we remark that the Ge detectors operated in Trofimov-Neganov-Luke high-
voltage mode correspond to the solution that the double beta decay experiment CUPID has
selected for the light detector technology of their scintillating bolometers. TESSERACT and
CUPID can thus benefit from a mutually fruitful interaction, especially regarding the con-
struction of this type of detectors at IJCLab, helping to address common technological and
manufacturing challenges.

Achieved milestones — The CRYOSEL ANR project has already achieved its primary
goal of establishing that this original method to tag charges using NTL phonons does indeed
work. A first full operational 35 g prototype (CRYO50) has been tested at IJCLab and IP2I.
In addition to being equipped with a NTD and a SSED, it had a charge amplifier readout in
the enveloping aluminum electrode in order to cross-check the SSED response. Figure 9 bottom
right shows the ionisation versus phonon signals collected at a bias of 60 V while the detector is
at 15 mK, well below the superconducting-to-normal transition of the NbSi film (7, = 47 mK).
The black dots are events where a pulse is observed on the SSED, in coincidence with the NTD
and electrode signals, while no such pulses were observed for the red dots. The 1.3 and 10.37
keV,. electron-recoil events are systematically tagged by the SSED, while the HO events above
1 keV (along the horizontal axis) are systematically rejected by the SSED tag. This proves that
the concept of charge tagging using NTL phonons with a SSED is sound.

The ANR developments are now in the process of reducing the thresholds of the SSED and
NTD, with tests on a recently produced prototype having just been started. Better performance
requires reducing the 7T, (a reduction from 47 to 35 mK has already been achieved in the last
prototype), improving the phonon collection efficiency (via a design reducing the amount of Al
close to the sensor and an increase of the NbSi film thickness), increasing the maximum bias
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Figure 9: Top: General geometry of a CRYOSEL detector. The dark grey is the germanium
crystal. The light grey is the enveloping aluminum electrode. The white circle on the top is a
circular NbSi microwire that acts both as phonon sensor and as counterelectrode. The resulting
field lines are strongly focused in a small high-field region (in red) just facing the microwire.
Bottom left: picture of the first CRYOSEL prototype. Bottom right: ionisation versus phonon
signals recorded following its "*Ge activation, and at an operating temperature of 15 mK. The
red (black) points correspond to events in coincidence (anticoincidence) with a pulse on the

SSED sensor.

22



IN2P3 Scientifc Council
TESSERACT October 23-24 2023

DMES [36.5 kg.day] DP [36.5 kg.day]

107 107 10° 100 100 100
mowm [MeV/c?] Mass [eV]

Figure 10: ERDM sensitivity projections of two detector configurations for a constant payload
of 100 g.year : (green) 20 eV phonon, 200 V, reduction of “heat only” by 1000 starting at a
threshold of 2 electron-hole pairs; (red) 20 eV phonon, 200 V, reduction of “heat only” by 1000
starting at a threshold of 1 electron-hole pairs. The gray contours are the existing exclusions.

that can be applied (the new prototype can sustain a bias of 150 V thanks to an optimized
design of the layers deposited under the electrodes), and improving the sensitivity of the NTD.

Future milestones and subsequent science reach — This intense program should
rapidly provide the two orders of magnitude improvement on the energy threshold needed to
obtain discrimination at the single-electron level. In addition, the ability to compare charge,
thermal and athermal signals in coincidence will soon provide information on the nature and
origin of the HO background that will be very useful in optimizing future CRYOSEL and
CryoCube designs. In particular, the shape of spectrum in the single-electron peak range will
help determine the nature of the leakage current, as surface currents and detrapping should not
produce peaks with discrete number of electron-hole pairs. The wealth of information provided
by the CRYOSEL readout and the possibility to study the detector response as a function of the
applied bias and the temperature of operation should provide innovative techniques to evaluate
and control charge de-trapping effects and leakage current mechanisms that are essential to
probe single-electron signals.

Figure 10 shows the limits that can be achieved with a 100 g-year exposure with an array
of CRYOSEL detectors with a NTD resolution of 20 eV and a bias of 200 V and a factor 1000
HO background suppression. Two cases are considered whether the leakage currents prevent
the use of the one-electron peak or not. Even in the worst case, a CRYOSEL array is clearly an
attractive payload for the TESSERACT Phase-1 cryostat at LSM.

