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We point out that power measurements of single quasiparticle devices open a new avenue to detect dark
matter (DM). The threshold of these devices is set by the Cooper pair binding energy, and is therefore so
low that they can detect DM as light as about an MeV incoming from the Galactic halo, as well as the low-
velocity thermalized DM component potentially present in the Earth. Using existing power measurements
with these new devices, as well as power measurements with SuperCDMS-CPD, we set new constraints on
the spin-independent DM scattering cross section for DM masses from about 10 MeV to 10 GeV. We
outline future directions to improve sensitivity to both halo DM and a thermalized DM population in the

Earth using power deposition in quantum devices.
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Introduction.—At any given moment, a powerful stream
of dark matter (DM) particles from the Galactic halo flows
into Earth. This Galactic DM has been extensively searched
for in direct detection experiments, which aim to detect
recoil events when DM scatters off the standard model
(SM) target material, thereby providing a test of the
DM-SM scattering cross section. Typically, the energy
threshold of direct detection experiments assuming nuclear
recoils is about a keV corresponding to the recoil expected
for DM with mass above about a GeV for standard analyses
[1], or MeV-scale masses when exploiting the Migdal effect
[2—-6] or electron recoils [7-9].

Given the lack of conclusive DM detection with direct
detection experiments so far, interest in novel detection
strategies and new devices has exploded in the last few years
[10]. In particular, the race down to increasingly low
thresholds has inspired the use of new detectors, including
superconductors [11-16], superfluids [17-19], polar crys-
tals [20-22], topological materials [23], and Dirac materials
[24-27]. Superconductors show exceptional promise due to
their superconducting energy gaps as low as about an meV,
allowing probes of light DM.

The goal of lower threshold experiments to date has
been to push down sensitivity to lower DM masses, and
we will exploit this to test incoming halo DM down to the
MeV scale. Lowered thresholds open up a new probe of a
DM component other than the usually considered halo
DM. When the Galactic halo DM enters Earth, it scatters,
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loses energy, and can become gravitationally captured.
Over time, this builds up a thermalized population of DM
particles bound to Earth. For DM around a few GeV that is
in local thermal equilibrium, the density of bound DM at
Earth’s surface can in fact be enormous: about 15 orders of
magnitude higher than the local DM halo density [28-36].
Unfortunately, this large density enhancement is lost on
traditional direct detection experiments, as the bound DM
population has a very low velocity compared to halo DM,
requiring thresholds of less than about 0.05 eV at Earth’s
surface.

We will demonstrate for the first time that power
measurements using new quantum devices can be used to
detect DM with low-energy depositions. This includes
sensitivity to both light DM from the halo, as well as
thermalized bound DM. As schematically shown in Fig. 1,
for thermalized DM our proposal exploits their high DM
density and is sufficiently sensitive despite low thermal
velocities compared to traditional direct detection, which
only measures the less frequent and higher-velocity DM
halo interactions. We point out and will use the fact that both
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FIG. 1. The qualitative difference between our proposal and a
conventional DM direct detection experiment. The noise arises
from frequent interaction between DM and the nuclei in the
detector, as opposed to once-in-a-while recoil of a nucleus from
DM scattering.
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halo DM and thermalized DM would produce excess
quasiparticle generation in single quasiparticle devices,
and excess power produced in athermal phonon sensors, to
set new constraints on DM with interaction cross sections
larger than about 1073-1072® cm? for DM masses of
~300 MeV to 10 GeV for thermalized DM. For halo DM,
we will set constraints down to about 1072°-1072° cm? for
DM masses of ~10 MeV to 10 GeV.

