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Big Picture
Some of the biggest questions in the physics of our universe today:


• Quantum gravity


• Matter/antimatter asymmetry


• Dark energy


• Dark matter



1.1. Observational Evidence For Dark Matter

The dark matter density, ωDM, a!ects the size of the compressions as it determines the size

of the gravitational wells but has no interaction with radiation unlike Baryonic matter.

From a likelihood fit of the ”CDM model to the Planck satellite data, the respective fit

values of #!, #m and #b are 0.6889±0.0056, 0.3111±0.0056 and 0.0490±0.0088 are found.

This indicates a closure parameter dominated by dark energy and matter, with baryonic

matter only 16% of all matter, agreeing with calculations from BBN.

Figure 1.5: The power spectrum of the CMB from [38], DTT

l
, as a function of the multipole

number l, which is inversely proportional to angular separation. The red points show the
measured amplitudes, with a ”CDM fit to the data shown in blue. The peaks above l=30
are due to acoustic oscillations in the matter density of the universe before recombination.
Residuals of the fit are shown in the bottom two panels.

1.1.7 Large Scale Structure Formation

At the start of the 1980s improvements in computing power and the devleopment of the

theory of inflation provided the platform to generate simulations of millions of particles

with density perturbations as initial conditions [6]. The formation of large scale structure

within the universe could be modelled in both cold dark matter (non-relativistic) and hot

dark matter (relativistic) scenarios. These scenarios refer to the temperature of dark mat-
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Evidence for Dark Matter

1.1. Observational Evidence For Dark Matter

The CMB has been measured with increasing precision from the 1970s through to the

2010s by experiments such as COBE [36], WMAP [37] and Planck [38]. The anisotropies

in the temperature profile of the CMB, shown in figure 1.4, can be used to infer the contri-

butions to the closure parameter coming from radiation, matter and dark energy. Areas of

the universe that had a greater local matter density in the early universe would eventually

collapse in on themselves due to gravitational e!ects. These matter dense areas increased

the likelihood of interactions with photons, producing outward radiation pressure. These

pressure waves correspond to acoustic peaks in the angular power spectrum of the mea-

sured CMB, shown in figure 1.5. This power spectrum is shown as a function of the

multipole number l, which is inversely proportional to the distance scale of fluctuations.

Figure 1.4: Intensity map of the Cosmic Microwave Background from the 2015 Planck
collaboration [38].

The e!ect of these pressure waves on the matter density of the universe are known as

Baryon Acoustic Oscillations [38], where each peak in the power spectrum corresponds to

either a compression or rarefaction as matter in pulled into gravitational potential wells

and pushed out by radiation pressure. The first peak is caused by the first compression due

to gravitational potential, with even numbered peaks thereafter caused by rarefactions due

to radiation pressure and odd numbered peaks due to further compressions. The position

of the first peak is sensitive to the geometry of the universe, with l → 200 consistent with

a flat geometry. The Baryon density, ωb, can be determined by the relative heights of the

first and second peaks as a larger baryon density would lead to a deeper first compression.
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1.1. Observational Evidence For Dark Matter

Figure 1.1: Measurements of the M31 (Andromeda) rotation curve from Babcock (purple
circles), Rubin and Ford (black squares and circles), Roberts and Whitehurst (red stars)
and Carignan et al (green circles) from [6]. The blue line is Freeman’s calculation of a
galactic disk with exponentially falling mass from the galactic centre, showing a disagree-
ment with the data past →100 arc min.

would not be widely accepted over ‘steady state’ ideas until the discovery of the Cosmic

Microwave Background (CMB) in the 1960s. The Friedman equation,
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describes the relationship between the expansion of the universe and its space-time geom-

etry. H(t) is the time dependent Hubble parameter where t = 0 relates to current time

(H0), the factor a is a scale factor that determines the time dependence of the rate of ex-

pansion, ! is the cosmological constant, which determines whether the rate of expansion is

increasing or decreasing, and k is a spacetime curvature parameter between -1 (maximally

increasing expansion) and 1 (maximally decreasing expansion). The variable ε = εm + εr

is the energy density of the universe, which can be split into the contributions from matter,
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1.2. Dark Matter Candidates

Figure 1.6: A multi-wavelength image of the Bullet Cluster (1E 0657-56) with a mass
distribution model from weak and strong lensing JWST data in blue, Chandra X-ray data
in pink and MeerKAT radio data in green. The rectangular box denotes the region of the
image specifically from JWST. Figure from [41].

feebly charged, under electromagnetism.

Cold: To explain the formation of large scale structure in the universe, dark matter

must be non-relativistic at freeze-out, if this is the way in which the dark matter decou-

pled from the thermal bath in this way.

Massive: Dark matter must have mass to explain its gravitational e!ects, although this

mass could theoretically span 40 orders of magnitude between 10→21 eV and the Planck

mass.

Non-baryonic: To account for the measured mass closure parameter dark matter must

not be baryonic in nature.

This section will detail some of the most theoretically motivated candidates that fit these

requirements, in both Standard Model and BSM frameworks.

33



What Makes a Good Candidate?
• Stable (or at least on scales similar to the lifetime of the universe)


• Electrically neutral (or incredibly weakly charged)


• Has mass


• Non-baryonic


• Cold (non-relativistic)



BSM Candidates
Rep. Prog. Phys. 85 (2022) 056201 Review

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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Interactions With The Standard Model1.3. Detection of Sub-GeV Dark Matter

Figure 1.9: A cartoon Feynman diagram describing dark matter - SM interaction processes.
Left to right describes dark matter annihilation to SM particles, right to left as dark matter
production and top to bottom as recoils with SM targets [56].

annihilation cross-sections using ω-ray observations whilst experiments such as IceCube

or ANTARES have searched for neutrino excesses.

Production

Dark matter can be produced through high energy collisions in particle colliders, such

as the Large Hadron Collider (LHC). Experiments including ATLAS [62] and CMS [63]

have searched for signatures of dark matter production through missing transverse energy

from reconstructed event vertices. These searches are sensitive to possible new mediators

carrying away energy from the interaction, possible SUSY particles or electroweak decays

such as h → εε.

Direct Detection

Experiments that search for interactions with dark matter particles directly, which will

be the applicable technique to the rest of this thesis, use the local dark matter wind as a

‘beam’ and search for collisions with a stationary (in the lab frame) target. Many Axion

search experiments utilise the Primako! e!ect [49] to search for Axion conversion into

photons by using resonant microwave cavities, whilst others search for Axion interactions
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Interactions With The Standard Model
Interactions between DM and nucleons are parameterised in terms of non-relativistic 
effective field theory (NREFT) operators


The most widely benchmarked operators are:


Spin Independent 


 


Spin dependent

1.3. Detection of Sub-GeV Dark Matter

with electrons. Experiments searching for MeV-TeV scale dark matter search for either

inelastic or (mostly) elastic recoils between nuclei or electrons with dark matter particles by

observing the excited final state SM particles. In nuclear recoil searches elastic final states

are usually preferred due to amplification of interaction cross-sections due to coherent

e!ects where the de Broglie wavelength of the incoming particle is similar to the size of

the nucleus.

1.3.1 Nuclear Scattering Rates

For dark matter elastic scattering o! nucleons, one can parameterise the interactions

models in terms of e!ective field theory (EFT) operators. This interaction Lagrangian

can be expressed as [64]

Lint =
∑

N=n,p

∑

i

c
(N)

i
Oiω

+
ω
→
N

+
N

→ (1.14)

where ω
+/→ and N

+/→ are the dark matter and nucleon spinors. The coe”cients ciOi are

summed over the powers of squared momentum transfer, q2,

c0O + c2q
2
O + c4q

4
O + ... → FO

(
q
2

ε2

)
O (1.15)

and type of nucleon (n and p). Here FO is a form factor dependent on the form of the EFT

operator O, and ε is the compositeness scale for the theory (on the order of a few times

the maximum recoil energy). The two operators regularly used to publish dark matter

limits are O1 = 1 (spin-independent) and O4 = ϑSω · ϑSN (spin-dependent) where ϑSω and

ϑSN are the spin operators for the dark matter particle and nucleon respectively. Other

possible operators include velocity or/and momentum dependence in the interaction form

factor.

For a dark matter particle of mass mω scattering o! a target nucleus with mass mN ,

the di!erential rate is

dR

dENR

=
ϖω

mωmN

∫
↑

vmin

dϱ

dENR

v f(ϑv) d3v (1.16)

which is dependent on the local dark matter density, ϖω, the dark matter velocity distri-

bution f(ϑv) in the detector frame and the di!erential cross-section dϱ/dENR. Here the
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Coherent scattering with all nucleons, vector or scalar coupling, 
cross section scales with atomic mass number

Axial vector coupling to nuclear spin, requires unpaired 
nucleon, cross-section does not scale with atomic mass 
number



Direct Detection Landscape

CCD detectors
Charge-coupled devices (CCDs) are widely used in high-quality digital
imaging and can also be adapted for use as particle detectors. The
O(1 eV) band gap of CCD silicon allows for ionization signals from light
dark matter to be detected through eV-scale electronic recoils. The
charge produced by a nuclear or electronic recoil, induced by a particle
interaction in the CCD, drifts towards the pixel gates where it is read
out. The new skipper CCD technology enables accurate charge mea-
surements of pixels with single electrons. This is accomplished by

performing multiple non-destructive readouts of the charge in the same
pixel and reducing readout noise to sub-electron levels through aver-
aging the results of these repeated measurements41. Experiments using
skipper CCDs, therefore, have an energy threshold of a few eV and are
particularly sensitive to light dark matter. Thanks to recent advances in
skipper CCD technology and the increased purity of silicon, thicker
(675 μm) devices have been fabricated to improve sensitivity for light
dark matter searches42.

The currently running skipper CCDdetectors, including the prototype
DAMIC-M at LSM43,44 and SENSEI at SNOLAB45, both employ large-area,
thick CCDs to search for dark matter-electron scattering interactions via
both light and heavymediators. Their experimental results are presented in
Fig. 6,where theoriginal limit fromSENSEI46has been recast for a consistent
comparison by using the same dark matter halo parameters47 and charge
yield model48, as detailed in ref. 43.

