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✦ Brief recap of bolometer vs calorimeter 
✦ Science application w/ massive detector for 

rare event searches        
• Dark Matter 
• CE!NS 
• 0!ββ 

✦ Conclusion
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« massive » detector:
✦ ~ g ➙ ~ kg 
✦ Some of the fabrication 

step done «by hand» 
✦ Particle detection « one by 

one » 
✦ Main application :  

Rare event detection 
• Dark Matter 
• 0!ββ 
• CE!NS

Absorber

Thermometer

Matrix of detector :
✦ 1 ➙ 100k « pixels » 
✦ Some of the fabrication 

step done «collectively» 
✦ Particle detection « one by 

one » or by flux 
✦ Main application  :  

Astro 
• Sub-mm (50-600 Ghz) 
• X 

Thermometer :
✦ T ➙ measurable value
✦ Resistive 

• superconductor 
• Metal InsulatorTransition 

✦ Magnetic 
✦ w/ out of equilibrium 

mediator 
• C o p p e r p a i r s i n S C 

material : 
• Kinetic Inductance vs dNqp  
• Out of equilibrium phonon 

can brake Cooper Pairs 

?

Link with Quantum sensor

see M. Gonzales for Astro application

Cryogenic Detector ??
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« Bolometer » Mode
✦  Response ~ C/G 
✦  NEP = √4kBT2G  [W/√Hz] 

« Calorimeter » Mode
✦  Decay ~ C/G  
✦  δE = √4kBT2C  [J] 

Low Temperature ➙  Sensitivity ➚ & Noise ➘
Tbath ~10 mK - 300 mK

R&D = absorber + thermometer + electronics (Z adaptation, gain, readout) + cryo 
environment

Cryogenic Detector ??
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Figure 19. Ionization yield Q(Er ) versus recoil energy Er for events from � calibrations with 133Ba sources
with FID detectors. Dashed and continuous blue lines correspond to 99.98% C.L. and 90% C.L. electronic
recoil bands, whereas continuous red lines correspond to the 90% C.L. nuclear recoil band. The green line
corresponds to the fiducial ionization threshold. Although there are 6 single events below Q(Er ) = 0.6, none
of the 937977 recorded events leaked into the nuclear recoil band.

Table 4. List of events with Q(Er ) < 0.6 in figure 19. There is no obvious systematic e�ect since the six
events are associated with di�erent detectors or di�erent dates.

Event Er Q(Er ) FID Event
number (keV) Detector date

1 19.33 0.549 804 Sep. 11th 2010
2 150.26 0.573 804 Oct. 7th 2010
3 25.84 0.512 803 Nov. 20th 2010
4 27.51 0.044 824 Sep. 15th 2014
5 27.69 0.091 821 Nov. 25th 2014
6 21.08 0.089 838 Nov. 26th 2014

daughters deposited on the detector surface and the copper housing. Radon (222Rn, T1/2 = 3.84 d)
quickly decays (via a series of decays) into the long-lived isotope of 210Pb (T1/2 = 22.24 years). As
shown in figure 20 (left), the decay of 210Pb leads to the stable 206Pb isotope via the cascade:

210Pb
��

����������!
Q = 63.5 keV

210Bi
��

������������!
Q = 1162.7 keV

210Po ↵������������!
Q = 5407.5 keV

206Pb (7.7)

– 33 –
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Double readout cryogenic 
detectors allows for an evt-by-evt 
background rejection : 

✦ Heat and Ionization on Ge 
detector : 
➡ Elec. Recoil / Nuclear Recoil 

discrimination 
➡ Heat only event rejection
➡ surface event rejection  

✦ Heat and Light on different 
crystal 
➡ Elec. Recoil / Nuclear Recoil 

discrimination 
➡ ⍺ background rejection

EDELWEISS-III ; 2017 JINST 12 P08010 
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Fig. 4 FWHM of the most intense γ peaks as a function of the energy
in the sum spectrum of the 8 LMO crystals. We find that the function

which best describes the data is FWHM =
√
p2

0 + p2
1 × E , here shown

with a blue line. The green dotted line represents the 100Mo Q-value

We find a resolution of (5.6± 0.3) keV FWHM at the 2615
keV 208Tl γ -peak. To extrapolate the energy resolution at the
Qββ of 100Mo (3034 keV), we performed different tests to
evaluate the best function to describe the energy dependence
of the energy resolution. We find that a square root function

with a linear dependence on energy, namely
√
p2

0 + p2
1 × E ,

is the best fit to the data (Fig. 4). We also included in the fit
the baseline resolution estimated on noise events from the
overall spectrum, to better constrain the p0 parameter. The
extrapolated FWHM at the Qββ of 100Mo is (5.9 ± 0.2) keV,
which corresponds to a percentage resolution of 0.19%. The
improved signal-to-noise ratio, due to an extensive charac-
terization of the noise sources of this facility, allowed us to
improve the energy resolution compared to the previous tests
[58], approaching the final CUPID goal of 5 keV FWHM.

5 Light collection results

One of the main purposes of the run was the evaluation of the
light collection of quasi-square light detectors and a compar-
ison of the results obtained with different spacing between
LDs and crystals. To estimate the total light collection, we
added the corresponding light amplitude of top and bottom
LDs and divided by the energy estimated from the heat chan-
nel. The total light yield (LY) is then calculated as the mean
of the resulting distribution.

We report the total LY as a function of energy for two
crystals representative of the two configurations (baseline
and gravity-assisted) in Fig. 5. The results obtained with the
other crystals of the respective configuration are very similar,
with differences smaller than 20%.

Fig. 5 Light Yield as a function of the energy deposited in the LMO
crystal. Red: baseline configuration; blue: gravity-assisted configura-
tion. Green vertical line: Q-value of 100Mo

In both configurations we can clearly identify the β/γ

events, which populate the plot up to the 208Tl γ -line at
2615 keV, and the α events, which present a quenched light
yield and extend up to higher energies. In particular, we
identify a cluster of events due to an internal crystal con-
tamination in 210Po(210Pb) [47], which produces a peak
with nominal energy ∼ 5.4 MeV. Since the detector was
energy-calibrated using gamma’s, the α peak is observed at
slightly higher electron-equivalent energy (+ 7%, in agree-
ment with previous studies with lithium molybdate bolome-
ters [42,48,49,56,81]). The α events at lower energies are
produced by a 234U/238U source placed in the inner face of
the copper shield surrounding the detector and covered with
a thin Mylar foil to smear the energy of α particles, to study
the light collection in the ROI for the 0νββ search. The LY
distribution shows a spread at very low energies due to the
superposition of the noise with the light pulses. For this rea-
son, to avoid the impact of noise on the LY estimation, we
selected scintillation events with energy deposit in the crystal
above 1.2 MeV.

The average total LYβ/γ is found to be (0.62±0.04) keV/MeV
and (0.70 ± 0.05) keV/MeV in the “baseline” configuration
and in the “gravity-assisted” configuration, respectively.

In particular, for the “baseline” configuration, the LYs of a
single LD resulted to be on average (0.28 ± 0.02) keV/MeV
for the LD spaced 4 mm and (0.33 ± 0.03) keV/MeV for the
LD spaced 0.5 mm. In the “gravity-assisted” configuration
we found the LY of a single LD to be (0.36± 0.03) keV/MeV
for both the LDs. More details on the LYs of a single LD are
reported in Table 1.

The total LY for α particles resulted to be (0.08 ±
0.03) keV/MeV for the “baseline” configuration and (0.11
± 0.03) keV/MeV for the “gravity-assisted” one.

We repeated the same study on the prototype in which the
LMO crystals were surrounded by reflecting foils, obtaining
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Figure 11. Ionization yield versus recoil energy for a large statistics (> 3 ⇥ 104) of events from a neutron
calibration using an AmBe source. The two red (blue) solid lines delimit the 90% C.L. nuclear (electron)
recoil band. Purple dashed lines correspond to inelastic scattering of neutrons on the first (13.28 keV) or the
third (68.75 keV) excited state of 73Ge.

between 450 and 600 eV (FWHM) for most of the 800-g FID detectors, as presented in section 7.2,
measured resolutions at 356 keV are as large as 5% ⇥ Eion. Nevertheless, these resolutions are
su�cient to determine the absolute energy scale with a satisfactory precision. The procedure is
carried out in two steps: the fiducial electrode D is first used to adjust the peak position; then the
ratios of the amplitude of the D electrode to all other electrodes are determined. The gains and the
cross-talk coe�cients are obtained for all the electrodes.

After the calibration procedure, individual ionization energies Eion�x (x = a, b, c, d) are
reconstructed for both fiducial electrodes B and D and both veto electrodes A and C of each
FID detector. Both electronics cross-talks and gains are observed to be constant throughout an
overall cool-down period. Due to the FID detector electrode implementation, cross-talk coe�cients
associated with adjacent channels are around 20–30%.

The heat gains are stable over periods of months but may vary within a few percent between
two short data taking periods (around 24h) or at the beginning of a cool-down. These gains are

– 21 –
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Fig. 2 Photo of the array during the decommissioning. Here are shown
2 baseline modules of CUPID, which form the first floors of the 2 mini-
towers. In one of the 2 modules an LMO crystal is missing and a quasi-
square LD is visible on the bottom

frame, to allow the bonding of Neutron Transmutation Doped
germanium (NTD-Ge [63]) thermistors and the heaters (P-
doped Si [64]). The former are meant for the read-out of both
the LMO crystals and LDs, and produce a typical voltage
signal of 10–100 µV per 1 MeV of deposited energy. The
latter are used to periodically inject thermal pulses at a fixed
energy for the thermal gain correction [61].

A CUPID tower will consist of 14 modules stacked on top
of each others simply by gravity. This structure shows sev-
eral advantages: it minimizes the amount of inert material,
relaxes the constraints on mechanical tolerances, simplifies
the production of copper elements and their cleaning, and
also the assembly is simplified as well. On the other hand,
such novel design was never tested before, so the thermal
properties and the propagation of noise across the floors of
the tower needed to be characterized. Furthermore, the novel
assembly of the LDs could potentially induce a larger noise,
due to a less firm positioning of the detector module compo-
nents with respect to previous assemblies. In this work we
made an exploratory study of the new mechanical structure,
by mounting 2 mini-towers of only 2 (out of 14) floors each
(Fig. 2).

Each floor hosted 2 natural LMO cubic crystals, with
dimensions 45 × 45 × 45 mm3 and mass ∼ 280 g each, for
a total of 8 crystals with the same specifications foreseen for
CUPID. High radiopurity copper and PTFE elements were
selected for the mechanical structure. Each crystal faces 2
LDs, on top and bottom. These are thin cryogenic germanium
calorimeters. An antireflecting 60 nm thick layer of SiO [65]

Fig. 3 Schematic view of the 2 LD configurations: the grey squares
and the purple strips represent respectively the LMO crystals and the
LDs. Left: “baseline” configuration with LDs spaced 0.5 and 4 mm from
the bottom and top of the crystal respectively. Right: “gravity-assisted”
configuration with LDs spaced 0.5 mm on bottom and leaned on top of
the crystal

was deposited on both sides of the Ge faces to increase the
light collection, as already done in CUPID-Mo [56]. This is
the most reliable technology to be operated at cryogenic tem-
peratures to detect scintillation light from the crystals, which
typically corresponds to an equivalent deposition of keV per
MeV of energy deposit in the crystal [49,51,56,58,66].