Dark matter at Earth’s surface.—At Earth’s position,
there are two potential DM components present, which have
different DM velocity and density assumptions. We will test
both of these components. One is DM incoming from the
Galactic halo, which is usually assumed for direct detection
experiments. The other is the thermalized DM component.
This thermalized component exists, as once DM enters
Earth, it can thermalize and become captured and bound to
Earth. For sufficiently large DM-SM scattering cross
sections (larger than about 1073 c¢m?), the DM rapidly
thermalizes and is said to be in local thermal equilibrium
with the surrounding SM matter. In this case, the DM radial
profile within Earth n, is dominantly governed by the
differential equation [36]

Vn vT ® R’
k) A =22 (1)
n}{ T T nXDXN r

where 7 is Earth’s radial temperature profile at po-
sition r, Rg is Earth’s radius, m, is the DM mass, g is
gravitational acceleration, and @ is the incoming flux of
DM particles from the Galactic halo. D,y ~ Avy and
Kk ~—=1/[2(1 4+ m,/mgy)*/?] are diffusion coefficients [36],
with 4 the DM mean free path, vy, the DM thermal velocity,
and mg); the SM target mass. The DM density profile is
normalized by enforcing that its volume integral equals the
total number of particles expected within Earth [36].

Solving Eq. (1) for n,(r) reveals that this thermalized
population of DM can be significantly more abundant at
Earth’s surface than the incoming halo DM particles. For
DM masses around a GeV, the local DM density can be as
high as ~10'* cm™. However, as this population is ther-
malized within Earth, its velocity is low. We approximate
the thermalized DM velocity distribution as a truncated
Maxwell-Boltzmann distribution,

1 >
f)((v) = _e—(v/v[h) ®(Uesc - 1])9 (2)
Ny

where N, normalizes the distribution, and v§, = 8T, /zm,
with T, ~ 300 K. This velocity would require thresholds of
E £ 0.05 eV for conventional detection techniques. This is
much lower than the reach of typical direct detection
experiments, and so it requires new techniques to be
detected. Our assumption of DM being at room temperature
of ~300 K is reasonable, as even at the largest cross sections
considered, the mean free path is much larger than the size

of our devices, such that DM is not expected to thermalize
with the device itself.

For halo DM, in Eq. (2) vy, is replaced by the average
DM velocity in the halo vy = 230 km/s. In this case, the
relative velocity between Earth and DM also becomes
important. Hence, for halo DM we use the boosted velocity
v = v +vg in Eq. (2), where |vg| = 240 km/s is Earth’s
velocity in the Galactic rest frame. The halo DM density is
assumed to be 0.4 GeV cm™. We now show that quantum
devices are highly sensitive to DM with low-energy
depositions through their power measurements, which
includes both the thermalized DM population, as well
as light halo DM.

Scattering rate and energy deposition.—As a DM
particle with velocity v scatters in the detector and transfers
momentum ¢, it deposits an amount of energy

P

wy=q-v—5—=E;—E,. (3)
1 2m,

As aresult, the target makes a transition from |i) to |f). For
such low-energy depositions, the momentum transferred is
comparable to the inverse size of a nuclear wave function in
a detector crystal, and the interatomic forces become
important. Hence, lattice vibrations or phonon excitations
will be used to compute the DM scattering rate. The total
rate per unit target mass can be written as [37,38]

o, d3
P [ dor0) [ G F@S@on. @

Here, f,(v) is the DM velocity distribution, p7 is the target
density, 6,y is the DM-nucleon scattering cross section, y is
the reduced mass of the DM-nucleon system, F.q(q) is a
form factor that depends on the mediator [we assume
Finea(q) = 1], and S(g. w,) is the dynamic structure factor
containing the detector response to DM scattering and
depends on the crystal structure of the target material.

To compute DM scattering rates, we follow Refs. [39,40]
and use the publicly available code DarkELF. We modify
DarkELF in two main ways. First, we update the local DM
density and DM velocity input to be that described in the
previous section, for halo or thermalized DM as appropriate.
Second, the code was developed only for materials with two
atoms per primitive cell, which is the smallest crystal unit.
Thus, we adapt it for materials like Al which has only one
atom in its primitive cell.