Bubble chambers
Bubble chambers are used to search for dark matter through detecting
bubble formation inducedby their nuclear recoil interactions in superheated
liquid, using cameras and piezoelectric sensors. In the bubble chambers,
nucleation from electron recoil backgrounds is basically fully suppressed at
low energy, thus providing a unique capability of signal and background
discrimination power49,50. The low energy threshold (a few keV or lower for
nuclear recoils), backgrounddiscrimination capability, and scalabilityof this
technology make it advantageous for dark matter detection.

The PICO experiment at SNOLAB, shown in Fig. 8 – formed through
the merger of the PICASSO and COUPP Collaborations, uses a
freon(C3F8)-filled bubble chamber to detect darkmatter, with anNRenergy
threshold of a few keV49,51. The 19F nucleus in freon has an unpaired proton
and is ideal for measuring spin-dependent WIMP-nucleon cross sections.
Because freon presents high spin-dependent and low spin-independent
cross sections, it allows for the exploration of orders-of-magnitude more
parameter space for WIMPs within the GeV/c2 and TeV/c2 range before
reaching the neutrino fog than can be achieved in solid state and noble-

Fig. 3 | Selection of past and currently operating noble liquid TPCs used in the
search for darkmatter. Shown here are some of the leading experiments employing
liquid xenon or liquid argon as a detection target. These detectors operate deep
underground to shield them from cosmic rays, and use arrays of photomultiplier
tubes (PMTs) to detect scintillation light and ionization signals from particle

interactions in the liquid. Featured in the images are: LZ at SURF (Credit: Matthew
Kapust/SURF143), XENONnT at LNGS (Credit: XENONCollaboration144), PandaX-
4T at CJPL (Credit: PandaX Collaboration145), and DarkSide-50 at LNGS (Credit:
ⓒYura Suvorov/LNGS-INFN146).

Fig. 4 | Present limits and future sensitivities to spin-independent (SI) dark
matter-nucleon cross section. Solid lines are limits at 90% confidence level (C.L.)
from previous or currently running dark matter direct detection
experiments28,32,37,49,51,54,120,147–156. Dashed lines are projected 90% C.L. exclusion
sensitivity of future experiments77,78,88,92,122,157–159. The shaded gray region is the
neutrino fog for a xenon target.

https://doi.org/10.1038/s42005-026-02563-1 Perspective

Communications Physics | ����������(2026)�9:105� 3liquid detectors. The dark matter mass range to which PICO is sensitive,
alongwith its existing limits on spin-independent and spin-dependent dark
matter-nucleon cross sections, are shown in Figs. 4 and 5a, respectively.

NaI detectors
The thallium-doped sodium iodide (NaI(Tl)) crystal shown in Fig. 9 is a
well-knownscintillator technology.WhileNaIdetectors donothaveER/NR
discrimination ability, highly radiopureNaI(Tl) crystalswithhigh light yield
and an O(1) keV electron equivalent energy threshold can be used in dark
matter experiments to search for the annual modulation signature of dark
matter-nuclei interactions. This modulation arises from the variation in the
detector’s velocity relative to thedarkmatter halo as theEarthorbits the Sun.
Due to Earth’s annual revolution, a maximal flux of dark matter particles is
expected in June, and a minimal one is expected in December52.

The DAMA/LIBRA experiment at LNGS reported a detection of the
annualmodulation signal of darkmatter using ~ 250 kg of highly radiopure
NaI crystals53. This result is model-independent, but it is in tension with the
non-modulation searches by the noble liquid and cryogenic detectors,
which yield null results. Experiments like COSINE-100 at the Yangyang
underground laboratory in South Korea54,55, and ANAIS-112 at the Can-
franc Underground Laboratory in Spain56,57, which use an array of 106 kg
and 112.5 kg of NaI(Tl) crystals, respectively, have also searched for the
annual modulation signature, aiming to test DAMA/LIBRA’s claim of dark
matter discovery. Both experiments have obtained negative test results,
which are inconsistent with DAMA/LIBRA’s observation at about 3−4σ
confidence level58–60. COSINE-100 concluded data taking in 2023, while
ANAIS is expected to operate until the end of 2025.

A key challenge in directly comparing different NaI experiments is
the uncertainty in quenching factors (QFs) – the ratio of light yield from
a nuclear recoil to that of an electron recoil of the same energy – which
impacts our understanding of the true nuclear recoil energy
deposition61,62. Both COSINE-100 and ANAIS-112 have conducted
measurements of the QFs for their crystals63,64. After accounting for
significantly different QF scenarios in their analyses, the results remain
incompatible with DAMA/LIBRA58,65. However, further work is essential
to improve the understanding and modeling of the scintillation QF in all
three experiments. On the other hand, several scenarios have been
proposed suggesting that the modulation signal detected by DAMA/
LIBRAmight be caused by variations in the detector’s environment or by
their specific analysis methods66–68, but none of these hypotheses have

successfully reproduced the amplitude and phase of the signal or pro-
vided a satisfactory account of the observed modulation69,70.

Prospects of future dark matter detection
Over the past few decades, significant progress has beenmade in advancing
the limits of dark matter detection using various technologies. Figure 10
illustrates the improvement in sensitivity in the search for a 60 GeV/c2 dark
matter candidate. Although the figure does not capture the growing
diversityof experimental approaches or thebroadening rangeof darkmatter
masses over the years, it highlights the rapid pace of progress in the search
for classic WIMPs.

The common goal of all dark matter experiments is to enhance future
sensitivity and probemore unexplored parameter space. Achieving this will
primarily depend on increasing exposure, reducing background levels in
current experiments, reducing the energy threshold and/or developing new
detector technologies. Scaling up the detector size poses technical chal-
lenges, even for mature technologies that have already deployed multiple
generations of detectors. A common issue is that backgrounds from
radioactive contaminants or instrument noise tend to increasewith detector
size, making it difficult to improve sensitivity proportionally to exposure.
For dual-phase TPCs, which read out light and charge signals with a time
delay between them, another significant challenge in scaling up the detector
size is the increased likelihood of accidental coincidences between unrelated
charge and light signals that could mimic real particle events. Additionally,
calibrating large detectors and understanding their response at very low
energies is challenging and requires technical advancements71.

In this section, we discuss the future sensitivity prospects of the tech-
nologies described in the “State-of-the-art Dark Matter Detectors in
Underground Laboratories” section, using representative examples of
experiments that are either currently under construction or in the planning
stages (a list of recent and future experiments discussed in this perspective is
presented in Table 1).Wewill also describe improvements in detector design,
target and detector material cleanliness, and the assembly process, all aimed
at overcoming the challenges of scaling up existing experiments. In addition,
we will cover some newly developed or proposed detection strategies.

Noble liquid time projection chambers
The ultimate goal of the noble liquid dark matter experiments is to either
detectWIMPs or explore all the parameter space accessible forWIMPs that
is constrained by the neutrino fog.

Fig. 5 | Present limits and future sensitivities to the spin-dependent (SD) dark
matter cross section. (a) for protons and (b) for neutrons. Solid lines are limits at
90% confidence level (C.L.) from previous or currently running dark matter direct
detection experiments33,49,148,151,152,155,156,159–163. Dashed lines are projected 90% C.L.

exclusion sensitivity of future experiments122. The shaded gray region is the neutrino
fog for a 19F target in the dark matter-proton scattering case, and a xenon target in
the dark matter-neutron scattering case.
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Where QUEST-DMC Fits inGoing even lower
Fundamental threshold limit from 
physical process for quanta 
production:
§ ~10eV Xe,  Ar ionisation
§ ~1eV semiconductor gap Ge, Si
§ !eV – meV collective excitations 

doped semiconductors, 
superconductors, Dirac 
materials

§ < !eV - superfluids
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The QUEST-DMC 
Experiment



QUEST-DMC
Goal of the experiment: 

Low-threshold dark matter search


How do we achieve this? 

Ultra-low temperatures (~ 100 µK)


Extremely small quanta (~10-7 eV)


Quanta detection (nanoelectromechanical resonators)


Low noise quantum readout (SQUIDs)

Calibration campaign

● Two bolometers currently cold in the nuclear demagnetisation refrigerator 
● Each bolometer contains one heater (Ø 13.5 µm) and one thermometer (Ø 

4.5 µm) wire.
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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

         Detector

I(w) V(t)

Calibration campaign

● Two bolometers currently cold in the nuclear demagnetisation refrigerator 
● Each bolometer contains one heater (Ø 13.5 µm) and one thermometer (Ø 

4.5 µm) wire.



Superfluid Helium-3
Cooper pairing of He atoms below ~ 2 mK 


Two superfluid phases, A-phase (spin-ordered) and 
B-phase (isotropic)


Superfluid gap of 10-7 eV, with quasiparticle 
excitations above this energy


2.1. The Physics of Superfluid Helium-3

Figure 2.1: The phase diagram for 3He below 3mK showing the normal phase and two
superfluid phases, 3He-A and 3He-B. Diagram from [101].

2.1.2 Dispersion Relation

Excitations in a stationary superfluid are described by the dispersion relation shown in

the top of figure 2.2. An excitation is produced in the superfluid when su!cient energy

is transferred to break a Cooper pair, with energy at least 2” shared between the two

resulting excitations. An individual excitation (a quasiparticle above the gap, or the

quasihole left behind) therefore has energy → ”, which at zero pressure is roughly 1↑10→7

eV. An excited atom above the superfluid gap and the hole in potential left behind are

known as quasiparticles and quasiholes. It is these excitations, referred to as the total

quasiparticle flux, that provide the main energy quanta in the detector. At the superfluid

temperatures used in QUEST operation (140-200 µK), the mean free path of quasiparticles,

l ↓ e
kB/T , is on the order of kilometres. As the bolometers used are on the order of

centimetres (0.3 cm3 in volume) the quasiparticles can be treated as ballistic.