We tested 2 possible configurations of the LDs as outlined
in Fig. 3:

– in the first floor, LDs were spaced 0.5 and 4 mm from
the bottom and top of the crystal respectively. From now
on, we will refer to this configuration as the “baseline”
configuration for the CUPID experiment, as it allows a
simple engineering of a large modular array.

– in the second floor, the bottom LDs were again spaced
0.5 mm, but the top LDs were leaned on the LMO crys-
tals. This “gravity-assisted” positioning, originally pro-
posed in Ref. [67], could allow to further increase the
light collection.

One of the goals of this measurement was to establish
if the larger light collection which could be offered by the
“gravity-assisted” configuration is worth the complication in
the detector engineering and assembly. Indeed, leaned LDs
are difficult to implement on a large scale experiment with a
proper assembly reproducibility.

We performed two experimental runs, one in the config-
uration described above, and the second one by surrounding
the crystals with a Vikuiti™ reflecting foil. The latter would
complicate the assembly in view of CUPID, it would be an
additional source of background and it would affect the effi-
ciency of coincidence tagging of α events. Thus we consider
the reflecting foil only as a potential back-up solution to fur-
ther enhance the light collection (see [58]).

The LDs were constantly exposed to an X-rays source
(55Fe, which produces peaks at 5.9 and 6.4 keV) to energy-
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Dark Matter : evidence

From precision cosmology (CMB, BAO, SN, …):
• ~26% of the matter/energy content of the 

universe is made of non baryonic Dark Matter 
Large scale structure:

• bullet cluster 
• lensing 

From rotation velocity measurement of galaxies:
• Spiral galaxies are embedded in Dark Matter 

halo that outweights the luminous part by a 
factor ~10 

• Milky Way local Dark Matter density:  
0.3±0.1 GeV/cm3   

Issues:
• Density is « known » but the mass of the dark 

matter candidate(s) remains unknown as 
well as its cross section with matter…

• Not easy to design the experiment !!! 

No. ] Unified Rotation Curve of the Milky Way Galaxy 3

R kpc
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Fig. 1. Observed circular velocities representing the rotation curve of the Galaxy. Open triangles: HI tangent velocity method
(Burton and Gordon 1978); Rectangles: CO tangent (Clemens 1989); Reverse triangles: HI tangent (Fich et al. 1989); Diamonds:
CO and HII regions (Fich et al.1989, Blitz et al. 1982); filled triangles: Demers and Battinelli (2007); Circles: HI thickness (Honma
and Sofue 1997a,b); Big circle at 13.1 kpc: VERA-parallax, proper motion and velocity (Honma et al. 2007). All data have been
converted to (R0,V0) = (8.0, 200.0 km s−1). The plotted data are in table 1.

qualitatively reproduced, but we show that the amplitude
is not reproduced. This is because that the bar is a radial
perturbation of mode 2, whereas the ring is a local and
radial perturbation yielding a rapider change of density
and potential gradients.

4. Galactic Mass Components

For constructing the model rotation curves, we used
fundamental galactic mass components, which are the
bulge, disk, and halo. We also introduced some pertur-
bations representing the discrepancies between the obser-
vations and calculated fundamental curves. We describe
individual components below.

4.1. Bulge

The inner region of the galaxy is assumed to be com-
posed of two luminous components, which are a bulge
and disk (Wyse et al. 1997) . The mass-to-luminosity
ratio within each component is assumed to be constant,
so that the mass density distribution has the same pro-
file. The bulge is assumed to have a spherically symmetric
mass distribution, whose surface mass density obeys the
de Vaucouleurs law, as shown in figure 2.

The de Vaucouleurs (1958) law for the surface bright-
ness profile as a function of the projected radius r is ex-
pressed by

logβ = −γ(α1/4 − 1), (5)

with γ = 3.3308. Here, β = Bb(r)/Bbe, α = r/Rb, and

Bb(r) is the brightness distribution normalized by Bbe,
which is the brightness at radius Rb. We adopt the same
de Vaucouleurs profile for the surface mass density:

Σb(r) = λbBb(r) = Σbeexp

[

−κ

(

(

r

Rb

)1/4

− 1

)]

(6)

with Σbc = 2142.0Σbe for κ = γln10 = 7.6695. Here, λb

is the mass-to-luminosity ratio, which is assumed to be
constant within a bulge. The total mass is calculated by

Mbt = 2π

∫ ∞

0

rΣb(r)dr = ηR2
bΣbe, (7)

where η = 22.665 is a dimensionless constant. By defi-
nition a half of the total projected mass (luminosity) is
equal to that inside a cylinder of radius Rb.

We here adopt a spherical bulge. In fact the differences
among circular velocities are not so significant for minor-
to-major axis ratios greater than ∼ 0.5 (Noordermeer
2008). The volume mass density ρ(r) at radius r for a
spherical bulge is calculated by using the surface density
distribution as (Binney and Tremaine 1987; Noordermeer
2008),

ρ(r) =
1

π

∫ ∞

r

dΣb(x)

dx

1√
x2 − r2

dx. (8)

Since the mass distribution is assumed to be spherical,
the total mass enclosed within a sphere of radius R is
calculated by using rho(r) and the circular velocity as
Vb(R)=

√

GMb(R)/R. Obviously, the velocity approaches

Data

Stars

Dark Matter

Evidence for Dark Matter
Astrophysical observations provide strong evidence for Dark Matter (DM).

CMB surveys Large-scale structures Galaxy rotation curves

And many more... But no direct detection (yet)!

SuperCDMS SNOLAB

UofT // Stefan Zatschler
August 28, 2023

2/19

 (note that average dark Matter density 
in the universe ∼1.2 GeV/m3 !!)
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Dark Matter : WIMP candidate

WIMP Candidate: 
Weakly Interacting Massive Particle

• Stable 
• Neutral from charge and color 
• Massive GeV - TeV (« standard » WIMP) 
• Weak interaction 
• Ωwimp ∼1 (Wimp Miracle) for some 

model
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Dark Matter : WIMP candidate

High WIMP flux !
• ~ 100 000 particles/cm2/s !!  for 

100 GeV WIMP

But very low event rate (for standard 
Wimps) : 

• R < O(10) evts/ton/year
Mean recoil energy: 

• ~ O(1) keV (for standard Wimps) 

WIMP Candidate: 
Weakly Interacting Massive Particle

• Stable 
• Neutral from charge and color 
• Massive GeV - TeV (« standard » WIMP) 
• Weak interaction 
• Ωwimp ∼1 (Wimp Miracle) for some 

model
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Dark Matter : WIMP candidate

High WIMP flux !
• ~ 100,000 particles/cm2/s !!  for 

100 GeV WIMP

But very low event rate (for standard 
Wimps) : 

• R < O(10) evts/ton/year
Mean recoil energy: 

• ~ O(1) keV (for standard Wimps) 

WIMP Candidate: 
Weakly Interacting Massive Particle

• Stable 
• Neutral from charge and color 
• Massive GeV - TeV (« standard » WIMP) 
• Weak interaction 
• Ωwimp ∼1 (Wimp Miracle) for some 

model
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Dark Matter candidate :
• Many candidates over 50 order of magnitude in mass ! 
• WIMP still motivated 
• …but we should enlarge the focus with new R&Ds (US 

P5 report & Dark Matter Small Projects New Initiatives)
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Dark Matter : Direct Wimp search status 
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Dark Matter search: detectors
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(a)                                                    (b)                                                      (c)

  

(d)                                                    (e)                                                       (f)

Figure 2: Working principle of common detector types for the direct WIMP search: (a) scintillating crystal, (b)
bolometer (here with additional charge-readout), (c) single-phase and (d) dual-phase liquid noble gas detectors, (e)
bubble chamber, (e) directional detector. Images adapted from [113].

experiments thus concentrate on exploiting the annual modulation signature (above a much larger non-
modulated signal and background fraction) to identify a DM signal; the individual detection of DM
candidate events is not possible. Typical thresholds are 1 � 2 keVee (⇡ 8 keVnr in Na, 12 keVnr in Cs,
22 keVnr in I).

Germanium and silicon semiconductor ionisation detectors are used to search for DM-induced
charge signals. Only a very small amount of energy is needed to create an electron-hole pair (Ge: 2.9 eV,
Si: 3.6 eV) which leads to an excellent energy resolution. On the other hand, the signals exhibit a
rather slow time constant ⌧ ⇠ 1µs and the capacitance of the diodes, leading to high electronic noise,
does not allow building detectors beyond the few-kg scale. The state-of-the-art experiments use p-type
point contact HPGe crystals at the kg-scale and achieved very low thresholds down to ⇠160 eVee [140].
Background events from the large n+ surface can be distinguished from bulk events based on their longer
rise time [141]. Thanks to their smaller mass number A silicon detectors have a better sensitivity to low-
mass WIMPs than germanium which is exploited, e.g., by using charge-coupled devices (CCDs).

Crystalline cryogenic detectors (bolometers) measure either heat or athermal phonon signals by
measuring the tiny particle interaction-induced temperature increase �T. Detector operation at cryogenic
temperatures T (typically 50 mK) and a low heat capacity C is required to achieve a good sensitivity.
Dielectric crystals with good phonon-transport property are particularly well-suited for cryogenic oper-
ation. Several methods to measure �T are available, frequently used are transition edge sensors (TES)
for athermal phonons and neutron transmutation doped (NTD) germanium thermistors for heat. In both
cases, the resistivity of the sensors strongly depends on the temperature. A simultaneous measurement
of a second observable (ionisation, Fig. 2 b, or scintillation) allows for signal/background discrimina-
tion as the partition of the signal into the two channels depends on the recoil type [142]. Cryogenic
detectors feature a precise energy measurement with almost no quenching in the heat channel, excellent
energy resolution and background rejection down to energies of O(1 keVnr)), where the distributions
start to overlap. The operation at mK-temperatures is challenging and expensive and the requirement of
a low-energy threshold constrains the mass of the individual detectors, limiting the reachable exposure.
The threshold of cryogenic solid state detectors can be further reduced by operating the crystals with a

23

The « wish list » for a direct detection experiment :
• Low energy threshold if low mass search 
• Large exposure (few events per ton-year) if standard wimp search 
• Low and controlled backgrounds (underground labs and passive shielding) 
• Discrimination between signal and backgroundS

+ CCD, Haloscope, …
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Dark Matter search: LXe detector

Xenon1T @ Gran Sasso

Universe 2021, 7, 313 6 of 28

3.2. Dual-Phase LXe TPC Technology
The successful technology used by the XENON project to search for DM is based

on dual-phase time projection chambers containing LXe with a small gap of gaseous
Xenon (GXe) above it. A sketch of a dual-phase TPC and the signal production is shown in
Figure 1. The cylindrical TPC is read by two arrays of light sensors, usually photomultiplier
tubes (PMTs): one at the bottom immersed in LXe and one at the top facing the GXe region.
The LXe sensitive volume is enclosed between two electrodes that establish an electric
drift field: the cathode, negatively biased, at the bottom and the gate, grounded, at the
top, right below the GXe volume. The drift field is kept uniform by means of thin copper
rings properly biased and distributed along the vertical axis. A particle interaction in LXe
produces a prompt scintillation signal, called S1, which is detected by both PMT arrays
(in a larger fraction at the bottom due to internal reflection of scintillation photons at the
liquid–gas interface). The ionization electrons that do not recombine are drifted towards the
gaseous region at the top, where they are extracted by a strong electric field (O(10 kV/cm))
applied by an anode electrode placed close to the gate, above the liquid–gas interface.
Ionization electrons moving under a high electric field can acquire enough energy to excite
atoms in GXe and produce light via proportional scintillation (electroluminescence) [59].
The related signal, called S2, is recorded by both PMT arrays. The S2 signal is delayed with
respect to S1 by the electron drift time from the interaction site to the liquid–gas interface.

