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Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the standard
parameters for an isothermal WIMP halo: ⇢0 = 0.3GeV/cm

3, v0 = 220 km/ s, vesc = 544 km/ s. Results
labelled "M" were obtained assuming the Migdal effect [131]. Results labelled "Surf" are from experiments
not operated underground. The ⌫-floor shown here for a Ge target is a discovery limit defined as the cross
section �d at which a given experiment has a 90% probability to detect a WIMP with a scattering cross sec-
tion � > �d at �3 sigma. It is computed using the assumptions and the methodology described in [151, 153],
however, it has been extended to very low DM mass range by assuming an unrealistic 1meV threshold below
0.8GeV/c

2. Shown are results from CDEX [155], CDMSLite [156], COSINE-100 [157], CRESST [158, 159],
DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164], DEAP-3600 [144], EDEL-
WEISS [165,166], LUX [167,168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].

Bubble chambers filled with targets containing 19F have the highest sensitivity to spin-dependent
WIMP-proton couplings. The best limit to date is from PICO-60 using a 52 kg C3F8 target [176]. At
lower WIMP mass, between 2GeV/c

2 and 4GeV/c
2, the best constraints come from PICASSO (3.0 kg

of C4F10 [177]). CRESST used crystals containing lithium to probe spin-dependent DM-proton interac-
tions down to DM mass of ⇠800MeV/c

2 [178]. The strongest constraints on spin-dependent WIMP-
neutron scattering above ⇠3GeV/c

2 are placed by the LXe TPCs with the most sensitive result to-date
coming from XENON1T [41,179]. The results from the cryogenic bolometers (Super)CDMS [180,181]
and CRESST give the strongest constraints below ⇠3GeV/c

2. CDMSLite [182] uses the Neganov-
Trofimov-Luke effect to constrain spin-dependent WIMP-proton/neutron interactions down to m� =

1.5GeV/c
2 and CRESST-III [159] exploits the presence of the isotope 17O in the CaWO4 target to

constrain spin-dependent WIMP-neutron interactions for DM particle’s mass as low as 160MeV/c
2.

Exploiting the Migdal effect again significantly enhances the sensitivity of LXe TPCs to low-mass DM
with XENON1T providing the most stringent exclusion limits for both, spin-dependent WIMP-proton
and WIMP-neutron couplings between 80MeV/c

2
� 2GeV/c

2 and 90MeV/c
2
� 2GeV/c

2, respect-
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Multi-ton liquid scintillators
solid-state phonon detectors with: 
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What is the Dark Matter made of?

• primordial black holes?


• μeV/c2 - eV/c2 axion-like waves?


• MeV/c2 - TeV/c2 WIMP-like particles?
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cross section σ < 10−40 cm2

large number of targets 
O(1 kg)

energy < 1 keV

low-energy threshold 
O(100 eV)

dN/dE

1 keV E

Dark Matter
observable:  

kinetic energy of nuclear recoiltarget nucleus

Difficult with Low-T detectors Motivation for Low-T detectors
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Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the standard
parameters for an isothermal WIMP halo: ⇢0 = 0.3GeV/cm

3, v0 = 220 km/ s, vesc = 544 km/ s. Results
labelled "M" were obtained assuming the Migdal effect [131]. Results labelled "Surf" are from experiments
not operated underground. The ⌫-floor shown here for a Ge target is a discovery limit defined as the cross
section �d at which a given experiment has a 90% probability to detect a WIMP with a scattering cross sec-
tion � > �d at �3 sigma. It is computed using the assumptions and the methodology described in [151, 153],
however, it has been extended to very low DM mass range by assuming an unrealistic 1meV threshold below
0.8GeV/c

