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Motivation & Goals
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Figure 1. A summary of several particle candidates and classes of candidates for DM discussed in the report. Shown are typical mass
ranges, more details can be found in the text.

zero by the decay of topological defects: strings and domain
walls. This can also lead to the formation of gravitationally
bound axion clumps [94] called mini-clusters. Both the relic
density and the mini-cluster mass distribution are notoriously
dif!cult to calculate. Nevertheless, for the post-in"ationary
scenario the axion mass can be constrained between 25 µeV
and∼15 meV, with the upper bound arising from astrophysical
arguments. The pre-in"ationary and post-in"ationary scenar-
ios de!ne the ‘classical’ QCD axion as DM window search
range ∼1 µeV to ∼1 meV when one assumes the initial
misalignment angle θi to be O(1).

For general ALPs (and hidden photons) the constraints in
the mass versus coupling constant parameter range are much
weaker. In general low mass ALPs could be viable DM candi-
dates for any coupling constant gaγ ! 10−11 GeV−1 (effective
mixing angle of ε ! 10−10 for hidden photons) for any mass
up to ∼ eV. For a general review see [95]. Note that such kind
of particles are also still possible for a mass "MeV.

It is remarkable that a plethora of other cosmological, astro-
physical and experimental effects can be explained by very low
mass axions or ALPs. Particularly relevant examples are the
accelerated expansion of the Universe [96], transparency of the
Universe to gamma rays [97, 98] or altering the evolution of
stars, radiation of black hole spin [99].

3.3. Alternatives to particle dark matter

There have been attempts at solving the DM puzzle outside
of particle physics. In this subsection we brie"y review some
approaches that have gained more attention.

As discussed in section 3.1.2, the vast majority of the DM
is non-baryonic. Therefore astrophysical bodies in the form
of baryonic MAssive COmpact Halo Objects (MACHOs)
can only make up a small fraction of the DM. However pri-
mordial black holes (PBHs), black holes that may form in
the early Universe, remain a viable CDM candidate [100].
As they form before the time of primordial nucleosynthesis,
PBHs are effectively non-baryonic, and if their mass is greater
than 5 × 1014 g(= 3 × 10−19M$) their lifetime is longer than
the age of the Universe. The recent discovery of gravitational
waves from∼ 10M$ binary black hole (BH) mergers has led to
a resurgence of interest in PBHs as a DM candidate [101–103].
Such massive PBHs are now excluded from making up all of

the DM by a combination of lensing, dynamical, accretion and
gravitational wave constraints. However, asteroid-mass PBHs,
with 1017 g ! MPBH ! 1022 g, are challenging to detect and
can still make up all of the dark matter. For a recent review of
the constraints on PBHs see [104].

While PBHs are not elementary particles, their production
does require physics beyond the standard model. The most
commonly considered mechanism is the collapse of large den-
sity perturbations generated by a period of cosmic in"ation.
However to form an interesting number of PBHs the pertur-
bations must be several orders of magnitude larger on small
scales than measured on cosmological scales, and this can-
not be achieved generically in single !eld slow-roll in"ation
models. For a recent review of PBH formation see [105].

All of the observational evidence for DM to date comes
from its gravitational interactions. Therefore it is in principle
possible that the observations could instead be explained by a
modi!cation of the law of gravity. Galaxy rotation curves can
be explained by a phenomenologicalmodi!cation of Newton’s
law of gravitation at low accelerations, known as modi!ed
Newtonian dynamics (MOND) [106]. To address cosmo-
logical observations a relativistic formalism, such as TeVeS
[107], is required. These models have dif!culties explaining
the heights of the higher order peaks in the CMB temper-
ature angular power [108] and are also tightly constrained
by the close to simultaneous detection of gravitational waves
and electromagnetic signals from a binary neutron star merger
[109]. Another challenge is provided by the Bullet cluster,
where gravitational weak lensing and x-ray observations show
that the dominant mass component is spatially separated from
the baryonic mass [110]. In summary, there is currently no
modi!ed gravity model that can explain all of the observational
evidence for dark matter.

4. Underground searches for WIMPs

Experiments searching for signals induced by dark matter
WIMPs from the galactic DM halo in terrestrial detectors
are called direct detection experiments. They require ultra-
low background levels to observe the feeble WIMP–matter
interactions and are thus conducted in deep underground
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• Aiming for world-leading sensitivity to spin-dependent dark matter-nucleon interactions with 
sub-GeV mass candidates


• Use superfluid 3He and low-noise quantum sensor readout to reach sub-eV scale recoil energy 
thresholds



Reaching Lower Thresholds
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Superfluid 3He
• Forms a superfluid state when cooled below ~1 

mK at 0 bar pressure


• Superfluidity described by the Bardeen–
Cooper–Schrieffer (BCS) theory of 
superconductivity


• Helium atoms form Cooper pairs, with an 
energy gap of ~  eV for single particle 
excitations


• Different phases depending on allowed spin 
states


• A-phase (  and )


• B-phase (  and  and ) 