Eextraction

Edrift

particle

S1 S2

time

drift time 
(depth)

e- e-
e-KȞ

GXe

LXe

KȞ

Figure 1. Schematic view of the working principle of a dual-phase TPC. The prompt scintillation
signal (S1) is observed by both the top and bottom PMT arrays. Ionization electrons are drifted from
the interaction vertex towards the LXe/GXe interface by means of a uniform electric field (Edri f t)
between the cathode (bottom red) and gate (right below the liquid–gas interface, black) electrodes.
The S2 signal is formed via proportional scintillation triggered by electrons extracted in the gaseous
region. The intense extraction electric field (Eextraction) is established between the gate electrode and
the anode (top red). The top (bottom) screening electrode is also shown in black, right below (above)
the PMT array. The localized pattern of the S2 signal in the top PMT array is used to reconstruct
the interaction position in the (x, y) plane. The time delay between S1 and S2 informs about the
z-coordinate. The energy is reconstructed from the combination of both S1 and S2 signals.

https://xenonexperiment.org/
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Dark Matter search : Cryogenic Detector

Double readout cryogenic detectors allows for 
an evt-by-evt background rejection : 

✦ Heat and Ionization on Ge/Si detector : 
➡ Elec. Recoil / Nuclear Recoil 

discrimination 
➡ Heat only event rejection
➡ surface event rejection  

2017 JINST 12 P08010

Figure 19. Ionization yield Q(Er ) versus recoil energy Er for events from � calibrations with 133Ba sources
with FID detectors. Dashed and continuous blue lines correspond to 99.98% C.L. and 90% C.L. electronic
recoil bands, whereas continuous red lines correspond to the 90% C.L. nuclear recoil band. The green line
corresponds to the fiducial ionization threshold. Although there are 6 single events below Q(Er ) = 0.6, none
of the 937977 recorded events leaked into the nuclear recoil band.

Table 4. List of events with Q(Er ) < 0.6 in figure 19. There is no obvious systematic e�ect since the six
events are associated with di�erent detectors or di�erent dates.

Event Er Q(Er ) FID Event
number (keV) Detector date

1 19.33 0.549 804 Sep. 11th 2010
2 150.26 0.573 804 Oct. 7th 2010
3 25.84 0.512 803 Nov. 20th 2010
4 27.51 0.044 824 Sep. 15th 2014
5 27.69 0.091 821 Nov. 25th 2014
6 21.08 0.089 838 Nov. 26th 2014

daughters deposited on the detector surface and the copper housing. Radon (222Rn, T1/2 = 3.84 d)
quickly decays (via a series of decays) into the long-lived isotope of 210Pb (T1/2 = 22.24 years). As
shown in figure 20 (left), the decay of 210Pb leads to the stable 206Pb isotope via the cascade:

210Pb
��

����������!
Q = 63.5 keV

210Bi
��

������������!
Q = 1162.7 keV

210Po ↵������������!
Q = 5407.5 keV

206Pb (7.7)

– 33 –

EDELWEISS-III ; 2017 JINST 12 P08010 

2017 JINST 12 P08010

Figure 11. Ionization yield versus recoil energy for a large statistics (> 3 ⇥ 104) of events from a neutron
calibration using an AmBe source. The two red (blue) solid lines delimit the 90% C.L. nuclear (electron)
recoil band. Purple dashed lines correspond to inelastic scattering of neutrons on the first (13.28 keV) or the
third (68.75 keV) excited state of 73Ge.

between 450 and 600 eV (FWHM) for most of the 800-g FID detectors, as presented in section 7.2,
measured resolutions at 356 keV are as large as 5% ⇥ Eion. Nevertheless, these resolutions are
su�cient to determine the absolute energy scale with a satisfactory precision. The procedure is
carried out in two steps: the fiducial electrode D is first used to adjust the peak position; then the
ratios of the amplitude of the D electrode to all other electrodes are determined. The gains and the
cross-talk coe�cients are obtained for all the electrodes.

After the calibration procedure, individual ionization energies Eion�x (x = a, b, c, d) are
reconstructed for both fiducial electrodes B and D and both veto electrodes A and C of each
FID detector. Both electronics cross-talks and gains are observed to be constant throughout an
overall cool-down period. Due to the FID detector electrode implementation, cross-talk coe�cients
associated with adjacent channels are around 20–30%.

The heat gains are stable over periods of months but may vary within a few percent between
two short data taking periods (around 24h) or at the beginning of a cool-down. These gains are

– 21 –

800g Ge EDW-III Ge detector

EDELWEISS

CDMS-SuperCDMS
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Developed initially for standard 
WIMPs search : 

✦ head of the competition 
early 2000’s

✦ Far behind noble gas 
detector since

✦ New development to go to 
low mass Dark Matter 
since 2010

Double readout cryogenic detectors allows for 
an evt-by-evt background rejection : 

✦ Heat and Light on different crystal 
➡ ⍺ background rejection

Eur. Phys. J. C (2012) 72:1971 Page 3 of 22

Fig. 2 Schematic drawing of a CRESST detector module, consisting
of the target crystal and an independent light detector. Both are read
out by transition edge sensors (TES) and are enclosed in a common
reflective and scintillating housing

are enclosed in a common, highly light reflective housing in
order to collect as much scintillation light as possible. The
reflector is a polymeric foil which also scintillates. This will
be discussed in detail in Sect. 2.4.

2.3 Quenching factors and background discrimination

For each particle interaction, a detector module yields two
coincident signals (one from the phonon and one from the
light detector). While the phonon channel provides a sensi-
tive measurement of the total energy deposition in the target
(approximately independent of the type of interacting par-
ticle), the light signal can be used to discriminate different
types of interactions. To this end, we define the light yield
of an event as the ratio of energy measured with the light
detector divided by the energy measured with the phonon
detector. We normalize the energy scale of the light channel
such that 122 keV γ ’s from a 57Co calibration source have
a light yield of unity. With this normalization electron re-
coils induced either by β sources or by gamma interactions,
generally have a light yield of about 1. On the other hand,
α’s and nuclear recoils are found to have a lower light yield.
We quantify this reduction by assigning a quenching factor
(QF) to each type of interaction. The QF describes the light
output expressed as a percentage of the light output for a γ

of the same deposited energy.
Some quenching factors can be directly determined from

CRESST data. For example, neutrons detectably scatter
mainly off the oxygen nuclei in CaWO4. The QF for oxy-
gen can thus be determined from a neutron calibration run
which took place during the data taking discussed here. The
result is

QFO = (10.4 ± 0.5) %.

Moreover, the quenching factor for low energy α’s can be
found to be about 22 %, using α-events in the current data

Fig. 3 Illustration of background events due to surface contaminations
with 210Po

set. Similarly, the value for lead can be inferred to be around
1.4 %. Both measurements will be discussed below.

Other types of interactions (in particular calcium and
tungsten recoils) are not observed with sufficient statistics in
CRESST, and their quenching factors must be determined in
dedicated experiments [3]:

QFCa =
(
6.38+0.62

−0.65

)
%

QFW =
(
3.91+0.48

−0.43

)
%.

Corresponding to these different values, there will be char-
acteristic “bands” for the different particles or recoils in
the light yield-energy plane. This allows for an excellent
discrimination between potential signal events (expected to
show up as nuclear recoils) and the dominant radioactive
backgrounds (mainly e/γ -events).

Furthermore, it is even partially possible to determine
which type of nucleus is recoiling. Such a discrimination
is possible to the extent to which the different nuclear re-
coil bands in the light yield-energy plane can be separated
within the resolution of the light channel. This then allows
a study of potential WIMP interactions with different tar-
get nuclei, in parallel in the same setup. Such a possibility
can be particularly relevant for the verification of a positive
WIMP signal, and is a distinctive feature of CRESST.

2.4 Scintillating housing

As mentioned above, the housing of the detector modules
consists mainly of a reflecting and scintillating polymeric
foil. Making all surfaces in the vicinity of the detectors scin-
tillating is important in discriminating background events
due to contamination of surfaces with α-emitters. The ba-
sic mechanism of this background is illustrated in Fig. 3.

The most important isotope in this context is 210Po, a de-
cay product of the gas 222Rn. It can be present on or im-
planted in the surfaces of the detectors and surrounding ma-
terial. The 210Po nuclei decay to 206Pb, giving a 5.3 MeV
α-particle and a 103 keV recoiling lead nucleus. It can hap-
pen that the lead nucleus hits the target crystal and deposits

300g CRESST-II CaWO4 detector

Dark Matter search : Cryogenic Detector

CRESST
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• located in LNGS in Italy
• started in 1996
• CRESST-II (2006-2015)

• 33 * 300 g CaWO4  
• CRESST-III (2017-)

• up to 33 * module of different target & size 
• Major upgrade ongoing (600 readout channels)

Dark Matter search : CRESST

TAUP 2023 | 30.08.2023 | Margarita Kaznacheeva

The CRESST experiment is located in the deep underground laboratory LNGS in 

Italy that provides excellent shielding against cosmic radiation.

9

Muon flux: 3⋅1o-8/(cm2 s)

Neutrons: 4⋅1o-6/(cm2 s)

Average depth of rock 

1400 m or 3600 m.w.e.
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The CRESST experiment is located in the deep underground laboratory LNGS in 

Italy that provides excellent shielding against cosmic radiation.

9

Muon flux: 3⋅1o-8/(cm2 s)

Neutrons: 4⋅1o-6/(cm2 s)

Average depth of rock 

1400 m or 3600 m.w.e.

TAUP 2023 | 30.08.2023 | Margarita Kaznacheeva

Additional layers of shielding materials and an active muon veto further reduce 

backgrounds.

10

Talk: “Background modeling and simulation of calibration source for 
the dark matter search experiment CRESST”  by Samir Banik (Tue)

Talk: “Extension of the Geant4 based Electromagnetic Background 
Model of CRESST-II and CRESST-III”  by Jens Burkhart (Tue)

Poster: “Geant4 simulations of the influence of contamination and 

roughness of the detector surface on background spectra in CRESST”  

by Christoph Gruner

A detailed Geant4-based 

background model is continuously 

adapted and improved.
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CRESST : from 300g detectors to sub-g one !

TAUP 2023 | 30.08.2023 | Margarita Kaznacheeva

The CRESST experiment is located in the deep underground laboratory LNGS in 

Italy that provides excellent shielding against cosmic radiation.

9

Muon flux: 3⋅1o-8/(cm2 s)

Neutrons: 4⋅1o-6/(cm2 s)

Average depth of rock 

1400 m or 3600 m.w.e.

Federica	Petricca	for	the	CRESST	collabora5on	

CRESST-III	low	threshold	detectors	

7	

Detector	layout	op9mized	for	low	mass	dark	maGer	
Radical	reduc5on	of	dimension	

•  Cuboid	crystals	of	(20⨯20⨯10)mm
3
	(≈24g)	

•  Self	grown	crystals	≈3	counts/(keV	kg	day)	
•  100	eV	threshold		
•  Fully	scin5lla5ng	housing	

•  Instrumented	s5cks	

Veto	surface	
related	background	

©T.	De;laff/MPP	 ©A.	Eckert/MPP	
©A.	Eckert/MPP	

Direct	dark	ma;er	search	with	the	CRESST-III	experiment		

24	July	2017	

300 g CaWO4
"∼ 80eV (best)

24g CaWO4
"∼10 eV (best)

TAUP 2023 | 30.08.2023 | Margarita Kaznacheeva

First results from CRESST-III (2019): leading limit for sub-GeV 

DM with a 30 eV energy threshold detector.

