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We present the first results from the Quantum Resolution-Optimized Cryogenic Observatory for Dark matter
Incident at Low Energy (QROCODILE). The QROCODILE experiment uses a microwire-based super-
conducting nanowire single-photon detector (SNSPD) as a target and sensor for dark matter scattering and

absorption, and is sensitive to energy deposits as low as 0.11 eV. We introduce the experimental configuration

and report new world-leading constraints on the interactions of sub-MeV dark matter particles with masses as
low as 30 keV. The thin-layer geometry of the system provides anisotropy in the interaction rate, enabling
directional sensitivity. In addition, we leverage the coupling between phonons and quasiparticles in the detector

to simultaneously constrain interactions with both electrons and nucleons. We discuss the potential for

improvements to both the energy threshold and effective volume of the experiment in the coming years.

DOI: 10.1103/4hb6-f6j1

Introduction—Laboratory searches for dark matter (DM)
particles have played a key role in constraining DM
candidates at the weak scale [1-7]. More recently, direct
detection experiments have begun to probe a new frontier:
light DM, with mass well below the weak scale [8—26]. DM
interactions are relatively unconstrained at masses between
the keV and GeV scales, and many new experiments have
been devised to search for DM in this regime
[13,15,24,27,28]. Direct detection for DM masses below
~1 GeV faces considerable challenges. Such DM particles
are lighter than atomic nuclei, limiting the energy that can
be transferred in a free elastic scattering process with
nuclear targets. Further, since the typical velocity of DM in
the solar neighborhood is of order 10~3¢, the maximum
kinetic energy that can be transferred into the experiment is
of order 10~°mpy. For sub-MeV DM, this requires
experimental thresholds below the eV scale, meaning that
processes such as ionization are not viable channels for DM
detection. Moreover, in this regime, the condensed matter
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physics of the target becomes important to the DM
interaction rate and must be taken into account (for a
recent review, see Ref. [29].)

These challenges have motivated a new generation of
direct detection experiments using quantum sensor tech-
nologies to achieve extremely low thresholds. In turn, these
experiments have spawned a growing literature on the
response of target systems to DM interactions [10,30-
33]. These two components have already been combined
in several proof-of-principle experiments based on super-
conducting sensors, notably kinetic inductance detectors
(KIDs) [28], transition-edge sensors (TESs) [34], and super-
conducting nanowire single-photon detectors (SNSPDs)
[13,15]. These experiments have demonstrated that low
background rates can be achieved with energy thresholds
low enough to probe new DM parameter space. The future of
light DM detection requires us to extend these capabilities to
larger exposures and lower energy thresholds.

In this Letter, we take a significant step in probing
unconstrained DM parameter space with low-threshold
quantum sensors. We introduce a new light DM detection
experiment, the Quantum Resolution-Optimized Cryogenic
Observatory for Dark matter Incident at Low Energy
(QROCODILE) [35]. The QROCODILE experiment is
based on a microwire-based SNSPD used simultaneously
as the target and sensor for DM detection. Our detector has

Published by the American Physical Society
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a threshold of 0.11 eV, corresponding to 11 pm photons.
We report the first constraints on light DM with this new
instrument, placing world-leading limits on sub-MeV DM.
Due to its thin-layer geometry, the QROCODILE sensor
is inherently sensitive to the direction of the incoming DM,
provided that a sufficient number of signal events are
detected. This is crucial for rejecting background and
establishing the origin of a putative signal: identifying a
candidate signal with the direction of Earth’s motion
through the Galactic halo has been long recognized as a
strong indicator of a DM origin (see, e.g., Ref. [36]).
Moreover, QROCODILE is also the first experiment to use
a superconducting sensor to simultaneously probe the
interactions of light DM with both electrons and nucleons.
This experiment not only sets leading bounds on DM
interactions, but also paves the way for the next generation
of quantum sensor—based experiments for DM searches.
QROCODILE anatomy—The QROCODILE experiment
consists of a microwire WSi SNSPD placed on a Si/SiO,
substrate. The SNSPD functions as both the sensor and the
primary target for DM interactions. In principle, the
detector is also sensitive to DM interactions in the substrate,
but we conservatively do not include these interactions in
our analysis. We now detail the design of the experiment,
the calibration process, and our science run.
Experimental configuration: SNSPDs exhibit dramatic
sensitivity to midinfrared photons, with wavelengths as
long as 43 meV [37], and high detection efficiency of up to
98% [38]. Currently, a central challenge in the search for
light DM at these low energies is the small effective volume
of typical detectors. Built out of narrow nanowires with
widths of order 50 nm, these detectors have a limited active
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area (~10x 10 pm?) due to the complex fabrication
process that is required. Additional challenges include
complexity in readout signals [39] and nonuniformity of
nanowires that results in suppressed critical current.