Detection mechanisms and materials.—Detecting light
halo DM or the captured DM population of low thermal
energy demands the use of low threshold quantum sensors
that can detect ~O(10) meV energy deposition. Such
sensors are usually designed using superconducting materi-
als, which have small energy gaps [41-44]. Al is a widely
used superconductor for such a purpose, and its characteri-
zation data are readily available. Such a small amount of
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energy transfer is not sufficient for nuclear recoil or
electronic ionization; however, DM can excite collective
modes, such as phonons in the material, resulting in an
excess power. For example, in one experimental setup, a
bias circuit stabilizes the absorber material at its transition
temperature 7., where its resistance is very sensitive to any
energy deposition. The total power deposited in the detector
by DM in the form of phonons is

dar
Py = il
DM e/da)wdw, (5)

where € is an efficiency factor that depends on the
experimental setup. We will use this to calculate excess
power due to DM and set constraints on DM-SM inter-
actions. Volume-scaled detectors based on conventional
semiconductors, such as Si, can also be used as the absorber
material to look for ambient power deposition; the power
deposited per unit volume can be obtained from Eq. (5).

We also consider excess quasiparticle production from
DM. In a superconducting metal, the electrons are bound
into Cooper pairs through a long-range interaction with
phonons. When a DM particle scatters with a nucleus, it
may deposit its kinetic energy in the form of phonons. If
the deposited energy exceeds the energy gap A of the
superconductor, these excess phonons will break some of
the Cooper pairs and release quasiparticles above the gap.
We will therefore set limits on DM-SM interactions by
calculating quasiparticle production rates from DM.

The quasiparticle generation rate Rop by DM scattering
can be written as

where Ppy is the deposited DM power above the gap in
W um™3, assuming a 60% quasiparticle generation effi-
ciency (egp = 0.6) [14,45], and using A ~ 340 peV for AL

A conservative estimate of ngp, the steady-state quasi-
particle density, can be found using the mean field results
from Ref. [46] as follows:

d}’lQp .
dr

_FR — FT —+ A~ —fnép — anQP —+ A, (7)

with I'g, I'7, A the recombination, trapping, and generation
rates, respectively. With a steady-state injected power
density P, we have A = P/(2A) where A is the gap energy.
In equilibrium, we thus find

The mean field calculation assumes no trapping of QPs with

['; = 0, which leads to the relation ngp = \/A/T" « /P.
In the case of DM scattering, A = Rqp using Eq. (6), and
" = 40 s~! pm? for Al. The steady-state density is therefore

Ppm vz
nop ~ (m) pm=>, 9)

which can be compared to known measurements to set new
constraints. We now discuss devices that can be used to
detect DM using power deposition.

Detecting dark matter with single quasiparticle
devices.—(1) Quasiparticle tunneling in transmon qubits.
It is important to minimize quasiparticle excitations
formed from broken Cooper pairs in quantum devices,
as the quasiparticle background limits the operation of
applications such as radiation detectors and superconduct-
ing qubits. To study the effect of quasiparticle tunneling
on the decoherence of a transmon qubit, Ref. [41] con-
structed a single junction superconducting qubit made of
Al and studied its decoherence by monitoring the single-
charge tunneling rate. From the observed relaxation rate of
the qubit, they found a quasiparticle density of 0.04 £
0.01 pm™3 with a thermalized distribution [41].

We convert this measurement to a power density using
Eq. (9), finding an upper limit of 3.92 x 1072* W um™.
We compare this directly with the expected DM induced
quasiparticle density in Al and consider this an upper limit
on residual power injection. Moreover, the source of this
quasiparticle density is not known and usually assigned to
the background radiation from the environment [41].
Therefore, it is possible that the DM scattering contributes
to it too. We overall point out that quasiparticles produced
by DM, and therefore the DM-SM scattering rate, can be
probed using devices with low-quasiparticle density
backgrounds.

(i1) Low-noise bolometers. Understanding our Universe
deep into the infrared would reveal new secrets of galaxy
formation, exoplanets, and so much more. However, far-
infrared spectroscopy requires new cryogenic space tele-
scopes with technologies capable of measuring very cold
objects, and therefore require low-noise equivalent power in
their detectors. Adapting technology from quantum com-
puting applications, Ref. [42] developed a quantum capaci-
tance detector where photon-produced free electrons in a
superconductor tunnel into a small capacitive island. This
setup is embedded in a resonant circuit, and therefore can be
referred to as a “‘quantum resonator.” This quantum reso-
nator measured excess power of 4 x 10720 W [42], making
it the most sensitive existing far-infrared detector. The
volume of the absorber used in this case was a mesh grid,
roughly 60 microns square with a 1% fill factor and 60 nm
thick. This corresponds to a volume of around 1.56 pm? and
thus a power density measurement of 2.6 x 10720 W pm™.
We therefore point out that single quasiparticle devices can
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FIG. 2. New limits on spin-independent DM-nucleon scattering
cross section o,y derived in this work, using quantum devices. We
show halo DM limits from quasiparticle production measurement
(orange) and SuperCDMS-CPD (magenta). “Thermalized DM”
(blue) is our new constraint on the thermalized DM population,
with several experiments overlapping in their exclusion of this
population. The gray regions are other existing limits; see text for
discussion.