The planning of a second detector phase with single-electron trigger depends on the device
sensitivity to backgrounds from surface and dark current events. The best strategy will be
either to maximize the phonon resolution by reducing the detector unit mass and/or by devel-
oping a high-performance TES suited for CRYOSEL operations, or to use the largest possible
detector unit mass and detector bias compatible with a sub-electron resolution. If needed, the
EDELWEISS-III detectors, stored at LSM since 2013, are an available source of large Ge crystals
with reduced tritium content. The advancement toward the ideal zero-background sensitivity
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will largely depend on the progress in understanding the nature and phenomenology of the new
backgrounds that will be encountered in this low energy domain.

5.3 Low energy ER and NR calibrations

Calibration requirements - The calibration of the detectors used in the search for low-energy
DM particles is particularly challenging. The energy range from 1 eV to 1 keV correspond to
photons and X-rays that are absorbed in the first um of the surface, and may be not repre-
sentative of the response to energy deposits in the bulk. The response to nuclear recoil in the
bulk may be studied using neutron scattering, but monochromatic neutron beams are difficult
to achieve, and produce wideband recoil energy spectra.

At high energy, the ionisation response of a semiconductor can be simply described by an
average energy needed to create one electron-hole pair (e = 3 eV in Ge) and a Fano factor [77]
describing the Gaussian fluctuations around this average value. This simple behavior breaks
down in the low energy domain relevant for TESSERACT. Below 10 eV, these fluctuations
are no longer Gaussian [78]. For low-voltage detectors, the effect of charge recombination and
trapping are of concern; high-voltage detectors also have to contend with impact ionisation
effects. The gain of the ionisation channel must be monitored as a function of time, as trapped
charges are accumulated.

Nuclear recoil events have the added complication that the their ionization yield is reduced by
an energy-dependent quenching factor @ relative to electron recoils. The atomic approximations
on which is based the Lindhard theory [79] describing this effect are expected to break down at
low energy.

An important asset of cryogenic detector is that, to first order, the thermal signal from an
NTD sensor and to some extent the ballistic phonon signal from a TES should be insensitive
to the origin of energy deposition process. However, a few percent of the energy from nuclear
recoils is expected to be stored as defects in the crystal, resulting in a measured quenching factor
Q' for heat and phonon signals. Available measurements in Ge are in the 0.91-0.94 range, with
significant systematic uncertainties [80, 81].

One of the advantage of using germanium target in TESSERACT is that the properties of
this material allows a wide array of techniques that covers all the needs to determine precisely
and comprehensively its low energy calibration for both electron and nuclear recoils.

Calibration by neutron activation - The absolute energy calibration is greatly simplified
by the possibility to activate the crystal with thermal neutrons. The absorption of thermal
neutrons by "°Ge produce the isotope "'Ge, with a period of 11 days. The subsequent decays
by electron capture in the K, L, and M shells produce deexcitation lines at 10.37, 1.30, and 0.16
keV, respectively (see Fig. 4). The "'Ge atoms are produced uniformly in the entire detector
volume, and the emitted X rays have mean free paths below 40 um and are thus locally absorbed,
thus providing very good probes of the detector response to a DM signal. The activation can be
done weeks before the detector is cooled down [33], or at any time if the experimental setup can
accommodate a night exposure with an intense AmBe source [75]. In addition, the L/K and
M/ L yields are known with precision [82, 83], allowing a direct measurement of the dependence
of the efficiency as a function of energy. The study of large and relatively pure sample of
K — shell events makes possible detailed studies of the tails of the distribution of the response
of the detector, as shown in Ref. [76].

