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Dark Matter paradigm
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Properties of DM 
• Interacts via gravity (and a weak force?)

• Stable, relics from the big bang

• Neutral and weakly interacting

• Non-relativistic (cold)



DM candidates
• WIMPs (Weakly Interacting Massive Particles)
‣ weak-scale cross-sections can yield the observed DM density 

via thermal freeze-out

• Axion, sterile neutrinos, others…
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• setting the thermal cross section obtained from the thermal freeze with the Boltz-
mann equation: � = (G2

F
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! WIMP miracle

• the cross section required to match the observed ”Dark Matter” density in the
universe leads to a cross section similar to a cross section know from weak interaction
' pb, assuming weak interaction (here Fermi Theory) this would lead to a required
”Dark Matter” of O(GeV)

Fig. 5.2: The evolution of the density of a hypothetical ”Dark Matter” particle � with
mass 100 GeV. The solid line corresponds to a cross section which leads to the correct
relic density, the other lines correspond to a change in cross section by 10,100 or 1000.
The dashed line corresponds to particle which stays in thermal equilibrium [39].

5.2.2 Supersymmetry (SUSY)

• Supersymmetry (SUSY) relates bosons (particles with integer spin) and fermions
(particle with half spin):
Q|Fermion >= |Boson > and Q|Boson >= |Fermion >

• the Algebra of Supersymmetry is the only non-trivial extension of the poincare
group [40]

• Open questions of particle physics

– Hierarchy problem: why is the ratio MW
MPl

' 10�17, with MW being the
electroweak scale and MP l the Planck scale, so small?

58
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distribution
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WIMP 
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ΩDM,0 ≃ 0.26 × ( 10−36cm2 ⋅ 0.1 ⋅ c
σ ⋅ vDM )Figure from: Wikipedia, https://en.wikipedia.org/wiki/Dark_matter

https://en.wikipedia.org/wiki/Dark_matter


Direct detection of WIMP-like DM
• Expected Signal: exponential-like, increasing at low E 
‣ Demands keV or lower thresholds, large target mass and backgrounds 

close to zero

‣ A single experiment can place a limit 

‣ Discovery requires confirmation by multiple experiments under a model, 
or ancillary confirmation (e.g. annual modulation)
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with E0 being the most probable kinetic energy of the incident WIMP and typical recoil
energies of (10) keVnr only. The NR energy is given in keVnr (NR equivalent), which is
different from the electronic recoil scale (keVee) due to quenching effects caused by the
different energy-loss mechanisms (see section 2.2).

2.1.2. Annual modulation and directionality. The relevant velocity for the WIMP-nucleon
scattering in an Earth-based detector is not only the local circular velocity vc=220 km s−1

(as discussed in section 1.2), but it is the one of the Earth moving through the dark matter halo
with

( ) [ ( )] ( ) q w= + -Åv v v t tcos cos , 9E 0

where ve=vc+12 km s−1 describes the motion of the Sun with respect to vc and v⊕=
30 km s−1 is the speed of the Earth orbiting around the Sun. θ≈60° is the inclination angle
measured between the Earth’s orbit and the galactic plane. The angular frequency ω=2π/T
is defined by T=1 y and the phase is fixed to t0=2 June, when ve and v⊕ add up
maximally. This detail leads to two observational consequences, which both are used in
experiments.

The different mean incident WIMP velocity in summer (ve and v⊕ parallel) and in winter
(ve and v⊕ anti-parallel) leads to a harder or softer WIMP spectrum, respectively, see figure 4.
Given a constant detector threshold, the number of observed dark matter signal events S(t)
will thus modulate over the course of the year [48]:

( ) [ ( )] ( )w= + + -S t B S S t tcos . 10m0 0

The modulated part of the signalSm is rather small, ( ) ~Å v v 5%c , and most of the signal is
unmodulatedS0. The same is expected for detector-related backgrounds B, which are
typically much larger than S0. However, it is known that some possible background sources

Figure 3. Nuclear recoil spectra induced by a mχ=100 GeV/c2 WIMP in various
common target materials, assuming a spin-independent WIMP-nucleon cross section
s = ´ -1 10SI

47 cm2. The rate for spin-independent interactions increases with A2, i.e.
prefers heavy target materials. On the other hand, the rate for large nuclei (Xe, I, W)
decreases at higher energies due to the form factor suppression.

J. Phys. G: Nucl. Part. Phys. 46 (2019) 103003 Topical Review
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BULLKID-DM detection method
• Solid-state cryogenic (mK) phonon detectors 

(The nucleus recoil generate phonons that propagates in the 
silicon can be transmitted and  absorbed by the KID and 
induce a signal)

‣ Sub-keV low energy threshold  200 eV

‣ High energy resolution  ~ 5% ( )

‣ Mass scalable to (1 kg)

• Kinetic Inductance Detectors (KIDs)
‣ Athermal phonon sensitive only

‣ multiplexed readout

≤
σ

𝒪
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[S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)], 
updated to 2025 by M. Folcarelli (Sapienza)
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Background issue in low-T experiments
• Excess background rising at low energies observed but not understood yet
‣ Phonon bursts (crystal-support friction) ?

‣ Lattice relaxations after cool down?

‣ Phonon leakage from the supports?
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Figure 3
LEE rate evolution with time. Low-energy excess rates (R′) as a function of time since cooldown (t) for various experiments:
TESSERACT LS con!guration (Si, W-TES, surface) (53), Mannila et al. (Al, quasiparticles, surface) (69), CRESST-III (CaWO4/
Al2O3/Si, W-TES, LNGS) (43), and EDELWEISS-III (Ge, NTD, LSM) (66). (a) LEE rates in experiments with suf!cient exposure
decrease over time. The measured rates are analyzed for each dataset separately and !tted to a power law (solid lines). The normalization
is "oated such that the rate at the earliest time point in the dataset with the highest rate for the corresponding experiment is set to
R′ = 1. (b) Increase in the rate of heat-only events with energy ranging from 5 to 80 keV, observed in an EDELWEISS-III detector
following a warm-up to ∼19 K. (c) Segment of a dedicated temperature study by the CRESST Collaboration, showing an enhancement
in the LEE rate after a controlled warm-up to 60 K. Abbreviations: LEE, low-energy excess; LNGS, Laboratori Nazionali del Gran
Sasso; LS, low stress; LSM, Laboratoire Souterrain de Modane; NTD, neutron transmutation doped; W-TES, tungsten transition edge
sensor.

The EDELWEISS Collaboration observed an increase in HO events after a warm-up of the
cryostat to ∼19 K (66) (Figure 3b). A series of warm-up tests (partially shown in Figure 3c) were
later performed by the CRESST Collaboration. Despite strongly varying energy ranges (>5 keV
for EDELWEISS and 60–120 eV in CRESST), both collaborations observed that warm-ups to
tens of kelvins reenhance the LEE rate, which begins to decrease again with time once detectors
return to their operational temperatures. The rate decay following such warm-ups appears to be
faster than the initial decay with time since cooldown.

This behavior can be interpreted in different ways. One possibility is that warm-up procedures
introduce transient effects that dissipate over shorter timescales. Alternatively, a faster decrease
shortly after a detector reaches its operating temperature is expected naturally if the LEE rate
follows a power-law decay over time, as discussed above.

The observations of the time decay of these phonon low-energy backgrounds are intrinsi-
cally incompatible with all hypotheses of common particle interactions due to their decay with
time since the cooldown of the setup, leaving as possible origins solid-state physics effects that
previously have been unaccounted for. Such effects could include the spontaneous or stimulated
rearrangement of nonequilibrium atomic or electronic con!guration within the detector or sur-
rounding materials to a lower-energy state and subsequent transfer of energy to the detector
phonon system. We elaborate on such ideas below, including stress, defect states, and excess QP
population.
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The EDELWEISS Collaboration observed an increase in HO events after a warm-up of the
cryostat to ∼19 K (66) (Figure 3b). A series of warm-up tests (partially shown in Figure 3c) were
later performed by the CRESST Collaboration. Despite strongly varying energy ranges (>5 keV
for EDELWEISS and 60–120 eV in CRESST), both collaborations observed that warm-ups to
tens of kelvins reenhance the LEE rate, which begins to decrease again with time once detectors
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introduce transient effects that dissipate over shorter timescales. Alternatively, a faster decrease
shortly after a detector reaches its operating temperature is expected naturally if the LEE rate
follows a power-law decay over time, as discussed above.