be used for DM detection through their power measure-
ments, and will use this current measurement to set
constraints on the DM-SM scattering rate which would
produce excess power. Note that this detector has a
calibrated photon detection efficiency of greater than
95%, which reduces the systematic uncertainty on the
power limit. Reference [42] excludes the possibility that
this is induced by residual radiation and represents a true,
measured excess power.

For both devices above, we will only consider DM
detection from the superconductor films, rather than the
substrate. In the case of the transmon qubit, it is a
conservative choice. While for the bolometer, the substrate
is connected to the ground plane made of metallic Au-Ti,
which acts as a phonon trap stopping the phonons created in
the substrate from traveling into Al; see the Supplemental
Material [47] for more details.

Detecting DM power deposition with existing DM
detectors.—While we have pointed out new devices that
can be used as DM detectors above, we also point out that
more conventional quantum sensors with volume scaling
can already be used to constrain low-energy deposition
DM through their power measurements. We consider
SuperCDMS detectors, which have recorded volume-
scaled transition-edge sensor (TES) bias power measure-
ments in which the TES is coupled to a large aluminum
absorber [44]. For Ref. [44], we find a bias power of

2x 1071 fW, and an Al absorber with a volume of
2 x 10° um3. This yields a power density of order
1072 W um~3. The coupling efficiency of power to the
readout in this case is 30% (¢ = 0.3), so our bound on DM
power using Al would be 3 x 102! W um~. However,
the best constraints on DM scattering power injection
come from SuperCDMS-CPD [43], which instead has
10.6 g of Si as the absorber material. In this case, an excess
power of 6 pW was measured in the phonon sensor arrays,
corresponding to an excess substrate power of 18 pW or
1072* W um—>. As this provides the superior limit, we use
the measurement from SuperCDMS-CPD [43]. Using the
Si as the sole absorber volume in the phonon calorimeter
device used in SuperCDMS is justified because its design
was optimized to maximize the collection of phonons
from the Si block into the superconducting Al fins; see the
Supplemental Material [47] for further discussion. Note
that in Ref. [35], future projections with a hypothetically
altered version of SuperCDMS were considered for
thermalized DM. Here, we already use the current
SuperCDMS measurements to set the first limits.

New dark matter constraints.—Figure 2 shows the new
bounds we derive for spin-independent DM-SM scattering.
The strongest sensitivity is achieved using quasiparticle
density measurements. The conversion from the quasipar-
ticle density to quasiparticle generation rate can only be
trusted to an order of magnitude, so we show two orange
“quasiparticle” lines representing a conservative and an
optimistic constraint, which corresponds to taking I' = 4 or
400 s~' pm?, respectively, i.e., moving the quasiparticle
generation rate between its expected range of validity. The
next strongest bound arises from scattering power injection
with SuperCDMS CPD shown in magenta, where we find
that their volume advantage still overcomes the superior
power sensitivity of the low-noise bolometer, which is too
weak to show on the plot for halo DM. The top two bounds
correspond to limits using the incoming halo DM, while the
blue “thermalized DM” constraint uses only the thermalized
DM population.