2.1.3 Andreev Reflection

The process of Andreev reflection was theorised to explain how charge can transfer through

a normal-superconducting interface. This occurs through the retroreflection of a hole with

55

2.2. The QUEST-DMC Detector

Figure 2.4: The volumetric heat capacity of 3He in J/K/m3 at 0 bar pressure calculated
from 2.2, with the inset showing the behaviour below 500 µK.

2.2 The QUEST-DMC Detector

The QUEST detectors comprise of at least one NEMS thermometer device within a

bolometer of 3He which is →1 cm3 in volume. These are submerged within a much larger

outer volume of 3He, also superfluid, which contains fill lines for pumping in 3He. The

placement of this in the surrounding cryostat can be seen in figure 2.5. To reach tem-

peratures required to go below the 3He superfluid transition temperature, this hardware

is contained within a nuclear demagnetisation refrigerator, which itself is pre-cooled by a

3He/4He dilution refrigerator. This section will explain the fabrication and use of a NEMS

device inside a QUEST bolometer as well as an explanation of the cryogenics required to

reach operating temperature.

2.2.1 Cryogenics

Dilution Refrigeration

The technology used to cool the 3He into the superfluid state in QUEST-DMC is wet

dilution refrigeration coupled with nuclear adiabatic demagnetisation. The process of
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Superfluid excitations

• Superfluid gap 10-7eV, 
quasiparticles (QPs) excited 
above this
• Isotropic B phase
• Operate ~100s uK

Elizabeth Leason, April 2026
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! Extremely pure sample at <mK; 
4He impurities “frozen”

! Unpaired nucleon – spin 
dependent dark matter interaction
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Simulation studies for the
detection of sub-GeV dark 
matter with a superfluid

3He calorimeter
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Introduction

Several independent observations suggest that there is more mass in the Universe than has been directly 
observed. Dark matter is a hypothetical new form of matter that does not interact with the electromagnetic 
field and has a very weak interaction with ordinary baryonic matter. WIMPs (weakly interacting massive 
particles) are a dark matter candidate currently widely investigated in experiments, but most experiments
are constrained to spin-independent interactions in the 10–100 GeV/c2 mass range.

QUEST-DMC will use superfluid 3He as a dark matter collision target, aiming to reach the world-leading 
sensitivity to spin-dependent interactions of 0.1-1 GeV/c2 mass dark matter candidates. Here we discuss a 
simulation of the superfluid 3He bolometer’s impact energy sensitivity, and argue that recoil energy of <10 eV 
can be detected using nanomechanical resonators. We also investigate the sources of radioactive 
background at and above this region and their relative importance using the Geant4 particle physics 
simulations toolkit.

Dark Matter events in He3

Collision WIMP-He atom
●Heat as quasiparticle excitation
●Light from de-excitation

Model of a possible signal in our ROI

Prospects

UV photons (scintillation)

WIMP

SQUID
readout

180 nm wire

Bolometer in He3

Vibrating nano-meter wire resonator
● Wire in a cm3 of superfluid 3He 
● Quantum condensate at hundred micro-Kelvin
● Deposited energy as variation of the damping force
● SQUID readout of the wire response

Background events

Geant4 simulation:
● Cosmic rays
● Radioactive decays
● Neutrons
● Neutrinos
Screening of the material
Estimated activity

180 nm wire

Signal
simulation

Background
simulation

Detector
response model

Sensitivity for
<1 GeV/c
dark matter

Simulated sensitivity for a 200 nm wire with a SQUID readout
Schematic illustration of a 3He dark matter detector Resonator wire diameter (m)

Bolometer operation limitation

Schematic of a SQUID readout of a bolometer

Daily event rate from the the 3He epoxy cell

  ⌀ = 200 nm
L = 2 mm
T = 150 mK
P = 5 bar

Geant4 simulation of the
cryostat materials

Geant4 simulation of
a radioactive decay

Boulby assay results of the material

Geant4 simulation of the
cryostat materials

Event rate from all materials

Events/0.1g/day in 0-10keV 5 cells in 6 months

Betas 2.73E-03 12

Gammas 5.47E-04 2

PP neutrino 7.56E-07 0

CNF neutrino 3.33E-08 0

QUEST-DMC

QUEST-DMC is a four-university 
(Lancaster, Oxford, RHUL and Sussex) 
collaboration in the UK using Quantum 
Enhanced Superfluid Technology to 
detect Dark Matter and to explore 

Cosmology

The collaboration is funded via the QTFP 
programme by UKRI STFC and EPSRC

Motivation

RadioassaySimulation

Direct Dark Matter 
Detection Using a 

Superfluid 3He Bolometer
Robert G M Smith

v 85% of matter in the Universe is “dark”

v One possible theoretical candidate are Weakly Interacting Massive Particles (WIMPs)

v Much of low mass WIMP parameter space still yet to be explored (see right)

v QUEST-DMC (Quantum Enhanced Superfluid Technologies for Dark Matter & Cosmology) aims 
to have leading sensitivity to spin-dependent interactions with sub-GeV mass WIMPS

QUEST-DMC is a four-university (Lancaster, Oxford, RHUL and Sussex) collaboration in the UK using Quantum Enhanced Superfluid 
Technology to detect Dark Matter and to explore Cosmology. The collaboration is funded via the QTFP programme by UKRI STFC and 
EPSRC.

v Geant4 Monte Carlo simulation of detector & 
cryostat

v Simulate events from backgrounds to produce 
expected rates in 3He target

v Germanium detectors at Boubly Underground 
Laboratory used for gamma ray spectroscopy

v Asses activity of radioactive isotopes in 
detector and cryostat materials

v Used in conjunction with SNOLAB radiopurity 
database

Sensitivity

Simulation studies for the
detection of sub-GeV dark 
matter with a superfluid

3He calorimeter
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m

Quantum-
enhanced superfluid 
bolometers: 
Quasiparticles

80 µK

2 mK

Transition-edge 
sensor:
Photons

v 1 cm3 box of 3He used as target for WIMP-nucleon recoils

v Energy deposition in cell breaks apart bound 3He Cooper pairs 
which in turn release quasiparticles (1)

v Quasiparticles interact with vibrating wire resonator (VWR) within 
3He cell (2)

v Change in linewidth of VWR read out using SQUID (3)

v Expected threshold on order of ~few eV

Why 3He?

v Ultra-low operating 
temperatures (~100 µK)

v Sensitive to spin-dependent
WIMP-nucleon interactions

v Preferable kinematics for 
low mass WIMPs

v High neutron capture cross-
section

v Electron recoil discrimination

SQUID?

Paolo Franchini 8

Direct dark matter detection: WIMPs

LZ (2022)
6·10-48 cm2 @ 30 GeV/c2

Spin Independent

Spin Dependent

https://arxiv.org/abs/2207.07640Rep. Prog. Phys. 85 (2022) 056201

QUEST-DMC

�0(T ) =
↵�

kBC0V T
3/2
C

1
p
T

(9)

in a volume V with a superfluid transition temperature TC (930 µK at 0 bar) and a heat capacity
at 0K of C0. The linear relationship between the height of a heater pulse and the energy deposition
for a VWR at a constant oscillation velocity is shown in figure 5.

Figure 3: Example of a bolometric event from [2] with height H above the baseline width of 0.414
Hz.
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Sensitivity projection

Signal
simulation

Background
simulation

Detector
response model

Sensitivity for
dark matter

arXiv:2106.06207

preliminary

When cooled down to below its 
critical temperature (~4K) the 
fermionic atoms in 3He form bound 
states through quasiparticle 
interaction called Cooper pairs. 
These bound states are analogous 
to electrons in a superconductor! 
This allows for small changes in 
energy to be detected as changes 
in heat. Other benefits to using 3He 
as a target material for a rare-
event search include:
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Bolometer response: SQUID

● Error on the energy measurement

Paolo Franchini 17

Bolometer response

● Smaller wires have better sensitivity

Niobium–titanium
180 nm wire
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Bolometer response

● Smaller wires have better sensitivity

Niobium–titanium
180 nm wire

A schematic diagram of the VWR readout system. 
The SQUID current sensor detects the current Ii

through the wire with impedance Z(ω) with SQUID 
input coil Li

A Superconducting Quantum 
Interference Device usually consists 
of two Josephson junctions on either 
side of a superconducting loop. The 
phase difference between the two 
junctions when a magnetic field is 
applied allows for a sensitivity to 
changes in the magnetic field on the 
scale of flux quanta. This is due to the 
fluctuation of the critical current 
through the loop.

Simulated sensitivity for a 200nm wire 
with SQUID readout 

Nano-electro-mechanical system 
(NEMs) to be used in the bolometer

Example of a bolometric event with pulse height H

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

Typical cell used in 3He 
bolometry

Inside of cell filled with 3He

Cell constructed from mix 
of Stycast and Araldite  

QP, singlet, triplet & infrared channels 
as a fraction of total readout for 

nuclear recoil interactions (top) and 
electron recoils (bottom)

3 Background Analysis

Detection of particles with such low cross-sections, such as WIMPs, requires extensive modelling of
background events within the detector to be able to set statistically significant limits on possible
WIMP interactions. Sources of particle background in QUEST-DMC take the form of high energy
cosmic-rays and their shower or spallation products, neutrinos from various sources (such as pp chain
solar neutrinos), fissile neutrons and radioactive decays from around the detector. QUEST-DMC
has a current goal of ⇠ 1 background events/day from radiogenic sources in the relevant energy
range.

3.1 BUGS

Low-background experiments such as QUEST-DMC require sensitive radio-assay results to produce
accurate models for background. The Boulby Underground Germanium Suite (BUGS) is located
in a mine shaft 1.1km underground in North Yorkshire [15]. The suite is equipped with multiple
Germanium detectors for the purposes of gamma ray spectroscopy placed in a class 6 cleanroom to
prevent contamination. The depth at which the suite is located (2840 m.w.e) prevents background
from the vast majority of cosmic rays.