To overcome the area limitation, we focused on large-
area (> 10 x 10 um?) detectors with wires at least 1 pm
wide, which have been proposed [40] as an alternative to
nanowire-based SNSPDs. Although the detection mecha-
nism of such devices is different from that of nanowire
devices [41], microwire detectors nonetheless exhibit a
similar high internal detection efficiency. To date, no
measurements beyond the 1550 nm wavelength of
Ref. [41] have been reported for detectors based on
microwires. To improve our sensitivity in the midinfrared
range, the material stoichiometry was tuned with a higher
silicon content, and the experimental current was set higher
in ratio to the depairing current (i.e., the theoretical
maximum) as suggested by theoretical studies [40] and
successfully demonstrated in nanowires [37,42,43].

Our experimental setup is depicted in the left panel of
Fig. 1. The detector was embedded in a O,-free copper
housing placed at the cold stage of a 100 mK dilution
cryostat. The active area of the detector is 600 x 600 pm
with a wire width of 1 pm (uncertainty of 1.5%) and filling
factor of 25%. The superconducting layer is composed of
WSi in the stoichiometric ratio W4sgiss, to an uncertainty
of 1%, with a transition temperature of 1.73 K and mass of
1.67 ng. The WSi layer is encapsulated between two
layers of SiO, on a Si substrate chip of size
10 x 10 mm. The inset of the left panel of Fig. 1 shows
the detector stack that was optically coupled with mid-
infrared light sources.
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The QROCODILE experiment. Left: experimental setup. The detector is mounted into an oxygen-free copper sample holder

aligned with the light beam of the quantum-cascade laser (QCL). The initial power of the QCL is significantly reduced by the neutral
density filter (NDF). The detector is biased via a high-precision and low-noise DC source. A bias T splits the DC and RF signals from the
detector. The RF signal is then amplified with a low-noise amplifier (LNA) to readout via the pulse counter. Inset: schematic description
of the detector stack. The SEM image represents the meander-shaped SNSPD, with a scale bar of 18 pm. Right: normalized count rate as
a function of the bias current applied to our SNSPD detector under irradiation with 5 pm and 11 pm wavelength photons.
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Calibration and science run: Before the DM science
run, we calibrated the internal detection efficiency of our
device to mid-infrared radiation using a quantum-cascade
laser setup [44] (left panel of Fig. 1) at wavelengths of 5 pm
and 11 pm. The right panel of Fig. 1 shows the photon
count rate of our detector normalized to the maximum value
as a function of the bias current applied to the device.
Importantly, we observed saturation of the count rate at
high bias currents, which suggests that the internal detec-
tion efficiency is nearly 100% at both wavelengths [45]. In
SNSPDs, internal detection efficiency refers to the prob-
ability that an absorbed photon will produce a detectable
electrical signal. When the internal detection efficiency in
the SNSPDs is 100%, it means that every photon that gets
absorbed by the nanowire creates a resistive hot spot and
triggers a detection event. The bias current has a direct
impact on the probability, increasing it as it rises. The sign
of 100% efficiency is a saturation of the photon count rate
as a function of the bias current, when applying higher
current does not lead to an increase in the count rate, as
shown in Fig. 1 (right).

For our DM science run, the optical path was blocked by
decoupling the source and sealing the holder to minimize
the number of photons reaching the detector. The device
was biased with a current of 12.2 pA and exposed for
415.15 hours at a temperature of 100 mK. We recorded 15
individual nonperiodic pulses during the science run,
corresponding to a count rate of 107> s~!. It is not trivial
to determine the origin of these events. The pulse shape is
independent of the amount of energy absorbed in the
device. Despite the blocked optical paths, the silicon
substrate prescreening for radiopurity, and the use of
low-radioactivity material for the packaging, pulses from
sources other than DM may be observed. Cosmic rays and
the radioactivity of the surroundings, which are difficult to
shield aboveground, are potential sources. For future runs,
we plan to add muon detectors above and below the
cryostat, and we also aim for a full Monte Carlo simulation
of the muon-induced event rate. In this Letter, we simply
use the total count rate to place novel constraints on the DM
parameter space. While we do not claim that the observed
counts constitute a DM signal, neither do we assume that
the observed counts can be accounted for by backgrounds.
Our constraints are sufficiently conservative to allow for the
possibility that all counts originate from DM. Further
details on the observed counts and background mitigation
strategies are given in Supplemental Material (SM) [46],
which includes Refs. [14,15,47-53].