10−7

⟨ ↓ ↓ ⟩ ⟨ ↑ ↑ ⟩

⟨ ↓ ↓ ⟩ ⟨ ↓ ↑ + ↑ ↓ ⟩ ⟨ ↑ ↑ ⟩
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QUEST-DMC Detector



Detector Concept
Superfluid 3He bolometer 
fitted with 
nanoelectromechanical 
resonators

Experimental region 
coupled to nuclear 
stage of fridge to reach 
3He temperatures 
below 200 Kμ
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3. Bolometry
• nanowire driven by AC current in 

vertical B field
• measure increase in resonance 

width from damping

!

energy 
gap ∆

1. Energy deposit 
DM – helium scattering produces 
quasiparticles (QPs) 1eV → 10! quanta

2. Ballistic propagation 
QP collisions with nanowire 
exert damping force

Dark matter search: method

5
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Detector Concept
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Bolometer response

● Wire oscillating in magnetic field in a He3 cm3 box
● Damping force on the oscillator, enhanced by
● Andreev reflections

● Voltage response
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Nuclear Demagnetisation
• Dilution fridge used to pre-cool nuclear stage


• This stage is then thermally isolated using a heat switch


• Reduction of magnetic field applied to copper nuclear stage 
leads to further cooling, down to <100 Kμ
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NEMS
Superfluid 3He thermometry done using nanoelectromechanical 
resonators (NEMS)


Superconducting NbTi wires 


Cu/NbTi wire stretched through set of diamond dies and 
filaments removed one by one


Paper on fabrication https://arxiv.org/abs/2311.02452
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Andreev Scattering

Regular dispersion curve



Andreev Scattering

Regular dispersion curve

Modified dispersion curve
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Bolometer Design Quasiparticle blackbody radiator 


Orifice allows quasiparticles to escape and thermalise back 
to base temperature after a heating event


Size of orifice determines thermalisation time constant 


Gen. 1

Gen. 2
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Readout Schemes
Conventional readout - using cold transformer amplifier


Newer QUEST detectors fitted with two-stage SQUID current amplifiers


New paper on reading out NEMS with these SQUIDs


https://arxiv.org/abs/2508.10602
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SQUID current sensor

Ultra-sensitive broadband current sensor.
Flux-locked loop using Magnicon XXF electronics: Vout = 2 M� ◊ Ii .
Power spectral density PSD[Ii ] ¥ 10≠26 A2/Hz at 100 Hz-10 MHz.

[D Drung et al., IEEE Appl. Supercond. 17 (2007)]

Lev Levitin SQUID readout of a vibrating nanowire resonator 3 / 8

SQUID current sensor

Ultra-sensitive broadband current sensor.
Flux-locked loop using Magnicon XXF electronics: Vout = 2 M� ◊ Ii .
Power spectral density PSD[Ii ] ¥ 10≠26 A2/Hz at 100 Hz-10 MHz.

[D Drung et al., IEEE Appl. Supercond. 17 (2007)]

Lev Levitin SQUID readout of a vibrating nanowire resonator 3 / 8

https://ieeexplore.ieee.org/document/4277368


https://arxiv.org/abs/2508.10602
https://ieeexplore.ieee.org/document/4277368
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NEMS Measurements



Narrow Frequency Sweeps
Characterise resonance of each wire by 
sweeping over frequencies 

18 E Leason TeVPA 2025



On-resonance Measurements
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Drive Amplitude Sweeps
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Simultaneous Tracking
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Multiplex Readout
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Energy Partitioning
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ER vs. NR
Based on semi-empirical model by Ito & Seidel https://journals.aps.org/prc/abstract/10.1103/PhysRevC.88.025805


Possibility for NR/ER discrimination using scintillation channel
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Energy Calibration
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Heater Wire Calibration
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55Fe Source Deployment
Calibration planned using 5 keV lines from 55Fe 
source 


Comparison to energy partitioning model


Bolometer fitted with window at the top to allow 
for less attenuation of source X-rays


Data currently being taken at Royal Holloway, 
University of London

27



Physics Potential
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Nuclear Recoil Sensitivity

Expected sensitivity to spin-dependent nucleon 
interactions assuming 6 months, 50% livetime and 0.5 g 
3He


https://arxiv.org/pdf/2310.11304


Simulated thresholds of 31 eV for conventional readout 
0.71 eV for SQUID


Dark matter attenuation paper:


https://arxiv.org/abs/2502.10251


EFT landscape with QUEST-DMC:


https://arxiv.org/abs/2505.17995
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Conclusion & Outlook
• QUEST-DMC has the potential for world-leading sensitivity to spin-dependent nucleon 

interactions with sub-GeV dark matter candidates


• Uses superfluid 3He with low-noise quantum sensor readout to reach low threshold 
energy measurement


• We have characterised and operated NEMS devices coupled to SQUID readout


• Calibrated using heat injection, current bolometer running with 55Fe source


• Lancaster cryostat cooling down as we speak - expecting to reach colder temperatures 
than any other QUEST bolometer so far!
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Backups
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Dilution Refrigeration
• 3He pre-cooled to 1K with 4He