The observations of the time decay of these phonon low-energy backgrounds are intrinsi-
cally incompatible with all hypotheses of common particle interactions due to their decay with
time since the cooldown of the setup, leaving as possible origins solid-state physics effects that
previously have been unaccounted for. Such effects could include the spontaneous or stimulated
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rounding materials to a lower-energy state and subsequent transfer of energy to the detector
phonon system. We elaborate on such ideas below, including stress, defect states, and excess QP
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Exponential decay 
after cooldown

D.Baxter et al, Annu. Rev. Nucl. Part. Sci. 2025. 75:301–26P. Adari, et al.: EXCESS workshop: Descriptions of rising low-energy spectra 
SciPost Phys. Proc. 9 (2022) 001 + D. Delicato et al EPJ C 84 (2024) 353

EXCESS26@IDM 
Zaragoza on May 30, 2026. 

https://indico.cern.ch/event/1644935/ Low Energy Excess

https://indico.cern.ch/event/1644935/


BULLKID-DM Architecture
• Monolithic and fully active structure with 145 detectors (4” wafer)
‣ Silicon die 0.34 g each, 5 5 mm2 - 4.5 mm deep grooves - 5.5 mm pitch

‣ Aluminum KIDs arrays ~ 2 2 mm2  60 nm, 0.5 μg

• Fully multiplexed, single readout line per wafer

• Stack of  mm Si wafers (~ 800 g target mass) with 2320 sensors

×
× ×

16 × 100
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coupled to a dice. We choose Kinetic Inductance Detectors (KIDs) as
sensors because of their built-in multiplexing capability and relatively
easy fabrication.

KIDs10 are superconducting resonators sensitive to the variation
of the Cooper pair density. When energy is absorbed in the supercon-
ductor, it can break the pairs and vary their kinetic inductance, giving
rise to measurable changes in the frequency of the resonator. KIDs are
used as direct radiation absorbers in millimeter wavelength astron-
omy11 and in single photon low-resolution spectrometers at visible to
near-infrared wavelengths.12

The detection with KIDs of thermal phonons generated by inter-
actions in an absorber was proposed a decade ago in order to increase
the active volume,13,14 and today is the object of R&D.15,16 So far the
best energy resolutions have been obtained by the CALDER project,17

which created devices consisting of a single KID of 2 ! 2mm2 active
area deposited on a silicon absorber 380 lm thick and 2! 2 cm2 wide.
The energy resolution is 80 or 26 eV, using as superconductors alumi-
num18 or an aluminum–titanium–aluminum tri-layer,19 respectively.
The energy conversion efficiency, which is driven by the fraction of
phonons reaching the KID and breaking Cooper pairs, is key to reach
good energy resolutions in these devices. The value obtained in
CALDER, which we use as reference for this work, is g " 10%.18,20

In this Letter, we present the first BULLKID prototype that demon-
strates the feasibility and the potential of the approach. We describe the
production, the operation, and the performance with focus on the pho-
non signal characterization and on the energy resolution measurement.

The prototype is created starting from a 300 diameter, 5mm thick,
(100) intrinsic and high-resistivity silicon wafer. The substrate is coated
with a silicon nitride layer through low chemical vapor deposition. The
carvings, performed with a circular saw dicing machine, are 0.6mm
wide and 4.5mm deep. The common disk is 0.5mm thick. The grid
has 8 ! 8 elements and a pitch of 6mm, so that 64 dices of 5.4 ! 5.4
! 5mm3 (0.34 g) are obtained [Fig. 1(a)]. In order to obtain a robust
structure, the orientation of the grid is chosen to let the carvings run in
directions away from the crystallographic planes of the silicon. To prevent
the trapping of phonons in the crystal defects created by the carvings, the
wafer is etched in an acid solution.21 In this step, the silicon nitride layer
acts as protective agent against the chemical etching.22 In the end, the sili-
con nitride layer is removed via hydrofluoric acid wet etching.

The wafer surface opposite to the carvings is instrumented with a
multiplexed array of 60 aluminum KIDs, with each KID coupled to a
dice. At the border, a corona"1 cm wide is not instrumented to allow
handling, thus leaving four dices at the grid corners not sensed [Fig.
1(b)]. The KIDs have an active area of 4mm2 each, the same of
CALDER18 sensors for an easier comparison of the performances. The
layout consists of a meandered inductor (L) 20 cm long and 20lm
wide, made of 106 segments 1.88mm long interleaved by 8lm.
The inductor is closed on a interdigitated capacitor (C) with four
fingers, whose length is adjusted to tune the resonator frequency
f0 ¼ 1=2p

ffiffiffiffiffiffi
LC

p
between 0.77 and 0.88GHz [Fig. 1(c)]. Each KID is

inductively coupled to a single coplanar waveguide (CPW) running
through the entire array. The lithography of the KID is made out of an
aluminum film 60nm thick and is performed in a single step. The
wafer is then clamped at the border by Teflon supports in a 3D-
printed copper holder and bonded to SMA connectors for the readout.

The wafer holder is anchored to the coldest point of a dry
3He/4He dilution refrigerator with the base temperature T0 ¼ 20 mK.

In order to protect the KIDs from thermal radiation and from mag-
netic fields, the detector is placed inside a shielding pot consisting of
three layers of aluminum, copper, and CryophyVR .23 For the energy cal-
ibration, eight optical fibers individually excited at room temperature
by a controlled 400nm LED lamp face selected dices in the array, shin-
ing light on the side opposite to the KIDs. The RF bias of the KIDs is
generated at room temperature with an Ettus X310 board24 and fed in
the cryostat where it is attenuated by 55 dB before reaching the array.
The output of the array is fed into a HEMT low-noise amplifier placed
at the 4K stage of the cryostat and then routed outside, back in the
same board for the downconversion of the RF waves. For the data
processing, an opensource firmware for the board is used,25 custom-
ized in order to trigger and acquire impulsive signals.

The RF transmission past the device as a function of frequency,
S21ðf Þ, is shown in Fig. 2(a). 58 out of 60 (97%) resonators are identi-
fied. In order to extract the electrical features of each resonator, the
data are corrected offline for impedance mismatches and line losses26

and then fitted with the model,27

S21ðf Þ ¼ 1& Q
Qc

1

1þ j2Q
f & f0
f0

; (1)

where Q&1 ¼ Q&1
c þ Q&1

i is the total quality factor and Qc and Qi are
the coupling and internal quality factors, respectively [Fig. 2(b)]. By fit-
ting all the resonators, we find f0 in good agreement with the design
and Qi ( Qc, revealing the good quality of the film. The distribution
of Q ’ Qc is, however, quite widespread around the design value of
1:5 ) 105, with some resonator Q below 104 and some exceeding 5 )
105 [Fig. 2(c)]. In principle,Qc is determined by design via the distance

FIG. 1. (a) Carved silicon wafer of 300 diameter and 5 mm thickness. Carvings are
4.5 mm deep and create 64 dices of 5.4 ! 5.4 ! 5 mm3 each, leaving intact a
0.5 mm thick common disk. (b) Front side of the wafer with the multiplexed array of
60 aluminum KIDs fabricated on the common disk, with each KID sensing phonons
from a single dice. (c) Layout of a KID. A meandered inductor L is closed on a
capacitor C and coupled to a coplanar waveguide (CPW) that runs through the
array. The resonant frequency of each KID is set by adjusting individually the length
of the capacitor’s fingers.
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coupled to a dice. We choose Kinetic Inductance Detectors (KIDs) as
sensors because of their built-in multiplexing capability and relatively
easy fabrication.

KIDs10 are superconducting resonators sensitive to the variation
of the Cooper pair density. When energy is absorbed in the supercon-
ductor, it can break the pairs and vary their kinetic inductance, giving
rise to measurable changes in the frequency of the resonator. KIDs are
used as direct radiation absorbers in millimeter wavelength astron-
omy11 and in single photon low-resolution spectrometers at visible to
near-infrared wavelengths.12

The detection with KIDs of thermal phonons generated by inter-
actions in an absorber was proposed a decade ago in order to increase
the active volume,13,14 and today is the object of R&D.15,16 So far the
best energy resolutions have been obtained by the CALDER project,17

which created devices consisting of a single KID of 2 ! 2mm2 active
area deposited on a silicon absorber 380 lm thick and 2! 2 cm2 wide.
The energy resolution is 80 or 26 eV, using as superconductors alumi-
num18 or an aluminum–titanium–aluminum tri-layer,19 respectively.
The energy conversion efficiency, which is driven by the fraction of
phonons reaching the KID and breaking Cooper pairs, is key to reach
good energy resolutions in these devices. The value obtained in
CALDER, which we use as reference for this work, is g " 10%.18,20

In this Letter, we present the first BULLKID prototype that demon-
strates the feasibility and the potential of the approach. We describe the
production, the operation, and the performance with focus on the pho-
non signal characterization and on the energy resolution measurement.