11

CRESST

best between 0.16-1.7 GeV/c2

Detector A: 23.6 g CaWO4
Data-taking period: Oct 2016 – Jan 2018

Exposure: 5.698 kg · days
Energy threshold: 30.1 eV Phys. Rev. D 100, 102002 (2019) / arXiv:1904.00498 
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2019 World leading result 
with only 5.7 kg.day !

crystal. A layer of gold is added on top of the structure to
shield the detectors from possible scintillation light created
in the glue.

III. DATA PROCESSING AND ANALYSIS

In this work, we use data from 186.9 days of measure-
ment. We first adjusted all the steps described below on the
training dataset of 29.6 days of measurement, while the
remaining data equivalent to 157.3 days was blinded. After
the analysis procedure was fixed, we applied it without
changes to the blinded dataset.
In CRESST-III, data are recorded continuously with a

sampling frequency of 25 kHz. We perform off-line
triggering after filtering the stream with an optimum filter
[26]. To calculate the optimum filter two components are
required: the typical noise power spectrum of the detector
and the expected pulse shape of particle events. The former
we calculate by averaging the noise power spectrum of a
large number of randomly selected noise traces. To obtain
the pulse template we first sum up several hundred valid
registered events from the linear range of the detector
response that extends up to 300 eV. Then we fit the result
with a well-established pulse shape model described in
Ref. [27] to fully remove noise from the template. We store
triggered events in windows with a length of 16384 data
samples corresponding to 655.36 ms for further analysis.
For this detector we set the trigger threshold to a value of

12.8 mV allowing only one noise trigger per kg-day of
exposure following the procedure described inRef. [28]. The
procedure uses a noise trigger model to provide a value
for the threshold as a function of the expected number of
noise triggers. The expected noise trigger rate is discussed in
Sec. IV.
We use the optimum filter method for amplitude

reconstruction in the linear regime of the detector response.

If the energy deposition in the crystal is large enough for
the TES to get close to the flat part of the superconducting
transition curve, the detector response is not linear any-
more. Therefore, the pulse shape is distorted and hence
amplitude reconstruction with the optimum filter cannot be
used anymore. For pulses outside of the linear regime, we
use a truncated template fit described, e.g., in Ref. [29].
The electron capture in the 55Fe source provides 55Mn Kα

and Kβ x-ray lines at 5.9 and 6.5 keV, respectively [30], used
for energy calibration. They are marked with orange lines in
Fig. 2. For a precise calibration over a wide energy range, we
use a set of artificial pulses of fixed discrete energies
extending from threshold up to 17 keV sent periodically
every 20 seconds via the Au heater. Since the amplitude of
a pulse is a measure of the energy injected to the crystal,
we use these artificial pulses to map the detector response
over the entire energy range. Additionally, this allows us to
correct possible detector response drifts over time [29].
We select valid events not caused or affected by artifacts

or detector instabilities by applying a set of quality cuts.
These cuts are based on features of the pulse shape and
baseline, and follow the objective to reject events that
deviate from the particle pulse shape. Additionally, we
exclude periods of unstable detector operation by excluding
time intervals where the height of the injected control
pulses differs from the desired value by more than two
standard deviations.
To obtain a dataset for the final DM search we apply

coincidence cuts, since a DM particle is not expected to
scatter in multiple detectors simultaneously. We remove
all pulses with a coinciding signal in any other operated
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FIG. 2. Measured energy spectrum of the Si wafer detector
before the coincidence cut with the bulk detector facing the wafer
(black) and after the coincidence cut (green). The dashed orange
lines indicate the 55Mn Kα (5.9 keV) and Kβ (6.5 keV) lines from
the source used for the energy calibration. The dotted pink line
shows the Si escape line from the Kα x ray at 4.16 keV. No
correction with the trigger and cut efficiencies is applied (see text
for details).

FIG. 1. Schematic drawing of the Si CRESST-III detector
module. In this work, we use the Si wafer detector as the main
target crystal, while the bulk Si crystal is used as a veto detector.
The crystals are equipped with TES, held by three Cu sticks,
and mounted inside a Cu housing. The 55Fe calibration source
encapsulated with concentric layers of glue and gold is attached
to the module’s wall. The drawing is not to scale.

RESULTS ON sub-GeV DARK MATTER FROM A … PHYS. REV. D 107, 122003 (2023)

122003-3

0.35 g Si
"∼1.3 eV

TAUP 2023 | 30.08.2023 | Margarita Kaznacheeva 14

Current measurement campaign started in November 2020 and is now at the last stage.

• Various target materials: CaWO4, Al2O3, LiAlO2, Si

• Different holding structures (sticks, clamps)

• Remove scintillating parts (foil, sticks, scintillating crystals)

CaWO4  grown at TUM Commercially grown CaWO4 Al2O3 Si LiAlO2

Multiple design modifications were applied in the current 

data-taking campaign to test ideas about the LEE origin.

)

All thresholds are at O(10 eV)

LEE is observed in all detectors
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2022 World leading result 
with only 55 g.day !

730 kg.day published 2012
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CRESST : Low Energy Excess evtsSciPost Physics Submission

2-10 1-10 1Energy (keV)

1-10

1

10

210

310

410

510

)-1
 d

ay
-1

R
at

e 
(k

eV

Si2 0.35 g
Li1 11 g
Sapp1 16 g
Sapp2 16 g
TUM93A 24 g
Comm2 24 g

(a)

2-10 1-10 1Energy (keV)
10

210

310

410

510

610

710

810

)-1
 d

ay
-1

 k
g

-1
Sp

ec
ifi

c 
ra

te
 (k

eV

Si2 0.35 g
Li1 11 g
Sapp1 16 g
Sapp2 16 g
TUM93A 24 g
Comm2 24 g

(b)

Figure 3: Energy spectra for all detector modules analysed in this work. All spectra
are corrected by their respective survival probabilities. (a) shows the spectra scaled by
measuring time, and (b) additionally scaled by mass.

verification of the trigger threshold in units of energy. The dark grey histogram shows the survival
probability of valid events after all selection criteria were applied to the data.

For all modules shown in this work, two independent analyses are performed. For data pro-
cessing and analysis we use a collaboration internal package "CAT" and the publicly available
Python package "Cait" [18].

4 Observations

In this section we summarise the observations concerning the LEE seen in all CRESST-III detector
modules listed in Tab. 1. A typical CRESST measurement campaign consists of the detector setup
period including a calibration with a 57Co source, followed by a background data-taking period
and a neutron calibration. In the current data-taking campaign, a second set of background data
was additionally taken to further investigate the time evolution of the LEE.

4.1 Energy Spectra

In this section we focus on the background data taken in the period from 11/2020 to 08/2021
from here on named BCK data set. Since two detectors had a change in their operating conditions
in 02/2021, we choose a reduced data set starting in 02/2021 of 105.4 days to compare the energy
spectra measured by various modules in the same time period. Fig. 3 shows time-averaged rate
spectra corrected by the respective survival probabilities for all modules from Tab. 1. Fig. 3a shows
the spectra scaled only by the measuring time, while in Fig. 3b the spectra are additionally scaled
by the absorber mass. The error bars represent the statistical uncertainties.

We observe a sharp rise of events below a few hundred eV in all detectors, independent of
the target materials and holding structures. Furthermore, deviations from a counting rate that
decreases uniformly with increasing energy occur at about 180 eV in Sapp2, and similarly, albeit
with less significance and at lower energies, in Si2 and TUM93A. The origin of this bump-like
feature is under investigation. The LEE between different modules neither agrees in rate, which
differ up to one order of magnitude in the 60-120 eV range, nor in the specific rate, which is

5
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Figure 1: Schematic drawing of the main com-
ponents of a CRESST-III module (not to scale).
The bulk and wafer detector are enclosed by a
copper housing and held by sticks. Both detec-
tors are equipped with a W-TES.

area to exclude effects originating from the
point-like connection to the holding sticks. Scin-
tillation light coming from the holding sticks or
the foil surrounding the detectors could cause
LEE events in the target crystal that are not
seen by the light detector. In addition to re-
placing the scintillating holding sticks, we also
removed the scintillating foil in several detec-
tors. While CaWO4, LiAlO2 and Al2O3 are scin-
tillating crystals, we constructed a fully non-
scintillating module from only non-scintillating
Si for both bulk and wafer detectors in the Si2

module. Consequently, the wafer detector was
not tuned for detecting scintillation light, but co-
incident events with the main absorber.

To allow for an accurate and fast energy cali-
bration, we introduced low-activity 55Fe sources
to all modules, which are coated by a layer of
glue and gold to reduce the emission of Auger electrons and to make them light-tight.

Tab. 1 shows an overview of the different configurations for all modules studied in this paper.
In this work we present results for the bulk detectors in the modules TUM93A, Comm2, Sapp1,2

and Li1. For the Si2 module we show the results for the wafer detector, as this allows a comparison
of the energy spectra measured by detectors with different geometries and masses.

Module Target Holding Foil Mass (g) Threshold (eV)

Si2 Si Cu No 0.35 10
Sapp1 Al2O3 Cu No 16 157
Sapp2 Al2O3 Cu No 16 52
Li1 LiAlO2 Cu Yes 11 84
TUM93A CaWO4 2 Cu + 1 CaWO4 Yes 24 54
Comm2 CaWO4 Bronze Clamps No 24 29

Table 1: Overview of different module configurations shown in this work. For the Si2

module, the wafer detector was analysed, for all other detectors, the bulk detector was
investigated.

3 Data analysis

The analysis of the different modules follows the same approach as first described in [1]. In this
work we give an overview of the most important steps of the analysis. A detailed description of
the individual analysis steps is published in [14] for the Li1 module. For an illustration of the
analysis procedure the detector TUM93A is used as an example in the following.

We record the output of each detector with a continuous DAQ to obtain a dead-time free stream

3
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Figure 5: Top: Time evolution of LEE rates (60-120 eV) in different detector modules
for BCK (90-380 days) and AWU (495-670 days) data sets. Solid lines show the fitted
functions (R(t) = A · ex p(� t

⌧)+C). The inset plot shows the resulting decay times from
fits for the BCK (diamond) and AWU (cross) periods. Dashed lines and shaded areas
represent the mean values and standard deviations of decay times across four modules
within the BCK (green) and AWU (blue) periods. Bottom: Decay of the 55Fe event rate
measured in the TUM93A module with a decay time agreeing with the literature value
of 3.9 yr [17].

also performed two additional warm-up tests with smaller temperature increase during the AWU
data set, once to 600 mK and afterwards to 200 mK. These later warm-up tests do not influence
the LEE rate (Fig. 5). To quantify this observation we fit the data points with an exponentially
decaying rate R(t) = A · ex p(� t
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in the inset plot of Fig. 5. The uncertainties of the decay time of the Comm2 module are higher
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laboration for the heat-only events [19]. The reset of the LEE rate by a warm-up of the detectors
excludes external as well as intrinsic radioactive origins as a major contribution. Also, it is another
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Current measurement campaign started in November 2020 and is now at the last stage.

• Various target materials: CaWO4, Al2O3, LiAlO2, Si

• Different holding structures (sticks, clamps)

• Remove scintillating parts (foil, sticks, scintillating crystals)

CaWO4  grown at TUM Commercially grown CaWO4 Al2O3 Si LiAlO2

Multiple design modifications were applied in the current 

data-taking campaign to test ideas about the LEE origin.

