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Dark Matter - direct search
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Λ
− CDM

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 scintillatorskg-scale solid-state phonon detectors 
(this talk)

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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Direct dark matter search below 1 GeV/c2
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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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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
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Invented by J. Zmuidzinas and his group at 
Caltech in 2003 for astrophysical applications
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 ΔE → Δnpairs → ΔLk → Δf0

resonator f0 = 1/ LC
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The BULLKID phonon detector array
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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
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The BULLKID phonon detector array
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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 
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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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BULLKID: the team
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BULLKID 
funded by the INFN and by Sapienza U.

Institut Néel - CNRS
M. Calvo, D. Delicato, A. Monfardini;

Sapienza University & INFN Rome
A. Ahmad, A. Cruciani, M. del Gallo Roccagiovine, 
D. Delicato, G. Del Castello, M. Giammei, 
D. Maiello, V. Pettinacci, M. Vignati;

University & INFN Ferrara
L. Bandiera, V. Guidi, A. Mazzolari, M. Romagnoni, 
M. Tamisari;
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First results (Summer ’22)
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Particle interaction in a dice
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A. Cruciani, et al, Appl. Phys. Lett. 121, 213504 (2022)

Frequency scan of the KID array

4.2 Original geometry 43

Figure 4.2. Original geometry for BUL-
LKID (based on the experience from
CALDER). The area of the inductor
is 6.36 mm2 and the distance to the
ground line, 12 µm.

Figure 4.3. This color code represents
the charge distribution of the original
BULLKID design. For this configura-
tion, the lumping factor corresponds
to 62.56%.

NAME area [ mm2] f0 [GHz] –-factor Qc lumping
ORIGINAL 6.36 0.70635 7.64% 1.4 · 105 62.56%

Table 4.1. Characterising values of the original BULLKID geometry.

can be found in table 4.1.

Before describing the resonator, there is another component of the design which is
almost as important: the coaxial feed line compound. It is made of a center line of
width 32 µm, which carries the input signal and two outer ground lines of 96 µm.
These three lines are spaced 16 µm from each other, following a 2D coaxial design
with a total width of 256 µm.

The resonator has two components that present the following specifications:

• The inductor, made of meanders of width 20 µm and spaced every 8 µm.
The meanders have a length of 3000 µm which leads to a total chip size of
4392x3480 µm2. This constitutes a dense inductor with currents flowing mostly
in opposite directions to suppress the generated magnetic fields and to avoid
cross-talking between adjacent chips.

• The capacitor, made from fingers of a width 60 µm and spaced by the
same length. These capacitive fingers can be trimmed to adjust and select
the desired resonant frequency, which results in the multiplexing capabilities
already mentioned.

In the current configuration, the width of the superconductive lines (inductor and
capacitor) has been chosen to reduce TLS noise [42] and is, therefore, a parameter
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https://doi.org/10.1063/5.0128723
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Phonon leakage

• Measured energy leakage relative 
to central voxel:


• (14 ± 3) % in each “+” voxel


•   (5 ± 1) % in each “x” voxel

8

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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New: combined analysis of a 9-dice cluster
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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: shape + coincidence cut
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Background: 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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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

DANAE
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Plot adapted from APPEC report 2021

Impact on Dark Matter search

13

Nuclear recoil detector with:
✓ 15 (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

Collaboration forming now
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Backup slides
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Improvement of  uniformity

15

+) 58/60 KIDs alive
−) Response not uniform

+) All KIDs with Q ~ 105 (optimal sensitivity)
−) Some resonator lost during operations

First version of the array Same array with 
improved grounding

Airbridges connecting 
GND planes
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Phonon leakage, selection

16

Pulse shape cuts only
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Figure 2. Top: Typical phase pulse recorded by the main
KID (35) following a ⇠ 200 eV energy release in the corre-
sponding dice (black) and the same waveform after applica-
tion of the matched filter (red); Bottom: Distribution of
noise samples after matched filtering during the whole dura-
tion of the data taking. The RMS is 1.24 mrad and corre-
sponds to 27 eV.

a matched filter [30, 31]. Candidate signals are acquired
when data exceed a threshold of 4�0 (see a sample signal
of ⇠ 200 eV in Fig. 2 top). Noise samples are acquired
at regular intervals in order to monitor the stability of
the detector and did not show significant variation dur-
ing the 40 hours of data taking (Fig. 2 bottom). Every
hour the readout was stopped and restarted with 100 s
dead time, yielding a net exposure of 39 hours.

