Nucl. Phys. B 1003 (2024) 116465

=
NUCLEAR
PHYSICS B

Contents lists available at ScienceDirect

Nuclear Physics, Section B

journal homepage: www.elsevier.com/locate/nuclphysb

High Energy Physics — Phenomenology R) |

Check for

Transition Edge Sensors with Sub-eV Resolution And Cryogenic —
Targets (TESSERACT) at the underground laboratory of Modane
(LSM)

J. Billard **, J. Gascon?, S. Marnieros”, S. Scorza®

@ Univ Lyon, Université Lyon 1, CNRS-IN2P3, IP2I-Lyon, Villeurbanne, F-69622, France
Y Université Paris-Saclay, CNRS-IN2P3, LJCLab, Orsay, 91405, France
¢ Univ. Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3, Grenoble, 38000, France

ARTICLE INFO ABSTRACT

Editor: Tommy Ohlsson The future TESSERACT experiment will search for individual galactic DM particles below the
proton mass through interactions with advanced, ultra-sensitive detectors. Currently TESSERACT
is in a design phase aiming to produce fully defined detector technologies that will explore
DM masses down to 10 MeV. It is designed to be sensitive to DM candidates interacting with
the detector target material in producing both nuclear recoil DM (NRDM) and electron recoil
(ERDM). To do so, multiple target materials will be used with varying detection strategies to
ensure the capability to both actively reject the so-called low-energy excess and discriminate
nuclear recoils against electron recoils. In addition to maximizing sensitivity to a variety of DM
interactions, this provides an independent handle on instrumental backgrounds. Nowadays, the
TESSERACT project encompasses two US-based technologies, namely HeRALD using superfluid
helium as a target material, and SPICE using polar crystals (Al,0; and SiO,) and scintillating
crystals such as GaAs. In these proceedings, we discuss the recent proposal to host the future
TESSERACT experiment at the Modane Underground Laboratory (LSM) and add a third French-
based cryogenic semiconducting (Ge, Si) detector technology to the TESSERACT payload.

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. [30], [31], [19], [32], [46]) has motivated a theoretical effort to develop new DM
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Fig. 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 [29].

theories that are consistent with current experimental and observational bounds. Some general properties of DM particle candidates
can be established already from observational evidence and numerical simulations alone [18]. 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 1072! eV (fuzzy DM) for bosons with de Broglie wavelength of the order of typical sizes of dwarf galaxies [53] up to
the (reduced) Planck scale ﬁp ~ 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 naturally have mass below the weak scale.
These paradigms of hidden sector DM include Hidden Valleys [57] with composite DM (whether dark mesons [48], atomic DM [45],
or glueballs [43]), Asymmetric DM [44], supersymmetric hidden sector DM [41,8,49,16], strongly interacting massive particles [40],
and self-interacting DM [56,37,60]. Hidden sector theories have also given rise to new approaches to deep questions, such as models
for baryogenesis [23,55,20] and “neutral naturalness” [21] 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,05, 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 competing light dark matter experiments. Since early 2022, the French CNRS-IN2P3 laboratories
IP2I, LPSC, and IJCLab are discussing with the USA-based 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

1 Here 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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technology (Sec. 2.5) to the initial TESSERACT science program including the SPICE (Sec. 2.3) and HeRALD (Sec. 2.4) detector
technologies. 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 achieve first
competitive ultra-light DM searches starting in 2026.

2. TESSERACT detector technologies

The detection of sub-eV energy depositions from nuclear recoils with < 50 MeV DM and electronic recoils for < 1 MeV DM
with > 100 g.yr exposure combined with background rejection capabilities completely drives the experiment design. The proposed
addition of the French semiconducting bolometer technology, based on the recent developments performed by the EDELWEISS [34]
and RICOCHET [12,54,13] collaborations, will complement the initial SPICE (Sub-eV Polar 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> [58], these
bulk thermalization processes turn off around @(10 K), and the low-energy phonons begin to free stream ballistically. 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 measurement [61].

It has been shown that the baseline energy resolution, or equivalently the energy sensitivity, of the athermal phonon detector
scales as [52]:

op < VT3, 1)

det “ ¢

Equation (1) illuminates the design changes required to increase sensitivity; the size of the detector must be decreased to cm?

scale from the 100 cm? traditionally used by SuperCDMS [2] and EDELWEISS [10] for higher mass DM. Additionally, the critical
temperature 7, must be lowered from the 40-60 mK range currently used in SuperCDMS to ideally 15-20 mK.

The TESSERACT collaboration has recently successfully demonstrated the sensitivity to detect individual optical photons with
wavelengths of 405 and 450 nm. These results were obtained with a detector prototype consisting of a 1 cm? X 1 mm Si crystal with
1% TES surface coverage and a T, of 50 mK. Despite its 50 mK critical temperature, this 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 developed by the TESSERACT collaboration.