)

All thresholds are at O(10 eV)

LEE is observed in all detectors
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‣Low Energy Excess also seen by 
ALL cryogenic detectors !!

• Radiogenic bkg more expected to 
be flat and at the 1-100 dru level : 

• LEE orders of magnitude higher !
‣Origins under investigation: 

• Sensor related events  
• Relaxation of holding-induced 

stress  
• Intrinsic crystal effects  

Major issue today.
Will limit most of the science cases if 
not solved/mitigated
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• 35 tons PE + 40 tons Pb shielding
• 100 m2 active muon veto
• Low radioactivity material in the 

detector vicinity

Dark Matter search : EDELWEISS -II / -III setup

• located in LSM in France
• started in 1994 (w/ Al2O3, Ge in 1996)
• EDW-II (2002-2011)

• 10 * 400 g Ge  
• EDW-III (2012-2022)

• 36 * 800 g Ge
• R&D on 200g and 33g detector for low mass DM 
• 3000 coax. cables (6 km) 
• 350 Si-JFET transistors@ 120K 
• 36*2 « Bolometers Boxes » @ 300K 

Geant4 EDWIII model
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E fieldprompt phonons

Charge collection electrode

Etotal = Erecoil + Eluke

= Erecoil + Erecoil/ε . V

Charge collection electrode

-V/2
+V/2

WIMP

WIMP

ε = 3eV for Electronic Recoil  
(X, gamma, beta, …) 

ε = 10-30eV Nuclear Recoil  
(neutron, Wimp, Ce!ns) 

@ 3V : Heat from Recoil = Heat from charge 
drift* 2 (for ER) 
@ > 100V : Heat = ELuke : signal boost, no ID

EDW Cryogenic Ge : Simultaneous Heat & 
Ionization

T∼10-50mK
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Low Voltage mode 
Part. ID + Fid

High Voltage mode 
single e/h - No PID

IP2I LIO cryostat LSM EDW cryostat

4V

EDELWEISS : 2 modes of operation

Etotal = Erecoil + Eluke

= Erecoil + Erecoil/ε . V

Low Energy Excess (Heat Only)
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EDELWEISS : DM search objectives

TeVGeVMeVkeVeV

Absorption 
Electronic recoil

DM-electron scattering 
Electronic recoil

DM-Nucleus scattering 
Nuclear recoil

Standard WIMPHidden sector Dark Matter and others

8B neutrinos (~ 6 GeV)
EDELWEISS-SubGeV program

High Voltage 
single e/h

Low Voltage 
Part. ID + Fid

High Voltage 
single e/h

Low Voltage 
Part. ID + Fid

Not competitive with  
noble gases experiments

EDELWEISS-SubGeV: aiming for a kg-scale payload of few-g to 30g Ge detectors running in two modes: 
• High Voltage: single-e/h sensitivity by operating in a NTL mode 
• Low Voltage: Particle ID - ER/NR/‘unknown backgrounds’ - and fiducialization 

Reactor neutrinos (~ 3 GeV)

Both operating modes require sub-100 eV heat energy thresholds
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EDELWEISS : Dark Matter search in HV mode @ LSM 4
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FIG. 3: Energy spectrum of the events selected for the DM
search (black). The thick blue (orange) histogram is the sim-
ulation of the signal excluded at 90% C.L. for a DM parti-
cle with a mass of 10 (0.5) MeV/c2, and FDM = 1/q2. The
thin-line histograms of the same color represent the individual
contributions of 1 to 5 electron-hole pairs. The correspond-
ing ROIs used to set the upper limits are shown as shaded
intervals using the same color code.

vesc= 544 km/s and an asymptotic circular velocity v0=
220 km/s [25, 26]. The momentum-transfer q dependence
of the interaction is described by the form factor FDM .
The crystal form factor fc is related to the probability
that a momentum transfer q yields an electron transition
of energy Ee, given the details of the Ge crystal band
structure. It is computed with the QEdark module [7] of
the Quantum ESPRESSO package [27].

For the search of a dark photon, its absorption rate per
unit time and target mass is calculated according to [6]:

R =
1

⇢

⇢DM

mV
2
e↵(mV , �̃)�1(mV ), (2)

where mV is the dark photon mass and the expected
signal is a mono-energetic electron transition of energy
Ee = mV c2. e↵ is the e↵ective mixing angle which is
linearly proportional to the kinetic mixing parameter 
between the Standard Model (SM) photon and its hid-
den counterpart, and �1 is the real part of the complex
conductivity �̃. In Ge, the temperature dependence of �̃
above 1 eV is small, allowing us to use the room temper-
ature data from [6] down to 1 eV/c2.

The signal recorded in the detector, calibrated in
eVee, is E = (Ee +N�V/✏)/(1 +�V/✏), thus requiring
a discrete distribution function to ascribe a probability
P (N |Ee) of producing N electron-hole pairs following an
electron transition of energy Ee. A variety of ionization
models have been proposed [7, 12, 28]. Here, we use
the ionization model of [12] (with F=0.15) in order
to facilitate the comparison of our results with those
obtained with this Si phonon-mediated detector.

FIG. 4: 90% C.L. upper limit on the cross section for the
scattering of DM particles on electrons, assuming a heavy (top
panel) or light (middle panel) mediator. Bottom: 90% C.L.
upper limit on the kinetic mixing  of a dark photon. The
results from the present work are shown as the red line. The
shaded red band and dotted red line represent alternative
charge distribution models (see text). Also shown are con-
straints from other direct detection experiments [7, 9–12, 29],
and solar constraints [30, 31].

ht
tp

s:
//d

oi
.o

rg
/1

0.
11

03
/P

hy
sR

ev
Le

tt.
12

5.
14

13
01

33 g Ge @ 78V
"∼1.5 eVee (0.53 eh pair)

2020 World leading results  
(DM scattering on e, DM 

absorption) 
with only 58 hours of DM 

search at LSM!

Spectra <25eVee =680 eV phonon) 
dominated by Low Energy Excess 
(heat only event) 
• HV mode is not sufficient by itself to 

probe low mass DM, must be combined 
w/ heat only event identification 

• Similar results on a 200g detector with 
NbSi thermometer 

200 g Ge @ 66V
"∼4.45 eVee (1.5 eh pair)

2022 World leading results  
(DM scattering on e, DM 

absorption) 
with only 28 days of DM 
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EDELWEISS : Identification of Low Energy Excess (« heat only »)
 

AAPG2020 CRYOSEL PRC 
Coordinated by: Jules GASCON Duration : 36 months Request : 410 kE 
CE31 - Physique subatomique et astrophysique  
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c. Methodology and risk management 

 
The CRYOSEL detector design and construction 
 
In the frame of the present ANR CRYOSEL project, we propose an innovative Ge bolometer technology, 
allowing efficient heat-only event discrimination down to one electron threshold. We plan to develop a 
new low temperature sensor based on a superconducting thin line, able to measure single electron-hole 
events in a “point-contact” high purity Ge crystal. The proposed “Superconducting Single Electron Device” 
(SSED) is similar to the well-established Superconducting nanowire Single Photon Detector technology 
(SSPD or SNSPD), but present major manufacturing specificities and will operate in a very different and 
new mode in order to cope with charge detection into a Ge bolometer below 20 mK. 
 

  
 

Figure 4: CRYOSEL point-contact detector design. The Ge crystal is biased at 200 V via the two Al electrodes. Electrostatic 
modeling of the detector illustrates a high intensity electric field under the top electrode with an expected convergence of the 
electric field-lines. The bottom edge of the cylinder is rounded to avoid regions with electric fields lower than 1 V/cm. The 
NTD-Ge thermistor is glued on the bottom face of the Ge crystal. 
 
The generic design of the CRYOSEL detector is shown in figure 4. It is based on a 30 mm diameter by 10 
mm high HP-Ge cylindrical crystal, equipped with point-contact charge-collecting electrodes. The base 
electrode consists of a large Aluminum thin film, covering the whole bottom and lateral surface of the Ge, 
while the “point-contact” electrode on the top is a small 2 mm diameter Aluminum layer. The detector 
can operate using low noise charge amplifiers directly connected to these two electrodes. But even with 
state-of-the-art HEMT front-end amplifiers and very low capacitance cabling, the expected resolution will 
be limited to 10 electrons rms. Therefore, the charge amplifier setup could be useful for a preliminary 
experimental study of the proposed detector design but is not suitable for single electron read-out. To 
meet the CRYOSEL heat-only event rejection requirements we must manage to trigger on single charges 
with a high efficiency. To achieve this, we propose to replace the top Al electrode with a small SSED sensor, 
whose operating principle will be detailed in the following section. As an alternative to the SSED, we also 
propose a more conservative fall-back solution which consists in replacing the upper electrode by a 
Transition Edge Sensor (TES), operating simultaneously with the NTD-Ge heat sensor. The efficiency of 
both SSED and TES to trigger single charges and reject heat-only events down to one-electron threshold 
will be extensively studied in the frame of this project. Although single electron threshold is crucial, the 
dynamic range and energy resolution of SSED and TES in the 1-100 electrons range is not a priority for the 

• Low Energy are non ionizing (« heat 
only » event 
• Ionization can be used to reject LEE
• but limited by the ionization energy 
• Huge effort over the past 7 years : 

• from EDWIII " = 200 eV to " = 30 eV 
(reached for RICOCHET, see Cenns) 

• " = 20 eV in hand but hard to do better 
than 10

• Tricks = use the Luke effect 
• Concentrate it
• trigger a « LEE » veto thermometer
• single e-h sensitivity possible
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(3) HO events originating close to the SSED do not produce a significant amount of signals that mimic 
electrons. In order to mitigate these risks, the production of the detector will be done in a staged approach, 
with three types (or generation) of devices where each risk can be studied in parallel at the earliest possible 
time. For risk (1), a simple detector where the SSED is replaced with a small, point-like Al electrode will be 
tested in order to examine the issue of leakage currents. For risk (2), in parallel, a series of SSED devices 
will be produced on the surface of thin Ge and sapphire crystals, allowing for multiple generations of 
devices with increasing performance (the sapphire crystals are reusable). In parallel with (2), the point-like 
Al electrode on the detector used in (1) will be replaced by a TES (see next section), in order to gain as 
much insight as possible on the behavior of out-of-equilibrium phonons being produced in the very high-
field region that would lie just below the TES (red region in figure 4) and provide the information needed 
to mitigate risk (3). 
 
Transition Edge Sensor (TES) 
 
In addition to provide a well-understood device to study the production of phonons in the high-field 
region, a detector equipped with a TES sensor could also provide efficient rejection of heat-only events, 
and should be studied as an alternative to a SSED device. Low temperature bolometers based on TES are 
nowadays widely used in several applications, and can be considered as mature technological devices. A 
CRYOSEL design based on TES is a relatively low risk development that will be part of the risk mitigation 
plan of the project. We expect the SSED to be more efficient than a TES for the detection of single-electron 
signals and the rejection of HO events, but it may involve risks of unexpected technological problems and 
related delays. 
 

 
Figure 8: CRYOSEL-TES design. The upper electrode is replaced by a NbSi TES. It operates as a high-energy phonon sensor 
simultaneously with the NTD-Ge thermistor. The temperature of the detector is regulated close to the middle of the 
superconducting transition and the TES exhibits a finite resistivity, of the order of 1 MW in the case of a NbSi spiral.  
   