At the end of the data taking we performed a measure-
ment of 30 minutes with the trigger running on the neg-
ative negative side of the data stream (reverse triggered
data). This allows the study of the distribution of noise
fluctuations mimicking real signals and to estimate the
contribution of noise false positives to the energy spec-
trum close to threshold.

III. DATA ANALYSIS AND RESULTS

For the assessment of the energy spectrum we are in-
terested in evaluating the signal amplitude, which is pro-
portional to the energy released in the central dice, in
selecting events originating in the central dice and in dis-
carding those originating elsewhere.

The triggered data are reprocessed o✏ine with the
matched filter and the signal amplitude is estimated as
the maximum of the filtered waveform. The first event

selection is made on the shape of the pulses on the main
KID, by comparing it with the template signal shape
estimated from LED pulses. We define the following pa-
rameter, which follows a �2 distribution with 1 degree of
freedom:

�2
i =

[Si � ai · Simax ]
2

�2
0 · (1 + a2i )� 2ai ·R(i� imax)

(1)

In the above equation Si is the filtered waveform at a
generic sample i, imax the sample corresponding to the
maximum of the waveform, ai = ST

i /S
T
imax

is the uni-
tary profile of the filtered template signal ST and R is
the noise autocorrelation after filtering. We choose to
evaluate �2

i at fixed distance from imax in two points,
corresponding to the half maximum of the filtered tem-
plate on the left (�L) and on the right (�R) of the pulse
maximum, respectively (see the distribution of the vari-
able for all events and for LED events in Fig. 3 top). We
choose to select events with �L,R < 3. From the combi-
nation of the two distributions, the selection is expected
to keep 84% of the signal, not taking into account corre-
lations or nonlinearities.

The second level of event selection is the veto of events
not originating in the central dice. This is based on the
analysis of the signal amplitude in side KIDs, which is
evaluated in time coincidence with the maximum on the
main KID [32]. For energy releases in the central dice, the
amplitude of the nth side pulse relative to the amplitude
of the main pulse, rn, is estimated by shining LED light
on the central dice. To disentangle events in the central
dice from those originating in other dice, we define the
following variable:

 n =
An �A · rnq
�2
0,n + r2n · �2

0

(2)

where An is the signal amplitude on the nth side KID, A
on the main KID, �0 (�0,n) the noise standard deviation
of the main (nth) KID. This variable follows a standard
normal distribution for events in the central dice while
its mean will be greater than zero for events in other dice
(see the distribution of  1, calculated from KID 36, for all
events and for LED events in Fig. 3 middle). We choose
to apply a cut | 1,..,8| < 2.0 which, from the combination
of the 8 distributions, is expected to keep the 69% of the
signal, not taking account correlations or nonlinearities
(sample signals on the nine KIDs before and after the
application of cuts are reported in Appendix B for the
interested reader).
The trigger and cut e�ciencies are evaluated on the

LED scan at energies of 140, 160, 210, 260, 550, 1100 and
2200 eV (Fig. 3 bottom). The trigger shows a plateau ef-
ficiency of 83%, with a sharp cuto↵ while approaching
the selected 4�0 threshold of 110 eV. The e�ciency of
analysis cuts slightly decreases from threshold to higher
energies because of non-linearities of the response of the
KIDs. The combination of trigger and analysis e�cien-
cies result in a constant e�ciency of (33 ± 2) % from

rn: expected leakage

LED PULSES
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Figure 2. Top: Typical phase pulse recorded by the main
KID (35) following a ⇠ 200 eV energy release in the corre-
sponding dice (black) and the same waveform after applica-
tion of the matched filter (red); Bottom: Distribution of
noise samples after matched filtering during the whole dura-
tion of the data taking. The RMS is 1.24 mrad and corre-
sponds to 27 eV.

a matched filter [30, 31]. Candidate signals are acquired
when data exceed a threshold of 4�0 (see a sample signal
of ⇠ 200 eV in Fig. 2 top). Noise samples are acquired
at regular intervals in order to monitor the stability of
the detector and did not show significant variation dur-
ing the 40 hours of data taking (Fig. 2 bottom). Every
hour the readout was stopped and restarted with 100 s
dead time, yielding a net exposure of 39 hours.