• Pumped through various impedances and heat 
exchangers before 4He /3He mixed 


• Separates into concentrated phase (all 3He) and 
saturated dilute phase (6.6% 3He)


• Cooling caused by change in entropy as 3He moves 
from dilute phase to concentrated phase


• Can reach ~2 mK using this technique
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Heat Capacity



Background Modelling
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SUPPLEMENTAL MATERIAL

6.1 Technical implementation of the g-rays simulation

The simulation of “far” radioactive sources is complicated
due to the poor statistics obtained with the simulations. The
probability for a g-ray produced in the laboratory to reach
a chip as small as a ⇠cm2, is indeed extremely small (we
expect about one interaction every 108 simulated events).

To increase the statistics we implemented a double-step
simulation. First, we generated 107 g-rays from a cylindrical
surface (S1, Fig. 8) enclosing the cryostat and located just
outside the external lead shield. Such gammas were gen-
erated according to a g-ray spectrum measured with a 3”
portable NaI spectrometer in a laboratory of cryogenic de-
tectors (Italy) and with isotropic momentum distribution.
We registered the kinetic information (E, px, py, pz) for gamma-
rays entering a second cylindrical surface (S2, Fig. 8), that
encompasses the mixing chamber of the cryostat.

In a second step, we generated a few 108 gammas from
S2 according to the energy spectrum and the polar angular
distribution (q ) recorded in the first step of the simulation,
as shown in Fig. 9 for the “full” shield case.

Finally, to obtain the rate of impacts in the chip, we di-
vided the number of events depositing energy in the chip by
the equivalent time of the simulation, which is given by teq
= Ngen/(A2 · flux2), where Ngen is the number of generated
events, A2 is the area of the cylindrical surface used to gen-
erate gammas in the second step, and flux2 is the gamma-ray
flux calculated in S2 after the first step.

6.2 Detailed g-spectrometry results

In this section, we report a more detailed list of results of
the radio-assay of the “close” materials. The samples were
measured with High-Purity Germanium (HPGe) detectors

S1

S2

Fig. 8 Experimental setup as implemented in the “full” shield con-
figuration, with both an internal 3-cm thick lead disk and an external
10-cm thick lead shield. The two surfaces used to generate g-rays in
the double-step simulation are shown.

installed underground in the STELLA (SubTerranean Low-
Level Assay) facility at INFN-LNGS, and above-ground at
the Radioactivity Laboratory of Milano - Bicocca Univer-
sity.

The HPGe detectors used at INFN-LNGS are coaxial p-
type germanium detectors with an active volume of about
200 - 400 cm2 and an optimized design for high counting ef-
ficiency in a wide energy range. The energy resolution of the
spectrometers is about 2.0 keV at the 1332 keV line of 60Co.
To reduce external background, the detectors are shielded
with a ⇠20 cm layer of low-radioactivity lead, copper (⇠5
cm) and a 5 cm layer of Polyethylene. Each set-up is con-
tinuously flushed with high-purity boil-off nitrogen to pre-
vent radon entering the shield. The HPGe detector used at
Milano-Bicocca University is a coaxial p-type germanium
in low-background configuration, with a 30% relative effi-
ciency (about 200 cm2 active volume) and an energy res-
olution of 1.7 keV (Full Width at Half Maximum) at the
1332 keV line of 60Co. It is surrounded by 5 cm of copper
plus 5 cm of lead to reduce the external background. We
placed each sample directly above the end-cap of the HPGe
detector to maximize the detection efficiency. We exploit a
Monte Carlo tool based on GEANT4 to simulate the various
experimental configurations and estimate the detector effi-
ciency with a precision between 5% and 10%, as explained
in Ref. [50]. More details on experimental set-ups, detec-
tor performance, results, and Monte Carlo validation of the
detector performances can be found in Refs. [51–53].

For each g-ray emitting isotope belonging to the natural
radioactive decay chains, we quote the value and the 68%
C.L. uncertainty of its activity. In the latter, we include the

https://doi.org/10.1140/
epjc/s10052-023-11199-2

• Full Geant4 modelling of 
each cryostat using rethrow 
generator technique to 
improve statistics in small 
detector volume



Spin-Independent
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Detector Response
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δW = A
τb

τb − τw
[e−(t−t0)/τb − e−(t−t0)/τw] Θ(t − t0)

https://doi.org/10.1016/j.nima.2007.01.180

https://doi.org/10.1016/j.nima.2007.01.180


Simulated Sensitivity Threshold
Energy threshold

Threshold of energy depends 
on energy resolution - 95% 
confidence that the measured 
energy is above 0.

Conventional readout: 9.42 eV

Squid readout reduces noise, 
so resolution is dominated by 
shot noise.

Squid readout: 0.39 eV

Smear ‘true’ energy 

Threshold (0.12 T/TC) at 95% 
confidence measured energy > 0

Conventional Readout: 39 eV SQUID Readout: 0.71 eV

0.12 T/Tc 