The CRYOSEL-TES design consists of replacing the upper small electrode of the detector with a deposited 
thin layer of a spiral shaped TES (figure 8). Discrimination of heat-only events is based on the ratio between 
the TES and NTD signals, the NTD-Ge thermal sensor being glued on the bottom side of the Ge crystal. The 
NbSi TES operates as a heat sensor, but its sensitivity is enhanced by the absorption of NL high-energy 
phonons. Even though we expect no TES “hot-spot” creation as in the case of SSEDs, a significant amount 
of the NL phonons emitted close to the TES will interact with the latter generating a high transient signal.  
Transient response of deposited thin layer sensors to out-of-equilibrium high-energy phonons is a well-
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CRYOSEL project. We expect high dynamic range and energy resolution to be achieved by the NTD-Ge 
thermistor. 
 
Superconducting Single Electron Device (SSED) 
  
Superconducting nanowire Single Photon Detectors are devices developed worldwide since 2001 for time-
resolving detection of single optical and near-infrared photons [24,25]. They compete with high-speed 
photomultiplier tubes (PMT) and Silicon photomultipliers (Si-PM). The SSPD consist of a small 
superconducting current-biased nanowire, most often made of Niobium-Nitride (NbN), operating at a 
temperature of few K (below the superconducting critical temperature TC). When a photon is absorbed 
into the SSPD, a very small part of the superconducting line is quenched to its normal state giving a fast 
resistive-pulse signal. 
 

 
  
Figure 5: SSED detector layout including the simulated electric field-lines. The intensity of the electric field rises significantly 
under the SSED line (red region). The bonding pads of the SSED are placed inside the 2 mm ring. Charges arriving onto 
these bonding pads will not be detected, but the corresponding “dead volume” of the Ge crystal is very small. 
  
For the CRYOSEL ANR project we propose to adapt SSPDs to charge detection instead of photon detection. 
In what follows, we will call these sensors SSED for Superconducting Single Electron Device. The CRYOSEL-
SSED solution consists of depositing a sensor onto a Ge crystal, in the aim of detecting the charges 
generated by an interacting particle. So instead of detecting single photons the goal here is to measure 
single electrons or holes generated into a Ge semiconductor. Similar to an SSPD, the CRYOSEL-SSED consist 
of a thin current-biased superconducting line, but operating below 20 mK in order to optimize the 
sensitivity of the NTD heat-channel. It is therefore better to select a lower TC superconductor for the SSED 
line. We propose to use thin evaporated layers of NbxSi1-x, an amorphous alloy that has been extensively 
studied by the participants of this ANR [26,27]. The superconducting transition temperature of NbxSi1-x can 
be precisely adjusted by controlling its composition “x” during the manufacturing process and by annealing 
of the sample. For a stochiometric concentration of x=0.13 (Nb0.13Si0.87) and a typical film thickness of 20 
nm, we obtain a superconducting transition temperature close to 30 mK (figure 6). We therefore propose 
a Ge bolometer equipped with a TC = 30 mK NbSi SSED and operating below 20 mK. As shown in figure 5, 
the SSED is placed on the top of the Ge crystal and consists of a 10 µm wide NbSi line, forming a 2 mm 
diameter ring. To generate an electric field into the Ge crystal, 200 V DC bias is applied to both sides of the 
SSED line, and zero voltage is applied to the bottom-lateral Aluminum electrode. The simulated shape of 

∼mm2 ultra sensitive NbSi TES

∼mm*µm innovative NbSi SSED

∼mm

∼mm

Superconducting 
Single Electron Device 
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EDELWEISS : Identification of Low Energy Excess (« heat only »)

• Tricks = use the Luke effect 
• Concentrate it
• trigger a « LEE » veto thermometer
• single e-h sensitivity possible

the electrodes in light gray, the SSED in blue and the NTD in yellow. One half shows
the intensity lines of the electric field when grounding the electrode and biasing the
SSED calculated using the COMSOL MultiPhysics®software [20].

The signal readout consists of one SSED channel, one ionization channel from the
enveloping electrode and one heat channel. As in Ref [17], the detector is operated in
the Lyon dry dilution cryostat, a Hexadry-200 cryostat from Cryoconcept®[21] and
the cold and warm electronics are those described in Ref. [22]. A 1650 nm infrared laser
diode from Aerodiode®[23] with a maximum optical power of 10 mW and operated
outside the cryostat is used to illuminate the detector with IR photons [24], the average
penetration length of such photon is 25 cm [25, 26] ensuring that, given the multiple
reflection on the copper detector housing and the aluminum electrodes the crystal
bulk is lighted.

The laser beam is guided through optical fibers thermalized at each stage of the
cryostat. The end of the fiber is directly mounted on the detector’s copper housing.
The optical power is controlled using a set of attenuators. The laser was operated in
pulsed mode. The energy deposited in each pulse was controlled via the pulse length.
The data was processed using the algorithm described in Ref. [27]. The information
of the time of each laser pulse was recorded using the trigger signal provided by the
laser controlling board.

Fig. 1 Top left: CRYO50 38 g detector equipped with a NbSi SSED inside its copper holder, the

surrounding electrode, the top electrode and the SSED are visible on the top side. A sketch of the

SSED sensor highlight its geometry. Bottom left: side sketch view of the CRYO50 detector with the

Ge crystal in dark gray, the surrounding and top Al electrode in dark gray, the SSED line is in blue.

On one half of the sketch, the COMSOL MultiPhysics
®

calculation [20] of the electric field intensity

is shown. Right : the coincident ionization and heat energy measurement for the K and L lines (red)

and laser pulses (black) at various pulse width, step from 700 to 8000 ns, the line shows the fitted

linearity of the laser.

The detectors were activated for 16 hours using a strong AmBe neutron source
before being mounted in the cryostat. This activation creates 71Ge which decays by
electron capture with a half life of 11 days. The two X-rays lines observed in Fig. 1

3
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TESSERACT@LSM: Ge/Si semiconductors
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CRYOSEL performance goals: 200 V bias + single e-h sensitivity + SSED LEE tagging 
efficiency > 1000

First R&D results shown at TAUP2023: 


• Stable operation up to 60 V

• Confirmation that first NbSi SSED acts as efficient LEE veto 

• New prototype currently being tested with significantly improved performance


For TESSERACT: 
• Switch to low-imp. TES for sub-eV SSED energy threshold 

• High control of IR backgrounds and charge leakage

• LEE discrimination down single e-h pair

• Exquisite sensitivities to ERDM with LEE discrimination

High-Voltage approach for optimal ERDM sensitivity

Proof of concept in 2023 !
SSED is working…but threshold still high as 
of today

40g Ge
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EDELWEISS : Future

• EDELWEISS-III setup dismantled in 
2023

• EDELWEISS collaboration is not 
existing anymore 

• ….But french Ge detector 
technology still alive ! 

• RICOCHET 38g Ge detector started 
from EDW legacy 

• ANR CryoSEL ongoing (all EDW 
partner) 

• Participation of most of the previous 
EDW members to the TESSERACT 
Project under discussion

Empty EDW space @ LSM (feb 2024)
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Transition Edge Sensors with Sub-Ev Resolution And Cryogenic Targets 

• DOE Funding for R&D and project development 
began in June 2020 (Dark Matter New Initiative) 

• One experimental design, and different target 
materials with complementary DM sensitivity, all 
using TES  

• Includes SPICE (Al2O3 and GaAs) and HeRALD 
(LHe) 

• ~40 people from 8 institutions 
• Actively searching for an underground lab

TESSERACT @ LSM proposal:
• Benefit from EDW+Ricochet+CUPID Ge 

bolometer expertise and low-background 
cryogenic experience to: 

1. Add the French semiconductor Ge 
bolometer technology (both LV and 
HV mode) to the TESSERACT science 
program 

2. Deploy the future TESSERACT 
experiment at LSM

• Achieve leading light DM sensitivities on short 
time scales  

• Benefit from exchange of technologies with US 
partners

TESSERACT : Proposal experiment @ LSM
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TESSERACT @ LSM: summary

Target Search 
type Mass range LEE  

rejection Particle ID

SPICE 
Polar 

crystals
Al2O3, 
SiO2

ERDM 100 meV - 
MeV

Dual TES 
channel None

SPICE  
Scintillator GaAs NRDM/


ERDM
eV - MeV


MeV - GeV
Phonon/
photon 

coïncidence

Dual Phonon-
photon 
readout

HERALD He NRDM MeV - GeV
Multiple He4/

photon 
detector

Pulse shape 
discrimination

Semicon.  
High V Ge, Si ERDM eV - MeV SSED None

Semicon.  
Low V Ge, Si, C NRDM MeV - GeV

Phonon/
Ionization 

coincidence

Dual phonon-
ionisation 
readout

All detector technologies will be using:
1. athermal phonon TES with sub-eV energy thresholds,  
2. drastically mitigated LEE (under intense investigation),  
3. and payloads between 10g to 100g

HERALD

SPICE

LV

HV



SuperCDMS at SNOLAB
⌅ Class 2000 cleanroom lab with
2 km of rock overburden

⌅ Dilution refrigerator with a
closed-loop cryogenics system

⌅ Initial payload: 24 detectors
I iZIP towers: 10 Ge + 2 Si crystals
I HV towers: 8 Ge + 4 Si crystals

⌅ Collaboration with CUTE
I Cryogenic Underground
TEst facility

I Full-scale tower testing planned
for later this year

SuperCDMS infrastructure is
under construction!

SuperCDMS SNOLAB

UofT // Stefan Zatschler
August 28, 2023

6/19
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• started in 1990 (R&D heat and 
ionisation)

• CDMS I : SUF (Stanford Univ.) : 
1996-2002 

• CDMS-II Soudan : 2003-2009 
• SuperCDMS Soudan : 2010-2015 
• SuperCDMS SNOLAB (Canada)

• construction started 2018 
• data taking 2024-25 ? 

Dark Matter search : CDMS-SuperCDMS
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SuperCDMS facility in 
construction at SNOLAB
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• As EDW 2 possible mode of operation but both 
on Si and Ge crystals

• LV : iZIP detector towers  10 Ge+2 Si  
• HV towers 8 Ge + 4Si 
• Tower can be tested in CUTE facility

Dark Matter search : SuperCDMS

SuperCDMS at SNOLAB
⌅ Class 2000 cleanroom lab with
2 km of rock overburden

⌅ Dilution refrigerator with a
closed-loop cryogenics system

⌅ Initial payload: 24 detectors
I iZIP towers: 10 Ge + 2 Si crystals
I HV towers: 8 Ge + 4 Si crystals

⌅ Collaboration with CUTE
I Cryogenic Underground
TEst facility

I Full-scale tower testing planned
for later this year

SuperCDMS infrastructure is
under construction!

SuperCDMS SNOLAB

UofT // Stefan Zatschler
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Dark Matter search : SuperCDMS

SuperCDMS at SNOLAB
⌅ Class 2000 cleanroom lab with
2 km of rock overburden

⌅ Dilution refrigerator with a
closed-loop cryogenics system

⌅ Initial payload: 24 detectors
I iZIP towers: 10 Ge + 2 Si crystals
I HV towers: 8 Ge + 4 Si crystals

⌅ Collaboration with CUTE
I Cryogenic Underground
TEst facility

I Full-scale tower testing planned
for later this year

SuperCDMS infrastructure is
under construction!

SuperCDMS SNOLAB

UofT // Stefan Zatschler
August 28, 2023

6/19

Status of Construction

Dilution refrigerator Detector tower

Seismic platform

Shield base

SuperCDMS SNOLAB

UofT // Stefan Zatschler
August 28, 2023

7/19

Conclusion & Outlook
⌅ SuperCDMS is well-suited for sub-GeV DM searches

I Complementary detector technology (iZIP, HV)
I Infrastructure at SNOLAB under construction

⌅ SuperCDMS full-tower testing underway at CUTE and SLAC
I Detector performance, reconstruction, simulation validation

⌅ Very successful HVeV R&D detector program
I Expect results from HVeV Science Run 3 & Run 4 soon!
I Moving underground – run in CUTE at SNOLAB in 2024!

