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Abstract The focus of dark matter searches to date has
been on Weakly Interacting Massive Particles (WIMPs) in
the GeV/c2-TeV/c? mass range. The direct, indirect and col-
lider searches in this mass range have been extensive but
ultimately unsuccessful, providing a strong motivation for
widening the search outside this range. Here we describe a
new concept for a dark matter experiment, employing super-
fluid >He as a detector for dark matter that is close to the mass
of the proton, of order 1 GeV/c?. The QUEST-DMC detector
concept is based on quasiparticle detection in a bolometer
cell by a nanomechanical resonator. In this paper we develop
the energy measurement methodology and detector response
model, simulate candidate dark matter signals and expected
background interactions, and calculate the sensitivity of such
a detector. We project that such a detector can reach sub-eV
nuclear recoil energy threshold, opening up new windows
on the parameter space of both spin-dependent and spin-
independent interactions of light dark matter candidates.

1 Introduction

Dark matter plays a vital role in the evolution of the uni-
verse, for example, it played a central role in the formation
of structure in the early universe and today plays a key role
in stopping galaxies flying apart. The focus of dark matter
studies and searches to date has been on Weakly Interacting
Massive Particles (WIMPs) whose predicted mass range is
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broadly speaking between 10-1000 times that of the proton.
The direct, indirect and collider searches for this dark matter
candidate to date have been extensive but so far unsuccessful.
There is a strong motivation to widen the search.

Dark matter with a mass of order or below the mass of
the proton, commonly referred to as the “sub-GeV/c>” mass
region has received significant recent attention driven by the
widening exploration of possible connections between the
visible and hidden sectors. Coupled with the idea that hid-
den sectors may contain more than just the dark matter state
leads to a rich set of new dark matter-Standard Model inter-
actions with novel dark matter genesis mechanisms moving
beyond the vanilla WIMP picture. A comprehensive list of
sub-GeV/c?> models with a review of the growing interna-
tional landscape of small detectors for low-mass dark matter
searches can be found in [1].

Helium is an attractive target for scattering searches as
its relatively light mass is well-matched, kinematically, for
sensitivity to dark matter elastically scattering off nuclei in
the GeV mass range. As a noble element, helium has the ease
of purification [2], high light yield, and transparency to its
own scintillation produced in excimer decay.

Helium-4 based dark matter detection, to search for sub-
GeV/c? dark matter candidates with spin-independent inter-
actions, is being intensively explored, e.g. by the HeRALD
and DELight collaborations [3,4], who both employ the
noble gas as their target media. The QUEST-DMC pro-
gramme proposes to build and demonstrate the capability of a
superfluid helium-3 detector to improve on the sensitivity to
spin-dependent dark matter in a unique and complimentary
search in the same well-motivated sub-GeV/c? dark matter
mass range. The use of superfluid *He as a particle detector
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Fig. 1 Schematic illustration of the QUEST-DMC experiment: The
mixing chamber of a 3He-*He dilution refrigerator provides a stable
temperature of 2mK. This is used to pre-cool a single-shot magnetic
cooldown stage made from copper, reaching sub-100 uK temperatures.
The superfluid He dark matter target is contained in a transparent
bolometer volume (above the red demagnetisation stage), surrounded
by a secondary superfluid volume that is cooled down by the cop-
per coolant. The bolometer is connected to the rest of the superfluid
container via an orifice of ~ 1 mm? surface area. Scintillation in the
bolometer can be monitored by a photon detector (purple shell), but that
possibility is not included in the sensitivity analysis presented in this
Article. The front half of the whole cylindrical apparatus shown here
is cut out and the size of the bolometer is exaggerated for illustrational
purposes. The bolometer is instrumented with two resonator wires (not
shown here). The magnetic field is vertical

was first proposed [5] in 1988. Later, MACHe3 project led
to the ULTIMA programme [6,7], exploring a 100 GeV/c>
WIMP dark matter detector. The second quantum revolution
has led to very significant improvements in achievable energy
resolution since then, and QUEST-DMC aims to exploit these
to reach world-leading sensitivity to spin-dependent interac-
tions of sub-GeV/c? mass dark matter.

The QUEST-DMC detector concept is as follows. In a dark
matter->He scattering event, energy transferred to the struck
3He atom will be deposited in the detector volume as heat and
ionization energy loss, leading to the formation of thermal
excitations (broken Cooper pairs, called quasiparticles) and
excimers respectively. The superfluid 3He target is enclosed
in a ~ 1cm? bolometer box, instrumented with a nanome-
chanical resonator (NEMS) sensitive to thermal quasiparticle
production in the 3He (see [8] for the details of the manu-
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facturing process). The NEMS records the temperature in
the box as a function of time [5,9, 10]. A sketch of a sample
container suitable for such purposes is shown in Fig. 1. To
achieve the desired performance, the bolometer is operated
at the lowest achievable temperatures, around 100 uK; the
NEMS is constructed from nanowires with diameters reach-
ing well below the 1 um scale previously achieved; and, we
implement SQUID readout of NEMS at these temperatures
for the first time.

In this paper we study the sensitivity of QUEST-DMC
using a complete simulation model of the detector and its
surroundings. Combining a simple model of the superfluid
physics, measured NEMS characteristics, radio-assay data
of the materials involved, and a comprehensive description
of the collision physics using the particle physics simulation
library GEANT4 [11-13], we show that the QUEST-DMC
detector will provide recoil energy sensitivity down to the
eV scale. Provided realistic cosmic ray background rejec-
tion, this energy sensitivity enables the exploration of the
sub-GeV/c? dark matter mass range with a significant pro-
jected improvement in sensitivity to the spin-dependent elas-
tic scattering cross section. For example at a dark matter mass
of 1 GeV/c?, the leading constraint on the spin-dependent
dark matter-neutron cross section stands at ~ 1073%cm?
from CRESST III (LiAlO;) [14]; the projected sensitivity
of a 6-month run of QUEST-DMC with a 4.9 gday expo-
sure in a facility located at the planet’s surface reaches down
to ~ 1073 cm?. The details of the profile likelihood ratio
sensitivity analysis and background model are described in
Sects. 3 and 4.

2 Detection principle

Dark matter can interact with the He target material via
scattering. This may be with the target nucleus, transferring
a small fraction of the dark matter kinetic energy, or with
the electron cloud, in which case the recoil energy can be
as large as the dark matter particle mass. In this paper we
focus on nuclear scattering, considering both spin-dependent
and spin-independent dark matter interactions. Backgrounds
for these dark matter signals include cosmic rays and cos-
mogenics, radiogenic sources and solar neutrinos. Figure 2
summarises the expected background spectra along with the
differential signal event rate for spin-dependent dark matter
nuclear scattering of a 1 GeV/c? mass dark matter particle.
Details on signal generation and background models can be
foundin Sects. 2.1 and 3. For illustration, the maximum recoil
energy resulting from interaction of a 1 GeV/c? mass dark
matter particle is at the scale of 1keV. This drives the detec-
tor design of QUEST-DMC to reach the energy threshold of
10eV and below.
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Fig. 2 Energy spectra showing the results of simulated backgrounds
incident on the detector target volume, before the detector response
has been applied. As outlined in the Background section, these consist 0.8}
of cosmic rays (including cosmogenics), radiogenic decays of isotopes
within the detector materials and surroundings and solar neutrinos —
which can result in electron recoil (ER) or nuclear recoil (NR) interac- s 0.6
tions. The first run of the experiment will take place on the planetary B i
surface with negligible shielding from cosmic rays. A cosmic muon 2 oal i
veto system is planned for which a 90% tagging efficiency is assumed. ' n ey 3
Here, the nominal radiogenic background for a typical cryostat setup ,{x\' / £
is shown, however this could be further improved using shielding and 02} HEREESSE
more radiopure materials. The energy spectrum for spin-dependent dark . 7
matter nuclear scattering is shown for comparison using a dashed line,
2 ; ~36,m2 0 . . .
for a dark matter mass of 1 GeV/c~ and cross section of 107°°cm .901 102 103 107 105

2.1 Distribution of collision energy

The energy deposited by a collision is divided between two
observable channels, scintillation photons and heat. Heat is
ultimately released and detected as superfluid quasiparticles.
We calculate the division of energy by first splitting the ini-
tial collision energy into elastic scattering, ionization and
excitation. Then each of these is divided into the observable
channels and the contributions are summed.