In Fig. 2, for thermalized DM, all three of our quantum
devices overlap in their constraint strength. The thermalized
DM curve is truncated not due to device sensitivity, but
rather because DM evaporates to the left of the blue contour.
This occurs due to thermal kicks transferring too much
energy to the DM particle relative to the gravitational
binding energy of Earth, such that DM escapes Earth and
does not remain bound to produce any signal. If there was
no DM evaporation, as is possible in models other than the
purely contact cross section setup we considered here [48],
the quantum sensors would have sensitivity extending to
much lower cross sections for the thermalized DM compo-
nent. This motivates further studies of models that do not
evaporate at these DM masses and cross sections. In Fig. 2,
for thermalized DM, largest DM densities are achieved for
the asymmetric DM, which we assume for our densities,
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though we are also sensitive to annihilating DM models;
p-wave annihilating DM does also not affect our assumed
DM densities [36]. Note that in comparison, the incoming
halo DM limits do not require any assumptions about DM
annihilation. The halo limits extend to lower masses, as
incoming DM, which later evaporates, still leads to a bound
from when DM is first entering Earth. We do not show
ceilings for our limits, which will exist but require simu-
lations to calculate accurately. We expect this could lower
the limits at large cross sections at the top of Fig. 2. We
focus on below 10 GeV in Fig. 2, as heavier DM more
readily sinks farther into Earth, and so the sensitivity
becomes weaker outside this mass range.

In Fig. 2, we also compare with existing limits, including
those from astrophysical systems such as Milky Way
satellites [49], Lyman-alpha [50], and the CMB [51].
There are also lab experiments overlapping part of our
parameter space, namely, CRESST [52], SuperCDMS [53],
Edelweiss [54], XQC [55], and “UG,” which is a combined
limit line from deep underground experiments [56-61].
However, there is significant ambiguity in the interpretation
at cross sections exceeding about 1073° cm? where the
Born approximation breaks down, and the nuclear coher-
ence across different detector materials is not well defined
without using a DM model [62,63]. For transparency, we
show all bounds that have been quoted in this parameter
space, but emphasize many of these bounds are not generic,
have different assumptions, and cannot be directly com-
pared in a consistent manner without a DM model [62,63].
As such, our bounds significantly add to the picture of
exclusions on this parameter space, even in the regions
where they naively appear to overlap. There are also
regions where we only overlap with astrophysical mea-
surements, which are inherently less certain than our lab-
based measurements. In addition, these astrophysical
bounds disappear for models where the DM tested here
is a subfraction of the total abundance of DM, while our
bounds do not.

Conclusions and outlook.—We presented existing quan-
tum sensors, which have so far not been used to search for
DM, as new DM detectors. We pointed out for the first time
that such devices allow a probe of DM through excess
quasiparticle generation in single quasiparticle devices, and
excess power produced in athermal phonon sensors. We
considered DM power deposition in these devices, and their
already existing measurements, to constrain two types of
DM which potentially exist in the Earth. First, we con-
strained MeV-scale and higher DM masses from the
incoming Galactic halo. Second, we set limits on the
thermalized DM, which is already captured and thermal-
ized within Earth, for MeV-GeV scale DM.

We identified these new DM sensitivities with three
different devices. Single quasiparticle devices provide new
constraints already, with promise to provide improved
results in the future if lower background noise is achieved.

The best limit arises from quasiparticle density measure-
ments in devices aiming for low quasiparticle back-
grounds. The quasiparticle density measurement we
used from Ref. [4]1] may also bring new sensitivities in
the future. For example, recently, Ref. [64] measured an
even lower quasiparticle density in superconducting Al.
However, we do not use their value because our model of
quasiparticle tunneling is not applicable to their exper-
imental setup. This is detailed further in the Supplemental
Material [47]. We also set new constraints using volume-
scaled TES bias power measurements, in which the TES is
coupled to a large silicon absorber, as per the SuperCDMS
detectors. In the future, a larger volume absorber measured
with better systematic controls would be able to provide
stronger sensitivities to thermal DM.

Interestingly, it is not known what currently produces the
quasiparticles measured in these devices [64—68]. We thus
conclude that, for plausible DM parameters, this signal
could correspond to a DM signal if seen to remain fixed in
time, but we caution that this requires proper studies of
systematics which at this point are lacking, including an
accurate model for relating power injection to quasiparticle
generation as we discussed above.

Going forward, our work serves as strong motivation to
better understand the systematic uncertainties correspond-
ing to some of these measurements, and motivates further
exploration with quantum devices to probe the highly
abundant, low-velocity, thermalized DM population.
Moreover, the encouraging results obtained here will
inspire future study to optimize the absorber material for
low-velocity DM detection.
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