SuperCDMS SNOLAB

UofT // Stefan Zatschler
August 28, 2023

19/19

• As EDW 2 possible mode of operation 
but both on Si and Ge crystals

• LV : iZIP detector towers  10 Ge+2 Si  
• HV towers 8 Ge + 4Si 
• Tower can be tested in CUTE facility
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Dark Matter search : SuperCDMSSuperCDMS detectors: Ge/Si HV & iZIP

⌅ Made of high-purity Ge and Si crystals
I Si detectors (0.6 kg each) provide sensitivity
to lower DMmasses

I Ge detectors (1.4 kg each) provide sensitivity
to lower DM cross-sections

⌅ Low operation temperature: ⇠ 15⇠ 15⇠ 15mK
I Phonon measurement with TESs (HV, iZIP)
I Ionization measurement with HEMTs (iZIP)

⌅ Two-sided readout with multiple channels
to identify event position

PRD 95, 082002, 2017

SuperCDMS SNOLAB

UofT // Stefan Zatschler
August 28, 2023

21/24

SuperCDMS detectors: Ge/Si HV & iZIP

⌅ Made of high-purity Ge and Si crystals
I Si detectors (0.6 kg each) provide sensitivity
to lower DMmasses

I Ge detectors (1.4 kg each) provide sensitivity
to lower DM cross-sections

⌅ Low operation temperature: ⇠ 15⇠ 15⇠ 15mK
I Phonon measurement with TESs (HV, iZIP)
I Ionization measurement with HEMTs (iZIP)

⌅ Two-sided readout with multiple channels
to identify event position

PRD 95, 082002, 2017

SuperCDMS SNOLAB

UofT // Stefan Zatschler
August 28, 2023

21/24• HV : 6 phonon channels on each side 
• iZIP : 6 phonons channel + 2 ionization on each side !
• $100mm, h 33.3mm : 1.4kg Ge, 0.6 kg Si
• 20-30 eV phonon, 180 eV ionisation
➙ Ionisation will limit a lot the mass range due to Low Energy Excess (Heat-Only)

SuperCDMS TES and collection fin design follows function 

Aluminum 
fins

TES

Charge 
collection

iZIP
Double-sided readout 
with E-field-shaping  
provides z-dependence 
and surface rejection

HV
No charge readout required. 
Optimized for phonon energy resolution and 
collection efficiency (35% coverage)
Improved position resolution and double outer 
ring to sharpen fiducial cut. 
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collection efficiency (35% coverage)
Improved position resolution and double outer 
ring to sharpen fiducial cut. 
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Dark Matter search : SuperCDMS

SuperCDMS is already using small 0 V and single eh-sensitive HV detectors 

HVeV (Si or Ge, 1 cm2 x 4 mm).  Like a small HV detector with single e-h resolution.  

0V (aka CPD).    A thin, phonon-only device with SuperCDMS TES readout  

Improving “environmental” phonon-only backgrounds
Phonon resolution in the spt ~ 1  eV range now.
New prototype with hanging support (M. Pyle-Berkeley)

is approaching spt ~ 50 - 100 meV

A mosaic of sub-eV spt CPDs on 2 towers can get to masses of 50 MeV

ER events are in the peaks, NR fills in gaps
A mosaic of these on 2 SuperCDMS towers 
can get to the n-fog in 0.5 – 5 GeV range

Vbias = 160 V
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Dark Matter search : Conclusion

Key of success :
• Low Threshold detector 
• Control and identification of the Low Energy Excess (Heat Only Event) 
• Ultra low background
• Limit dark count on HV detector (IR induced leakage, shallow site impurities etc)
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The CE!NS connexion

Main cryogenic det. DM search experiments have a CE!NS side project: 
• Coherent elastic neutrino nucleus scattering
• If you are sensitive to low mass DM you are sensitive to CE!NS 
• You know precisely what you want to measure and you want to measure it precisely 
• Depending on the site you can design your experiment accordingly

25

The CEnNS Connection 

SuperCDMSèCRESSTè EDELWEISSèMInERNUCLEUS

Two 3x3 arrays of 
6g CaWO4 + 4g Al2O3

read out by W TES
HV, iZIP
Al2O3 + QET

TRIGA research nuclear reactor 
at TAMU with moveable core

Ricochet
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The CE!NS connexion

Main cryogenic det. DM search experiments have a CE!NS side project: 
• Coherent elastic neutrino nucleus scattering
• If you are sensitive to low mass DM you are sensitive to CE!NS 
• You know precisely what you want to measure and you want to measure it precisely 
• Depending on the site you can design your experiment accordingly

25

The CEnNS Connection 

SuperCDMSèCRESSTè EDELWEISSèMInERNUCLEUS

Two 3x3 arrays of 
6g CaWO4 + 4g Al2O3

read out by W TES
HV, iZIP
Al2O3 + QET

TRIGA research nuclear reactor 
at TAMU with moveable core

Ricochet

Philosophical change w.r.t D
M search !
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 Coherent Elastic Neutrino-Nucleus Scattering (CE!NS) 

Neutrino

Neutrino

Neutrino 
from nuclear reactor

Nucleus 
from the detector

Sub-keV 
Nuclear recoil 

Outgoing neutrinoElastic scattering

For a recent and detailed review:  
M. Abdhulla et al., « Coherent elastic neutrino-nucleus scattering: Terrestrial and astrophysical applications », arXiv:2203.07361  

The CE!NS process

at the detector level same as a 
neutron or WIMP interaction

https://arxiv.org/abs/2203.07361
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D. Z. Freedman, PRD 9 (5) 1974 

!"

Ν

$ $

Ν

NucleusNucleus

Neutrino Neutrino! !

N N

Z0

• CENNS cross-section : 1000 times larger than IBD cross-
section 

• No energy threshold - Elastic Scattering 
• From ton-scale to kg-scale neutrino detector payloads 

The CE!NS process

A gateway to new physics: 
• Non-Standard Interaction 
• Existence of new massive bosons 
• Neutrino Magnetic Moment 
• … 

Qw = N � Z(1� 4 sin2 ✓w)

 Coherent Elastic Neutrino-Nucleus Scattering (CE!NS) 
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Recoil energy [keV]
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• For v-flux: 1012 cm-2.s-1 , we expect a few tens of events per day 
and per kg of detector material   (➙ rare event search !) 

• Calls for small total detector mass to reach high-precision:  
kg-scale with sub-100 eV threshold

v-flux: 1012 cm-2.s-1

Recoil energy distribution
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Standard Model

The CE!NS signal
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Recoil energy [keV]
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1 MeV Z’

µν = 10-10 µB
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?

Recoil energy distribution
v-flux: 1012 cm-2.s-1

New physics signatures will arise at the lowest energies : 
➙ Calls for very low-energy thresholds: O(10) eV

%m2 = 1.3 eV2 

Standard Model

MANOIR - CS IP2I (2022)

CE!NS : gateway to new physics
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v-flux: 1012-13 cm-2.s-1 v-flux: 107-8 cm-2.s-1

State of the art of CE!NS measurment
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The COHERENT experiment at SNS : The first (two) detections !

COHERENT at the spallation Neutron 
Source first observation ! CsI (2017) [1], Ar 
(2020) [2] 
• Combine different targets and technology 

• Measure the N2 dependence 
• Sensitive to nuclear physics (form factor) 
• Some BSM physics sensitivity: NSI, light 

mediators, … 
Ongoing proposals for CENNS @ ESS [3]

[1] D.Akimov et al., Science (2017), arXiv:1708.01294   
[2] D.Akimov et al., PRL (2021), arXiv:2003.10630 
[3] D. Baxter et al., JHEP (2020), arXiv:1911.00762

v-flux: 1012-13 cm-2.s-1 v-flux: 107-8 cm-2.s-1

State of the art of CE!NS measurement

Spallation Neutron Source, Oak Ridge National Laboratory 

https://arxiv.org/abs/1911.00762
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Reactor neutrino experiments
Running: CONUS, TEXONO, CONNIE, Nu-GEN, …  
Future: Ricochet, NuCLEUS, MINER, … 
• Higher neutrino flux for high-precision 

measurement 
• Fully coherent regime 
• Optimized sensitivity to neutrino magnetic 

properties and BSM physics: new light mediator, 
NSI, NMM, …  

• Reactor spectrum investigations (and monitoring) 
No CENNS detection at reactor up to nowMANOIR - CS IP2I (2022)

v-flux: 1012-13 cm-2.s-1 v-flux: 107-8 cm-2.s-1

State of the art of CE!NS measurement
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CE!NS :  Nucleus @ Chooz

• @ Chooz nuclear power plant 
• 2 * 4.25 GWth  
• NUCLEUS will be installed at the VNS (very 

near site) @ 72 & 102 m from the reactors
• precise planning not defined 
• 1.7*1012 cm-2.s-1 v-flux expected @ the VNS 

(* 2 wrt Ricochet@ILL) 

active muon veto

Detector

Passive shielding  
(Pb, PE)

Cryostat
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• Shielding to protect against fast neutron & 
gammas 

• PE & Pb (mass ?) 
• Active muon veto for cosmic-induced 

neutrons  
• 6 cryogenic Ge ionization detector as an 

Outer Veto 
• detectors array are encapsulated in Si 

holders configured in cryo detectors (fitted 
with TESs) : Inner Veto

CE!NS :  Nucleus @ Chooz
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• Detector design focus on low threshold 
(∼10eV) with very small individual detector 

• 3×3 array of CaWO₄ (6 g total)  
• 3×3 array of Al₂O₃ (4 g total) 
• 10 g in total only !

• 2 target will help to distinguish neutron vs 
CE!NS…but less than 0.1 evt/day expected 
in the whole detector array

• Upgrade to 1kg planned in the future
• RISK : No Low Energy Excess (heat only) 

Identification

ht
tp

s:
//n

uc
le

us
-e

xp
er

im
en

t.o
rg

CE!NS :  Nucleus @ Chooz

0.45g Al₂O₃ prototype

Silicon inner veto mock-up



✦ US-France-Russia collab. 
➡ 2 detectors technology 

✦ Specifications goals for french techno. 
• ∼0.75 kg Ge (18*40g) 
• 20 eV ioni + 10eV chal (10* better than EDWIII)

✦ Low Energy Excess (heat only) Identification above the ionization 
threshold

• RISK : huge pressure on the ionization. decreased sensitivity if 20 eV not 
reach (35eV already reached @ IP2I) 

60 MW reactor @ ILL / Grenoble
✦ Ricochet installation started in 2022 
✦ 5-10 years program

48

CE!NS :  RICOCHET @ ILL
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• 58 MW nominal thermal power  
• 8.8 m away from the core
• ~7 evts/day w/ 50 eV threshold (much 

less if 20 eV not reached on ionization) 
• 3 to 4 cycles per year: ON/OFF modulation to 

subtract uncorrelated backgrounds 
• Significant overburden (~15 m.w.e) to 

reduce cosmics 
• Ricochet integration finalized !

• First reactor data early-2024 !