2. Shown are results from CDEX [155], CDMSLite [156], COSINE-100 [157], CRESST [158, 159],
DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164], DEAP-3600 [144], EDEL-
WEISS [165,166], LUX [167,168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].
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2 and CRESST-III [159] exploits the presence of the isotope 17O in the CaWO4 target to
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State of the art of phonon detection  
(CRESST/NUCLEUS experiments)
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Figure11:ConstantvoltagebiasingofaTES(left).TemperaturedependenceoftheTESresistivity
atTc(right)

electricalleadsusedfortheread-out;nowadays,microelectronicplanartechnologiesandsilicon
micro-machiningareusedtosuspendthesensorsonthinsiliconnitridemembranesorthinsili-
conbeams.Thermistorsareread-outinaconstantcurrentbiasingconfigurationwhichallowsto
convertthethermalsignal∆Tinavoltagesignal∆V(Fig.10).Becauseoftheirhighimpedance,
thermistorsarebestmatchedtoJFETs.Semiconductorthermistorpresentfewdrawbacks.First
ofalltheirhighimpedancerequirestheJFETfrontendtobeplacedascloseaspossible–cen-
timeters–tothedevicestominimizemicrophonicnoise,andbandwidthlimitationsduetosignal
integrationonparasiticelectricalcapacitance.SincecommonlyusedsiliconJFETmustoperate
attemperaturesnotlowerthanabout110K,thisbecomesquicklyatechnicalchallengewhenin-
creasingthenumberofdetectors.Secondly,ithasbeenexperimentallyobservedthatconductivity
ofsemiconductorthermistorsdeviatesfromlinearityatlowtemperatures[74,75].Thedeviationis
understoodintermsofafinitethermalcouplingbetweenelectronsandphonons,whosesideeffect
istointrinsicallylimitthesignalrisetimestohundredsofmicrosecondsfortemperaturesbelow
0.1K.Semiconductorsarenowanestablishedandrobusttechnology,andarraysofmicrocalorime-
tersbasedonthesedeviceshavebeenwidelyusedforX-rayspectroscopy[60]achievingenergy
resolutionslowerthan5eVwithtinorHgTeabsorbers.

Superconductingtransitionedgesensors(TESs).TESarealsoresistivedevicesmadeoutofthin
filmsofsuperconductingmaterialswhoseresistivitychangessharplyfrom0toafinitevalueinavery
narrowtemperatureintervalaroundthecriticaltemperatureTc(Fig.11).Thesuperconducting
materialcanbeanelementalsuperconductor(suchastungstenoriridium),althoughitismoreoften
abilayermadeofanormalmetalandasuperconductor.Withbilayers,theTcofthesuperconductor
isreducedbytheproximityeffectandcanbecontrolledbyadjustingtherelativethicknessesof
thetwolayers.CommonmaterialcombinationsusedtofabricateTESbilayerwithaTcbetween
0.05and0.1KareMo/Au,Mo/Cu,Ti/AuorIr/Au.TESfabricationexploitsstandardthin
filmdepositiontechniques,photolithographicpatterning,andmicro-machining.Sensorscanbe
designedtohave,attheoperatingpoint,asensitivityAashighas1000andaresistanceusually
lessthan1Ω.ThemostcommonwaystoisolateTESmicrocalorimetersfromtheheatsinkare
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SQUID  
amplifier

Ibias

crystal

The CaWO4 crystals have transition temperatures < 21 mK.

16.05.22 NUCLEUS (V. Wagner) 7

ü 18 CaWO4 crystals equipped with W-TES have been tested:              
sensitive TES has low transition temperature due to DT = DE/C(T)

Transition of W-TES

First 9 CaWO4 detector

5mm

More details by N. Schermer et al., NEUTRINO 2022 poster

W-TES

Superconducting thermometers (TES)

Pro:  record-low energy threshold ~ 20 eVLimitation: individual readout

Future experiments point to kg targets (100÷1000 crystals) 
challenging with this technology

 

5 mm

The NUCLEUS concept combines several cryogenic                  
detectors to a fiducial volume detector.