The prototype is created starting from a 300 diameter, 5mm thick,
(100) intrinsic and high-resistivity silicon wafer. The substrate is coated
with a silicon nitride layer through low chemical vapor deposition. The
carvings, performed with a circular saw dicing machine, are 0.6mm
wide and 4.5mm deep. The common disk is 0.5mm thick. The grid
has 8 ! 8 elements and a pitch of 6mm, so that 64 dices of 5.4 ! 5.4
! 5mm3 (0.34 g) are obtained [Fig. 1(a)]. In order to obtain a robust
structure, the orientation of the grid is chosen to let the carvings run in
directions away from the crystallographic planes of the silicon. To prevent
the trapping of phonons in the crystal defects created by the carvings, the
wafer is etched in an acid solution.21 In this step, the silicon nitride layer
acts as protective agent against the chemical etching.22 In the end, the sili-
con nitride layer is removed via hydrofluoric acid wet etching.

The wafer surface opposite to the carvings is instrumented with a
multiplexed array of 60 aluminum KIDs, with each KID coupled to a
dice. At the border, a corona"1 cm wide is not instrumented to allow
handling, thus leaving four dices at the grid corners not sensed [Fig.
1(b)]. The KIDs have an active area of 4mm2 each, the same of
CALDER18 sensors for an easier comparison of the performances. The
layout consists of a meandered inductor (L) 20 cm long and 20lm
wide, made of 106 segments 1.88mm long interleaved by 8lm.
The inductor is closed on a interdigitated capacitor (C) with four
fingers, whose length is adjusted to tune the resonator frequency
f0 ¼ 1=2p

ffiffiffiffiffiffi
LC

p
between 0.77 and 0.88GHz [Fig. 1(c)]. Each KID is

inductively coupled to a single coplanar waveguide (CPW) running
through the entire array. The lithography of the KID is made out of an
aluminum film 60nm thick and is performed in a single step. The
wafer is then clamped at the border by Teflon supports in a 3D-
printed copper holder and bonded to SMA connectors for the readout.

The wafer holder is anchored to the coldest point of a dry
3He/4He dilution refrigerator with the base temperature T0 ¼ 20 mK.

In order to protect the KIDs from thermal radiation and from mag-
netic fields, the detector is placed inside a shielding pot consisting of
three layers of aluminum, copper, and CryophyVR .23 For the energy cal-
ibration, eight optical fibers individually excited at room temperature
by a controlled 400nm LED lamp face selected dices in the array, shin-
ing light on the side opposite to the KIDs. The RF bias of the KIDs is
generated at room temperature with an Ettus X310 board24 and fed in
the cryostat where it is attenuated by 55 dB before reaching the array.
The output of the array is fed into a HEMT low-noise amplifier placed
at the 4K stage of the cryostat and then routed outside, back in the
same board for the downconversion of the RF waves. For the data
processing, an opensource firmware for the board is used,25 custom-
ized in order to trigger and acquire impulsive signals.

The RF transmission past the device as a function of frequency,
S21ðf Þ, is shown in Fig. 2(a). 58 out of 60 (97%) resonators are identi-
fied. In order to extract the electrical features of each resonator, the
data are corrected offline for impedance mismatches and line losses26

and then fitted with the model,27

S21ðf Þ ¼ 1& Q
Qc

1

1þ j2Q
f & f0
f0

; (1)

where Q&1 ¼ Q&1
c þ Q&1

i is the total quality factor and Qc and Qi are
the coupling and internal quality factors, respectively [Fig. 2(b)]. By fit-
ting all the resonators, we find f0 in good agreement with the design
and Qi ( Qc, revealing the good quality of the film. The distribution
of Q ’ Qc is, however, quite widespread around the design value of
1:5 ) 105, with some resonator Q below 104 and some exceeding 5 )
105 [Fig. 2(c)]. In principle,Qc is determined by design via the distance

FIG. 1. (a) Carved silicon wafer of 300 diameter and 5 mm thickness. Carvings are
4.5 mm deep and create 64 dices of 5.4 ! 5.4 ! 5 mm3 each, leaving intact a
0.5 mm thick common disk. (b) Front side of the wafer with the multiplexed array of
60 aluminum KIDs fabricated on the common disk, with each KID sensing phonons
from a single dice. (c) Layout of a KID. A meandered inductor L is closed on a
capacitor C and coupled to a coplanar waveguide (CPW) that runs through the
array. The resonant frequency of each KID is set by adjusting individually the length
of the capacitor’s fingers.
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Q ∼
fn

Δfn,FWHM

Kinetic Inductance Detectors (KIDs)
• Superconductor at  , electrons are bounded in 

Cooper pairs, bounding energy 

• The inertia given by the Cooper pairs mass acts as an 
electric inductance, named kinetic inductance 

• Building an electric resonator of  circuit with a 
thin superconducting deposition (~10 nm)
‣ Electric capacity 

‣ Total inductance  

• Frequency Domain Multiplexing: assign different 
resonance frequencies for Aluminum KIDs in parallel 
by tuning the electric capacity

T ≪ TC
2Δpairs = 3.5 ⋅ kBTC

Lk
LC

C
Ltot = Lk + Lg
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Prototype
• Deployed 1x3’’ wafer, 57/60 working KIDs 

• Surface laboratory in Rome

• Mildly shielded environment with LEAD (internal and external)

• Optical fibers for detector calibration and monitoring

• >1 month of data taking with detector stability (April-May 2025)

10BULLKID-DM: search for light WIMPsKangkang Zhao, 12/08/2026

Projected sensitivity to light WIMP-like particles of the BULLKID-DM experiment Matteo Folcarelli

1. Prototype 2. Demonstrator 3. Experiment
mass 20 g 60 g 800 g
# sensors 60 180 2300
Threshold 160 eV < 200 eV < 200 eV
Bkg rate (DRU) 2 · 106 < 105 → 104 1 ÷ 0.01
Laboratory Sapienza U. Sapienza U. LNGS LNGS
Period 2023 2024 - 2025 2026 2027 -

Figure 1: Di!erent stages of the BULLKID-DM road-map. From the left: the prototype, a 3↑↑ diameter,
5 mm thick silicon wafer; the demonstrator, consisting of a stack of 3 prototypes; the final detector design
consisting of a stack of 16 wafers of 100 mm each.

3. Installation of the final experiment at the cryo-platform, with the target background rate below
1 DRU, possibly down to 10↓2 DRU, and an energy threshold better than 200 eV, in 2027.

Currently the collaboration is working on the second technological step and has proved that the
same detector response is obtained for bulk and surface events [8]. In parallel, e!orts are ongoing
to port the BULLKID technology to a germanium substrate [9], so that the final experiment could
employ both elements, providing a stronger validation in the case that a DM signal were observed.

The strategy of the collaboration to achieve the low background rate required relies on the com-
bined use of shielding materials and veto systems. The shielding will include a room-temperature
three-layers component of roman lead, high-purity copper, and polyethylene surrounding the cryo-
stat, as well as cryogenic case of ultra-pure copper enclosing the detector and thermally anchored
to the mixing-chamber plate of the cryostat. In addition, the active volume of the experiment will
be capable of tagging events producing multiple hits within the detector itself, thereby rejecting
events that are highly unlikely to originate from DM interactions. The outer silicon dice in the active
volume will also define the fiducial volume by identifying and excluding interactions occurring near
the boundaries. Finally, the collaboration is developing a cryogenic veto [10] made of a scintillating
material (such as BGO or GAGG), read out by a light-sensitive KID detector, to further enhance
particle-background discrimination.

3

D. Delicato, et al., Background of the BULLKID detector array 
operated with moderate shield on surface, arXiv 2605.02468



Analysis: phonon leakage
• Only 40% of the phonons generated are absorbed by the KID

• The rest leaks in nearby voxels:

‣ 10% in each “+” die

‣ 5% in each “x” die

‣ the rest in outer dice

• Fiducialization on phonon leakage → interaction voxel discrimination

11BULLKID-DM: search for light WIMPsKangkang Zhao, 12/08/2026
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x + x

+ +
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+ +

x + xA. Cruciani, et al, Appl. Phys. Lett. 121, 213504 (2022)



Background with mild shields
• Aboveground, lead shield, 290 live hours

• Background reduction by factor ~30, in agreement with simulations

• Low energy rise observed, is Low Energy Excess?