Laser calibration of electron recoils - The response to electron recoils in the 0.7 to 160
eV range is calibrated using pulses from an infrared laser. This technique is well demonstrated
in Ref. [84]. The pulsed light of a room-temperature laser is introduced inside the cryostat via
optical fibers carefully thermalised at each temperature stage, and mounted as to illuminate
directly the detector inside its IR-tight copper casing. The choice of calibrating either bulk or
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Figure 11: Ionisation and phonon signal obtained in a 3.3 g Ge detector [84] activated in "!Ge
and exposed to pulses from a 1550 nm laser of varying lengths (25 to 200 ns). The black (red)
dots correspond to events in coincidence (anticoincidence) with the laser pulses.

surface events is controlled by the precise choice of the laser wavelength. This technique is an
efficient way to probe the response of the detector for the ionisation and phonon signal at any
arbitrary energy, using the pulse width to vary precisely the average number of IR photon per
burst. The TTL signal accompanying each laser burst provide a tag that makes possible to
measure absolute efficiencies even at energies below the detection threshold.

Calibration of nuclear recoils - One major advantage of phonon-and-ionization detector
is the event-by-event measurement of both the total energy deposited in the detector and the
ionization yield. The expected ionization yield as a function of energy for nuclear recoils can
be readily obtained by exposing the detector to a flux of fast neutrons. Many such measure-
ments have been performed in EDELWEISS [51], using a standard AmBe or 2°2Cf source. The
improved phonon and ionization of the RICOCHET detector has made possible the extension of
these measurements to record low energies (Fig. 7).

Reaching a precision at the percent level on the energy scale requires to complement this
data with a precise measurement of the fraction of energy lost to permanent defects in atomic
collisions (e.g. see Ref. [80]). Members of the TESSERACT collaboration have developed a
monoenergetic source of 24 keV neutron [85] using a 122S?Be source and a iron filter. Using
this source, and tagging the scattered neutrons with a liquid scintillator such as the one used
in Ref. [85], it would be possible to probe in detail the response to germanium recoils with
kinetic energies between 0.3 and 1.0 keV. In Ref. [86], it was noted by the CRAB collaboration
that one of the final state of the thermal neutron absorption by "“Ge was a 300 eV nuclear
recoil in coincidence with an energetic gamma-ray line that can be used as a tag. Contact have
been made with the CRAB collaboration to provide a RICOCHET detector suited for a precise
measurement of both @ and @’ at that energy, similar to the recent successful measurement [87]
of 112 eV tungsten recoils in a cryogenic detector.

The main challenge with a 24S°Be or CRAB calibration is that an high event rate is needed
to ensure a good signal-to-noise ratio. Replacing the NTD by a faster TESSERACT TES would
reduce the dead-time by more than two orders of magnitude, and ensure the succes of these
experiments.
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6 Tesseract WBS

The WBS structure currently in place for TESSERACT was developed by the TESSERACT
DOE new initiative project and is detailed here below. It consists of mainly DOE-based insti-
tutions. We are discussing additional items to be included in the WBS for which the french
groups will take responsibilities. Among them, we highlight Level-1 responsibility for the ex-
perimental apparatus integration underground at LSM and Level-2 responsibilities under the
“Backgrounds” and “Semiconductor Detector” along with the RICOCHET MiniCryoCube initial
readout and the HEMTs technology. The top, Level-1 WBS items are detailed below. The
schematic structure along with the responsibilities per WBS item are shown in Fig.12. Blue
color boxes refer to DOE-institute responsibilities and green color boxes to French institutes
and universities.

1.1 Project Management and Integration
1.2 Sensors and Crystals

1.3 Helium Detector

1.4 SPICE Detector

1.5 Semiconductor Detector

1.6 Calibrations

1.7 Cryogenics

1.8 Shielding and Veto

1.9 Backgrounds

Most tasks will be shared among US and French laboratories, with significant overlap and
collaborations. Depending on the allocation of resources that will be decided by the directions
of their respective laboratories, the French group are proposing to take the lead in the following
tasks:

Project Management and Integration: Test Facility at IP2I Lyon:
coordinated by IP2I as it will involve its CRYORED low-background cryogenic test
facility, but most tests will require a strong collaborations with the LPSC and 1J-
CLab groups to build on the expertise gained in the operation of EDELWEISS and
RICOCHET detectors.

Project Management and Integration: LSM Site : the LPSC group intends to
have a leading role in the underground integration of the TESSERACT experiment,
while the IP2I and IJCLab will bring their EDELWEISS expertise.