2.2. Low-energy excess

In recent years, as cryogenic detector experiments successfully lowered their energy threshold below ©(100) eV, a strong and
yet-to-be-explained low-energy excess (LEE) background component has been observed [33]. Its level, observed in all low-threshold
cryogenic experiments such as EDELWEISS [35,36], CRESST [6], RicocHET [17], NuCLEUS [4], and SuperCDMS [3] is between 10
and 108 evt/kg/keV/day 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 [33] for a detailed review), the EDELWEISS/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 cryogenic 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.
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Fig. 2. Left: Photo of a first ~10 g Al,0; 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 exposed to an *Fe source. Prompt scintillation “PS”, then evaporation
“E”, then triplet-dominated scintillation “TS” time windows are visible. The X-ray calibration features at 5.9 and 1.5 keV are visible as denser bands (with evaporation
amplitudes at ~ 0.27uA and ~ 0.08uA). Figure taken from [7].

2.3. SPICE

2.3.1. SPICE: Al,05 and SiO, detectors

Since the vibrational energy scale in crystals is (?(100) meV, for DM particle masses mpy < @ (30 MeV), we can’t use the
simplifying approximation that the nucleus is free. Instead, we must think about the DM scattering coherently with the entire crystal
producing a single phonon [38,47,39]. The kinematics of optical phonon production are favourable; due to their gapped nature,
all of the kinetic energy of the DM can potentially 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,05 and
SiO, detectors, instrumented on one face with athermal 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, 7., is purposefully designed to be two
times larger than ... 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. Fig. 2 (left panel) shows a picture of a first ~ 10 g Al,O5 prototype detector currently being tested by the TESSERACT
collaboration.

2.3.2. SPICE: GaAs scintillation detector

Due to its small bandgap (1.52 eV), GaAs is ideally suited to search for inelastic ERs from electromagnetically coupled DM
that is scattered (mpy; > 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. Due to its world-leading 60% quantum efficiency for a cryogenic scintillator [24], 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 [1]. 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 CaWO, [24]. 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). 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.

2.4. 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/vac-
uum 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 evaporation’. Several theoretical descriptions of this process have been given [26,27,22], and are in general qualitative
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agreement, predicting evaporation probabilities (per phonon incidence at the interface) of some 10s of percent. Experiments have
shown broad consistency with theoretical prediction [28]. 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 me-
chanical 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 [7]. Fig. 2 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. 2 shows some first data from the HERALD v0.1 detector prototype exposed to a > Fe source emitting
5.9 keV X-rays accompanied with 1.5 keV X-rays from aluminum fluorescence. From these first data set, one can clearly appreciate
the detection of the prompt scintillation signal “PS” followed by the one from the *He quantum evaporation “E”, eventually followed
by the triplet scintillation “TS”. For these 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? [7].

2.5. Cryogenic semiconducting bolometers

The EDELWEISS [10] and SuperCDMS [2] experiments have pioneered the use of cryogenic semiconductor crystals (Ge and Si)
to search for DM particles. In this section we detail the proposed semiconducting bolometer detector technology contribution for the
TESSERACT experiment at LSM. 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 [2] experiment and today’s RICOCHET [13] and CRYOSEL programs.
For now the focus is on using Ge target material, given its excellent performance and acquired expertise, but complimentary targets
such as Si and diamond will be investigated at later stages.

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:

Ei,, = Q(ER)ER ,

Vv
EntL = Eion s
Ehear = ERr + EnTL = ER [1 +O(Ep)— ] (2

where V' is the voltage bias and ¢ is the average energy required for an electron recoil to produce an electron-hole pair. E;, and
E;,, stand for the heat and ionisation energies, respectively. Eyry, is the additional Neganov-Trofimov-Luke heat energy produced by
drifting the charge carriers across the crystal [50,51]. The quenching factor Q(Ep) is by definition equal to 1 for ER, between 0 and
0.3 for NR below 20 keV [14], and equal to O 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 Eyr < Ey 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 EDELWEISS [34] experiments.

High-voltage mode: By operating the detector at high voltage biases (>100 V), the cryogenic calorimeter is effectively turned into
a charge amplifier of mean gain (1 + Q(E R)%). As Ey... ~ E;,, 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 Ey7 .
= NleV| where N is the number of electron-hole pairs, e is the electron charge. For bias voltages such that eV is significantly larger

2 We neglect here the phonon energy loss due to Frenkel defects and to charge trapping.
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Fig. 3. 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: Picture of the first CRYOSEL detector prototype.

than the phonon sensor resolution, ERDM signals should form comb-like structure, differentiable from a smooth background of HO
events.

2.5.1. NRDM searches with low-voltage semiconducting detectors

The goal of the “low voltage” semiconducting cryogenic bolometer program is to achieve unprecedented NRDM sensitivities
down to 50 MeV DM mass with highly efficient particle identification and background rejection capabilities, against bulk and surface
backgrounds, and against the overwhelming “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.