Samples are cleaned thoroughly using Isopropyl Alcohol (IPA, weighed and triple bagged before
being sent for assay. From an analysis of characteristic gamma ray energy peaks above background,
compared with Monte Carlo simulations, measurements are taken for any gamma emitters with
high enough activity. Due to the resolution of the detectors only upper bounds for some isotopes
might be able to be measured. Figure 8 shows an example of assay results for stycast, which is a
composite material of the box containing the 3He target. Table 2 shows the corresponding results
when statistics for all daughter isotopes are combined.

Parent Isotope Combined Specific Activity (mBq kg�1)

Upper 238U < 3.6
Lower 238U < 4.8

210Pb 14.5 ± 9.7
Upper 232Th < 3.4
Lower 232Th < 2.2

40K < 25.5

Table 2: Assay results from Boulby for 127g sample of stycast.

3.2 Modelling QUEST-DMC

The Geant4 toolkit is designed to simulate particle interactions in complex geometries with the
ability for geometry and process visualisation. Detailed documentation of the software can be found
in [16]. The main components of information managed by Geant4 can be broken down into:

• Material properties

• Detector geometry

• Particle-matter interactions

• Particle tracking

The detector and surrounding materials for QUEST-DMC are broken down into separate volumes
within the Geant4 simulation. These are listed in table 3 from outermost to innermost geometries.
The visualisation of these volumes can be seen in figure 9. The innermost epoxy shells are boxes
whereas all other volumes are modelled as concentric cylinders with the assumption that their more
complex geometries will not have a large e↵ect on radiation entering the detector. Modelling these
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Boulby radioassay results for 127g sample of Stycast, 
one of the main composite materials of the 

bolometer cell

Gamma ray emission spectrum from 127g 
sample of Stycast

(Left) Germanium detector suite at Boubly
(Right) QUEST Stycast sample  placed inside Germanium

detector

R 
(m

Bq
)

Apply weighting factor using activity 
of isotope and mass of source 

volume
Sum over all radiogenic isotopes and 

all detector volumes

Take raw deposited energy 
spectrum from 100,000 G4 events 

of monoenergetic particle

Smoothed simulated rates for radiogenic and neutrino 
background and expected 1 GeV WIMP rate (dotted line) 
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Sensitivity projection

Signal
simulation

Background
simulation

Detector
response model

Sensitivity for
dark matter

preliminary

Here stot and btot are the tot mean numbers of signal and background events

and the integrals over probability density functions (pdfs) fs and fb give the

probabilities for an event to be found in the ith bin. The pdfs are functions of

the variable x and other parameters ✓s and ✓b which characterise the shapes of

the pdfs. The set of parameters ✓ = (✓s,✓b, btot) are used as nuisance parameter

in the PLR.

The likelihood function is constructed as the product of Poisson probabilities

for all bins:

L(n|µ,✓) =
NY

j=1

(µsj + bj)
nj

nj !
e
�(µsj+bj). (1)

To construct the test statistic we take the ratio of two likelihoods:

�(µ) =
L(µ,

ˆ̂✓ )

L(µ̂, ✓̂ )
, (2)

where L(µ,
ˆ̂✓ ) is the conditional maximum likelihood with a fixed value of µ

and L(µ̂, ✓̂ ) is the unconditional maximum likelihood with both µ and ✓ uncon-

strained.

The test statistic takes values in the range 0  �  1, with � closer to one

indicating better agreement between the given value of µ and the data.

It is more convenient to use the test statistic:

tµ = �2ln�(µ), (3)

which can take values, 0  tµ  1, where greater values correspond to greater

incompatibility between the hypothesized value of µ and the data.

To quantify the level of disagreement between the hypothesis and data we

compute the p-value:

pµ =

Z 1

tobs

f(tµ|µ)dtµ, (4)

where tobs is the observed test statistic and f(fµ|µ) is the pdf of tµ assuming

the given value of µ. This is shown in Fig. 1.

Figure 1: Plot showing the p-value from an observed test statistic for a given

distribution.

2

Set projected 
sensitivity limit 
using profile 

likelihood ratio:

Put 
background 
pdfs through 

detector 
response model

Percentage error on detector readout as a function of 
deposited energy 

Initial sensitivity limit projection for WIMP-neutron SD interactions from five 
1cm3 3He cells running for a total exposure time of 6 months – using error 

from conventional lock-in amplifier

Supervisor: Jocelyn Monroe

Electron Recoil
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Dark Matter events in He3

● Collision WIMP-He3 atom
– Heat as quasiparticle excitations
– Light from de-excitation

UV photons

WIMP

Scintillation

Nuclear Recoil

G4 Visualisation of 
cryostat geometry

Inner and outer epoxy shells 
with He3 volume (blue cube)

Preliminary

Preliminary

Preliminary

1. Interaction

2. Detection

3. Signal
Based on work by Ito & Seidel “Scintillation of liquid helium for low-energy nuclear recoils”, 
Physical Review C 88.2 (Aug. 2013)  



Detection Principle

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

Detection principle
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Superfluid 3He Bolometers

Calibration campaign

● Two bolometers currently cold in the nuclear demagnetisation refrigerator 
● Each bolometer contains one heater (Ø 13.5 µm) and one thermometer (Ø 

4.5 µm) wire.
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cuboid copper bolometer 
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2.2. The QUEST-DMC Detector

in bolometer cells of equal dimensions.

Figure 2.11: (Left) Diagram of a standard bolometer for heat measurement of superfluid
3He containing two vibrating wire resonators, one for thermometry and one for heater
power calibration [101]. (Right) Photograph, with ruler for scale, of the first generation
QUEST bolometers constructed from paper soaked in stycast 1266 epoxy with a full stycast
lid.

Shape of a Bolometric Pulse

The signal shape of a heating pulse in units of width is described by [110]

ωf(t) = ωfbase +!(ωf)

(
εb

εw

)ωw/(ωb→ωw)

→
εb

εb ↑ εw

(
e
→t/ωb ↑ e

→t/ωw

)

where εb and εw are the time constants of the bolometer and wire respectively. The

constant εw determines the fast response time (rise time) of the detector to a change in

quasiparticle density, whereas εb determines the relaxation time (fall time). An example

pulse is shown in figure 2.12. The bolometer time constant is the measure of how quickly

the bolometer cools back to baseline after a heating event and is determined by the physical

volume of the bolometer and the size of the hole in one of its walls. The wire time constant

is a measure of how fast the wire responds to changes in the quasiparticle density of the

system and changes with its width, εw = (1/ϑωfbase), a relationship that arises from

dissipative coupling of the resonator.

2.2.4 Readout Schemes

The voltage across the wire is eventually read out at room temperature and digitised.

There are two methods utilised in QUEST to do so - the ‘conventional’ readout using
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Cryogenics
Dilution Refrigeration (to ~ 10 mK) 

Adiabatic nuclear demagnetisation (to ~ 100 µK)
2.2. The QUEST-DMC Detector

Figure 2.6: Representation of a 3He/4He dilution refrigerator. 3He is pre-cooled and
pumped through heat exchangers, usually consisting of silver sinter, to cool it further.
The flow rate and pressure are limited by flow impedances, usually in the form of CuNi
tubing, before being mixed with 4He in the mixing chamber. The 3He that passes from
the concentrated phase to the dilute phase then travels up through the heat exchangers
to the still, where it is then evaporated o! and recycled. Diagram from [104].

netisation refrigerator. The process of nuclear demagnetisation relies on the ordering of

nuclear magnetic moments for a material in a magnetic field. The entropy for free magnetic

moments can be described in an adiabatic process

S(Bi/Ti) = S(Bf/Tf ) (2.6)

which yields the simple relation

Tf/Bf = Ti/Bi (2.7)

where T is the temperature, B is the magnetic field and the subscripts i and f denote

the initial and final values respectively. This means that by decreasing the field applied
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3He/4He mixture pre-
cooled to 4K, then at 
mixing chamber separate 
into dilute (6.6% 3He) and 
concentrated phases


3He pumped from mixing 
chamber into still, 
evaporation of 3He from 
concentrated phase to 
dilute phase costs 
enthalpy - cools the 
mixing chamber

Adiabatic nuclear demagnetisation
¡ Following pre-cool to ~mK	
¡ Adiabatic demagnetisation for single shot cooling to ~100µK	
¡ Copper – spins more ordered at high B field, entropy increases 

when field decreases
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2.2. The QUEST-DMC Detector

Figure 2.7: The molar nuclear spin entropy of copper nuclei as a function of temperature
for di!erent magnetic field values, where the arrows show the process of adiabatic nuclear
demagnetisation. The dashed line shows the relation at 0 applied magnetic field. Figure
from [103].

Figure 2.8: (Left) The bottom of the Lancaster ‘fridge 4’ showing the pre-cooling dilution
stage heat exchangers and mixing chamber, heat switch and nuclear stage. (Right)
Diagram of a adiabatic nuclear demagnetisation refrigerator, where the heat switch is
able to break the thermal link to the nuclear stage once pre-cooled to 10 mK, with a
superconducting magnet to reduce the magnetic field applied to the nuclear stage.
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NEMS

2.2. The QUEST-DMC Detector

the Lorentz force on the wire causes it to vibrate with a characteristic resonant frequency.

Measurement of this resonance allows for a measurement of the damping due to quasipar-

ticle interactions. Each wire has a mechanical resonant frequency in the kHz range, with

variation in resonances between 800 Hz-2 kHz seen.

Resonator Fabrication

Fabrication of the nanowires is done using a 200 µm diameter copper wire containing 20

NbTi filaments, shown in figure 2.9. These are then drawn through a set of diamond

wire dies to stretch them, further reducing the diameter of both the copper cable and

filaments. The copper is then etched away using concentrated nitric acid to expose the

NbTi filaments. A single filament is selected with tweezers and removed from the acid,

where it is then be bonded on to an existing substrate. Each wire is then tested in vacuum

to exhibit a clean resonance, linear motion (in the relationship between force and velocity)

up to velocities of several mm/s and evidence it is able to be driven at higher (10s of

mm/s), non-linear velocities without breaking.