12BULLKID-DM: search for light WIMPsKangkang Zhao, 12/08/2026

Particle origin?



Low energy background
• Consistent spectra among different triggering clusters

• Rise below 600 eV not compatible with negative triggers

• No time decay (LEE symptom) of low energy rise

13BULLKID-DM: search for light WIMPsKangkang Zhao, 12/08/2026

High energy spectrum

- Is it LEE?

- Needs new

  measurements!



Experimental Site: Cryo-Platform @ LNGS
• LNGS, 1400 m of rocks overburden, radioactive 

background:
‣ : , 1 million less w.r.t. surface

• Cryo-Platform: a large underground milli-Kelvin 
infrastructure for astro-particle searches and low-
temperature applications

• External shields from environmental radioactivity

μ 3 × 10−8 s−1 ⋅ cm−2

14BULLKID-DM: search for light WIMPsKangkang Zhao, 12/08/2026

Commissioned in July 2025  
Base temperature 9.8 mK！

BULLKID-DM will use C17   
Oxford Proteox-MX cryostat! 

10 cm-thick Pb
5 cm-thick Cu

5-15 cm-thick PTFE

Removable RF lines 
for quick installation

Laboratori Nazionali del Gran Sasso (LNGS)

Hall B

Cryo-P



BULLKID-DM roadmap
• Robust validations from prototype, demonstrator for final experiment

15BULLKID-DM: search for light WIMPsKangkang Zhao, 12/08/2026

Lead

PE

Copper
Copper

B4C or PE

BULLKID 
prototype

BULLKID-DM 
demonstrator

BULLKID-DM 
experiment

mass 20 g 60 g 800 g
# of KIDs 60 180 2300
threshold 160 eV 200 eV ≤ 200 eV
laboratory Sapienza Sapienza LNGS LNGS
installation 2023 2024-26 2026 2027
bkg [d.r.u] 2x106 7x104 ~104 1 - 0.01Projected sensitivity to light WIMP-like particles of the BULLKID-DM experiment Matteo Folcarelli

1. Prototype 2. Demonstrator 3. Experiment
mass 20 g 60 g 800 g
# sensors 60 180 2300
Threshold 160 eV < 200 eV < 200 eV
Bkg rate (DRU) 2 · 106 < 105 → 104 1 ÷ 0.01
Laboratory Sapienza U. Sapienza U. LNGS LNGS
Period 2023 2024 - 2025 2026 2027 -

Figure 1: Di!erent stages of the BULLKID-DM road-map. From the left: the prototype, a 3↑↑ diameter,
5 mm thick silicon wafer; the demonstrator, consisting of a stack of 3 prototypes; the final detector design
consisting of a stack of 16 wafers of 100 mm each.

3. Installation of the final experiment at the cryo-platform, with the target background rate below
1 DRU, possibly down to 10↓2 DRU, and an energy threshold better than 200 eV, in 2027.

Currently the collaboration is working on the second technological step and has proved that the
same detector response is obtained for bulk and surface events [8]. In parallel, e!orts are ongoing
to port the BULLKID technology to a germanium substrate [9], so that the final experiment could
employ both elements, providing a stronger validation in the case that a DM signal were observed.

The strategy of the collaboration to achieve the low background rate required relies on the com-
bined use of shielding materials and veto systems. The shielding will include a room-temperature
three-layers component of roman lead, high-purity copper, and polyethylene surrounding the cryo-
stat, as well as cryogenic case of ultra-pure copper enclosing the detector and thermally anchored
to the mixing-chamber plate of the cryostat. In addition, the active volume of the experiment will
be capable of tagging events producing multiple hits within the detector itself, thereby rejecting
events that are highly unlikely to originate from DM interactions. The outer silicon dice in the active
volume will also define the fiducial volume by identifying and excluding interactions occurring near
the boundaries. Finally, the collaboration is developing a cryogenic veto [10] made of a scintillating
material (such as BGO or GAGG), read out by a light-sensitive KID detector, to further enhance
particle-background discrimination.
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5-10x less background improvement in Simulation
If replaced B4C with an active veto of BGO or GSO

We are here now!



Demonstrator with multiple wafers
• Validated detectors (158/180 working resonators)

• New electronics validated for acquisition in coincidence, finalizing DAQ

• Simultaneous readout of multiple arrays proved, with full characterization of 
electrical properties and energy calibration of more than 100 KIDs at once

16BULLKID-DM: search for light WIMPsKangkang Zhao, 12/08/2026

T. Muscheid, et al., Real-Time Readout System Design for the BULLKID-DM Experiment: Enhancing Dark Matter 
Search Capabilities, IEEE Trans. Appl. Supercond. 36 (2026)



Demonstrator with inner copper shield
• Inner copper shield mounted in the twin cryostat in surface laboratory @Roma.Sapienza

• Waiting for cooling down to base temperature

17BULLKID-DM: search for light WIMPsKangkang Zhao, 12/08/2026

Stay 
Tuned!



R&D Efforts
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FIG. 2: (a) Detection scheme of the FunKID. The white dots
represent the athermal phonons generated by an energy

deposition in the substrate, the red paired dots are the CPs and
the single red dots the QPs di!using from the funnel to the KID.

More details in the text. (b) Current density simulated with
SONNET. The length reported is measured in µm.

22.5 cm2/s41 and ωr → 1ms
42,43, yielding to a di!usion

length of εr → 1.5mm, much higher than half the length
of the funnels of 100µm. We can also define a char-
acteristic time scale quantifying the maximum di!usion
time of QPs inside the funnels before reaching the sensor,
ωdi! ↑ l2/D = 4µs, where l = 100µm is half of the fun-
nel length. This sets the minimum timescale over which
the sensor needs to integrate the signal.

We highlight that the funnels have been designed to
be as electrically inert as possible, as shown in the simu-
lation performed with the SONNET software44 reported
in Fig 2b. In particular, the current of the sensor flows
through the inductive meander, while only a small frac-
tion leaks in the funnels. However, we notice that pos-
sible limitations of the simulations may arise from the
modeling of the overlap region between the funnels and
the resonator.

We also notice that in the FunKID the separation be-
tween phonon absorbers and sensor modifies the term !

2
0

of Eq. 2. In this design, the CPs breaking occurs in the
funnels, with gap !Al, while the QPs population refers
to that of the sensor, with gap !AlTiAl. Therefore, the
term !

2
0 is replaced by !Al!AlTiAl.

According to the simulation performed with SON-
NET, the FunKID is designed to have a small cou-

FIG. 3: The two pixels on the silicon tile suspended by Teflon
supports. On the left is the FunKID, while on the right the

standard phonon-mediated KID.

pling quality factor Qc = 20 k and resonant frequency
fr = 1009.6MHz, corresponding to an expected ring time
ωring = Q/ϑfr = 5µs13. This is the integration time of
the sensor and thus should be higher than the di!usion
time ωdi! , in order to maximize the signal in the sensor.
In our case, these time constants are comparable, nega-
tively impacting on the amplitude of the signal. However,
the choice of operating with small quality factor lies on
possible limitations of the internal quality factor Qi

20,31,
which not only would limit the total quality factor Q, but
also would broaden the width and decrease the depth of
the resonance, as follows from Eq. 1.

The responsivity gain of the FunKID relative to an
identical standard KID without funnels (with phonon col-
lection volume VKID), rFunKID/rKID, is found using Eq. 2:

rFunKID

rKID
→ Vph

VKID

ϖFunKID

ϖKID

QFunKID

QKID

!AlTiAl

!Al
(4)

where we assumed that N0 and S2(fr, T ) were approx-
imately equal between the two devices and that their
response was linear, thus 1 + 4y2 → 1. Furthermore,
we considered only the geometric dependence of ϱ for
both KIDs, according to Eq. 3. Under identical electri-
cal conditions, indeed equal quality factors Q and kinetic
inductance fractions ϖ for both devices we expect a re-
sponsivity gain of approximately 8.

The test device was fabricated at the PTA facility
clean room in Grenoble45 using a 500µm thick sili-
con tile. On the same substrate, an identical stan-
dard phonon-mediated KID, with a simulated resonant
frequency 20MHz higher than the FunKID, was also
produced (Fig. 3). The KID sensors and the feed-line
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acteristic time scale quantifying the maximum di!usion
time of QPs inside the funnels before reaching the sensor,
ωdi! ↑ l2/D = 4µs, where l = 100µm is half of the fun-
nel length. This sets the minimum timescale over which
the sensor needs to integrate the signal.