The initial deposited energy, E, is split between
electronic stopping, 7, and nuclear stopping, v, with
E = n(e) + v(e). For electron recoil (ER) interactions there
is little energy transfer to the nucleus and all energy goes
into electronic stopping. For nuclear recoil (NR) interactions
the fraction of energy in electronic stopping f, the nuclear
quenching, is calculated using the Lindhard model [15]:

_nle)  kgle)
T E 1 +kge)

f ey

This depends on the atomic number, Z, and mass, A,
through reduced energy, € = 11.5Z77/3E/keV and k =
0.133Z2/3A~1/2 The function g(€) = 3¢*15 +0.7¢%0 4 ¢
is determined from fits to data [16]. At very low recoil ener-
gies the Lindhard model is acknowledged to be uncertain, due
to the assumed potential and lack of atomic binding energy,

Deposited energy [eV]

Fig. 3 Partitioning of the deposited energy by (a) nuclear recoil or (b)
electron recoil interactions into signal channels. Energy is split between
quasiparticles, infrared photons, singlet and triplet UV scintillation pho-
tons. Production of quanta is a Poisson process — dashed lines show the
mean fraction of energy in each channel and points show Poisson smear-
ing of the discrete quanta produced

this is included in the energy scale systematic described in
Sect.4

All of the energy in nuclear stopping goes into the elas-
tic scattering channel, but the energy in electronic stopping
must be split further into ionization and excitation. This is
done using the ratio of measured cross sections for ioniza-
tion and excitation. For nuclear recoils we use He—He impact
cross sections for ionization and excitation (summed over all
states) [17]. No data exists below 1 keV, so the ratio is extrap-
olated down to the ionization threshold. For electron recoils
we use electron impact cross sections for ionization and exci-
tation to both singlet and triplet states [18].

The next step is to map the energy deposited in elastic
scattering, ionization and excitation, to the quasiparticles and
photons seen in the detector. For the elastic scattering all
energy goes into quasiparticle excitations. For ionization and
excitation channels energy is split between singlet, triplet and
infrared photons and quasiparticles, with the ratio depending
on both recoil energy and interaction type.

@ Springer
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Following ionization, the ejected electron forms a ‘bub-
ble’, repelling nearby He atoms, and the ion forms a ‘snow-
ball’, attracting nearby He atoms. This phenomenon slows
the movement of the charges and at small or zero applied
field almost all recombine forming excited He;, dimers. These
subsequently relax, via IR cascades, to the first excited state
— singlets (A'Zu) or triplets (a3 X u). Both excimers decay
emitting UV photons, however the singlet decays on a short
(ns) timescale whilst the triplet decay should have a much
longer (s) timescale. This should prompt and delay UV scin-
tillation photons, correspondingly. At least one experiment
has shown that the triplet lifetime is significantly shorter [19]
in the presence of *He atoms. The lifetime of triplets in super-
fluid 3He, therefore, remains an open question.

In the case of excitation of a helium atom in the nuclear
recoil interaction, the excited helium atom will form an
excited dimer. Again, this subsequently relaxes via an IR
emission cascade to singlet and triplet states, which emit UV
photons as above.

The number of singlet/triplet states depends on the inter-
action type. For nuclear recoil interactions ionization results
in a 0.25:0.75 singlet:triplet ratio from recombination due to
the availability of states. Excitation results in a 0.86:0.14 sin-
glet:triplet ratio from transition probabilities [17]. For elec-
tron recoil interactions ionization is assumed to give 0.5:0.5
singlet:triplet ratio from geminate recombination, whilst the
singlet:triplet ratio for excitation can be determined from
Cross section measurements.

A further process that must be accounted for is Penning
quenching [17], which results in non radiative destruction of
two excimers producing helium atoms, anion and an electron.
When the ion and electron recombine a new single excimer
is formed, giving a net reduction in the number of excimers
and UV scintillation photons. The differential equation for
the rate of change of excited states around an interaction site
can be solved to give the Penning quenching factor [20]. This
modifies the fraction of singlet energy going into UV photons
and quasiparticles, with the fraction of singlets lost due to
bimolecular processes ranging from ~20% below 10keV to
~40% for few MeV interactions.

The energy going into each channel is summed for each
step with quasiparticle energies of 8§eV from subthreshold
electrons, 2 eV from dimerisation and 4 eV from ground state
dissociation [17,21]. The mean energies going into the IR
channel are 4eV from ionization and 0.5eV from excitation
and mean energies for the UV scintillation photons are 16eV
for singlets and triplets. Production of quanta are random
processes, which can be modelled using Poisson fluctuations.
For each energy, samples are randomly drawn from a Poisson
distribution to give a smeared distribution of the number of
quanta and the quanta can then be converted back to energy,
as shown in Fig. 3.

@ Springer

The different fractions of energy in photons and quasipar-
ticles for electron and nuclear recoil events can potentially
be used to discriminate between these two interaction types.
Below the ionization energy of 19.7eV all the energy will
go into quasiparticles and for a search below this energy, the
photons can be used as a veto for higher energy background
events. The sensitivity projection reported in this paper does
not assume any background reduction associated with parti-
cle identification based on energy partition, or timing within
the ionization partition; however, we note the promise of
pulse-shape discrimination in future.

2.2 Detecting the deposited heat

The detector concept we consider consists of a bolometer cell
with a volume of 1cm?3, filled with superfluid helium-3 in the
B phase (*He-B) [22]. In order to maximise the sensitivity
of the detector to changes in the quasiparticle density, the
ambient quasiparticle density needs to be made as low as
possible. This is achieved by cooling the superfluid in the
bolometer to ~100 uK. In this temperature regime, thermal
quasiparticles propagate ballistically with a mean free path
of several kilometres.

The bolometer is surrounded by large superfluid volume,
refrigerated by a nuclear demagnetization refrigerator as
shown in Fig. 1. The two volumes are connected via a pin-
hole in the bolometer wall (diameter ~ 0.5 mm), and any
deposited heat flows out as carried by the ballistic quasi-
particles. This process is described by the bolometer time
constant tp, ~ 5s. The long time constant allows measur-
ing the deposited heat once the collision energy has been
thermalised between the quasiparticles in the bolometer (see
Appendix A). Note that based on the simulations described
in the next sections, the expected integrated event rate in the
bolometer is < 2.5 events/minute (without a veto), which
is slow as compared with 7,. Below we have assumed the
bolometer readout cannot be much slower than ~ 10s.

Each quasiparticle carries an energy equal to the super-
fluid gap A ~ 1077 eV so that at a recoil energy of 10eV,
108 quasiparticles are created. In comparison, the ionization
energy threshold to liberate one electron is ~20eV.