Figure 2.9: Images taken from [106] showing (a) Illustration of a cable being pulled
through diamond dies to reduce its diameter and the diameter of any filaments attached
to it (b) A false colour image from a scanning electron microscope (SEM) showing the
larger copper cable and NbTi filaments (in green) c A zoomed image showing one of the
NbTi filaments, with an initial diameter →1 µm.
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SQUIDs
Very sensitive magnetometers


Arrays of SQUIDs can be used as signal amplifiers


Two Josephson junctions either side of a superconducting loopSQUID readout scheme to 3He gas
handling
system
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Two-stage SQUID current sensor: [D.Drung et.al., IEEEAppl.Supercond.17(2007)] 
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SQUID Readout Tests
Recent paper “Development of Superfluid Helium-3 Bolometry 
Using Nanowire Resonators with SQUID Readout for the QUEST-
DMC Experiment. Leason, E., Levitin, L.V., Autti, S. et al. J Low 
Temp Phys 222, 39 (2026)”
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Resonance Sweeps
To characterise a NEMS device first a large 
sweep over frequencies is done to find its 
resonance


A shorter sweep across the resonance is then 
done, where the frequency dependance of the 
impedance can be fit to a complex Lorentzian

Resonator 
characterisation

A. Frequency sweeps for both wires. 

Lorentzian in impedance vs frequency:

$ # = &#'
##$ − #$ + &#*#

Or circle in real vs imaginary impedance, 
radius: "#$% and centre: 0, "
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Amplitude: ) = ℓ'!
#()

Effective lengths ℓ = 1mm for 1.4 mm (400 
nm) and ~1.9 mm (4500 nm) wires
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constant 𝜏b and the wire time constant 𝜏w . These four parameters are determined by 
fitting the pulses found in the tracking mode data. The amplitude H reflects the mag-
nitude of heating (or energy) causing the event. The baseline width  f base

0
 and wire 

time constant 𝜏w  1∕𝜋Δf base
0

 depend on bolometer temperature for a given dataset. 
The bolometer time constant 𝜏b depends on the bolometer geometry and remains 
constant across all datasets for a given bolometer.

Most of the instantaneous heating events in the bolometer result from particles 
such as cosmic rays or radioactive decay products interacting with the superfluid 
helium [1, 8]. An example bolometer pulse is shown in Fig. 7 and large pulses such 
as this one most likely originate from cosmic ray interactions.

6  Two-Wire Operation

6.1  Heat Injection Calibration

The bolometric technique relies on conversion of the resonance width change, 
observed in the tracking measurements, to temperature change or energy. Width of 
the resonance is proportional to the damping force, Fd , from momentum transfer in 
quasiparticle collisions with the wire [18],

Fig. 7  Example tracking data from 400 nm nanowire, driven on resonance in a 5.2 mT field at 0.3 mK. 
Example bolometer pulse shape shown in the lower panel

Resonance Tracking
1. Drive wire on resonance


2. Measure impedance of wire, Z 

3. Use frequency sweep measurement to 
convert to width (df)


4. Perform filtering + pulse finding 

5. Convert pulse amplitude to energy

Pulses have characteristic double 
exponential based on wire time 
constant, 𝝉w, and bolometer time 
constant, 𝝉b

2.2. The QUEST-DMC Detector

in bolometer cells of equal dimensions.

Figure 2.11: (Left) Diagram of a standard bolometer for heat measurement of superfluid
3He containing two vibrating wire resonators, one for thermometry and one for heater
power calibration [101]. (Right) Photograph, with ruler for scale, of the first generation
QUEST bolometers constructed from paper soaked in stycast 1266 epoxy with a full stycast
lid.

Shape of a Bolometric Pulse

The signal shape of a heating pulse in units of width is described by [110]

ωf(t) = ωfbase +!(ωf)

(
εb

εw

)ωw/(ωb→ωw)

→
εb

εb ↑ εw

(
e
→t/ωb ↑ e

→t/ωw

)

where εb and εw are the time constants of the bolometer and wire respectively. The

constant εw determines the fast response time (rise time) of the detector to a change in

quasiparticle density, whereas εb determines the relaxation time (fall time). An example

pulse is shown in figure 2.12. The bolometer time constant is the measure of how quickly

the bolometer cools back to baseline after a heating event and is determined by the physical

volume of the bolometer and the size of the hole in one of its walls. The wire time constant

is a measure of how fast the wire responds to changes in the quasiparticle density of the

system and changes with its width, εw = (1/ϑωfbase), a relationship that arises from

dissipative coupling of the resonator.

2.2.4 Readout Schemes

The voltage across the wire is eventually read out at room temperature and digitised.

There are two methods utilised in QUEST to do so - the ‘conventional’ readout using
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Drive Amplitude Sweeps
Measure wire response to 
increasing drive amplitude


Operate below pair-breaking 
velocity


Wire response to damping force 
becomes non-linear at higher 
velocities (below pair-breaking) 
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4.2  Drive Amplitude Sweeps

The velocity dependence of the wire response can be characterised with drive ampli-
tude sweeps at a fixed frequency, typically on resonance. To a geometrical factor of 
order unity, we estimate the force on the wire as,

On-resonance drive sweeps on 400  nm nanowire are shown in Fig.  5. When 
oscillating at small velocities the response of the wire is linear, with a linear 
damping force Fd  v . However, as velocity increases beyond a few mm/s the 
damping becomes nonlinear. The onset of the nonlinearity is expected around 
v = kBT pF ≃ 4 mm/s [12].

As velocity is increased further, emission of bound quasiparticles into the bulk 
superfluid leads to an increase in dissipation [13, 14], giving a sharp rise in Fd(v) 
observed at v = 32 mm/s, of order Landau critical velocity vL =  ∕pF ≃ 60 mm/s. 
For a macroscopic wire of circular cross section with diameter d much greater than 
the coherence length 𝜉0 = 22 nm (at 18.5 bar), this phenomenon is predicted to onset 
at rms velocity vL 3

 
2 = 14 mm/s. Here, the discrepancy may reflect neglecting 

the velocity distribution along the wire in Eq. (6) and/or the mesoscopic character 
( d  10 𝜉0 ) of the 400 nm nanowire.

(7)F = |Ii𝓁B|.

Fig. 5  Drive amplitude sweep for the 400 nm nanowire at the resonant frequency of 799 Hz. Upper plot 
shows rms velocity versus drive current, with dotted grey and dashed black lines indicating the selected 
tracking drive and critical velocity, respectively. Lower plot shows the corresponding drive force vs 
velocity, demonstrating characteristic regions of quasiparticle injection and nonlinearity



3.3. Drive Amplitude Sweep Measurements

Figure 3.3: An example of how a drive dependent non-linear fit compares to a Lorentzian
fit assuming the linear regime [108]. Left: A comparison between the extracted widths
from non-linear and linear fits as a function of drive current. Right: A comparison of
time series tracking data with and without this non-linear correction.

Figure 3.4: A drive amplitude sweep taken by increasing the drive voltage amplitude
(velocity) and measuring the thermometer wire current response (force).

87

Non-linear Drive Regime
Larger drives increase signal to noise


Add complexity from non-linear 
response of wire velocity to damping 
force
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4.3  Nonlinearity Correction

The operating velocity is below the critical velocity, but above the linear response 
regime. The nonlinearity manifests via a velocity-dependent resonance width  f (v) 
and can be taken into account following Ref. [15]. From Eq. (5), this width can be 
obtained as,

from a single impedance measurement Z(f, v) at a frequency f and velocity v. The 
resonance amplitude A is determined by fitting Eq.  (5) to a low-drive frequency 
sweep, typically at sub-mm/s velocity. In principle, Eq. (8) is valid at any measure-
ment frequency, but practically the high-resolution determination of  f (v) is limited 
to the vicinity of the resonance where Z is predominantly real.

The measured width can be written as the sum of intrinsic and quasiparticle 
damping terms,

Here, the intrinsic damping is characterised by the width  fi = 0.15 Hz measured for 
both resonators in vacuum prior to filling the cell with helium-3. The second term is 
the width due to quasiparticle damping only. Following Ref. [15], we express it as a 
product of the width  f0 at v 0 and a correction factor,

determined by the reduced velocity c = 𝛾v v0 . Here, 𝛾 is a dimensionless adjustable 
parameter of order unity that encodes the velocity profile, I1 is the modified Bessel 
function of the first kind of order 1 and L 1 is the modified Struve function of order 
 1 . Thus, we extract  f0 =

(
 f (v) −  fi

)/
S(𝛾v∕v0) , simplifying further analysis of 

the bolometer response. The performance of this correction procedure up to veloci-
ties of tens of mm/s is illustrated in Fig. 6. Here we note again that the 400 nm oscil-
lator is mesoscopic ( d  "0 does not hold); therefore, departures from Eqs. (9, 10) 
are expected [16]. To improve the nonlinearity correction the distribution of velocity 
along the wire can be considered, this will be the subject of future work.

5  Bolometer Measurements

To operate the cell as a bolometer, the resonator is interrogated at the resonant fre-
quency and a constant drive level, below the onset of pair breaking and low enough 
for the nonlinearity correction to work, see Sects. 4.2 and 4.3. From the measured 
wire impedance Z, we obtain the resonance width  f0 (corrected for finite veloc-
ity and intrinsic damping) according to Eqs.  (8)–(10). This procedure takes the 

(8) f (v) = Re

(
A

Z(f , v)

)
,

(9) f (v) =  fi +  f0S(𝛾v∕v0).

(10)S(c) =
2

c

(
I1(c)  L 1(c) +

2

𝜋

)
,

Non-linear velocity dependent 
correction S, is used to reconstruct 
the width



Heater Power Calibration
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Here, d is the wire diameter, pF is the Fermi momentum,  nvg⟩ is the density of 
quasiparticle or quasihole excitations n multiplied by the appropriate group velocity 
vg and   is the superfluid gap at the operating temperature and pressure. Dimen-
sionless constants 𝛼 and 𝛾 ′ depend on wire geometry and details of the scattering 
process. This enables conversion of measured widths to temperature and energy, 
once bolometer calibration has determined the value of 𝛾 ′ . One calibration method, 
demonstrated in Refs.  [4, 18, 19], is to inject heat into the system by mechanical 
dissipation.