These planned developments build upon the ongoing effort and expertise from the RICOCHET collaboration [12] currently develop-
ing the next generation of “low-voltage” Ge cryogenic detectors, called CryoCube, designed to reach o;,, =20 eV,, and oy, =20 eV
baseline energy resolution (RMS) in ionization and phonon energies, respectively, with a total payload of 1 kg of Ge target mate-
rial [54]. Fig. 3 (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.® The
RICOCHET collaboration has already demonstrated a first 30 eV,,-scale baseline ionization resolution (RMS), which is about 7 and 11
times lower than its EDELWEISS [10] and SuperCDMS [2] predecessors, and is now testing its newly designed room temperature
electronics that allows for a dual measurement of phonon and ionization energies [15]. First dual readout performance were about
44 eV,, and 60 eV baseline resolutions (RMS) for the ionization and phonon energies, respectively, leading to a factor of about 10
reduction in the particle identification thresholds compared to past EDLEWEISS-III performance [34].

Reaching the targeted resolutions listed above in the context of TESSERACT will require to improve further on these already
achieved performance. Regarding the ionization channel, optimized electrode and crystal holder designs 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 [42]. 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 from the TESSERACT collaboration. Additionally, in depth studies are ongoing to reduce the TES film induced stress in order
to potentially dramatically reduce the overwhelming non-ionising low-energy excess.

2.5.2. ERDM searches with high-voltage semiconducting detectors

The scientific objective of the “high voltage” semiconducting cryogenic bolometer program is to search for sub-MeV dark matter
particles with electronic recoils (ERDM). The goal of this development is to achieve single electron-hole pair sensitivity with an active
heat-only veto and low leakage currents. Within this context a new detector design, called CRYOSEL, is currently being developed.

In this detector design the charge electrode readout is replaced by a very sensitive athermal 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. 3 (right
panel). An NbSi layer deposited on the crystal surface is patterned to a 10 pm circular line having a diameter of 2 to 5 mm. The NbSi
film can operate either as a TES or in a proposed 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,

3 The High Electron Mobility Transistors (HEMT) used in our work are developed by the Center for Nanoscience and Nanotechnology (C2N) and commercialized
by CryoHEMT [25].
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Fig. 4. Left: Proposed preliminary layout of the TESSERACT experiment at LSM - Phase I sharing the former EDELWEISS-III experimental space [10] with the BINGO
Ovpp experiment [9]. Right: 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.

nearly all NTL phonons are emitted in a few mm?> zone located under the NbSi microwire phonon sensor. In these conditions a high
suppression factor 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
or an athermal phonon TES sensor. A 20 eV 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 project has already achieved its primary goal of establishing that this original method to tag charges using NTL
phonons does indeed work down to 1 keV. The CRYOSEL developments are now in the process of reducing the thresholds of the
SSED and of increasing the voltage bias up to 200 V. 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 low- and high-voltage semiconducting detector designs.

3. Experimental apparatus at the Modane Underground Laboratory

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 [34] and CUPID-Mo [11] programs.

The mean rock thickness of 1700 m (about 4800 m water equivalent) reduces the muon flux down to about 5 muons/m?/d [59],
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). Fig. 4 (left panel) shows the preliminary version
of the planned layout of the Phase-1 cryostat (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.

3.1. Shielding design

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. 4 (right panel).

The overall design of the TESSERACT shielding follows well-established techniques for reducing 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 detectors, must be of the highest radiopurity material. The outermost layer of the TESSERACT shield is
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composed of 15 cm of high density polyethylene (HDPE), which reduces radiogenic neutrons 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 accompanying external gamma flux. This is followed by an additional layer of 27 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 restrictions, reducing costs for screening and assay.

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 cylinder of ~1 mm thickness around the external can of the cryostat.

3.2. Background budget

To achieve world-leading light dark matter sensitivities with TESSERACT, it is of the utmost importance to reach the lowest
radioactive background levels. The overall targeted background levels of TESSERACT, before any detector rejection cuts, is in the
order of 1 evt/kg/keV/day for the gammas and less than 10~ evt/kg/keV/day for the neutrons.

Initial simulations performed by TESSERACT are based on the rock composition and density of the Homestake formation. A
statistic of 1010 external y-rays from 238U and 232Th chains and about 10° neutron events from (a,n) and spontaneous fission in
cavern walls were simulated. 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 done 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. It is worth mentioning that the TESSERACT experimental setup at Modane will also be equipped with a dual Broad Energy
Ge (BEGe) detector from Mirion and an XIA UltraLo-1800 for screening and assay of material radiopurity and surfaces, respectively.

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 potential 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 [9] and NuCLEUS [5] experiments for example, could be used to further reduce the TESSERACT background
levels if needed.

4. Conclusions

The future TESSERACT experiment aims at extending the Dark Matter mass search window from meV-to-GeV with ultra low-
threshold cryogenic detectors with multiple targets, particle identification and LEE rejection capabilities. Here we discussed the
proposal to host the TESSERACT experiment at the Modane Underground Laboratory and include a third cryogenic detector technol-
ogy to the initial payload. Combined with the US-based SPICE and HeRALD technologies, the TESSERACT at LSM experiment will
then allow to probe DM candidates over 12 orders of magnitude in mass, using ERDM and NRDM signatures with 100 meV-scale en-
ergy threshold, multiple target materials, and state of the art background levels thanks to an optimal shielding design and radiopure
material selection. As such, the future TESSERACT experiment will be uniquely positioned to lead the sub-GeV dark matter search
program in the coming years.
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