Sensors and Crystals: HEMT Development : IP2I would continue to coordi-
nate this activity started in the context of the RICOCHET collaboration.
Semiconductor Detector: Fabrication: The IJCLab cryogenic detector fabrica-
tion facility will be the main infrastructure for the realization of the TESSERACT
semiconductor devices. This task will be coordinated by IJCLab, and benefit from its
extensive expertise in solid state detector and sensor physics. Strong collaboration
is planned between the TESSERACT groups for the development of the future “low
voltage” detector, in order to combine the single-charge HEMT read-out design with
the athermal phonon sub-eV threshold TES, proposed and manufactured respectively
by the French and US teams. The ”high voltage” and "low voltage” detector proto-
types will be systematically tested and optimized at the IJCLab and IP2I cryogenic
test facilities.

Semiconductor Detector: Detector Support and Interface: IP2I intends to
coordinate this task as in RICOCHET . This integration work, crucial for detector
performance, involves the mitigation of vibrations and microphonics as well as the
optimisation of the very-front-end electronics in the sub-K environment.
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Figure 12: WBS structure for each Levell WBS item.

Semiconductor Detector: High Voltage IJCLab will continue to coordinate the
R&D on HV detector technology as in the context of the Cryosel-ANR program.
Semiconductor Detector: Low Voltage IP2I will continue to coordinate the
development of this program as in the context of RICOCHET .

Background: Underground Characterization

The LPSC intends to coordinate this task, in continuation of its leadership role in
this activity for the RICOCHET experiment. In addition to the background budget
assessment, it will develop cleanliness and dust exposure protocol.

Background: Screening and Assay

The LPSC, with its strong connexion to the LSM screening infrastructure at LSM,
intends to coordinate this activity that involves its BEGe and XIA detectors. IP2I
will contribute via its involvment with the Gentiane HPGe.

7 Timeline, human resources and budget

Timeline
The following experimental schedule tentatively assumes full funding of the French activities
starting in 2024. Actual resources, funding and lead times of parts will affect the actual schedule.

o 2024

Screening activities and material selection
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Finalize background budget model via Geant4 MonteCarlo

Detector R&D phases: detector design/fabrication, tests at surface cryostats
Ordering of the commercially produced parts of the refrigerator and finalization of
the design of the payload stages and volumes of the cryostat

e 2025

Procurement of shield
Assembly of the infrastructure underground at LSM
Detector R&D phases: detector design/fabrication, tests at surface cryostats

e 2026

Commissioning phases of the first payload for TE-phasel
Detector R&D phases: detector design/fabrication, tests at surface cryostats
Start of science data taking at LSM

Human resources

The success of EDELWEISS has shown that the IN2P3 cryogenic detector groups have had,
in the past, the strength and expertise to manage a leading role in the installation and exploita-
tion of a major low-background cryogenic facility at LSM. Nowadays, with the addition of the
RICOCHET and CUPID experiments to the IN2P3 cryogenic detector scientific landscape, the
IN2P3 TESSERACT partners (IP2I, IJCLab, and LPSC) have attracted highly qualified re-
searchers, engineers, postdoc and students. For instance, in the last two years, with the support
of IN2P3 and our laboratories, there has been 2 CNRS researcher entries at LSPC and 1 IR
at IP2I. To ensure the maximal impact of the French groups in TESSERACT, together with
the continuing efforts on both RICOCHET and CUPID, this effort should be completed with 1)
a CR entry at IP2I to consolidate the role of France in the detector development program and
science output of TESSERACT, and 2) an IR recruitment at IJCLab to ensure the growing
demand on fabrication and development of innovative detectors, taking into account that this
laboratory will also be heavily involved in fabricating CUPID’s light detectors. Additionally,
care should be taken to strengthen appropriately technical support for the new experimental
infrastructures at LSM. Although the TESSERACT at LSM project is just starting, and that
no formal commitments have been formalized yet with the lab directorates, we are confident
that the IN2P3 partners, in close collaboration with the US TESSERACT partners, have the
expertise and can attract the required highly-qualified human resources to build a new world-
leading low-background cryogenic dark matter experiment at the LSM.