For heat injection over timescales longer than the bolometer time 
constant the bolometer will reach thermal equilibrium as a result of 
quasiparticle–wall and quasiparticle–quasiparticle collisions. This means the 
number density of quasiparticles will quickly become constant and resonance width 
reaches a new stable value. In this state, the total power entering the bolometer, from 
both the heater and wall heat leaks, must balance power carried by the quasiparticles 

(12) f0 = 𝛼
Fd

2𝜋mv
= 𝛾 ′

dp2
F
 nvg⟩

2𝜋mkBT
= 𝛾 ′

8dp4
F

mh3
exp(− ∕kBT).

Fig. 8  Stepped heat injection using the 4500  nm wire driven above critical velocity (upper) and the 
measured width response of the 400 nm nanowire (lower)

2.2. The QUEST-DMC Detector

in bolometer cells of equal dimensions.

Figure 2.11: (Left) Diagram of a standard bolometer for heat measurement of superfluid
3He containing two vibrating wire resonators, one for thermometry and one for heater
power calibration [101]. (Right) Photograph, with ruler for scale, of the first generation
QUEST bolometers constructed from paper soaked in stycast 1266 epoxy with a full stycast
lid.

Shape of a Bolometric Pulse

The signal shape of a heating pulse in units of width is described by [110]

ωf(t) = ωfbase +!(ωf)

(
εb

εw

)ωw/(ωb→ωw)

→
εb

εb ↑ εw

(
e
→t/ωb ↑ e

→t/ωw

)

where εb and εw are the time constants of the bolometer and wire respectively. The

constant εw determines the fast response time (rise time) of the detector to a change in

quasiparticle density, whereas εb determines the relaxation time (fall time). An example

pulse is shown in figure 2.12. The bolometer time constant is the measure of how quickly

the bolometer cools back to baseline after a heating event and is determined by the physical

volume of the bolometer and the size of the hole in one of its walls. The wire time constant

is a measure of how fast the wire responds to changes in the quasiparticle density of the

system and changes with its width, εw = (1/ϑωfbase), a relationship that arises from

dissipative coupling of the resonator.

2.2.4 Readout Schemes

The voltage across the wire is eventually read out at room temperature and digitised.

There are two methods utilised in QUEST to do so - the ‘conventional’ readout using
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1. Drive heater wire past pair-breaking velocity


2. Inject known power and measure response in 
thermometer wire


3. Produce calibration constant for quasiparticle partition


Currently commissioning 55Fe calibration source
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leaving the orifice,  QT =  Qh +  Qw =  Qo . The power transmitted out through the 
orifice can be written as [18],

Here,  E⟩ is the average quasiparticle energy and Ao is the effective area of the ori-
fice. This can be determined from the bolometer time constant 𝜏b = 4Vb Ao vg⟩ for 
bolometer volume Vb and mean quasiparticle group velocity  vg⟩  

√
kBT∕ΔvF . 

Combining with Eq. (12), the width can be related to total power,

Subtracting input power from the walls using the bolometer base width,  f base
0

 , and 
substituting  E⟩ =  + kBT  allow us to define the width parameter [19],

This absorbs the temperature dependence of  E⟩ in Eq. (14) such that the bolometer 
response can be related to applied heater power,

The calibration constant 𝛾 ′ can be determined from the steady-state response 
 f0(  Qh) , as shown in Fig. 8. Periods of zero applied power were inserted between 
each period of constant heating, in order to correct for any temporal variations in 
 f base

0
 . The 4-min wait at each power, much longer than 𝜏b , ensures the equilib-

rium. Even though the 4500 nm wire as a heater operates in a nonlinear regime, the 

(13) Qo =
 nvg⟩

4
 E⟩Ao.

(14) f0T E⟩ =  ′
2dp2

F

"kBmAo

Q̇T.

(15)Wp = ( f0 −  f
base
0

)T

(
 

kB
+ T

)
.

(16)Wp =   
2dp2

F

"kBmAo

Q̇h.

Fig. 9  Linear relationship 
between power injected by the 
4500 nm wire and width param-
eter measured using the 400 nm 
nanowire
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Here, d is the wire diameter, pF is the Fermi momentum,  nvg⟩ is the density of 
quasiparticle or quasihole excitations n multiplied by the appropriate group velocity 
vg and   is the superfluid gap at the operating temperature and pressure. Dimen-
sionless constants 𝛼 and 𝛾 ′ depend on wire geometry and details of the scattering 
process. This enables conversion of measured widths to temperature and energy, 
once bolometer calibration has determined the value of 𝛾 ′ . One calibration method, 
demonstrated in Refs.  [4, 18, 19], is to inject heat into the system by mechanical 
dissipation.

For heat injection over timescales longer than the bolometer time 
constant the bolometer will reach thermal equilibrium as a result of 
quasiparticle–wall and quasiparticle–quasiparticle collisions. This means the 
number density of quasiparticles will quickly become constant and resonance width 
reaches a new stable value. In this state, the total power entering the bolometer, from 
both the heater and wall heat leaks, must balance power carried by the quasiparticles 

(12) f0 = 𝛼
Fd

2𝜋mv
= 𝛾 ′

dp2
F
 nvg⟩

2𝜋mkBT
= 𝛾 ′

8dp4
F

mh3
exp(− ∕kBT).

Fig. 8  Stepped heat injection using the 4500  nm wire driven above critical velocity (upper) and the 
measured width response of the 400 nm nanowire (lower)



Sources of Noise

Vibrations coupling to the wire


Operation of the SQUID (vibrational, magnetic field, 
temperature)


Lower noise → lower pulse finding threshold → sensitivity 
to lower DM masses

Challenges

Operations:
• Vibrational noise – limits baseline 

event finding threshold
• SQUID readout – noise sensitive to 

environment (vibrations, magnetic 
field, temperature)
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Filtering3.6. Optimal Filtering Algorithm

transform of this time domain template is then used as the T (f) in the OF shown in

equation 3.10.

Figure 3.8: An example of a pre-OF and post-OF applied tracking dataset (top) and
heater pulse (bottom) in a tracking dataset.
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Gatti-Manfredi optimal filter 

3.6. Optimal Filtering Algorithm

amplitudes in the presence of non-white noise [121]. As sensitivity to lower mass dark

matter candidates increases with lowering energy thresholds, one can optimise for resolu-

tion in pulse amplitude as an energy measurement to maximise sensitivity to interactions

with sub-GeV dark matter candidates. In the presence of stationary noise with known

frequency content, a raw threshold on the time-series data is a poor estimator of pulse

amplitude because a large fraction of the noise power lies at frequencies outside the signal

bandwidth. Noise at frequencies where the signal is weak contributes nothing useful but

degrades the amplitude estimate. The OF is the linear filter that weights each frequency

component of the data by the ratio of signal-to-noise power at that frequency, thereby

extracting all available information about the pulse amplitude while suppressing bands

where noise dominates. An OF is a minimum variance estimator of the pulse amplitude,

assuming some known shape, in the presence of a known noise shape. For a signal, S(f),

template shape, T (f), and noise power spectral density (PSD), N(f), in the frequency

domain the equation

ω
2(f ; a) =

∑

f

|S(f) → aT (f)|2

N(f)
(3.8)

is used to minimise the di!erence between the signal and expected shape. Here a is a

scaling of the shape template to be estimated when constructing the filter. From the

minimum variance one gets [122]

a =
∑

f

ε(f)S(f) (3.9)

where ε(f) is the OF in the frequency domain. This is given by

ε(f) =
T
→(f)/N(f)∑

f → T (f ↑)T →(f ↑)/N(f ↑)
(3.10)

where * indicates the complex conjugate and f
↑ is used to distinguish that the denominator

is the sum over all frequencies regardless of the filter ε(f) at a given f . The filter in the

time domain in then given by the inverse Fourier transform

ε(t) = F↓1

(
T
→(f)/N(f)∑

f → T (f ↑)T →(f ↑)/N(f ↑)

)
(3.11)
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Temporal convolutional network (TCN), 
machine learning based noise reduction

Possible future 
improvement



Current Operation
Currently operating a new bolometer and fridge in Lancaster


Coldest bolometers yet (~ 120 µK!)


SQUID readout



Sources of Background

Expected background rates in a 
Lancaster bolometer produced 
from Geant4 simulation


Largest expected contribution 
from cosmic rays


Improved veto power → improved 
sensitivity to DM interactions



Cosmic Muon Veto System
Development of veto system happening here at RALThe Basic Idea

μ
DAQ

Computer

SiPM

Red Pitaya

Veto Cylinder

Bolometer

Analysis branch

Trigger branch

Scintillator block moulded to fit 
around bolometer inside fridge


Coupled to photon readout 
(SiPM for example)


Use of a Red Pitaya FPGA 
development board to create 
trigger logic for muon signals


Ability to reject coincident 
signals between veto detector 
and bolometer



Photon Channel Readout
Photon detection at mK temperatures - ‘Characterisation of silicon photomultipliers in a dilution refrigerator down to 9.4 mK 
towards a cryogenic cosmic-ray muon veto system’, A. Kemp et al 2026 JINST 21 P05008)

Figure 2. Left: Picture of the single NUV-HD-cryo SiPM tested in this work, mounted onto a PCB and
housed inside a 7 cm (L) → 3.8 cm (W) → 1.4 cm copper box. An LED that emits in the red wavelength
range is glued to the outside of the copper box using araldite, over a 1 mm clearance hole allowing direct line
of sight to the SiPM for acquiring reverse I-V curves in dark conditions. Right: Picture of the copper box
(shown in left figure) mounted inside the dilution refrigerator. The copper box is attached to a copper stand
thermally coupled to the mixing chamber plate, which reaches a base temperature of 𝐿CSNT = 9.4 ± 0.2 mK.