We highlight that the funnels have been designed to
be as electrically inert as possible, as shown in the simu-
lation performed with the SONNET software44 reported
in Fig 2b. In particular, the current of the sensor flows
through the inductive meander, while only a small frac-
tion leaks in the funnels. However, we notice that pos-
sible limitations of the simulations may arise from the
modeling of the overlap region between the funnels and
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pling quality factor Qc = 20 k and resonant frequency
fr = 1009.6MHz, corresponding to an expected ring time
ωring = Q/ϑfr = 5µs13. This is the integration time of
the sensor and thus should be higher than the di!usion
time ωdi! , in order to maximize the signal in the sensor.
In our case, these time constants are comparable, nega-
tively impacting on the amplitude of the signal. However,
the choice of operating with small quality factor lies on
possible limitations of the internal quality factor Qi

20,31,
which not only would limit the total quality factor Q, but
also would broaden the width and decrease the depth of
the resonance, as follows from Eq. 1.

The responsivity gain of the FunKID relative to an
identical standard KID without funnels (with phonon col-
lection volume VKID), rFunKID/rKID, is found using Eq. 2:

rFunKID

rKID
→ Vph

VKID

ϖFunKID

ϖKID

QFunKID

QKID

!AlTiAl

!Al
(4)

where we assumed that N0 and S2(fr, T ) were approx-
imately equal between the two devices and that their
response was linear, thus 1 + 4y2 → 1. Furthermore,
we considered only the geometric dependence of ϱ for
both KIDs, according to Eq. 3. Under identical electri-
cal conditions, indeed equal quality factors Q and kinetic
inductance fractions ϖ for both devices we expect a re-
sponsivity gain of approximately 8.

The test device was fabricated at the PTA facility
clean room in Grenoble45 using a 500µm thick sili-
con tile. On the same substrate, an identical stan-
dard phonon-mediated KID, with a simulated resonant
frequency 20MHz higher than the FunKID, was also
produced (Fig. 3). The KID sensors and the feed-line

5

*����

*����

*����

����

��
���

���
�
�

����"$� !������	������������	

���. ��

��'����(#����

� 
� 	�� 	
� 
�� 

�
� "% &�'(& ��"��

*����

*����

*����

*���


����

��
���

���
�
�

����"$� !�������	
������������	

���. ��

��'�������

FIG. 5: Relative shift of the resonant frequency with respect to
the base temperature resonant frequency, ωfr/fr, for the FunKID
in blue and KID in purple. The dashed curves are obtained with
the BCS model calculated with our best predictions of ε and !0.

and the trilayer KID structure prevents the BCS model
from fully describing the device. For the normal KID, the
overall behavior of data is similar to the BCS model, al-
though deviations at high temperatures are still observed.
Therefore more complete models than the BCS-based one
would be required for a more accurate interpretation35,
but these are beyond the scope of this work.

To calibrate the detectors, the FunKID and the KID
were operated at bias transmission calibration powers
Pcal of -68 dBm and -62 dBm, respectively, at which they
exhibited good performance in terms of signal to noise
ratio33. Optical pulses of increasing total energy from
around 9 keV up to 90 keV were fired onto the back of the
substrate by means of the central fiber47. Finally, signals
were processed o!ine with a matched filter52 in order to
further improve the signal to noise ratio.

Two pulses generated by an energy release of around
90 keV into the substrate have been superimposed in
Fig. 6. The FunKID exhibits a pulse response about 5.5
times larger than the standard KID. This value is lower
than the prediction of 8 derived assuming identical elec-
trical conditions. However, by correcting this estimate
using Eq. 4 with the measured ratios of quality factors
and kinetic inductance fractions (approximately 0.53 and
1.21, respectively), we obtain a gain of around 5.1, simi-
lar to measurements. The decay times ωd of the FunKID
and KID are about 0.15 ms and 0.45 ms, respectively.
The smaller decay time of the FunKID is in line with
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FIG. 6: Two pulses generated by the same energy release. A
higher response is observed for the FunKID resonator compared

to the normal KID.

FunKID KID
Pcal [dBm] -68 -62
r [mrad/keV] 5.85± 0.14 1.11± 0.04

ωN [mrad] 0.386± 0.009 0.173± 0.005

ωE [eV] 65.9± 2.3 156± 6

TABLE II: Results of the energy calibrations performed on the
two KIDs. For each device, we report the calibration power Pcal,
the phase responsivity r, the noise RMS after the matched filter

ϑN and energy resolution ϑE .

the smaller internal quality factor53. The rise times ωrise
amount to around 12µs and 20µs, respectively. These
are significantly higher than the respective ring times (see
Tab I). In addition, the rise time of the FunKID is higher
than the QPs di"usion time scale ωdi! → 4µs previously
defined. It seems reasonable that in both cases the rise
times of the pulses are dominated by the phonon absorp-
tion time ωph17,28, which can be faster in the case of the
FunKID due to its higher phonon collection e#ciency.

The results of the energy calibrations25,33,47 have been
reported in Tab. II. The responsivity is about 5.3 higher
at the calibration power for the FunKID, which is in line
with the measured responsivity gain previously discussed.
Moreover, an improvement of around a factor of 2 for the
energy resolution in eV is measured, despite the worse
noise RMS εN of the FunKID. The improvement of the
FunKID responsivity was therefore proven, even with a
smaller total quality factor.

While the tested device served as a proof of con-
cept and the improvement in detector responsivity was
demonstrated, an enhancement in energy resolution is
still required, as the current performance remains worse
than previously achieved results14. Achieving this im-
provement demands further optimization, such as an ad-
ditional increase of the total quality factors Q, which in
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FIG. 5: Relative shift of the resonant frequency with respect to
the base temperature resonant frequency, ωfr/fr, for the FunKID
in blue and KID in purple. The dashed curves are obtained with
the BCS model calculated with our best predictions of ε and !0.

and the trilayer KID structure prevents the BCS model
from fully describing the device. For the normal KID, the
overall behavior of data is similar to the BCS model, al-
though deviations at high temperatures are still observed.
Therefore more complete models than the BCS-based one
would be required for a more accurate interpretation35,
but these are beyond the scope of this work.

To calibrate the detectors, the FunKID and the KID
were operated at bias transmission calibration powers
Pcal of -68 dBm and -62 dBm, respectively, at which they
exhibited good performance in terms of signal to noise
ratio33. Optical pulses of increasing total energy from
around 9 keV up to 90 keV were fired onto the back of the
substrate by means of the central fiber47. Finally, signals
were processed o!ine with a matched filter52 in order to
further improve the signal to noise ratio.

Two pulses generated by an energy release of around
90 keV into the substrate have been superimposed in
Fig. 6. The FunKID exhibits a pulse response about 5.5
times larger than the standard KID. This value is lower
than the prediction of 8 derived assuming identical elec-
trical conditions. However, by correcting this estimate
using Eq. 4 with the measured ratios of quality factors
and kinetic inductance fractions (approximately 0.53 and
1.21, respectively), we obtain a gain of around 5.1, simi-
lar to measurements. The decay times ωd of the FunKID
and KID are about 0.15 ms and 0.45 ms, respectively.
The smaller decay time of the FunKID is in line with
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FIG. 6: Two pulses generated by the same energy release. A
higher response is observed for the FunKID resonator compared

to the normal KID.

FunKID KID
Pcal [dBm] -68 -62
r [mrad/keV] 5.85± 0.14 1.11± 0.04

ωN [mrad] 0.386± 0.009 0.173± 0.005

ωE [eV] 65.9± 2.3 156± 6

TABLE II: Results of the energy calibrations performed on the
two KIDs. For each device, we report the calibration power Pcal,
the phase responsivity r, the noise RMS after the matched filter

ϑN and energy resolution ϑE .

the smaller internal quality factor53. The rise times ωrise
amount to around 12µs and 20µs, respectively. These
are significantly higher than the respective ring times (see
Tab I). In addition, the rise time of the FunKID is higher
than the QPs di"usion time scale ωdi! → 4µs previously
defined. It seems reasonable that in both cases the rise
times of the pulses are dominated by the phonon absorp-
tion time ωph17,28, which can be faster in the case of the
FunKID due to its higher phonon collection e#ciency.