The density of quasiparticles is measured using a nanome-
chanical wire resonator made from superconducting metal.
The moving wire, driven by an AC current in a magnetic
field, experiences a drag force proportional to the quasiparti-
cle density. The Full Width at Half Maximum (labelled Af)
of the mechanical resonance is proportional to the drag force,
and the measured signal amplitude to the peak velocity of
the probe. In *He-B, this force is orders of magnitude larger
than for an equivalent ideal gas [23] because (i) all quasi-
particles carry the Fermi momentum instead of a thermal
momentum distribution and (ii) quasiparticles approaching
the moving probe from behind are Andreev reflected, while
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Fig. 4 Simulation of bolometer readout: (a) If the detector is oper-
ated at 0.12 T; (T ~ 1mK is the superfluid transition temperature),
the conventional readout of the thermometer wire (blue line, equivalent
amplifier noise &~ 0.1 nV/+/Hz) reaches 10% uncertainty at deposited
energy Q = 100eV. The SQUID readout circuit has equivalent readout
noise ~ 0.1 pV/+/Hz, yielding sufficient sensitivity down to sub-eV
deposited energies (red dashed line). In both cases the readout error is
inversely proportional to the deposited energy Q. The shot noise (dot-
ted green line) is shown separately assuming no other noise sources are
present. (b) The most important optimisation parameter of the bolome-

those inbound, with a direction of motion opposite to that of
the probe, are reflected normally [24,25]. Andreev reflection
is a quasiparticle reflection process that occurs in quantum
condensates that reverses the direction of motion of the quasi-
particle but does not transmit momentum (conversion from
“particle” to “hole”). Thus, net momentum transfer from the
collisions is dramatically amplified.

The quasiparticle drag force measurement is done in two
steps:

1. In a sweep measurement the resonator response is mea-
sured as a function of drive frequency to characterise
the resonator. The resonance is parametrised by the reso-
nance frequency, the resonance width Af, and the ampli-
tude of the response on resonance. These quantities are
extracted from fits of a Lorentzian function to the in-
phase and out-of-phase part of the voltage.

2. If the resonator is driven on resonance, a rapid increase
in the quasiparticle drag force produces a decrease in the
amplitude of the resonator motion and thus the measured
voltage. Once the resonator parameters are extracted
using a frequency sweep, driving the resonator on res-
onance allows extracting such changes as a function of
time. This mode of operation is termed resonance track-

ing.

b
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ter is the operation temperature. The simulated readout error for fixed
deposited energy (here Q = 10eV) is proportional to the thermal quasi-
particle density. The black dotted line shows the temperature depen-
dence of the thermal quasiparticle density o< exp(— kBAT). Both panels
show calculations for a 2mm-long, 400 nm-thick detector wire, oper-
ated at saturated vapour pressure; the conventional and SQUID readouts
are simulated, respectively, for a 100mT and 0.4mT magnetic field.
Dependencies on wire dimensions and operation pressure are weaker
than those shown here and are shown in Fig. 8 in Appendix B

A particle depositing energy in the bolometer produces an
increase in the measured width [7]

AN ALY

Af(t) = Afoase + A(AS) (a)
)2 (7 gty )

b — Tw

Here the energy deposition takes place at time ¢+ = 0 and
the peak amplitude A(Af) is proportional to the energy
deposited for energies up to several MeV. The peak shape
is determined by the bolometer time constant 7, and the wire
time constant Ty, = 1/(7 Afpase), Where the latter depen-
dence is valid assuming the change in the width is small as
compared with the total width (A(Af) < Afpase). Further
detail on the underlying physics can be found in Appendix A.
We simulate the bolometer performance by generating
bolometer and probe wire responses from Eq. (2). Two tech-
niques of readout have been considered: a passive cold ampli-
fier with amplification factor 100 (“‘conventional readout”),
and a SQUID readout circuit. In both cases, the signal is even-
tually recorded using a room-temperature lock-in amplifier
(see Appendices B and C). For the conventional readout the
simulated signals are combined with readout noise in the
room temperature amplifier. In the case of the SQUID read-
out circuit the room temperature amplifier noise is negligible,
and the noise considered is fundamental noise in the resonator

@ Springer
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and the cold readout circuit. We fit the obtained noisy sig-
nals with Eq. (2), and repeat the process to gather statistics
on the error in the fitted outcome. This allows us to calcu-
late the average measurement error as a function of energy
deposited by the collision, detector temperature, pressure and
other relevant physical parameters.

The resonance tracking signal measured from the nano-
wire oscillator is much larger than the noise. Thus, signal to
noise ratio in detecting bolometer events is directly given by
the ratio of A(Af) (in voltage units) and noise. The obtained
uncertainty in the recoil energy detection is inversely propor-
tional to the deposited energy (Fig.4a). It is also proportional
to the quasiparticle density in the bolometer before the colli-
sion, which decreases exponentially with decreasing temper-
ature (Fig. 4b). We conclude that if only readout noise is taken
into account, decreasing the temperature in the bolometer is
the most effective way of improving the detection sensitivity.

Statistical fluctuations in the quasiparticle collisions with
the detector wire result in fluctuations in the measured force
proportional to the square root of the measured force (see
Appendix D). We term this noise quasiparticle shot noise.
This noise contribution is shown separately in Fig.4. For
the detector wire studied here, this noise contribution cannot
be observed using traditional readout, but we predict it will
be the dominant noise source in a SQUID readout system.
Taking the shot noise into account (details in Appendix A
and B), we predict that a 10% readout error can be achieved
at deposited energy Q = 10eV using the SQUID circuit up
to and possibly even above operation temperature 0.15 T¢.

At the lowest temperatures, the temperature measurement
can become too slow to distinguish subsequent collisions. As
a crude estimate of the readout speed needed to avoid pile-
up, we assume that the detector needs to be able to cope with
background events occurring every ~ 10s. The expected
background spectra are discussed in detail in the next section.
The mechanical resonator adjusts to changes in the quasipar-
ticle density with the time constant vy, = 1/(w Af), which
increases as

A
Af o exp <_kB_T) 3)

with decreasing temperature. Mechanical resonators also
have intrinsic dissipation that does not depend on quasipar-
ticle collisions and thus sets a minimum for Af. Lighter res-
onators (thinner wires) react faster to changes in the quasi-
particle density and become saturated at the intrinsic width
at a lower temperature. Using sub-um resonators is therefore
essential for the operation of the superfluid bolometers.

We have developed a technique of manufacturing super-
conducting niobium-titanium (Nb-Ti) resonator wires down
to 400 nm thickness. In brief, a copper matrix only contain-
ing a few filaments of the desired size is etched away across
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Fig. 5 Superconducting wire resonators for superfluid thermome-
try: (a) A fake-colour micrograph of a 390 nm-thick superconducting
wire resonator from above (red string), spanning approximately 1 mm
between two copper posts (copper-coloured rods). The white scale bar
corresponds to 100 um. (b) The blue circles show the Full Width at Half
Maximum (FWHM) of thermometer wire resonances for different wire
diameters. The data is measured in superfluid 3He-B at 0.24 T, (220 1K)
and saturated vapour pressure (Obar). The red dashed line is the the-
oretical expression detailed in Eq. (11) in Appendix A. Approaching
the coherence length (vertical black dash line), the measured resonance
width is expected to remain smaller than the theoretical line owing to
qualitative changes in the quasiparticle scattering process. The grey
shaded area shows where the resonator response time becomes longer
than 10s if temperature is lowered to 0.137¢ (120 uK at O bar pressure)
and the blue area shows where the response time becomes longer than
105 if temperature is lowered to 0.117; (100 uK)

the planned resonator length, and the filaments are manually
removed down to one using tweezers. The one remaining
cylindrical superconducting filament remains attached to the
copper legs. An example of such resonator [8] is shown in the
Scanning Electron Microscope picture in the inset of Fig. 5.

Figure 5 shows resonance widths of wires with diame-
ters down to 400 nm. The shaded areas in Fig.5 indicate an
extrapolation to lower temperatures using Eq. (3), showing
which probes become slower than 1, =~ 10s as tempera-
ture is lowered to 100 uK. That is, probe wires thinner than
a micrometre are fast enough to operate in this temperature
regime, allowing us to avoid pile-up even if the eV-scale
backgrounds turn out to be more frequent than our simula-
tion model predicts. Note that the smallest wires have res-
onance widths significantly smaller than expected based on
theory. This may be either because of impurities attached to
the resonator wire in the assembly process or because the
wire diameter is approaching the coherence length of the
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superfluid where Andreev reflection is expected to gradually
switch off. For our purposes the obtained widths are large
enough for 100 uK operation.