2.2 Data acquisition and processing

We acquired three long datasets corresponding to three di!erent operating bias voltages: 𝑀bias = 32
V, 33 V, and 34 V. Each dataset was acquired in dark conditions, i.e., the LED was switched o!. In
principle, there should be no other external light reaching the SiPM, as this fridge is inherently dark
due to the significant radiation shielding implemented to enable reaching ultra-low temperatures.
Therefore, the only signals we expect to observe in these datasets should originate from thermally-
induced intrinsic noise associated with the SiPM known as the dark count, plus any additional
correlated noise sources. The dark count rate of the NUV-HD-cryo technology is expected to be
extremely low, as it is measured to be <5 mHz/mm2 at 77 K [12].

Approximately 300,000 waveforms were acquired in self-trigger mode per voltage. Data
were acquired using the Tektronix FastFrame Memory scheme [17], which segments the available
memory in the oscilloscope such that each segment can be filled with a triggered acquisition at the
desired sample rate with minimal dead time between the acquisitions. This is ideal for applications
where pulses are separated by large intervals of inactivity in the signal [17], such as in our case.
We acquire waveforms with a 250 MS/s sampling rate and a 100 µs acquisition window, requiring
a 5 µs pre-trigger window. We set a 5 mV trigger level on the oscilloscope, which is terminated at
50 ω, to trigger on the rising edge of the pulse. The trigger level was adjusted by eye in order to
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is essentially at the temperature of the mixing chamber. Furthermore, since we are operating at the
base temperature of this fridge, there is no more cooling power available at the mixing chamber;
even 1 µW of injected power would cause a measurable increase in the CSNT temperature (ω𝐿 →

10 mK assuming the worst-case thermal coupling), which we did not observe.

As Figure 1 shows, all associated electronics are located outside of the dilution refrigerator at
room temperature, including a custom-designed signal amplification board, providing a 130 V/V
voltage gain. A Keysight E3649A provides the low-voltage supply required to power the board. A
Keithley 2450 sourcemeter is used to deliver the bias voltage to the SiPM via the custom amplifier
board and an external coaxial cable that connects to the top of the cryostat; an internal coaxial cable
then delivers the bias voltage down to the SiPM mounted on the mixing chamber plate on the cold
side. In addition, an LED that emits in the red wavelength range is attached to the outside of the
copper box, where there is a 1 mm clearance hole allowing a direct line of sight from the LED to
the SiPM. The LED is connected to a signal pulse generator via a current-limiting resistor, both
located outside of the dilution refrigerator, which is used to flash the LED whilst acquiring reverse
I-V curves, discussed in Section 3.1. Data is acquired with a Tektronix DPO72304DX 23 GHz
bandwidth oscilloscope [16].

SiPM Bias Voltage 
Source Meter        
(Keithley 2450)

Amplifier Board Low 
Voltage Supply 

(Keysight E3649A)

Outer 
Vacuum 
Can

Radiation 
Shields

Modified Triton 200 
Dilution Refrigerator 

300 K

55 K

4 K

700 mK

100 mK

10 mK

Amp      
Board

Oscilloscope 
(Tektronix 
DPO72304DX)

Signal Pulse 
Generator  
(Tektronix AFG1022)

LED

Current 
Limiting 
Resistor

SiPM

ColdWarm

0.4 mK

Alumina 
Support
Noise 

Thermometer 
(CSNT)

RuO2 
Thermometer

Figure 1. Simplified schematic diagram of the experimental setup used for the operation of a single NUV-
HD-cryo SiPM in a cryogen-free dilution refrigerator.
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Figure 4. Example waveform (WF) acquired at 𝐿bias = 32 V, corresponding to a single dark count rate
signal, which is equivalent to the single photon signal. Raw WF (blue), baseline-subtracted (BL-sub) and
moving-average (MA) filtered WF (orange), pulse finding threshold (red), and identified pulse time (green)
are shown. The shaded purple region corresponds to the region [𝑀p-100 ns : 𝑀p+500 ns] where the pulse
integral is computed to measure the charge.

survived the cool-down to 𝑁CSNT = 9.4 ± 0.2 mK. In addition, we observe a clear shift downwards in
the breakdown voltage (i.e., the onset of self-sustaining avalanches) between the room temperature
measurement and after cool-down, as expected with decreasing temperature.

We observed that after acquiring the reverse I-V curve, the temperature of the mixing chamber
plate increased to →80 mK. This was measured using a Ruthenium Dioxide (RuO2) sensor mounted
onto the mixing chamber plate, which measures the temperature accurately down to 20 mK; below
20 mK, the mixing chamber temperature is measured with the CSNT sensor. Given that the SiPM
is thermally-coupled to the mixing chamber plate prior to commencing the I-V scans, it is likely that
the temperature of the SiPM itself also increased during the sweeps. It is therefore very di!cult
to determine the breakdown voltage using the reverse I-V curve at a guaranteed temperature of 9.4
mK.

Furthermore, using follow up measurements of the SiPM submersed in a liquid helium (LHe)
dewar at 𝑁 = 4 K, we observed that the reverse I-V curve shape is strongly dependent on the delay
time used between subsequent voltage steps during the sweep. Figure 5 (right) shows reverse I-V
curves taken in the LHe dewar using a delay time of 10 ms (as was used for the reverse I-V curves
taken at the mixing chamber base temperature and at room temperature), versus 1 s. Figure 5 shows
that at 𝑁 = 4 K, there is a clear di"erence between the reverse I-V curves using delay times of 10
ms and 1 s, both in the absolute current in the linear pre-breakdown regime, and in the apparent
breakdown voltage.
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noise from direct crosstalk, which manifest as superpositions of the 1 PE waveform. This noise
source is discussed further in Section 3.5.

The mean SPE response is extracted from a gaussian fit to the first peak in each spectrum. The
SPE response at 𝐿bias = 32 V is calculated to be 𝑀SPE,amp = 3.65 mV ± 0.42 mV and 𝑀SPE,area =
0.15 V ± 0.02 V in amplitude and area respectively. The mean SPE amplitude is smaller than the
raw mean amplitude due to the moving-average filter which is applied to the data prior to running
the pulse finding algorithm which reduces the height of the pulses; this can be seen in Figure 4.

Figure 6. Pulse amplitude (left) and area (right) distributions of the NUV-HD-cryo SiPM operated at 𝐿bias
= 32 V. Gaussian functions are fit to the first 3 peaks in each histogram. The first peak in each histogram
corresponds to the 1 PE peak.

The separation between each pair of consecutive peaks in Figure 6 (right) is constant and is
proportional to the gain, 𝑁, defined as the amount of charge generated in an avalanche in response
to each detected photon. Each microcell in the SiPM produces a highly quantised amount of charge
when a photon is absorbed in the active volume, and this response is extremely uniform across all
microcells. This unique property of SiPMs results in excellent charge resolution, and allows for a
very precise measurement of the gain. The gain is expected to increase proportionally with higher
ω𝐿 .

To determine the separation, 𝑂, we use the results of the gaussian fits to the remaining peaks
in the pulse area spectrum. We fit out the separation between peaks as a parameter in a linear
polynomial fit to the fitted means of the 1, 2, and 3 PE peaks. The separation is calculated to be
𝑂area = 0.149 ± 0.0003 V at 𝐿bias = 32 V. 𝑂area is multiplied by the oscilloscope sampling period to
convert the separation into units of charge, which is then divided by the electron charge to calculate
the gain:

𝑁 =
𝑂area [𝐿] · 𝑃s [𝑄]

𝑅scope [ε] · 𝑁board · 𝑆e [𝑇]
, (3.1)

where 𝑅scope = 50 ε is the input resistance of the oscilloscope, 𝑁board = 130 V/V is the gain of the
custom amplifier board from the design specification, 𝑆e = 1.6 → 10↑19 C is the electron charge of
an electron, and 𝑃s = 4 ns is the sampling period.

Figure 7 shows the measured gain as a function of 𝐿bias (ω𝐿). As expected, we observe a
proportional increase in the gain with ω𝐿 . The measured gain ranges between 7→105 and 1.2→106
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Demonstration of operation and good 
single photon resolution at 10 mK




QUEST-DMC at RAL PPD
Data processing and infrastructure for 
current operation in Lancaster


Development of machine learning based 
filtering/pulse finding to reduce 
experimental threshold


R&D for cosmic muon veto system, links 
to quantum error correction


Commissioning of cryolab in lab 9, 20 
mK fridge to arrive in the very near future!


Heavy involvement in producing a low-
threshold Dark Matter search



Physics Potential



Potential Sensitivity

1.3. Detection of Sub-GeV Dark Matter

Figure 1.13: Limits and sensitivity projections on spin-dependent DM-nucleon cross-
sections set by XENON1T [73], CRESST [87], PandaX [74], CDMSLite [89], LUX [97], LZ
[98], DarkSPHERE [84], NEWS-G [82] experiments. The lines follow the same convention
as figure 1.12.
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Projected dark matter sensitivity

Spin dependent sensitivity 
projection for:
¡ 5 x 0.3 cm3 cells
¡ 6 month run with 50% duty 

cycle
¡ 0.51 eV threshold with SQUID 

readout
Systematics: background rate, 
energy scale and galactic escape 
velocity. 
Reported in: Eur. Phys. J. C (2024)

DM mass    
…[eV]
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Earth ShadowingEarth shadowing
• DM scattering in 

atmosphere/Earth/shielding can 
alter path and reduce energy of 
incoming DM

• Flux and energy reduced until no 
events exceed threshold 

• No sensitivity at highest cross 
sections!

Reported in: JCAP04(2025)017

Elizabeth Leason, July 2026
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Conclusions & Outlook
• QUEST-DMC collaboration is searching for sub-GeV dark matter using 

superfluid Helium-3 and low noise quantum readout


• Demonstrated SQUID readout of vibrating nanowires and pulse detection


• Currently operating our coldest bolometer so far, which includes SQUID readout


• Heavy involvement from PPD group (development of veto system and cryolab)


• Working towards world-leading sensitivity to spin-dependent dark matter 
interactions


• The future looks bright!