The results of the energy calibrations25,33,47 have been
reported in Tab. II. The responsivity is about 5.3 higher
at the calibration power for the FunKID, which is in line
with the measured responsivity gain previously discussed.
Moreover, an improvement of around a factor of 2 for the
energy resolution in eV is measured, despite the worse
noise RMS εN of the FunKID. The improvement of the
FunKID responsivity was therefore proven, even with a
smaller total quality factor.

While the tested device served as a proof of con-
cept and the improvement in detector responsivity was
demonstrated, an enhancement in energy resolution is
still required, as the current performance remains worse
than previously achieved results14. Achieving this im-
provement demands further optimization, such as an ad-
ditional increase of the total quality factors Q, which in
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FIG. 4: Transmission function amplitude |S21| around the
resonance frequencies fr of the resonators.

were etched from the 77 nm AlTiAl trilayer following a
standard lithographic technique. After their fabrication,
photo-resist was used to coat the surface of the wafer,
and gaps in the shape of the funnels were patterned on
it. The funnels were then realized by selectively deposit-
ing 100 nm of Aluminum in the patterned gaps, following
a lift-o! process.

The tile was mounted into a copper holder by means
of Teflon supports and wire bonded to 50! launchers.
The device was operated in a dilution 3

He/4He cryo-
stat, at a base temperature T0 → 35mK. Finally, a mu-
metal shield was placed outside the cryostat to reduce
magnetic-field e!ects46.

To calibrate the detectors, three optical fibers were
placed facing the substrate backside: two were aligned
with the resonators for their identification32 and one was
located at the center to calibrate the KIDs from the same
position for comparison. The fibers were pulsed with
400 nm photons bursts generated at room temperature
by a controlled LED lamp47.

The readout tones were generated by the NIXA super-
heterodyne radio-frequency detection system48,49 trans-
mitting and receiving tones at the KIDs resonant fre-
quencies. The transmitted waves undergo an attenuation
chain of 55 dB before the chip, are transmitted past the
resonators, then are amplified by 30 dB by a Low Noise
Amplifier50 operated at 4 K and finally received back by
NIXA.

The resonances of the two KIDs are shown in Fig. 4.
We fitted both the amplitude of the transmission func-
tion |S21| and its real and imaginary components in order
to extract the resonant frequencies and the quality fac-
tors Qc, Qi, and Q of the two KIDs. We also evaluated
their resonator ring times ωring = Q/εfr. The results are
reported in Tab. I.

A shift of around ↑40MHz of the measured FunKID
resonant frequency with respect to the simulation was

fr [MHz] Qc [k] Qi [k] Q [k] ωring [µs]

FunKID 968.6 19 20 10 3
KID 1029.0 20 410 19 6

TABLE I: Results of the resonant frequency fr, quality factors Q,
Qi and Qc and ring times ωring of the two resonators.

observed, indicating that the overlap regions between
the funnels and the resonator might have not been cor-
rectly modeled in the simulations. Conversely, the ob-
tained KID resonant frequency is in agreement with sim-
ulation, assuming a kinetic inductance Lk = 1.4 pH/sq,
which is the same of Ref.33. The coupling quality fac-
tors Qc ↓ 20 k are in line with the values simulated with
SONNET, for both resonators. The internal quality fac-
tor of the FunKID is comparable to the coupling quality
factor, which currently limits this design. Conversely, the
internal quality of the KID is higher than the FunKID
and in line with the values obtained in Ref.33, indicating
that the reduced Qi of the FunKID is set by the funnels
and not by fabrication processes of the trilayer AlTiAl
film.

For each resonator, we evaluated an estimate of ki-
netic inductance fraction ϑ, by combining the measured
resonant frequencies fr with the resonant frequencies f0
obtained from SONNET simulations performed with a
perfect conductor (Lk = 0)33:

ϑ = 1↑
(
fr
f0

)2

(5)

The simulations were calibrated against two identical res-
onators but in Aluminum. We obtained ϑ = 18.9% and
ϑ = 15.6% for the FunKID and the KID, respectively,
much larger than those obtained in Aluminum, ϑ = 7.0%
and ϑ = 5.0% using the same design.

We measured a feed-line Tc = (0.83 ± 0.08)K, cor-
responding to ”0 = (125.9 ± 12.6)µeV, in reasonable
agreement with the 0.81K reported in33. We assumed
that this value applies to both the resonators, although
funnels likely modify the FunKID critical temperature,
which cannot be measured directly in the presented
setup.

We measured the resonant frequency shift in tempera-
ture relative to the base temperature resonant frequency,
ϖfr/fr, with bias powers fixed at ↑87 dBm (FunKID)
and ↑71 dBm (KID), chosen to minimize the microwave-
induced QPs excess51. We compared the data to a model
based on the BCS theory27, calculated with the predicted
ϑ and ”0 previously discussed (Fig. 5). However, since
the BCS theory might be limited in case of inhomoge-
neous and multilayer superconductors, the comparison
is qualitative and aims to test the applicability of the
model.

In both cases, data deviate from the BCS model. The
FunKID shows significant discrepancies at intermediate
temperatures, indicating that the presence of the funnels

Further work on Q and noise needed

2

Usually, the phase readout ω provides a better signal-
to-noise ratio20; therefore, this will be adopted in this
work.

The signal phase responsivity r of a KID is20,21,25–27:

r =
ε

VKID

ϑS2(fr, T )Q

N0!
2
0

1

1 + 4y2
(2)

where ε is the energy to pair-breaking conversion e!-
ciency, VKID is the active inductor volume, ϑ = Lk/(Lk+

Lg) is the kinetic inductance fraction, and S2(fr, T ) is
a dimensionless factor of order one from Mattis-Bardeen
theory. Finally, N0 is the single-spin density of states and
!0 → 1.76kBTc is the superconducting gap, with kB the
Boltzmann constant and Tc the critical temperature. We
emphasize that in Eq. 2 the term !0 appears quadrati-
cally as the product of two identical gap factors: one term
arises from the number of CPs broken by a given energy
deposition E, scaling as E/!0, while the second origi-
nates from the single–spin volume density, N0!0, within
the sensor20,21,26,27.

If phonons absorption is not saturated and losses due
to supports or interfaces do not dominate, the e!ciency ε
scales almost linearly with the phonon collection volume
Vph

28–30:

ε ↑ Vph (3)

In a standard phonon-mediated KID, where Vph co-
incides with the active volume VKID, the responsivity
weakly depends on the inductor volume, as follows from
Eq. 2. Conversely, separating these volumes allows to de-
sign devices with large Vph and small VKID, which would
enhance the detector responsivity.

We developed and tested a phonon-mediated KID with
separate phonon collectors30–32 that act also as QPs
funnels (see Fig. 1). We refer to this device as the
FunKID and to the phonon collectors as the funnels.
The resonator is composed of a 77 nm trilayer mean-
der of Aluminum-Titanium-Aluminum (AlTiAl), with
14 nm-33 nm-30 nm thicknesses, respectively33. The in-
ductive part of the KID is composed of seven fingers
of around 3600µm ↓ 10µm, evenly spaced by 215µm
(Fig. 1a). The funnels are Aluminum structures with
210µm↓ 10µm↓ 100 nm volume intersecting the induc-
tor, evenly spaced by 10µm (Fig. 1b). The total phonon
collection volume, which coincides with the total volume
of the funnels, is Vph → 5.2mm

2 ↓ 100 nm, while the ac-
tive volume of the sensor is VKID → 0.55mm

2 ↓ 77 nm,
giving a volume ratio of Vph/VKID → 12.

Due to proximity e"ects33–36 among the two Alu-
minum layers (Tc → 1.2K35) and the central Titanium
layer (Tc → 0.4K35), the AlTiAl sensor has an interme-
diate critical temperature Tc, which is lower than that
of the funnels, made of Aluminum. For the same design
thicknesses, the CALDER project measured the critical
temperature of an AlTiAl trilayer as Tc → 0.81K33,37;
a similar value is expected for this resonator, assuming
comparable boundary e"ects38.

(a)

(b)

FIG. 1: (a) Layout of the FunKID. The funnels in purple intersect
the inductive meander indicated with L, while the capacitor is

indicated with C. (b) Detail of the funnels. The measures are in
µm.

In the FunKID design, schematically reported Fig. 2a,
the phonons produced in the substrate are mostly ab-
sorbed by the funnels, where they can break CP generat-
ing QPs, which, through di"usion, reach the sensor. Due
to the energy gap di"erence between funnels with gap
!Al and sensor with gap !AlTiAl, QPs with energy !Al

relax down to !AlTiAl and are trapped within the sensor,
preventing their recombination in the funnels31,39.