Outer shielding:
• PE: 35 cm 
• Pb: 20 cm 
• Muon veto  
• Soft iron

Inner shielding:
• PE/Cu: 30 cm 
• Pb/Cu: 15 cm 
• Cryogenic Muon Veto 
• Mu-Metal

8.8 m

CE!NS :  RICOCHET @ ILL
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Threshold defined for all experiments as 5!Salagnac & al: arXiv:2111.12438

CE!NS :  RICOCHET - detector optimization

• Individual detector size optimisation :
• Balance between :

• heat threshold 
• ionization (capacitance) 
• event rate 

• 30-50 g is a good compromise for Ge

Journal of Low Temperature Physics

91 eVee baseline RMS ionization resolution with a HEMT-based cryogenic charge
amplifier with a 240g CDMS-II cryogenic germanium detector, nearly matching the
model predictions. However, the complexity required to implement a HEMT-based
fully cryogenic charge amplifier for the hundreds of ionization channels present in a
reasonably sized experiment requires us to explore amplifier topologies where the use
of cryogenic HEMTs is limited to only the input transistor.

Two schemes are thus being investigating : (1) a simple follower HEMT-based stage
at 1–4 K, very close to the detector with a very low noise 300 K stage and (2) an hybrid
HEMT + SiGe / MOS ASICs high gain stage at 1–4K. The follower scheme is used
by the EDELWEISS collaboration [1,26] and works are in progress to adapt it to an
HEMT input. A production of ASICs based on the 0.35µmSiGe biCMOS technology
from AMS foundry has been delivered and will be tested soon. This technology has
demonstrated T = 4.2 K performances [28]. SiGe bipolar transistors will be used
for amplification, and pMOS/nMOS switches will be used for calibration and reset
purposes.

5 Conclusion: Prospect for a 10 eV Heat, 20 eVee Ionization, 35 g
Germanium Cryogenic Detector

The EDELWEISS collaboration has recently demonstrated an impressive 18 eV RMS
heat resolution on a 34 g germanium detector [11]. Careful analysis has shown that the
resolution is limited by the current noise of the Si-JFET. Our HEMT model predicts
than 10 eV heat resolution would be achievable by simply replacing the JFET with a
230 pF CNRS/C2N HEMT.

Ge-NTD Thermal Sensor

Interdigitized Al Electrodes
Fiducial Top

Heat
Veto Top

Fi
el

d 
(V

)

10
 m

m

15 mm

Fig. 6 Electrostatic simulation of a Full Inter-Digitized electrodes scheme on a 38 g germanium crystal
(Φ =30 g, h=10mm). The crystal is surrounded at 2 mm distance by a chassis connected to the ground (not
shown). The capacitance of the 4 electrodes with respect to the ground is about 20 pF (Color figure online.)
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https://arxiv.org/abs/2111.12438
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Low-Voltage approach for optimal particle identification
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• Incomplete charge coll. < 10%

• Fiducial volume: 98.6 %

• Surface event rejection: NO 
• Total capacitance: 15 pF

• Incomplete charge coll. < 1%

• Fiducial volume: 62 %

• Surface event rejection: YES 
• Total capacitance: 18 pF

JFET EDW elec.: Heat 30 eV, Ion. 220 eVee (RMS)

CE!NS :  RICOCHET - detector optimization

https://arxiv.org/abs/2111.12438
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10mK 
detector stage

1K HEMT preamp 
stage

Timetal 
(Ti-15-3-3-3 )

Constantan 
on kapton

✦ Intense work on the 1K HEMT based cold elec and 1K-10mK interface : 

• Mitigate stray capacitance (ionization reso) 
• Mitigate heat load on 10mK stage  

➡ low HEMT bias dissipation (∼15uW/HEMT) 
➡ Use of special material for the 1K-10mK mechanics 

• Mitigate Johnson noise of FB and and bias resistor 

✦ HEMT (High electron 
Mobility Transistor) @ 
1K to replace the 
standard Si-JFET 
working at 100K

✦ Bias and feedback 
resistor placed at 
10mK to minimize the 
thermal noise

✦ 35 µm contantan 
tracks on 100 µm 
kapton foil for the 
10mK-1K path

5 
cm

CE!NS :  RICOCHET - MiniCryoCube
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Ricochet R&D : MiniCryoCube demonstrator @ IP2I

✦ ER/NR discrimination threshold has been improved by about one order 
of magnitude w.r.t EDW and SuperCDMS 

✦ Ricochet can now probe reactor neutrinos (CEvNS) (and equiv. 3 GeV 
WIMP with highly efficient LEE and ER rejection) 

➡ Ricochet resolution goals: 10 eV (heat) + 20 eVee (ionisation)
➡  factor of ~2 still missing

Energy thresh.: 300 eVnr

Ion. thresh.: 160 eVee

Energy thresh.: 4.5 keVnr

Ion. thresh.: 700 eVee
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CE!NS :  RICOCHET @ ILL

• Reaching 8.7 mK on the 6th of February 2024 on the first cryogenic (Run12)
• 1 miniCryoCube installed and Run 13 started mid-Feb

➡ Commissioning ongoing (Reactor OFF first, then ON)
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0!ββ ??
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Qββ at few MeV !
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0!ββ ??
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Some contrains similar to Dark Matter (Wimps) search 
• …but signal expected at HE (few MeV)
• No Low Energy Excess issue !!
• main issue : large mass, low background, alpha bkg rejection 
➡ double readout cryo detector can fit (if ton scale)
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0!ββ : state of the art & future goals
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95CUPID 
CUORE Upgrade with Particle Identification

✦ 30 institut., 100s of people 
✦ Long process of R&D selection 

• https://arxiv.org/abs/1504.03612 
✦ French R&D (CUPID-Mo, IJCLab-IP2I + 

CEA) selected as the CUPID baseline 
• https://arxiv.org/abs/1907.09376 
• Luke Neganov Ge Light detectors 

will be produced by IJCLab
✦ dedicated «  small  » underground R&D 

project : CROSS, BINGO ERC project 
✦ lots to be done over the next 3 

decades
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CUORE @ LNGS

0!ββ : towards CUPID

https://arxiv.org/abs/1907.09376
https://arxiv.org/abs/1504.03612
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 CUPID-Mo @ LSM [EPJC 83, 675 (2023), PRL162501 (2023)]

✦ IJCLab, IP2I + CEA 
✦ Pilot ββ experiment based on scintillating bolometers with 

NTD readout 
• 20x Li2MoO4 crystals coupled to Ge light detectors 

• Data taking at LSM in EDELWEISS cryostat (2018-20) 

• Best worldwide results on ββ decay of 100Mo 

• Demonstrator of the CUPID technology (see next 
slide)

Li2Mo4 crystal enriched in 100Mo (99%) 
210 g – cylinders ø44 mm x 45mm 
2.1 kg of 100Mo
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CUPID (CUORE Upgrade with Particle Identification) 
[EPJC 82, 810 (2022), JINST 18, P06033 (2023)]

✦ IJCLab, IP2I + CEA 
✦ One of the 3 next-generation ββ experiments selected by the US and EU funding 

agencies (CUPID, LEGEND, nEXO)
• 170 people & 33 institutions
• Exploit CUORE infrastructure (Gran Sasso) with CUPID-Mo technology
• Single module: Li2100MoO4 45×45x45 mm  ~ 280 g
• 57 towers of 14 floors with  2 crystals each - 1596 crystals
• ~240 kg of 100Mo with >95% enrichment  ~1.6×1027 100Mo nuclei 
• Bolometric Ge light detectors as in CUPID-Mo

✦ Data taking > 2030

2                X               14             x          57   = 1596
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R&D : CUPID (CUORE Upgrade with Particle Identification)

CUPID Prototype Tower : ANR CUPID1 2022-25 + R&T IN2P3

✦ Assembly in IJCLab and Gran Sasso
• To be tested Mid-2024 in Cuoricino Cryostat @ Gran Sasso
Light Detector Tower Construction

CUPID Tower  
@ GS (2022)

IJCLab Clean Room

All Ge wafers @ IJCLab Clean Room



CUPID related R&D : CROSS         (2018-24)
[Appl. Phys. Lett. 118, 184105 (2021),  Appl. Phys. Lett. 118, 184105 (2021)]

63

✦ Reject surface events by PSD assisted by 
metal film coating 

• Proof of concept achieved with small 
prototypes 

• Both surface ⍺’s and β’s are separated 
from bulk events

✦ Technology demonstrator 
• ~ 5 kg of 100Mo shared in ~36 x Li2MoO4 

crystals (+ 6x 130TeO2 crystals) 

• Dedicated cryostat @ Canfranc 
underground laboratory  

✦ Redundancy
• surface sensitivity 

• scintillation light detection 
• Improved Light detectors  
➡ enhanced by Neganov-Trofimov-Luke 

technology : demonstrated
➡ Now CUPID baseline

Mixed ⍺/β source

Prototype  
CROSS Tower
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✦ Three innovations to reject background in ββ 
decay experiments based on Li2MoO4 and TeO2

• Revolutionary assembly to reject surface 
background 
➡ The light detector shields the passive 

materials  

• Enhanced-sensitivity light detectors 
(Neganov-Trofimov-Luke) (see next slide)

• Internal veto (ultrapure BGO/ZnWO4 
scintillators) 

➡ mitigate & background in TeO2 

✦ BINGO demonstrator at LSM 
• Dedicated cryostat : installation in 2024 in part 

of the EDELWEISS space (now dismantled) @ 
LSM  

VETO prototype 
BGO scintillators 

CUPID related R&D : BINGO         (2020-26)
[arXiv.2301.06946, arxiv.2204.14161]

Medex’23, 07 September 2023 Benjamin Schmidt, BINGO - Experimental track 8

BINGO demonstrator @ LSM

EDELWEISS/CUPID-Mo  
decomissioning 

at LSM 

2022/2023

New  
Dilution Refrigerator 
from Cryoconcept  

Bingo demonstrator: 
12 x Li2MoO4 

12 x TeO2 
Active Veto 

Installation  
by end 2023

DR commissioning

Early 2024 ~2025
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CUPID related R&D : BINGO         (2020-26)
[arXiv.2301.06946, arxiv.2204.14161]

Medex’23, 07 September 2023 Benjamin Schmidt, BINGO - Experimental track 10

BINGO - Technology demonstration NTL
NIM A 940 (2019) 320

NTL assisted light detectors 
Original design: 1 sided Electrode deposition, 
circular, typical operation voltage 50 to 100V β/γ

β/γ

α

α
Ongoing work: 
Optimisations for CUPID/BINGO: Square and trapezoidal geometries, 
two-sided LDs, optimised voltage & operation, minimize loss from charge trapping η



CUPID related R&D : TINY         (2023-29)
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✦ Development of bolometric detectors containing the most promising ββ isotopes 
96Zr and 150Nd 

• Main challenge in Nd-based compounds: high specific heat from magnetism 
• detect phonons before thermalization 

✦ TINY objective: develop a demonstrator with a 2 kg mass detector distributed in a 
few elements for each isotope 
• New dedicated cryostat @ Saclay (installation in 2025) for R&D 
• demonstrator tested in CROSS or BINGO Cryostat 

Classical scintillating 
bolometers with 
thermal signals 

Dielectric 
diamagnetic

Antiferromagnetic 
order
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R&D : Rare events search CONCLUSION

• Standard WIMPs dead ? 
• Still motivated but ALPs more and more in the game 

• Low Energy Excess (heat only) is the main issue for DM & CE!NS
• LEE Identification or excellent ionization needed

• Proposal for a new DM experiment at LSM (TESSERACT)
• Radiopurity & alpha rejection is the main issue for 0!ββ + scaling to 

very large mass 
• Ton scale experiment already exist (CUORE) 
• French technology selected for CUPID

➙ Enough work for the 2 next decades !