16.05.22 NUCLEUS (V. Wagner) 8

Target crystals: 
Two 3x3 arrays with a 
total mass of 
6g (CaWO4) + 4g (Al2O3)

Inner veto: TES-instrumented holder 
to reject surface backgrounds and 
holder-related events 

Germanium outer veto
for active g/n background 
rejection

Si wafer 
+ W-TES

Holding plates 
with electrical & 
thermal contacts

Si mock-up

minimize the computing time and is then transformed back
to the time domain. The result is normalized so that it
reproduces the unfiltered pulse height at the pulse’s
maximum (see Fig. 6, left). The energy reconstruction
by the optimum filter agrees with that of the truncated
template fit on a 1% level in the linear region (up to 600 eV)
and deviates significantly above as expected due to a
different pulse shape caused by saturation (see Fig. 4,
inset). Below the truncation limit, a maximal deviation of
2.8% is observed which is considered as systematic error of
the energy calibration. The baseline energy resolution
after filtering is found to be σb ¼ ð3.74# 0.21Þ eV. This
compares to a value of ð6.42# 0.92Þ eV without
filtering, showing a clear improvement (see Fig. 6, right).
Accordingly, this effect reduces the energy threshold. This
improvement can be exploited using a data acquisition
system which continuously streams the detector output, so
that the pulse triggering can be done in postprocessing,
when signal and noise power spectra are known.
The functionality of such a software trigger based on the

optimum filter is illustrated in Fig. 7. A small artificial
pulse is superimposed on a randomly selected baseline
sample, drawn in the upper frame. The lower frame shows

the optimum filter output. The artificially added pulse
clearly is seen above a given threshold (dotted line), while
the random noise, which has a different pulse shape, is
suppressed.
In the following we discuss how the energy threshold

and the trigger efficiency can be determined in a direct way.
Generally speaking, the threshold on the output of the
optimum filter has to be chosen so as to be sensitive to the
smallest possible energy depositions, while at the same
time suppressing noise triggers sufficiently. Figure 8 (histo-
gram, right axis) shows the filter output of a set of pure
noise samples. In contrast to the determination of the
baseline noise (see above), the pulse position (in time) is
not fixed but the algorithm runs over the noise trace and
returns the maximal filter output. This explains the positive
average reconstructed energy. The bulk of the noise
samples has a reconstructed energy between 10 and
15 eV with a tail up to ∼19 eV. Most probably the latter
is due to small pulses on the noise samples which cannot by
identified by data-quality cuts selecting the noise samples.
This effect is enhanced due to the exponentially increasing
rate towards threshold in this calibration measurement. It is
reasonable to set the trigger threshold just above this
assumed noise population.
We choose a trigger threshold of 13.0 mV and validate

this choice by a study of the trigger efficiency as a function
of energy. Onto the set of baseline samples, template pulses
of various discrete pulse heights (from about 1 to 10 · σb)
are added. The energy-dependent trigger efficiency is the
fraction of the filtered artificial pulse samples which fall
above the threshold. Figure 8 (left axis) shows the results of
this procedure for the discrete pulse heights (crosses). The
resulting curve can be nicely fitted by the function
ptrigðEÞ ¼ 0.5 · ð1þ erf½ðE − EthÞ=ð

ffiffiffi
2

p
σthÞ', where erf is

the Gaussian error function [11]. The validity of the
threshold choice manifests itself as a vanishing trigger

OFM
=(3.74±0.21)eV

TTF
=(6.41±0.92)eV
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FIG. 6. Left: Pulse sample and optimum filter output in the time
domain. Right: Comparison of the baseline noise derived by the
TTF (black histogram) and the OFM (red dots). Gaussian fits to
the data are shown.

0 2000 4000 6000 8000
Time [40µs]

-0.01
0

0.01
0.02

F
ilt

er
 o

ut
. [

V
]

-0.01
0

0.01
0.02

S
ig

na
l [

V
]

FIG. 7. Demonstration of the optimum trigger. Upper plot: A
19.7 eV standard pulse is superimposed on a randomly chosen
noise sample (onset at sample 2000). Lower plot: Output of the
optimum filter applied to the sample. The pulse is clearly
triggered while noise contributions are suppressed sufficiently
below threshold, which is set at a pulse height of 13.0 mV
(see the text).