We conclude that the desired energy sensitivity of 10eV
can be achieved if the cm3-volume bolometer is operated
at 100K temperature and the readout of a 2 mm-long ther-
mometer wire is instrumented with a SQUID readout circuit.
Achieving sufficient readout speed at this operating temper-
ature to deal with background events requires using a sub-
um-thick thermometer wire.

The bolometer will be energy calibrated using two tech-
niques. Following Ref. [26], the first technique is to inject
heat into the bolometer volume using a second supercon-
ducting wire resonator in the bolometer. Intrinsic losses in
such a heater are negligible, and therefore the measured driv-
ing power is directly dissipated by heating the quasiparticle
gas. The steady-state increase in the bolometer temperature
is measured as a function of power injected. In this state the
power going out via the orifice equals that injected by the
heater. The total energy that flows out via the orifice during
an event described by Eq. (3) can be obtained by integrating
the corresponding bolometer temperature evolution [7]. The
second calibration technique is to place radioactive sources,
with fixed energy lines, as near to the active bolometer vol-
ume as possible. This calibration gives a direct relation to
the deposited energy in the bolometer, from the radioactive
decay, to the measured wire response.

3 Background

Beyond reaching low recoil energy sensitivity, the key chal-
lenge in dark matter searches is to achieve sufficiently low
background event rates in the dark matter search energy
region of interest. The *He target itself is intrinsically radiop-
ure. That is, the only other atomic species that remains liquid
at microkelvin temperatures is *He. At 100 uK, the solubility
of “He in 3He is so low that not a single atom is expected
to be contained in a bolometer volume of any size. Note
also that the rare “He atoms produced by neutron capture
will be adsorbed on the container walls after ballistic prop-
agation and that “He atoms in the bulk of the superfluid are
not expected to disturb the operation of the bolometer. All
other impurities are solidified on filling line surfaces and heat
exchangers well before entering the bolometer volume. This
extreme purity means that the superfluid has absolutely no
intrinsic radioactivity or other background that could impede
a dark matter search. As a result, we consider only back-
ground sources arising from the materials the detector is
made of, as well as external particles incident on the detector—
neutrinos and cosmic ray-induced activity.

3.1 Radiogenic background sources

We calculate estimated rates for radiogenic backgrounds
observed in the superfluid detector using a detailed GEANT4
model of the detector geometry and surrounding materials.
The model includes the major features of the cryostat and
laboratory, and it is based on a combination of dedicated
gamma ray spectroscopy assay at Boulby Underground lab-
oratory [27] for all the materials involved that we have direct
access to, as well as material radioassay results from the
SNOLAB radiopurity database [28]. The specific activities
of the main detector materials are summarized in Table 1.

The main contributors to radioactive backgrounds in rare-
event experiments tend to come from the decay chains of
238U and 232Th which have a high abundance in nature,
and can produce electrons, alpha particles, photons from
de-excitation, or radiogenic neutrons. Secular equilibrium is
assumed for isotopes in the Thorium chain unless known oth-
erwise from particular assay results (with equilibrium break-
ing at 228Th) and for isotopes in the upper and lower parts of
the Uranium decay chain with equilibrium breaking at >*Ra
and 2!Pb. Radon emanation effects are not simulated in ini-
tial studies. Other isotopes analysed include 2351y, 00Cp, 40K,
137Cs and 3*Mn. If assay results are not able to detect trace
amounts of 233U, the theoretical ratio of natural abundance
2350/%38U = 0.007257 is used [29].

Radioactive decays from relevant isotopes, shown in
Table 1, are simulated originating from each separate vol-
ume comprising the GEANT4 model. For each volume
between 103 and 10'” primary decays are simulated per iso-
tope, dependent on the distance between the volume and the
detector. The normalised deposited energy spectra from each
decay are summed over all volumes, taking into account the
activity and geometric acceptance of the decay products, to
provide an estimate rate of “true” deposited energy within the
3He. The normalised background recoil energy spectra asso-
ciated with these probabilities can be seen in Fig.2. The full
contributions from radiogenic backgrounds are summarized
in Table 2.

Radiogenic backgrounds could be further reduced by the
addition of optimized passive shielding. For example, we
have simulated the addition of 10cm thick external lead
shielding around the cryostat and 2 cm of radiopure copper
within the cryostat itself in GEANT4, which gives ~65%
reduction in the simulated radiogenic background in the
Region Of Interest (ROI) (0-10keV), compared to the cur-
rent background model used to assess the sensitivity reach
here.

3.2 Solar neutrino backgrounds

Neutrinos produced in nuclear processes in the Sun reach
the Earth and undergo nuclear recoil or electron recoil inter-
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Table 1 Activity of materials comprising the bolometer, cryostat and
surrounding area: Assay values in mBq kg~! from gamma ray spec-
troscopy screening [27] of materials used in the QUEST-DMC detector,
cryostat and laboratory separated into relevant isotopes. * denotes values
from dedicated QUEST-DMC screening. Estimate values for materials
with no direct access (concrete and insulation of the cryostat’s dewar),

or isotopic abundances below the sensitivity of dedicated screening, are
taken from the SNOLAB radiopurity database [28]. If no value for 233U
could be found the theoretical ratio of natural abundance 233U/?38U =
0.007257 is used [29]. ¥7Cs measurement for Araldite epoxy is also
used for similar epoxies (Stycast)

Material Up. 28U Lo. 28U  210pp Up.22Th Lo.?*’Th U 137¢s 40K 0Co 34Mn
Concrete < 1.60 x 10° 1.50x10* 1.00 x 107  7.57x10°> 7.57x10°> <7.20 x 103> 800 420%x10* <700  0.00
Aluminium 8.33x10%* 15.3% 70.7% 356% 334% 60.5 < 0.940%  55.7* < 1.10%  0.00%
Insulation 679 <200 <3.90x10° 200 200 4.93 0.00 3.50x10% 400 0.00
Stainless steel ~ 16* 2.5% 82.2% 3.1% 3.90% 0.120 2.00 <620%  <520% 1.70
Steel <124 12 1.20x10* 4.88 4.88 3.00 2.00 34.1 30.0 1.00
Araldite < 3.60% <4.80%  14.5% <340%  <220%  0.0260 2.00 <25.5% 8.00% 0.00%
Stycast < 10.5% <9.50% < 14.9% <128%  <620%  0.0762* 2.00 <122% 10.0% 0.00%

actions in the target. Coherent neutrino-nucleus scattering
mediated by Z exchange produces NRs that can populate
the dark matter search energy region of interest, whilst Z
and W boson-mediated neutrino-electron elastic scattering
produces ERs.

The incoming neutrino flux depends on the solar model.
We use the recommended normalisation values from [30].
Experimental values are used for 8B (SNO [31]) and "Be
(Borexino [32]), whilst theoretical predictions from the high
metallicity B16 solar model [33] are used for all other
sources.

The background contribution from solar neutrinos is sum-
marized in Table 2. Most solar neutrinos are produced in
the initial proton-proton fusion step, which dominates both
backgrounds at low energies. Neutrinos produced in the later
stages by 'Be electron capture and 8B positron emission
extend to higher energies.

3.3 Cosmic ray-induced backgrounds

While low background experiments are usually hosted in
underground facilities to provide a natural shielding against
cosmic radiation, QUEST-DMC will be initially operated at
ground level in the ultra-low temperature cryostats at the Lan-
caster physics department. In these conditions, the majority
of the background will be caused by cosmic rays, and cosmic
ray-induced radiation.