Backup



Standard Model Candidates
Baryonic:


• PBHs


• MACHOs


Fermionic:


• Neutrinos

1.2. Dark Matter Candidates

Figure 1.7: Constraints from [48] on the fraction of dark matter, fPBH, that can be
primordial black holes all with the mass MPBH. The limits, with excluded regions shaded,
are split into those coming from evaporation, gravitational microlensing, gravitational
waves, accretion and dynamical.

leads to the a pseudo-Goldstone boson: the axion. This boson has a minimum in potential

that supresses the CP violating term in the QCD Lagrangian. The mass of this particle

is linked to fa by

ma → 6 eV

(
106 GeV

fa

)
. (1.11)

Aside from the QCD Axion, there are Axion-like particles (ALPs) that can arise from a

spontaneous breaking of a new global U(1) symmetry, introduced in many BSM theories.

These particles do not therefore solve the strong CP problem or have a strict relation

between ma and fa. Current experimental and theoretical limits on the Axion/ALP

coupling to photons are shown in figure 1.8.

1.2.5 Weakly Interacting Massive Particles

Weakly Interacting Massive Particles (WIMPs) are a well motivated theoretical candidate

for dark matter [2]. WIMPs refer to a class of particles that couple to standard model par-

ticles gravitationally, via the weak interaction or mediators beyond the standard model.

They are ‘weakly’ interacting as many of these models predict coupling to the standard

36



Superfluids
1908: Heike Karmerlingh Onnes liquifies Helium for the first time in Leiden


1937: Kapitsa (then independently Allen and Misener) discover a ‘superfluid’ phase of 
Helium, with almost 0 resistance to flow below ~2K (Nobel prize 1978) 

1941: Landau produces his theory of superfluidity in Helium-4 (Nobel prize 1962)


1957: Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity introduced (Nobel 
prize 1972)


1972: Lee, Richardson and Osheroff observe two phase transitions in Helium-3 (Nobel 
prize 1996)


1972: Leggett develops the BCS theory of Helium-3 superfluidity (Nobel prize 2003)
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detected current Ii(t) in time domain is nearly sinusoidal. Therefore, we derive the 
power applied using the wire as  Qh = |Ii|2 Re(Z).

Bolometer tracking data taken during each of these 4-min periods was used to 
measure the width parameter, defined in Eq.  (15). These periods also contained 
background events, similar to those seen in Fig. 7, so the mean width parameter was 
calculated using the quiet periods of data which did not contain any heating pulses. 
Figure 9 shows the linear response of the measured width parameter on the 400 nm 
nanowire to injected power, which validates our model and assumption of thermal 
equilibrium in the bolometer. The linear fit was consistent for different 400 nm drive 
amplitudes and tracking measurements times. Once the calibration constant has 
been extracted from this fit, Eq. (12) can be used to find energy of individual pulse 
events using either the measured pulse amplitude or area.

The increase in bolometer temperature in response to the steady-state applied 
power  Qh is equivalent to a transient response to a heat pulse E =  Qh"b , where 
the steady-state power is integrated over the bolometer time constant 𝜏b . Thus, 
from the heater calibration measurements, we obtain the bolometer heat capacity 
C = d(  Qh"b) dT  . Figure 10 shows that this measured heat capacity is in good agree-
ment with the heat capacity of the superfluid B phase, calculated  [17] using the 
value of the energy gap   given by the “weak coupling plus” theory [20]. The devia-
tions may stem from a small error in the value of   we use or reflect the additional 
heat capacity of solid helium and Andreev surface-bound states on the bolometer 
walls [21].

Fig. 10  Energy versus bolometer temperature obtained from the data shown in Fig. 8 and similar meas-
urement at higher temperatures. We compare the heat capacity C derived from a straight line fit to each 
dataset to the prediction of the “weak coupling plus” theory  [17, 20] for 0.17  cm3 of the B phase at 
18.5 bar
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7  Conclusions and Outlook

We have demonstrated the operation of a superfluid helium-3 bolometer at sub-
millikelvin temperatures, using nanomechanical resonators with SQUID readout. 
Using a second wire for calibration in this scheme allows for injection of much 

Fig. 13  Measurements of two frequency modes using the multiplexed readout scheme. a Narrow fre-
quency sweeps on two modes of the same 400 nm nanowire, in both the absence and presence of drive 
on the other mode, with velocity of the second mode indicated in the legend. b Bolometer pulse meas-
ured with simultaneous tracking measurements on both modes, with velocity of each mode indicated in 
the legend

Journal of Low Temperature Physics (2026) 222:39 Page 15 of 20 39

6.2  Simultaneous Tracking

Tracking data were acquired on both wires simultaneously, at 2.6 mT field and 
0.3 mK bolometer temperature. A lower field was used here to access the criti-
cal velocity of the 400  nm wire, since the velocity peak is offset from the res-
onance occurring at the field-dependent impedance minimum. This measure-
ment involved driving both wires simultaneously at their resonance frequency 
and acquiring bolometer tracking data, using the procedure outlined in Sect.  5, 
for both wires at the same time. Since the bolometer slowly warms up after a 
demagnetisation, the tracking measurements were periodically paused for (1) 
low-drive frequency sweeps to recalibrate resonance amplitude A and (2) heater 
calibrations.

In this dataset, simultaneous heating events can be observed on the two wires. 
Figure 11 shows an example of simultaneous pulses, fit with the expected bolom-
eter heating pulse shape from Eq. (11). Here, higher baseline noise is seen in the 
4500 nm tracking data due to the lower field. The pulse shape fits for this dataset 
show consistent bolometer time constant of 3 s for both wires and rise times of 
0.2 s and 0.6 s for the 400 nm and 4500 nm wire, respectively. There was a factor 
of 10 difference observed in the width change for the two wires. This is roughly 
consistent with the ratio of the wire diameters; however, it may not be exact due 
to mesoscopic character of the thinner wire. This effect demonstrates the benefits 

Fig. 11  Coincident bolometer pulses observed when tracking on both wires simultaneously, solid line 
shows data and dashed line shows the fit to Eq. (11)

Simultaneous Measurements

Simultaneous pulse 
between two wires 

Multiplexing: 
tracking 
multiple 
resonances on 
the same wire



WP2 ExperimentsWP2: Investigating phase transitions
• Early universe phase transitions in first few minutes of universe not 

fully understood, SM and BSM predictions
• E.g. BSM first order electroweak phase transition (∼ 100 GeV, 10 ps 

after the Big Bang) - dark matter and baryon asymmetry.

Understanding these

49
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• Cosmology
• GW background signature from first order phase transitions – probe using LISA space 

interferometer, M. Hindmarsh et al., SciPost Phys. Lect. Notes 24 (2021), NANOgrav 
terrestrial radio

• Simulations – predict phenomena/observables e.g. GW, axions M. Hindmarsh et. al, 
arxiv:2512.13653 

• Helium-3
• AB phase transition mechanism open question - first order phase transition in a pure system
• Phase-transition rate (lifetime of the metastable phase) and the phase-boundary speed are 

key parameters in defining the GW spectrum

WP2: Simulations and experiments

• Simulations of phase transitions 
in helium-3 computational 
methods from cosmology 
• Nanofluidic confinement: ~100s 

nm scale cells with atomically 
smoother walls to isolate transition, 
L. V. Levitin et. al, Science 340 (2013).
• A -> B phase transition observed, try to 

understand mechanism. Radiation 
sources? Geant4 models?

Elizabeth Leason, April 2026
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WP2: Simulations and experiments

• Simulations of phase transitions 
in helium-3 computational 
methods from cosmology 
• Nanofluidic confinement: ~100s 

nm scale cells with atomically 
smoother walls to isolate transition, 
L. V. Levitin et. al, Science 340 (2013).
• A -> B phase transition observed, try to 

understand mechanism. Radiation 
sources? Geant4 models?
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Dark Matter Scattering Rates

1.3. Detection of Sub-GeV Dark Matter

with electrons. Experiments searching for MeV-TeV scale dark matter search for either

inelastic or (mostly) elastic recoils between nuclei or electrons with dark matter particles by

observing the excited final state SM particles. In nuclear recoil searches elastic final states

are usually preferred due to amplification of interaction cross-sections due to coherent

e!ects where the de Broglie wavelength of the incoming particle is similar to the size of

the nucleus.

1.3.1 Nuclear Scattering Rates

For dark matter elastic scattering o! nucleons, one can parameterise the interactions

models in terms of e!ective field theory (EFT) operators. This interaction Lagrangian

can be expressed as [64]

Lint =
∑

N=n,p

∑

i

c
(N)

i
Oiω

+
ω
→
N

+
N

→ (1.14)

where ω
+/→ and N

+/→ are the dark matter and nucleon spinors. The coe”cients ciOi are

summed over the powers of squared momentum transfer, q2,

c0O + c2q
2
O + c4q

4
O + ... → FO

(
q
2

ε2

)
O (1.15)

and type of nucleon (n and p). Here FO is a form factor dependent on the form of the EFT

operator O, and ε is the compositeness scale for the theory (on the order of a few times

the maximum recoil energy). The two operators regularly used to publish dark matter

limits are O1 = 1 (spin-independent) and O4 = ϑSω · ϑSN (spin-dependent) where ϑSω and

ϑSN are the spin operators for the dark matter particle and nucleon respectively. Other

possible operators include velocity or/and momentum dependence in the interaction form

factor.

For a dark matter particle of mass mω scattering o! a target nucleus with mass mN ,

the di!erential rate is

dR

dENR

=
ϖω

mωmN

∫
↑

vmin

dϱ

dENR

v f(ϑv) d3v (1.16)

which is dependent on the local dark matter density, ϖω, the dark matter velocity distri-

bution f(ϑv) in the detector frame and the di!erential cross-section dϱ/dENR. Here the
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