FIG. 8. Determination of the trigger threshold. Randomly
chosen noise samples are superimposed with template pulses
of different discrete energies (red crosses). The optimum trigger is
applied to these samples yielding the energy-dependent trigger
efficiency (left y axis). The data are fitted by an error function,
giving an energy threshold of Eth ¼ ð19.7# 0.1Þ eV for 50%
efficiency. The width σth ¼ ð3.82# 0.15Þ eV is in agreement
with the variance of the baseline noise. The reconstructed energy
of pure noise samples after filtering is shown in a histogram
(black, right y axis).

GRAM-SCALE CRYOGENIC CALORIMETERS FOR RARE- … PHYSICAL REVIEW D 96, 022009 (2017)

022009-5

R. Strauss, et al 
Phys. Rev. D 96, 
022009 (2017)
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P. Adari, et al.: EXCESS workshop: Descriptions of rising low-energy spectra SciPost Phys. Proc. 9 (2022) 001 + BULLKID 2023

Not understood excess background rising at low energies:
• Phonon bursts (crystal-support friction) ?
• Lattice relaxations after cool down?
• Phonon leakage from interactions in the supports?
• Neutrons (cosmic ray induced, radioactivity) ? RE
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Dark Matter - direct search with BULLKID
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Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the standard
parameters for an isothermal WIMP halo: ⇢0 = 0.3GeV/cm

3, v0 = 220 km/ s, vesc = 544 km/ s. Results
labelled "M" were obtained assuming the Migdal effect [131]. Results labelled "Surf" are from experiments
not operated underground. The ⌫-floor shown here for a Ge target is a discovery limit defined as the cross
section �d at which a given experiment has a 90% probability to detect a WIMP with a scattering cross sec-
tion � > �d at �3 sigma. It is computed using the assumptions and the methodology described in [151, 153],
however, it has been extended to very low DM mass range by assuming an unrealistic 1meV threshold below
0.8GeV/c

2. Shown are results from CDEX [155], CDMSLite [156], COSINE-100 [157], CRESST [158, 159],
DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164], DEAP-3600 [144], EDEL-
WEISS [165,166], LUX [167,168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].

Bubble chambers filled with targets containing 19F have the highest sensitivity to spin-dependent
WIMP-proton couplings. The best limit to date is from PICO-60 using a 52 kg C3F8 target [176]. At
lower WIMP mass, between 2GeV/c

2 and 4GeV/c
2, the best constraints come from PICASSO (3.0 kg

of C4F10 [177]). CRESST used crystals containing lithium to probe spin-dependent DM-proton interac-
tions down to DM mass of ⇠800MeV/c

2 [178]. The strongest constraints on spin-dependent WIMP-
neutron scattering above ⇠3GeV/c

2 are placed by the LXe TPCs with the most sensitive result to-date
coming from XENON1T [41,179]. The results from the cryogenic bolometers (Super)CDMS [180,181]
and CRESST give the strongest constraints below ⇠3GeV/c

2. CDMSLite [182] uses the Neganov-
Trofimov-Luke effect to constrain spin-dependent WIMP-proton/neutron interactions down to m� =

1.5GeV/c
2 and CRESST-III [159] exploits the presence of the isotope 17O in the CaWO4 target to

constrain spin-dependent WIMP-neutron interactions for DM particle’s mass as low as 160MeV/c
2.

Exploiting the Migdal effect again significantly enhances the sensitivity of LXe TPCs to low-mass DM
with XENON1T providing the most stringent exclusion limits for both, spin-dependent WIMP-proton
and WIMP-neutron couplings between 80MeV/c

2
� 2GeV/c

2 and 90MeV/c
2
� 2GeV/c

2, respect-
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J. Billard, et al, Direct Detection of Dark Matter – APPEC Committee Report, arXiv:2104.07634 
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-threshold < 200 eV 
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Kinetic Inductance Detectors
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AC superconductivity