The flux of cosmic radiation at ground level has been esti-
mated using the Cosmic-ray Shower Library (CRY) [34] par-
ticle generator, together with the GEANT4 detector simula-
tion used for the radiogenic background studies. GEANT4
propagates the primary and secondary particles (includ-
ing cosmogenics production) inside the cryostat materials,
accounting for the total deposited energy inside the He cell.
We do not distinguish ER and NR, and we identify as cos-
mic ray-induced background anything that produces energy

@ Springer

Table 2 Background event rates: expected mean counts for each back-
ground component in the 0—10keV energy range in units of events per
kg per day and per cell per day. The interaction types are indicated by
ER for electron recoil and NR for nuclear recoil. The associated uncer-
tainties on the number of counts arise from material screening, flux
models and Monte Carlo statistics

Component Expected counts [0-10 keV] Uncertainty (%)
/kg/day /cell/day

Cosmic ray 1.05x 10°  3.31 11

Radiogenic ER  8.31 x 10* 2.61 14

Solar v ER 1.51 x 1072 4.76 x 1077 2

Solar v NR 6.37 x 107%  2.01 x 107 2

TOTAL 1.88 x 105 592

deposition in the ROI; below 19.7eV there is no ionization
partition so there is no particle identification information.
To mitigate the rate of events coming from cosmic rays, we
consider using a tagging setup of plastic scintillator planes
at the top and at the bottom of the superfluid sample con-
tainer cell. The light could be carried to the external readout
electronic by a light guide. This tagging scheme has an esti-
mated efficiency of 90% that would permit to reject most of
the particles crossing the cell. The background contribution
from cosmic ray-induced backgrounds, with a tagger of 90%
efficiency, is summarized in Table 2.

The assumed cosmic ray flux in the background model
at the surface is 0.017/cm?/s. This would be greatly sup-
pressed if operated underground as is typical for rare event
search experiments; i.e. at Boulby Underground Laboratory
(2805 ms of water equivalent depth) the muon flux has been
measured as (4.09+0.15) x 10~8/cm?/s [35].
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4 Sensitivity analysis

This section summarises the signal model; more details are
provided in Appendix E. The differential event rate for a dark
matter particle of mass m, scattering with a target nucleus
of mass, my, is given by

dR  py /OO do
dExg  mymy J,.. dENR

v f@) dv, 4)

'min

where p, is the local dark matter density and f(v) is the
local dark matter velocity distribution in the rest frame of
the detector [36,37] and v, 1S the minimum dark mat-
ter velocity needed to impart a recoil energy of Enr in the
detector. The Standard Halo Model is assumed with the dark
matter distributed as an isothermal sphere with an isotropic
Maxwell Boltzmann velocity distribution truncated at the
escape velocity, vesc. We use the Halo parameters recom-
mended in [30].

We consider spin-dependent and spin-independent scat-
tering separately. At zero momentum transfer the differen-
tial cross sections for spin-dependent and spin-independent
scattering can be written, respectively, as

doSP _ sp Mmn 5
=% 32 ©)
dENR Z/LXHU
doS! AZmy
= oy ©)

dENR h pr Z,u%(pvz ’
where A = 3 for *He, o}y and o}y are the spin-
dependent dark matter-neutron and spin-independent dark
matter-nucleon cross sections respectively and where fiyy
and f4,p are the reduced dark matter-neutron and dark matter-
nucleon masses respectively.

The differential event rates for spin-dependent and spin-
independent scattering are then

dRSD  py oS poo

=1 / = @ d, ©)
dENR 2mX MXH Umin
dRS!  9pyodt oo

= £ g / - @) d’v. (8)
dENR sz I'L)(p Umin

Detector response effects are applied to the predicted differ-
ential event rates with energy from the readout error, shot
noise and intrinsic fluctuation outlined above and a lower
limit determined by the threshold energy of the detector.
The energy threshold of the bolometer is calculated as the
energy that can be statistically determined to be non-zero at
95% confidence level. For arange of deposited energy values,
the mean number of quasiparticles is calculated as described
in Sect.2.1. A smeared distribution about this mean is made
using the readout error and intrinsic fluctuations calculated
as described in Appendix D. Then, for each true number of

quasiparticles, a Gaussian is fitted to the smeared distribution.
The fraction of this Gaussian which falls below zero is calcu-
lated and the true number of quasiparticles corresponding to
5% below zero is determined. This number of quasiparticles
is then converted into an energy, which defines the threshold.

Using this method an energy threshold of 31eV is found
for the conventional readout and a threshold of 0.51 eV for the
SQUID readout, at a temperature of 0.12 7¢.. These threshold
energies are used as energy cuts on the background and signal
distributions that go into the sensitivity projection.

For the sensitivity projections that follow, an exposure of
4.9 gday is assumed, corresponding to 5 x 0.03 g cells with
6 months live data taking time.

A profile likelihood ratio analysis is used to evaluate the
sensitivity to dark matter interactions [30,38]. An unbinned
likelihood function is defined as the product of Poisson prob-
abilities for the signal plus background rate in all bins. The
parameter of interest is defined as the dark matter interaction
rate. Other unknown parameters in the model are nuisance
parameters, which will be profiled out in the analysis. These
include the rates of different background components in the
background model, the galactic escape velocity of dark mat-
ter in the signal model veg and the energy scale calibration.

Using the RooStats package [39] a test statistic is con-
structed using the ratio of the conditional to global maxi-
mum likelihood. This is evaluated for different values of the
parameter of interest, floating all nuisance parameters within
Gaussian constraints. The resulting test statistic distribution
is used to determine two sided 90% confidence limit on the
parameter of interest, which is converted to a limit on the
dark matter interaction cross section.

The probability density functions used in the likelihood
function are distributions of the dark matter signal and
expected backgrounds in a reconstructed energy variable.
The reconstructed energy probability distribution functions
are made by applying the energy threshold cutoff and Gaus-
sian energy resolution to “true” energy probability distribu-
tion functions which have been simulated. Background rates
and uncertainties used are shown in Table 2.

The likelihood is extended to include constrain terms on
the nuisance parameters accounting for systematics in the
signal and background models. For each background com-
ponent a Gaussian constraint term with width equal to the
rate uncertainty is added — arising from solar neutrino flux
uncertainty, radiogenic material screening and Monte Carlo
simulation statistics.

Uncertainty in the signal model can arise from the astro-
physical parameters, which determine the dark matter veloc-
ity distribution. Changes in galactic escape velocity can sig-
nificantly affect the endpoint of this distribution, which is
important at low dark matter masses for low threshold exper-
iments. The recommended value of 544 km/s [30] was mea-
sured by the RAVE survey [40] with a 90% confidence limit
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of (498, 608)km/s. The value of veg. is allowed to float in
the analysis, with a Gaussian constraint term corresponding
to the 1 o width.

The final source of uncertainty considered in this analysis
is in the energy measured in the bolometer — accounted for
using an energy scale parameter. This arises from uncertainty
in the expected quasiparticle energy, from the deposited
energy distribution, transport and cell thermalisation, and
from uncertainty in the energy calibration and measurements.
The calibration uncertainty is expected to dominate with
~10%, as seen in the measured calibration coefficient in [26],
and a corresponding Gaussian constraint term is included.

The resulting 90% confidence limit sensitivity projection
for spin-dependent dark matter-neutron scattering is shown
in Fig. 6 contrasted with existing limits from Xenon 1T S2-
only MIGD [41], CRESST III (LiAlO,) [14], LUX (Xe) [42],
CDMSlite (Ge) [43] and PandaX-II [44]. The projected limits
from this work would improve significantly on the existing
limits of Xenon 1T [41] and CRESST III (LiAIO) [14] in
the mass range ~ (0.025 — 4) GeV/c? for the QUEST-DMC
SQUID readout.

The 90% confidence limit sensitivity projection for spin-
independent dark matter-nucleon scattering is also shown
in the lower plot of Fig.6 along with existing limits from
DarkSide-50 [45] and XENONIT [46]. Even though 3He
has a significantly lower atomic mass number compared with
xenon and argon, the low energy threshold coupled with the
scattering kinematics of the He with dark matter allows
QUEST-DMC to project stronger limits than DarkSide-50
and XENONIT for masses below ~350MeV/c2, with the
SQUID readout projection providing sensitivity down to ~25
MeV/c?.