The length of the funnels was chosen to be smaller
than the characteristic QP di"usion length in aluminum,
ϖr =

↔
Dϱr40, where D is the QP di"usion coe!cient

and ϱr the QP recombination time. We adopted D =

L. Pesce et al, Appl. Phys. Lett. 128, 163504 (2026)

Al funnels

AlTiAl KID

Goal: Eth< 50 keV

Cryogenic active veto Responsivity enhanced KID
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FIG. 1. (a) Design of the single KID sensor. The layout of
the resonator is identical to the ones of the BULLKID16 silicon
arrays: the 4 mm2 inductor is unchanged while the coupling
with the coplanar waveguide has been adapted to take into
account the different dielectric constant of the germanium
substrate. (b) The 3 pixel array deposited on the 2x2 cm2

germanium tile. The device is installed in a copper holder
and held by Teflon supports. The KIDs are coupled to a
single coplanar waveguide feedline for simultaneous readout
via SMA connectors installed on the copper frame (ports 1
and 2).

the oxide is not allowed to reform and contaminate the
metal-substrate interface.

The removal of the germanium oxide is crucial to
achieve a sufficiently high quality of the final device: ear-
lier prototypes, using the standard silicon etching time,
were either non-functional or exceedingly noisy. The
complete removal of the oxide layer was achieved by in-
creasing the etching time from 3 to 10 minutes, allowing
to produce the KIDs with quality comparable to the sen-
sors deposited on silicon substrates.

After the argon etching process and the deposition of
the metal layer, a standard process of UV lithography
and wet etching is used to selectively remove the alu-
minium in order to form the structures of the resonators
and of the coplanar waveguide to which the KIDs are
inductively coupled. For redundancy the array is repli-
cated four times on a single wafer that is then diced into

2x2 cm2 square tiles.
The pixel design is identical to the sensors of the BUL-

LKID array16. The active area of each pixel is 4 mm2,
made of 105 strips of 1880⇥20 µm2 spaced by 8 µm and
arranged to form an inductive meander. The two ends
of the meander are terminated to four capacitive fingers
whose length is trimmed in order to select the resonant
frequency of each pixel (Fig. 1 a); in the current version
of the array three pixels are fabricated along a single 2 cm
long coplanar waveguide. The sensors were simulated us-
ing the SONNET24 software: the capacitance has been
chosen in order to have the devices resonate at frequen-
cies 1/2⇡

p
LC between 0.7 and 0.8 GHz. The spacing

in frequency between the resonators is 25 MHz to mini-
mize electrical cross-talk. In order of increasing resonant
frequency, KID-1 and KID-2 are on the same side of the
feedline, while KID-3 is on the opposite side (Fig. 1 b).

The sample is installed in a copper holder held by
Teflon supports and wire bonded to 50 ⌦ launchers and
then soldered to SMA connectors for readout, as shown
in Fig. 1 (b). The contact area between the chip and the
supports is reduced to ⇠ 15 mm2 in order to minimize the
phonon escape25. The array is operated in a dry 3He/4He
dilution refrigerator at a temperature T = 220 mK, which
is well below the transition temperature of aluminium
(⇠1.2 K). The sample is protected by radiation from
the warmer sections of the cryostat by means of ther-
mal shields. Moreover the copper holder is wrapped in
aluminium foil to further protect the array from stray
light; finally a mu-metal barrel is placed outside of the
cryostat to mitigate the effects of magnetic fields. To cal-
ibrate the device the surface of the tile opposite to the
KIDs is faced to an optical fiber placed between KID-1
and KID-2, pulsed by a 400 nm LED lamp operated at
room temperature26. The readout waves for the KIDs
are generated at room temperature by an Ettus X310
board27 and are routed to the array through a cryogenic
transmission line with an attenuation of 55 dB to reduce
thermal noise. The output signal from the array is then
fed into a low-noise amplifier installed on the 4 K stage
of the cryostat and demodulated at room temperature by
the same board used for tone generation28.

The measured transmission S21 as a function of the
frequency f is reported in Fig. 2 (a). Each resonator is
identified by a dip in the transmission and all of them
are detected. The KIDs are spaced by 23± 2 MHz in ac-
cordance with the SONNET simulations previously dis-
cussed. In order to extrapolate the electrical properties
of the resonators the data of the complex transmission
S21(f) past each KID resonator are corrected for line
losses and impedance mismatches29 and fitted to the an-
alytical expression30

S21(f) = 1� Q

Qc

1

1 + j2Q f�f0
f0

(1)

where f0 is the resonant frequency, 1/Q = 1/Qc+1/Qi is
the total quality factor, Qc is the coupling quality factor
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FIG. 2. (a) Amplitude of the transmission S21 of the array
as a function of the readout frequency. The three minima
correspond to the resonant frequency of each KID. The feature
at 750 MHz is interference introduced by the local oscillator of
the readout board (LO). (b) Fit of the complex S21 parameter
of KID-1 to estimate the quality factors and the resonant
frequency. (c) Phase pulse recorded by KID-1 after an energy
deposition of approximately 20 keV induced by firing a LED
pulse on the side opposite to the KIDs. The rise and decay
times are 60 µs and 120 µs, respectively.

f0 [MHz] Q [k] Qc [k] Qi [M]
KID-1 748.1 167 184 1.82
KID-2 769.3 114 120 2.24
KID-3 793.9 127 132 3.03
CALDER-17 2644 147 156 > 2

TABLE I. Results of the fit for Eq. 1 of the data acquired
from the frequency scan of the array. Data from a single KID
on a silicon substrate are reported for comparison31.

representing the coupling with the feedline and Qi is the
internal quality factor representing internal losses.

The fit to Eq. 1 to the S21 data of KID-1 is shown in
Fig. 2 (b), while a summary of the parameters of the
whole array is reported in Tab. I. Since Qi � Qc the
value of the total quality factor Q in the current config-
uration is dominated by Qc: the measured value from
Table I is in the range Q = (114 k � 167 k), in line with
the design value of 160 k. The table also also reports the
resonance parameters of a similar KID deposited on a
silicon substrate (CALDER-17)31. Despite the different
resonant frequency, which depends on the layout of the
resonator, the quality factors are comparable.

In order to test the response of the array with respect
to energy depositions, each KID is biased with an in-
dependent RF wave centered at the resonant frequency.
After an energy deposition E in the substrate phonons
propagate until they reach the KIDs and break Cooper
pairs. The change in Cooper pair density is detected
by monitoring the variation of magnitude and phase of
S21(f0) as a function of time. The phase readout usu-
ally provides a better signal to noise ratio30 and for this
reason we restrict the analysis to it.

The model of the phase response reads32:

d�

dE
= ⌘ · ↵S2(f0, T0)Q

N0�2
0V

(2)

where N0 = 1.72 · 1010eV �1µ m�3 is the single spin den-
sity of states in aluminium, V = 4 mm2 ⇥ 60 nm is the
inductor volume, S2(f0, T ) = 3.4 is a dimensionless fac-
tor given by the Mattis–Bardeen theory related the imag-
inary part of the conductivity30 and ⌘ is the energy to
quasi-particle signal conversion efficiency. The ratio of ki-
netic inductance over total inductance ↵ = (4.7± 0.1)%
and the superconductor gap �0 = 189 ± 1 µeV are es-
timated from the frequency shift of the resonators with
respect to temperature33.

The impulsive response of each KID has been char-
acterized as a function of the readout power by firing
pulses from the LED lamp at constant energy31. The
pulses are processed offline with a matched filter in order
to maximize the energy resolution34. The readout power
optimizing the signal to noise ratio is -64 dBm at each
KID.

Figure 2 (c) shows a sample pulse corresponding to
an energy deposition in the substrate of approximately
20 keV, as recorded by KID-1. The rise time amounts
to ⇠ 60 µs, does not change with the temperature of the
array and is comparable to the ring time of KID-1 ⌧r =
Q/ (⇡f0) ⇡ 70 µs. The decay time amounts to 120±3µs
and varies with the temperature, allowing to identify it
as dominated by the quasi-particle recombination time
⌧qp35.