Budget

As mentionned in Sec. 1.2, TESSERACT is already an existing and funded pre-project from
the DOE dark matter new initiatives program. It started in 2020 and has already received so
far 1.3 M€ in funds for equipment, materials, engineering, and project management. The total
pre-project budget from the DOE, i.e. excluding resources needed to build TESSERACT at
LSM, is expected to reach 2.8 M€ by 2025.

Based on the long-standing experience of both the French and US TESSERACT partners in
building low-background cryogenic experiments, and quotes for the most expensive equipments,
the budget for the installation of TESSERACT at LSM, starting with only one cryostat to begin
with and its environment, is estimated to 1.5 M<€. This includes 700 k€ for the cryostat itself,
400 k€ for the shielding (including in-kind French contribution for lead, PE and in-kind US
contributions for Ti), 400 k€ for the clean room and all of the remaining equipments needed at
LSM (including clean storage, wirebonders and workspaces).
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The budget for the detector R&D in the initial period of the project (2024-2026) is estimated
to be of 2 M€. These include:

e Significant infrastructure upgrades and new equipment for the IN2P3 laboratories essential
to the project: equipment for radiopurity assay at LPSC, upgrade of IJCLab fabrication
and cryogenic test facility and upgrade of the cryogenic test facility at IP2I — 1 M€ ;

e Detector materials and consumables related to the construction of the semiconducting
detector arrays: Ge Crystals, HEMT developments, SQUID electronics, various electronic
components, materials and fabrication costs — 1 M<€.

To summarize, to get the TESSERACT at LSM project started, including the addition of
the French IN2P3 detector technology to the TESSERACT payload and science reach, we need
a total budget of 3.5 M€ and the support from the IN2P3 lab directorates to assign technical
manpower to the project.

As of today, the French TESSERACT partners do not have any fundings. Various avenues are
being explored such as internal funding scheme from the CNRS, or from the European Research
Council (one Advanced ERC grant proposal has been submitted in 2023 with S. Marnieros as
the PI). It is worth noticing that since July 2023 TESSERACT has become an IN2P3 master
project, hence allowing for IN2P3 collaborators to work officially on this new project and ask
for both manpower and financial resources to support this activity.

8 SWOT analysis

We present here the SWOT analysis of the TESSERACT at LSM project.
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Helpful

to achieving the objective

+ Only DM direct detection project aiming for meV-

scale energy thresholds combined with particle
identification and low-energy excess discrimination
capabilities

+ Only project optimised for both NRDM and ERDM

searches, using several targets: He, SiO2, Al203,
GaAs, Ge, Si, and Diamond, to efficiently probe DM
candidates over the meV-to-GeV mass scale

Harmful

to achieving the objective

+ A national source of budget supporting the

TESSERACT at LSM project has to be identified in
France to both join the collaboration and build the
experiment in Modane

+ At this stage, the French contribution and hosting of

the TESSERACT experiment at LSM is only a
proposal still awaiting approval for personnel and
resources

« All partners have decades of experience in direct
detection searches from EDELWEISS, SuperCDMS,
LUX, and LZ.

+ Most of the required technical specifications for a
first DM phase have been accomplished

Internal origin
attributes of the organization

» Hosting TESSERACT at LSM would significantly
contribute to its scientific reputation and strengthen
the joint astroparticle physics program between
IN2P3 and the DOE

+ The decommissioning of the EDELWEISS
experiment allows for a timely installation of the
first TESSERACT cryostat. Additional space would
become available in the coming years for the second
cryostat

+ Not getting fundings for TESSERACT at LSM could
simply delay the project or, in the worse case, push
the TESSERACT collaboration to go for another
underground site

- As with all project with significant R&D, there is
always risk in developing the technology with delays
or to never achieve the targeted ultimate
performance.

External origin
attributes of the environment

+ Light DM direct detection is an extremely
competitive field of research among which
TESSERACT needs to be ahead

+ Mutually beneficial transfers of cryogenic detector
technologies between US and France.

+ Creation of a new DM group at LPSC

Figure 13: SWOT analysis of the TESSERACT at LSM project
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