There are a number of sensitivity projections in the lit-
erature related to planned upgrades of existing direct detec-
tion experiments and to new proposed experiments that are
in various stages of development. For spin-dependent dark
matter-neutron scattering DarkSPHERE [47] has projec-
tions for a helium-isobutane gas target over the mass range
~ (0.05 — 10) GeV/c? reaching as low as ~ 5 x 10738 cm?
at a dark matter mass of ~ 550 MeV/c2. The QUEST-DMC
SQUID readout limit is the most sensitive projection below
~ 150MeV/c?.

For spin-independent dark matter-nucleon scattering, the
landscape of projections is more populated for the sub-
GeV/c? mass range. For example, at a dark matter mass
of 200MeV/c?> DarkSPHERE [47] projects a limit of ~
5 x 107*2cm?. Projections from He-based dark matter
detection experiments (HeRALD (kg-day exposure) [3] and
DELight [4]) are useful comparisons, with projected limits
at 200MeV/c? of ~ 4 x 107¥cm? and ~ 5 x 107*0cm?
respectively, although we note that the DELight projection
is background free. We also note that HeRALD [3] include
projections for 100kgyear with a 1 meV energy threshold
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Fig. 6 Projected 90% exclusion limit sensitivity to dark matter nucleon
interactions, assuming 4.9 g day exposure and the background rates out-
lined in Table 2. Calculated for the conventional (cold transformer plus
lock-in amplifier) and SQUID readout schemes, which are expected to
achieve energy thresholds of 31 and 0.51 eV respectively. (a) Cross sec-
tion limit for spin-dependent dark matter-nucleon interactions includ-
ing existing limits from Xenon 1T S2-only MIGD [41], CRESST III
(LiAIOy) [14], LUX (Xe) [42], CDMSIlite (Ge) [43] and PandaX-
IT [44]. (b) Cross section limit for spin-independent dark matter-
nucleon interactions including existing limits from DarkSide-50 [45]
and XENONIT [46]

giving sensitivity to masses ~MeV/c? with a cross section
of ~ 107 cm?.

At low dark matter masses and relatively high cross sec-
tions it is important to consider the effect of dark matter
interactions with particles in the Earth and atmosphere [48—
54]. Scattering of incoming dark matter will alter the number
density and velocity distribution at the detector location. This
effect causes the signal spectra and resulting sensitivity to be
modified or even lost for sufficiently large dark matter scat-
tering cross sections. In this paper we focus only on the limit
at low cross sections, where this effect is minimised, and
leave the inclusion of these effects to future work.
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5 Discussion

In this paper we have described a new concept for a dark mat-
ter experiment, employing superfluid *He as a detector for
interactions of dark matter with mass of order 1 GeV /c? or
below. The detector concept is based on quasiparticle detec-
tion in a bolometer cell by a nanomechanical resonator. We
have developed the energy measurement methodology and
detector response model, simulated candidate dark matter
signals and expected background interactions, and calculated
the sensitivity of such a detector. We project that such a detec-
tor can reach sub-eV recoil energy threshold, opening up new
windows on the parameter space of spin-independent inter-
actions of light dark matter candidates. Simultaneously, this
complete description of the system allows for future inves-
tigations of fundamental superfluid physics, such as under-
standing the elusive homogeneous first order phase transi-
tions between the superfluid A and B phases where external
radiation may trigger the transition instead of thermal fluc-
tuations [55,56].

The projected energy threshold of the QUEST-DMC
detector is limited by quasiparticle shot noise in measuring
the energy deposited in the detector. Equipping the bolome-
ter with N independent nanowire oscillators [57,58] would
enhance the projected energy sensitivity by a factor +/N [59].
Alternatively, turning the nanowire into a paddle by attaching
alight thin membrane such as a graphene flake or PMMA film
would increase the number of quasiparticle collisions without
making the resonator significantly heavier, thus reducing the
shot noise. In principle, one could also use the shot noise mea-
surement as a direct means of thermometry [60], or switch to
non-local thermometry, such as measuring the relaxation rate
of a magnon BEC occupying the bolometer volume [61-65].
Implementing one or more of these improvements will allow
pushing the sensitivity to sub-eV energies.
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Appendices
A Superfluid *He as a bolometer

The density of thermal quasiparticles in 3He-B decreases
exponentially with decreasing temperature. Below 0.257;
(T, ~ 1mK is the superfluid transition temperature), the
density is so low that the quasiparticles do not interact with
each other. That is, the mean free path exceeds the sample
container dimensions by orders of magnitude. Here, the heat
capacity of the superfluid contained by the bolometer can be
calculated from first principles [22],

Cv(T) =22n) kg NoA A 4\ 9
v(T) =2Q2m) '“kgNo (kB_T exp ksl ®

where kp is the Boltzmann constant, Ny is BCS density of
states in the normal phase at Fermi energy for one spin com-
ponent, and A is the superfluid energy gap.

The density of quasiparticles can be measured using a
mechanical resonator [8] immersed in the superfluid. Here we
consider a cylindrical superconducting resonator wire, driven
by an AC current in a magnetic field. The velocity of the
wire can be measured by recording the induced voltage. The
resonator wire experiences a drag force due to collisions with
quasiparticles. For a cylindrical resonator wire, the drag force
per unit length from quasiparticle collisions follows [66,67]

F=vd” propNoexp - -2 (10)
= VA PROFROSXPA T )
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Here v is the velocity of the wire, d is its diameter, pp is
the Fermi momentum and vF is the Fermi velocity. This lin-
ear expression holds up to v &1 mm s~!. In this paper we
have therefore assumed that the resonator is operated so that
the peak velocity is v = Imms~! for superfluid at Obar
pressure. Increasing the velocity much beyond this not only
makes the drag force nonlinear in velocity but also eventually
enables direct vortex production and emission of surface-
bound quasiparticles [68,69].

The resonance line shape in the linear regime is Lorentzian,
characterised by the central frequency fo ~1kHz and the
Full Width at Half Maximum

_oF
 n2pd*v’

Af Y

where p is the mass density of the wire. The resonance width
can be measured directly by sweeping the AC drive frequency
across fo and recording the induced voltage. The resonance
width is, therefore, a direct measure of the superfluid’s tem-
perature.

The induced voltage depends on the geometry of the res-
onator, but to a good approximation the on-resonance voltage
follows

Vo ~ IBv (12)

for both semi-loop-shaped resonator wires and straight wires.
Here B is the applied magnetic field and [ is the length of
the wire projected to the plane perpendicular to B (length of
the wire for a straight wire, leg spacing for a semi-loop). For
the state of the art fabrication of the thinnest wires / ~ 2mm
(longer wires result in greater induced Faraday voltages and,
therefore, more sensitive measurements).

To reach the lowest possible temperature, the bolometer
needs to be placed as close to the demagnetisation stage as
possible, as shown in Fig. 1. Thus, the largest magnetic field
available for operating the resonator wires is the typical end-
of-demagnetisation field B = 100mT. We have used this
field for calculating the sensitivity of the conventional read-
out. The SQUID readout can possibly be impedance-matched
to work in such field, but would ideally work at a signifi-
cantly lower magnetic field. We have assumed it is operated
at 0.4mT as detailed in the following section.

For a fixed drive current, Eqgs. (11, 12) show the product
Af Vg is conserved. It is therefore possible to operate the
resonator in a secondary readout mode by constantly driving
itat f. Changes in the measured Vjy can be directly converted
into corresponding Af. In this mode, the temperature readout
time is limited by the intrinsic response time of the resonator,
Tw = 1/(mAf).