The estimation of the responsivity d�/dE follows the
procedure already employed in Refs.16,26,36,37. The mean
response of the detector to the absorption into the sub-
strate of N photons can be written as µ = d�/dE · ✏N
where ✏ = 3.1 eV is the energy of a single 400 nm photon.
The variance of the response is the sum of the variance
of the noise �2

0 and the Poisson’s variance:

�2(µ) = �2
0 +

d�

dE
· ✏µ (3)

The energy calibration is performed by sending bursts
of photons and evaluating �2 for different values of µ.
Fitting Eq. 3 for the parameters d�/dE and �2

0 yields
the responsivity in mrad/keV and the baseline energy
resolution, respectively. An example of such estimation
on KID-1, is depicted in Fig. 3. The responsivity is 3.6±
0.2 mrad/keV and �0 is 380 ± 20 eV, while the results
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FIG. 2. (a) Amplitude of the transmission S21 of the array
as a function of the readout frequency. The three minima
correspond to the resonant frequency of each KID. The feature
at 750 MHz is interference introduced by the local oscillator of
the readout board (LO). (b) Fit of the complex S21 parameter
of KID-1 to estimate the quality factors and the resonant
frequency. (c) Phase pulse recorded by KID-1 after an energy
deposition of approximately 20 keV induced by firing a LED
pulse on the side opposite to the KIDs. The rise and decay
times are 60 µs and 120 µs, respectively.
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KID-2 769.3 114 120 2.24
KID-3 793.9 127 132 3.03
CALDER-17 2644 147 156 > 2

TABLE I. Results of the fit for Eq. 1 of the data acquired
from the frequency scan of the array. Data from a single KID
on a silicon substrate are reported for comparison31.

representing the coupling with the feedline and Qi is the
internal quality factor representing internal losses.

The fit to Eq. 1 to the S21 data of KID-1 is shown in
Fig. 2 (b), while a summary of the parameters of the
whole array is reported in Tab. I. Since Qi � Qc the
value of the total quality factor Q in the current config-
uration is dominated by Qc: the measured value from
Table I is in the range Q = (114 k � 167 k), in line with
the design value of 160 k. The table also also reports the
resonance parameters of a similar KID deposited on a
silicon substrate (CALDER-17)31. Despite the different
resonant frequency, which depends on the layout of the
resonator, the quality factors are comparable.

In order to test the response of the array with respect
to energy depositions, each KID is biased with an in-
dependent RF wave centered at the resonant frequency.
After an energy deposition E in the substrate phonons
propagate until they reach the KIDs and break Cooper
pairs. The change in Cooper pair density is detected
by monitoring the variation of magnitude and phase of
S21(f0) as a function of time. The phase readout usu-
ally provides a better signal to noise ratio30 and for this
reason we restrict the analysis to it.

The model of the phase response reads32:
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where N0 = 1.72 · 1010eV �1µ m�3 is the single spin den-
sity of states in aluminium, V = 4 mm2 ⇥ 60 nm is the
inductor volume, S2(f0, T ) = 3.4 is a dimensionless fac-
tor given by the Mattis–Bardeen theory related the imag-
inary part of the conductivity30 and ⌘ is the energy to
quasi-particle signal conversion efficiency. The ratio of ki-
netic inductance over total inductance ↵ = (4.7± 0.1)%
and the superconductor gap �0 = 189 ± 1 µeV are es-
timated from the frequency shift of the resonators with
respect to temperature33.

The impulsive response of each KID has been char-
acterized as a function of the readout power by firing
pulses from the LED lamp at constant energy31. The
pulses are processed offline with a matched filter in order
to maximize the energy resolution34. The readout power
optimizing the signal to noise ratio is -64 dBm at each
KID.

Figure 2 (c) shows a sample pulse corresponding to
an energy deposition in the substrate of approximately
20 keV, as recorded by KID-1. The rise time amounts
to ⇠ 60 µs, does not change with the temperature of the
array and is comparable to the ring time of KID-1 ⌧r =
Q/ (⇡f0) ⇡ 70 µs. The decay time amounts to 120±3µs
and varies with the temperature, allowing to identify it
as dominated by the quasi-particle recombination time
⌧qp35.

The estimation of the responsivity d�/dE follows the
procedure already employed in Refs.16,26,36,37. The mean
response of the detector to the absorption into the sub-
strate of N photons can be written as µ = d�/dE · ✏N
where ✏ = 3.1 eV is the energy of a single 400 nm photon.
The variance of the response is the sum of the variance
of the noise �2

0 and the Poisson’s variance:
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The energy calibration is performed by sending bursts
of photons and evaluating �2 for different values of µ.
Fitting Eq. 3 for the parameters d�/dE and �2

0 yields
the responsivity in mrad/keV and the baseline energy
resolution, respectively. An example of such estimation
on KID-1, is depicted in Fig. 3. The responsivity is 3.6±
0.2 mrad/keV and �0 is 380 ± 20 eV, while the results
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Conclusion
• A new promising experiment exploring Sub-GeV DM using monolithic cryogenic detector arrays
‣ Fully active and multiplexed, fiducialization

• Operation of demonstrator on surface laboratory
‣ Compatible observation with simulation for single-wafer with/without moderate shields

‣ Multi-wafers operation validated, further measurement with cryogenic inner copper shields mounted

• Multiple efforts are ongoing for the deployment of final experiment
‣ Detector upgrades, active cryogenic scintillating veto, 

‣ Radioactivity control，Background simulation
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Backup slides
• Energy calibration using LED photons
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σ = σ2
0 + ϵphoton ⋅

dϕ
dE

⋅ μ

• Baseline resolution (phonon)σ0 →

• KID responsivity
dϕ
dE

→

Average resolution across 8 pixels:

                      
Allowing for a threshold ≈ 150 eV

σ0 |H = 26 ± 7

A. Cruciani, et al, Appl. Phys. Lett. 121, 213504 (2022)



Projected sensitivity
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Projected sensitivity to light WIMP-like particles of the BULLKID-DM experiment Matteo Folcarelli

Figure 2: Projected sensitivities of BULLKID-DM and of other experiments [12–15] as the 90 % CL on
the mass and the SI cross section of WIMPs with nucleons. The number near the names, when available,
represents the expected conclusion of the experiment considering the exposure required.
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KID principle
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Q ∼
fn

Δfn,FWHM

fn
0

1

J Low Temp Phys (2012) 167:292–304 293

Fig. 1 (Color online) MKID operation principle. A: Photons break Cooper pairs in a superconductor
creating quasiparticles. B: By making the superconductor part of a resonance circuit it is possible to read
out changes in the complex surface impedance of the superconductor due to radiation absorption as a
change in microwave transmission. Frequency division multiplexing can be achieved by coupling many
resonators to 1 feedline. C: Measured transmission from contact 1 to 2 in B for 1 resonator. The blue
line represents the equilibrium situation and the red line after photon absorption. D shows the same data
as in C but in the complex plane, showing that either δA or δθ using a readout tone at F0 can be used
to measure the amount of absorbed radiation. The arrow indicates the direction of increasing frequency,
B(ωg ) and A(ωg ) represent the direction tangent and normal to the resonance circle. E: 175 resonators
with Q = 2 · 104 and δF0 = 4 ± 2 MHz

per quasiparticle δZs/δNqp is independent of temperature. So one operates the device
in thermal non-equilibrium: the quasiparticles are excess particles created by radia-
tion absorption decaying over time. Sergeev et al. [5] proposed a detector where the
changes in bias current in a small superconducting circuit are measured by a SQUID.
A more elegant method was proposed by J. Zmuidzinas et al. [4] and worked out
further in [6]. The idea was to use a superconducting thin film microwave resonator
to detect changes in the surface impedance of the superconducting film by detecting
changes in properties of the resonance circuit: the microwave kinetic inductance de-
tector, MKID. This is a very powerful and elegant concept which is explained below.

2 MKID Principle of Operation

A MKID is a superconducting pair breaking detector, where the fundamental radi-
ation absorption mechanism is the creation of quasiparticle excitations in a super-
conducting material. This is illustrated in Fig. 1A where I give the semiconductor
representation of a superconducting material at very low temperatures. The Cooper
pairs are represented as paired particles at the Fermi energy EF , the quasiparticles
are represented as single particles at energies E ≥ EF + $, where $ is the energy
gap of the superconductor. A photon with an energy hν > 2$ incident on the super-
conducting film can be absorbed by breaking up Cooper pairs and creating a number

S21 =
2

2 + Zeff

Z0

=
1

1 + ω2M2

2ZresZ0

Zres = jωL +
1

jωC
+ R

R = Lkω
σ1

σ2
Lint = Lk + Lm =

μ0λL

2
coth ( t

2λL )



Fabrication of detector wafers
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