- Electrons bound into Cooper pairs (no dissipation)
- High quality factors (Q ~ 104 - 106)
- Inertia from the mass of pairs (kinetic inductance, Lk) Lk =

me

2 e2 npairs

photon or phonon 
absorption 

→Δnpairs ΔLk

superconductor under AC field  ⃗EAC

Kinetic Inductance Detector (KID)

- Superconductor at T < 200 mK (Al)
- LC resonator

frequency response

Δf0

f0 f
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Invented by J. Zmuidzinas and his group at 
Caltech in 2003 for astrophysical applications

L

C

Z0Z0

ΔE

 ΔE → Δnpairs → ΔLk → Δf0

resonator f0 = 1/ LC
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Phonon mediation  
detect phonons created by nuclear recoils 

in a silicon dice

KID  (~ 2x2 mm2 x 50 nm, 0.5 μg)

DM DM 

5 m
m

Silicon dice (0.3 g) 
at 10 mK

carving of dices in a thick silicon wafer
bottom view

3”

5 mm

0.5 mm thick common disk:
- holds the structure
- hosts the KIDs

4.5 mm deep grooves
- 6 mm pitch
- chemical etching

side/top view

lithography of multiplexed KID array 
KID array
- 60 nm aluminum film
- 60 KIDs lithography

Fully multiplexed
(single readout line)

✓ 60 detectors in 1
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Phonon leakage

• Measured energy leakage relative 
to central voxel:


• (14 ± 3) % in each “+” voxel


•   (5 ± 1) % in each “x” voxel

10

carvings 
 4.5 mm

common disk 
 0.5 mm

DM / ν DM / ν

KID

x + x
+ +
x + x

This effect reduces the phonon focusing on the KID but  
it can be exploited to reconstruct the interaction voxel

• Phonons generated by interactions


• 40% absorbed by the KID


• the rest leaks in nearby voxels or 
decays below the KID aluminum gap
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Combined analysis of a 9-dice cluster

11

Measurement of the energy spectrum of the central voxel
Use the 8 external voxels as “veto” exploiting the phonon leakage

x + x

+ +
x + x

x + x

+ +
x + x

✓ To keep

✓ To discard
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Background: surface result
Above ground lab, no shield, 39 live hours
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The excess above trigger threshold is compatible with noise false positives. 
Background is flat above analysis threshold.

 D. Delicato et al, 

arXiv:2308.14399
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Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the standard
parameters for an isothermal WIMP halo: ⇢0 = 0.3GeV/cm

3, v0 = 220 km/ s, vesc = 544 km/ s. Results
labelled "M" were obtained assuming the Migdal effect [131]. Results labelled "Surf" are from experiments
not operated underground. The ⌫-floor shown here for a Ge target is a discovery limit defined as the cross
section �d at which a given experiment has a 90% probability to detect a WIMP with a scattering cross sec-
tion � > �d at �3 sigma. It is computed using the assumptions and the methodology described in [151, 153],
however, it has been extended to very low DM mass range by assuming an unrealistic 1meV threshold below
0.8GeV/c

2. Shown are results from CDEX [155], CDMSLite [156], COSINE-100 [157], CRESST [158, 159],
DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164], DEAP-3600 [144], EDEL-
WEISS [165,166], LUX [167,168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].

Bubble chambers filled with targets containing 19F have the highest sensitivity to spin-dependent
WIMP-proton couplings. The best limit to date is from PICO-60 using a 52 kg C3F8 target [176]. At
lower WIMP mass, between 2GeV/c

2 and 4GeV/c
2, the best constraints come from PICASSO (3.0 kg

of C4F10 [177]). CRESST used crystals containing lithium to probe spin-dependent DM-proton interac-
tions down to DM mass of ⇠800MeV/c

2 [178]. The strongest constraints on spin-dependent WIMP-
neutron scattering above ⇠3GeV/c

2 are placed by the LXe TPCs with the most sensitive result to-date
coming from XENON1T [41,179]. The results from the cryogenic bolometers (Super)CDMS [180,181]
and CRESST give the strongest constraints below ⇠3GeV/c

2. CDMSLite [182] uses the Neganov-
Trofimov-Luke effect to constrain spin-dependent WIMP-proton/neutron interactions down to m� =

1.5GeV/c
2 and CRESST-III [159] exploits the presence of the isotope 17O in the CaWO4 target to

constrain spin-dependent WIMP-neutron interactions for DM particle’s mass as low as 160MeV/c
2.