The response of a bolometer operated at temperature T,
corresponding to thermometer wire resonance width A fyase,
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is modelled as follows. The heat deposited by a collision in
the bolometer volume is denoted Q. After the collision, the
bolometer reaches anew temperature Af = A fpase +A(AS).
The increase in the resonator width A(Af) o Q. In practical
experiments, the bolometer leaks energy to the surrounding
superfluid bath via a ‘weak link’ — a small opening in the
bolometer wall — which allows the temperature to slowly
return to the value before the collision. A typical hole diam-
eter used is ~ 0.5mm yielding a bolometer time constant
T ~ 5s. The superfluid is well-decoupled from the con-
tainer walls by the Kapitza resistance, that is, the thermali-
sation time into the bolometer walls is 3> 10° s. On the other
hand, localised heat release up to MeV energies is distributed
into the superfluid state within a few microseconds [70] and
while the quasiparticle thermalisation time in the bolometer
is not known precisely, it is of the same order as the time
measured in [70] and thus much shorter than 7. This can be
confirmed by measuring the Andreev-reflection-based devia-
tion from Eq. (11) at resonator peak velocities v > 1 mms~!
as described by Eq. (17) in [71] (see also [66]). This devia-
tion arises from the thermal velocity distribution of the bulk
quasiparticles. Therefore, the heat deposited by a collision in
the bolometer volume, Q, can be measured slowly by record-
ing the resulting thermometer response [7]:

T Tw/(Th—Tw)
Tw

Af([) = Afbase + A(Af)(

K2 (7 gty (13)
T — Tw

Note that the peak value of this function is independent of
Tp and Ty, and thus the readout sensitivity does not depend
strongly on either time constant.

The dark matter detection concept presented here relies
on detecting changes in thermal energy in the bolometer
smaller than any existing experiment is sensitive to. While
the heat capacity and Andreev reflection responses have not
been measured in this energy range, the theoretical descrip-
tion works well because of the lack of quasiparticle interac-
tions, and so no deterioration of the agreement with theory is
expected at even lower quasiparticle densities. This justifies
extrapolation to lower-than-yet-unexplored energy scales.

B Simulation of bolometer readout

We consider two circuits for the readout of induced volt-
age Vp: a ‘conventional’ four-point measurement with the
induced voltage read out via passive pre-amplification by a
cold transformer (amplification x 100), and a SQUID-based
preamplifier circuit (Fig.9). The latter amplifies the sig-
nal orders of magnitude more than the passive transformer,
as described below. Both readout schemes use a room-
temperature lock-in amplifier to record the signal, operated



Page 13 0of 17 248

Eur. Phys. J. C (2024) 84:248
308} Ii\
i
i\
P\
306 1
PN
- I
T I
£ 304t !
< |
1
1

302r

-5 0 5 10 15 20 25 30
time [s]

Fig. 7 A fit to a simulated bolometer response: At ¢ < 0 the bolome-
ter is at a steady temperature 7/ 7. = 0.11. With a 400 nm readout wire
this corresponds to Af = 300mHz (black dots). When a sudden heat
release of Q = 1 keV takes place at + = 0, the bolometer heats up and
Af increases as determined by the time constants ty, and . The initial
temperature rise in the bolometer is assumed to be instantaneous. The
blue line shows a fit to Eq. (13). The bolometer temperature, extracted
from the fit, returns to the value before t = 0 exponentially as deter-
mined by ty, (red dash line). The green dashed line shows the base width
in the fit. Pressure in this simulation is P = Obar and the noise in the
simulated signal corresponds to that in the conventional readout circuit

with time constant 100 ms. The lock-in input noise is white
with the RMS amplitude Vrms=7.9nV. This is the dominant
noise source in the passive pre-amplification circuit, while in
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Fig. 8 Simulated bolometer sensitivity as a function of pressure and
wire diameter. (a) The magnitude of the bolometer response as measured
by the thermometer wire only weakly depends on the wire diameter.
Thus, the error of the conventional readout (blue line) does not depend
on wire diameter. Noise in the SQUID circuit (red dashed line) increases
as the wire diameter decreases due to larger thermal motion of the wire,
and therefore the readout error increases. The relative shot noise (dotted
green line) decreases as the wire size increases due to the increase in

the SQUID circuit the lock-in noise can be neglected. Noise
in the SQUID circuit is derived in the next section.

The resolution of the energy measurement determines the
recoil energy threshold in the detector. In order to simulate
an experiment, we add noise onto a signal generated using
Eq. (13). The obtained noisy signal is then fitted with the same
equation to obtain a fitted deposited energy, and the outcome
is compared with the known actual Q. The energy deposition
is always considered to take place at # = 0 so the time align-
ment is not part of the fitting procedure; this is justified by the
fact that, given the current estimated rate of events, any rel-
evant pile up of events is not expected (which would require
an additional peak finding procedure). An example signal
with added conventional readout noise is fitted with Eq. (13)
in Fig.7. Repeating this process yields a Monte Carlo set of
pseudo-experiments. The outcome is a Gaussian distribution
centred at Q with a standard deviation o. The uncertainty
shown in Figs.4 and 8 corresponds to o/ Q.

With the conventional readout scheme, the recoil energy
can be measured with <100% uncertainty above deposited
energy of 100eV, whilst with SQUID readout smallest
detectable energy with this criterion is approximately 0.1 eV.
The conventional readout sensitivity does not depend on the
wire diameter (7 o 1/d) as seen in Fig. 8a. However, the
SQUID readout sensitivity does depend on d because this
scheme is sensitive to the thermal motion of the wire as
detailed below, and that depends on the thickness d. Regard-
less of the readout scheme, the highest sensitivity is reached

b
101_
100_
c>\.—0.10—1_ ‘_____..-.‘.-.-.
s |7
u!le-
1073} -
’-——-\/—"’.
-'ﬂ,_
104 ="
v d
7/
0 5 10 15 20 25 30

Pressure [bar]

the total number of quasiparticles hitting the wire. The pressure in this
panel is Obar. (b) The highest sensitivity at a fixed relative temperature
(T/T.) is achieved at zero pressure. Note that the superfluid decouples
from heat exchangers at approximately the same T/ T, regardless of
pressure. This panel shows calculations for a 400 nm resonator wire;
the conventional and SQUID readouts are simulated, respectively, for
a 100mT and 0.4 mT magnetic field. In both panels the temperature is
T /T, = 0.12 and the the collision energy deposited Q = 10eV
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at saturated vapour pressure, which is essentially zero at
microkelvin temperatures (Fig. 8b). We note that helium den-
sity increases ~40% from zero pressure to 30 bar, and that T;,
is higher at higher pressures so a given relative temperature
can be held for longer in practical experiments. These factors
need to be taken into account when optimising the detector
performance and maximising the useful exposure, but this
remains a task for the future.

C SQUID readout

To improve the energy resolution, we consider nanowire res-
onator readout based on a superconducting quantum inter-
ference device (SQUID) current sensor [72]. The circuit dia-
gram is shown in Fig. 9. The nanowire is excited with a volt-
age Vx = 2im f M Iy applied by driving a current I via the
transformer with mutual inductance M. The impedance of
the resonator

Z(f)=Vi/Ii— R =2infL; (14)

is inferred from the current /; measured by the SQUID, after
subtracting the contact resistance R (the only resistive ele-
ment of the circuit, we consider an upper bound R = 1 2) and
impedance of the SQUID input coil L; = 1.5 uH, which are
connected in series with the nanowire. The self-inductance
of the secondary of the drive transformer is included in
L;. On resonance the wire impedance Zg = Z(fy) =
1B%/(2wm Af) is directly related to the linewidth Af. Here
m is the wire mass per unit length.

We now turn to the sensitivity of the on-resonance read-
out mode. We assume the measurement bandwidth § f deter-
mined by the lock-in time constant to be greater than Af.
It is convenient to represent all noise sources in terms of
equivalent voltage in the wire, shown by V,, in Fig.9.