At the end of the data taking we performed a measure-
ment of 30 minutes with the trigger running on the neg-
ative negative side of the data stream (reverse triggered
data). This allows the study of the distribution of noise
fluctuations mimicking real signals and to estimate the
contribution of noise false positives to the energy spec-
trum close to threshold.

III. DATA ANALYSIS AND RESULTS

For the assessment of the energy spectrum we are in-
terested in evaluating the signal amplitude, which is pro-
portional to the energy released in the central dice, in
selecting events originating in the central dice and in dis-
carding those originating elsewhere.

The triggered data are reprocessed o✏ine with the
matched filter and the signal amplitude is estimated as
the maximum of the filtered waveform. The first event

selection is made on the shape of the pulses on the main
KID, by comparing it with the template signal shape
estimated from LED pulses. We define the following pa-
rameter, which follows a �2 distribution with 1 degree of
freedom:

�2
i =

[Si � ai · Simax ]
2
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0 · (1 + a2i )� 2ai ·R(i� imax)

(1)

In the above equation Si is the filtered waveform at a
generic sample i, imax the sample corresponding to the
maximum of the waveform, ai = ST

i /S
T
imax

is the uni-
tary profile of the filtered template signal ST and R is
the noise autocorrelation after filtering. We choose to
evaluate �2

i at fixed distance from imax in two points,
corresponding to the half maximum of the filtered tem-
plate on the left (�L) and on the right (�R) of the pulse
maximum, respectively (see the distribution of the vari-
able for all events and for LED events in Fig. 3 top). We
choose to select events with �L,R < 3. From the combi-
nation of the two distributions, the selection is expected
to keep 84% of the signal, not taking into account corre-
lations or nonlinearities.

The second level of event selection is the veto of events
not originating in the central dice. This is based on the
analysis of the signal amplitude in side KIDs, which is
evaluated in time coincidence with the maximum on the
main KID [32]. For energy releases in the central dice, the
amplitude of the nth side pulse relative to the amplitude
of the main pulse, rn, is estimated by shining LED light
on the central dice. To disentangle events in the central
dice from those originating in other dice, we define the
following variable:

 n =
An �A · rnq
�2
0,n + r2n · �2

0

(2)

where An is the signal amplitude on the nth side KID, A
on the main KID, �0 (�0,n) the noise standard deviation
of the main (nth) KID. This variable follows a standard
normal distribution for events in the central dice while
its mean will be greater than zero for events in other dice
(see the distribution of  1, calculated from KID 36, for all
events and for LED events in Fig. 3 middle). We choose
to apply a cut | 1,..,8| < 2.0 which, from the combination
of the 8 distributions, is expected to keep the 69% of the
signal, not taking account correlations or nonlinearities
(sample signals on the nine KIDs before and after the
application of cuts are reported in Appendix B for the
interested reader).
The trigger and cut e�ciencies are evaluated on the

LED scan at energies of 140, 160, 210, 260, 550, 1100 and
2200 eV (Fig. 3 bottom). The trigger shows a plateau ef-
ficiency of 83%, with a sharp cuto↵ while approaching
the selected 4�0 threshold of 110 eV. The e�ciency of
analysis cuts slightly decreases from threshold to higher
energies because of non-linearities of the response of the
KIDs. The combination of trigger and analysis e�cien-
cies result in a constant e�ciency of (33 ± 2) % from
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6 𝜎 (160 eV) analysis threshold

Pulse shape cuts 
+ coincident amplitude cut on 8 neighbours
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Study of the energy threshold
Energy threshold usually set at 5 noise 𝜎

‣ Reduces the rate of of false triggers 

‣ We choose 4𝜎 for the trigger 
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Statistics of false triggers 
from reverse data stream  
(minus sign on samples)

𝜎 = 27 eV 4 𝜎 (110 eV) trigger 

Reverse data stream
ϕ[

m
ra

d]
triggered reverse noise trigger 

threshold

ϕ[
m

ra
d]
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4 𝜎 (110 eV) trigger 

6 𝜎 (160 eV) analysis6 𝜎 (160 eV) analysis

From the spectrum of false positive reverse triggers surviving the cuts  
we set the analysis threshold to 6𝜎
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Towards the experiment

20

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 + 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

Collaboration is forming and is open to contributions