Exploiting the Migdal effect again significantly enhances the sensitivity of LXe TPCs to low-mass DM
with XENON1T providing the most stringent exclusion limits for both, spin-dependent WIMP-proton
and WIMP-neutron couplings between 80MeV/c
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solid-state phonon detectors with: 
-zero background 
-kg target 
-threshold < 200 eV 

With BULLKID-DM we can achieve 
these goals. How?
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BULLKID-
Surface

BULLKID-DM-
Demo

BULLKID-DM

bkg (c/keV kg y) 2,000,000 10,000-1,000 0.1-0.01

threshold (eV) 160 similar similar or better

mass 0.35-20 g 20-60 g 600 g
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Mass and threshold improvement
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Threshold (ongoing R&D):

1. Replace Al with Al-Ti-Al KIDs - 5x inductance

2. Deeper carvings for higher phonon focussing

           

carvings 
 4.5 mm

surface 
 0.5 mm

DM / ν DM / ν

KID

Mass: 
from 3” to 4” wafers


stack of wafers 

DANAE

lower priority

higher priority
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Plot adapted from APPEC report 2021

Impact on Dark Matter search
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Nuclear recoil detector with:
✓ 16 (4”) or 30 (3”) BULLKIDs (2000 voxels)
✓ 0.6 kg of silicon target
✓ 200 ÷ 50 eV threshold (160 eV demonstrated)

Unique features for 
bkg. suppression:
✓ No inert material 

in detector volume
✓ fully active
✓ fiducialization

✓ scalable

zero background

same background

as CRESST

bands range

Corno grande
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Towards the experiment
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MC Simulations

Design of the apparatus


Definition of required radiopurity


Underground cryo-infrastructure

Dilution refrigerator with T < 80 mK

Apparatus

Cryostat outer shielding (PE, Pb, …)


Inner shielding

Outer muon veto (scint. panels)?

Cryo-veto around the BULLKIDs?  

(BGO/GSO + Light detector?)
Data analysis


2k pixel,

cluster analysisEnergy calibration


Not possible with fibers?:

neutron recoils (a là CRAB)?


Cs or Co Compton ?

RF Readout

~20 RF lines,


SDR boards with sync,

trigger logic (clusters)


DANAE
stack of wafers

DAQ

Data handling

Data storage

T < 80 mK

μ veto

Lead

Polyethylene

Copper

Cryo veto
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NUCLEUS: experimental apparatus
above ground experiment (3 m.w.e)
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a) 28 5-cm thick Muon Veto panels, b) a 5-cm thick lead layer, and c) a 20-cm thick borated polyethylene. d) A dilution refrigerator is 
inserted inside the shielding and contains e) a 4-cm thick boron carbide layer and f) a Cryogenic Outer Veto made of six high purity 
germanium crystals held by g) a copper cage. Finally the cryogenic detectors are organised in two arrays of nine cubes of i) CaWO4 and 
j) Al2O3, held by h) the silicon inner veto. 

In BULLKID: BGO/GSO crystals read by 
the KID light detectors of CALDER?

C. Goupy et al [NUCLEUS Coll.], arXiv:2211.04189 


https://arxiv.org/abs/2211.04189
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Goals of this meeting
• Agree on WPs, assignements


• Delineate timescale and milestones


➡Macro milestone TBD: Demonstrator 
in early 2025


• Set Working Group on the CDR


• Next deadlines:


1. June 2024: CDR for INFN


2. Oct 2024: Presentation/Requests at 
LNGS committee 


3. Fundings in DE and MX?
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Structure of this meeting
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Backup slides
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