The intrinsic SQUID flux noise has typical power spec-
tral density Sy ~ 10713®2/Hz, where &g = h/(2¢) ~
2 fWb represents the superconducting magnetic flux quan-
tum. This noise corresponds to the input current variance
12 = S48f/M?, where M; = 10nH is the mutual induc-
tance between the input coil and the SQUID. The equivalent
voltage noise is

Vsoun = |Z + R+ i2r foLil* Sy 8f | M. (15)
The back action from the SQUID [73] adds a prefactor [74]
1 - oz217 ~ 0.6 of order unity in front of L; in Eq. (15), that

has no significant effect. The Johnson—-Nyquist noise in the
wire contact resistance is

VX = 4kpTR 5. (16)
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Fig. 9 Readout schemes for a vibrating wire moving in a magnetic
field B: (Top) Conventional readout scheme. The vibrating wire with
impedance Z( f) is driven with current /. The voltage across the wire is
detected with a room-temperature lock-in amplifier (LIA), coupled via
a cold transformer. (Bottom) SQUID readout scheme. The voltage exci-
tation is applied via a transformer with mutual inductance My. SQUID
current sensor detects the current /; flowing through the wire, contact
resistance R, and SQUID input coil L;. The SQUID is connected to
LIA via room temperature flux-locked-loop (FLL) electronics. In both
circuits all noise sources can be represented by equivalent voltage V,
in the wire. In our simulation the two readouts are operated at different
optimal magnetic fields

The thermal motion of the wire (resonant phonons) leads to

Vaie = kgTIB* /m. (17)

wire

Thus, the total RMS noise in the voltage measurement is

Vo = \/ VSZQUID + VJ%\I + Vv%ire‘ (18)

Here we assume that the resonant phonons in the wire and
electrons in the contacts are at the same temperature 7' as the
surrounding superfluid.

The optimum readout magnetic field is found by compar-
ing V; to the voltage Vy associated with the motion of the
wire. For the / = 2 mm wire resonating at fo = 0.8 kHz with
Af = 60mHz, considered in our simulations, the best sensi-
tivity is achieved at B = 0.4 mT, where the impedance Z of
the wire matches the rest of the circuit R + 2ix f L;. Integrat-
ing the SQUID readout into the experimental setup shown
in Fig. 1 may require tailoring the magnetic field profile or
increasing Lj.

D Quasiparticle shot noise

The three-dimensional calculation that yields the drag force
from quasiparticle collisions, Eq. (10), considers all possible
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quasiparticle scattering trajectories including those where the
quasiparticle is scattered multiple times before leaving the
vicinity of the wire. The contribution from escape trajecto-
ries requiring multiple scatterings is not negligible [66]. To
estimate the fluctuations in the force, Eq. (10), we neverthe-
less neglect these scattering trajectories and simply calculate
the quasiparticle flux from the quasiparticle number density.

The temperature-dependent quasiparticle number density
nis

1 /2m*\>? A
n=— ( n ) VErkpT exp (——> (19)
kgT

72 hZ

where Ef = p% /(2m*). As a two-dimensional approxima-
tion, a flux J = %nv rlr of quasiparticles of effective mass
m* impacts on a wire of length / and radius r, from one
direction. The QPs hitting the wire follow a Poisson distri-
bution in time. That is, the error (input shot noise, or spectral
noise) corresponds to the standard deviation ~/J/+/Hz in a

bandwidth §f is expected to be [75]

oy = VT = /”;g;r. 20)

Therefore the relative error (or fractional noise) per /Hz is

VIj=| 2 1)
nvglr

The relative shot noise becomes larger at low temperatures.

‘We note that the magnitude of the quasiparticle shot noise
in *He has not been verified experimentally, and it may
deviate from the above estimate due to the complicated
three-dimensional scattering processes involved. If neces-
sary, the shot noise can be reduced significantly by modi-
fying the geometry of the oscillator from a solid-metal cylin-
der to a paddle-like structure. This can be done by attach-
ing a graphene flake or PMMA film to the superconduct-
ing nanowire. This way the flux will significantly increase
without making the oscillator much heavier. This modifi-
cation will change the flow around the sensor and might
result in reduction of the critical velocity. Further experi-
ments required to verify this geometry in superfluid 3He are
underway, however they are outside the scope of this paper.

E Signal model

We are interested in the sensitivity to both spin-dependent
and spin-independent scattering. In this work we consider
interactions either arising from Q4 (spin-dependent) or O
(spin-independent) in the conventions of [76].

The differential event rate for a dark matter particle of
mass m, scattering with a target nucleus of mass m y is given
by

dR Py /'Oo do
v

mymy dENR

=\ 73
dE v f(v)d’v, (22)

'min

where p, is the local dark matter density, f(v) is the
dark matter velocity distribution evaluated in the frame of
the detector, truncated at v = wvesc with a lower limit
Umin = /MmN ENR /2u§ > Which is the minimum velocity
required to produce arecoil energy ENg in the detector, where
“?{N = mymnN/(m, + my) is the reduced mass of the dark
matter-target nucleus system.

The differential cross section, d%ﬁ’ has in general con-
tributions from both spin-dependent and spin-independent
processes of the form

do . doSP n doS!
d ENR - d EnR dENR.

(23)

In order to set useful limits that can be compared across
experiments and against theory it is assumed that only one
type of process is present.

Focusing first on the spin-dependent only case. The dif-
ferential cross section can be written as [77]

doSP 8G2

_ F
dg?  (2J + w?

Sa(q), (24)

where q2 = 2 Enrm y and the spin structure function, S4(q),
is given by

Sa(q) = aSoo + aoai So1 + ai Si, (25)

where the S;js are the sum of all contributions to the
spin-dependent interactions. The parameters ag, a; encode
the model dependent isoscalar and isovector effective dark
matter-nucleon couplings respectively.

In the limit of zero momentum transfer (¢ = 0), which is
a very good limit for dark matter scattering with Helium-3,
the spin-structure function can be written as,

QJ+DJ+1)
rJ

where (Sp) and (Sp) are the mean spins of the proton and
neutron in the target nucleus, J is the total spin of the target
nucleus and a,, a, are the effective dark matter-proton and
dark matter-neutron couplings, defined by the relations by
ap =ap +a, and a; = a, — a,. For 3He, (Sp) = 0 leaving
only dark matter-neutron spin-dependent scattering [78].
The differential cross section can be written in terms of the
spin-dependent dark matter-neutron scattering cross section,

Sa(0) = (ap(Sp) + an(Sn))’ (26)

@ Springer
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o)?,?,as
doSP . G;,? J+1
dq>  3ui,v? J

(Sn)?. 27)

Setting J = 1/2, (Sp) = 1/2 and converting back to use
recoil energy in the differential cross section,

dUSD _SD my
dENR _GXn 2M2 vz'
xn

(28)

Substituting this into the differential event rate we arrive
at

dRSP oy 1
_ pX xn / (29)

= 3
= — f(v) d’v.
dENR 2mX M%(n Umin Y
For the spin-independent case, the differential cross sec-
tion is

doS' myooF?(ExRr)

= , 30
JEnm (30)

ZUZMiN

where F2(ENR) is a nuclear form factor accounting for the
loss of coherence for large momentum transfer, 11, x is the
dark matter-nucleus reduced mass. The parameter o con-
tains the dark matter interaction details and can be written
as [79]

2
(pr + (A - Z)f") “?{N SI
2 2 %xp

fp Hxp

o) =

€1y

where the parameters f), ,, are the dark matter-proton/neutron
couplings and o% is the spin-independent dark matter-proton
cross section. We assume f, = f,, and in the limit of zero
momentum transfer, where F 2(ENR) — 1, the differential
cross section simplifies to

doS! . my A2 5SI 32)
- 2,2 Xp*
dENR 2v /pr

Substituting this into the differential event rate and setting
A =3 gives

dRS  9pgopy (1
= X XP / — f(v) dv.

= (33)
d EnR 2my M%(P

VUmin
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