Dark matter interaction rate—The QROCODILE
experiment is sensitive to DM interactions through several
different mechanisms. We consider (1) DM-electron scat-
tering, (2) DM absorption onto electrons, and (3) DM-
nucleon scattering. In each case, the interaction can take
place in the SNSPD sensor itself or in the surrounding
substrate. Such an interaction depositing energy above the

threshold of the device would cause the SNSPD to register
a count. Thus, by evaluating the rates of these processes as
a function of DM parameters, we can use the observed
count rate to constrain the DM parameter space.

We compute the rates of these processes following
Refs. [15,30,54], assuming that the DM interacts with
standard model species via a mediator ¢). The event rate per
unit detector mass takes the form

szME, d3VDMd3q dw
I'= / Jom(Vom)
/412.DM (27’7)3

x F(q)*S(q, )8(e — ay). (1)

where npy is the DM number density; &, is a reference
cross section for DM-7 scattering, where t denotes the target
particle; u, py is the reduced mass; ¢ is the 3-momentum
transfer; w is the energy deposited; vpy; is the DM speed;
®q =(q - Vpm — q°/2mpy, is the energy transferred at fixed
q and vpy; fpm(Vpm) is the DM velocity distribution
function; F(g) is a form factor containing the momentum
dependence of the interaction potential; and S(q, ) is the
dynamic structure factor. We assume the standard halo
model for fpy(Vpy) with local DM density 0.4 GeV/cm?,
dispersion 230 km/s, escape velocity 600 km/s, and Earth
velocity 240 km/s in the Galactic frame [55,56]. The form
factor is given by F(q) = (my + q5,)/(mj + ¢*) for
scattering via a mediator of mass m, with a reference
momentum g, ;. We take g, = am, and g, = mpy (Vppm)
for electronic and nuclear scattering, respectively. In both
cases, we take &, = (1/7)u;pmg5/(my + q5,)*, defining
g to absorb couplings. Finally, the dynamic structure factor
is determined by the available final states |f) of the target
system, and is given by

$(a.0) =2 S |(fla(-a)0) Po(w ~ (B, ~ Bi). (2)
f

Computing event rates now reduces to computing the
dynamic structure factor for each channel.

For DM interactions with electrons (i.e., cases 1 and 2
above), we use the linear response theory of dielectric
systems, as detailed in Ref. [30]. For spin-independent
scattering, the dynamic structure factor is given by the
fluctuation-dissipation theorem as S(q, w) = 2Imy(q, w),
where y is the linear response function of the electron
number density. The linear response function also
determines the absorption rate for the case of kinetically
mixed dark photon DM (see, e.g., Ref. [57]), where the

interaction Lagrangian has the form L, = —%K‘F wF™
!/

with Ffw) = aﬂAff) - ()DA,(,/), where A, is the photon field
and A, is dark photon field. Given this particular
interaction structure, the absorption rate is [y =

2 0.2 _
mpyvk” e Py Imy (Ppm. 7pm),  Where  ppy = mpvVpm
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[15]. The response function y can be readily computed
analytically using the random phase approximation (RPA)
in the zero-temperature limit, which is appropriate for our
case: the temperature of 100 mK in the experiment is well
below all energy scales of the material. In the future,
systematic uncertainty in the modeling of the response
function could be reduced by experimental calibration or by
dedicated density functional theory computations.

Crucially, the linear response function can be modified
by the geometry of the system. In particular, the standard
RPA response function assumes that the interaction takes
place in an infinite bulk volume. This approximation fails
once the shortest length in the target system becomes
smaller than the inverse momentum transfer in the process.
SNSPDs are thin-layer devices, so for small DM masses,
with correspondingly small momenta, the response func-
tion receives geometric corrections that can substantially
enhance the DM interaction rate [15,47].

The previous generation of low-threshold DM scattering
searches has been sensitive to DM masses above 200 keV
[15], with typical inverse momenta of order 1 nm or shorter,
still much smaller than the layer size of O(10 nm). Here
geometric considerations were irrelevant. However,
QROCODILE is sensitive to DM masses as low as
30 keV, with 1/g ~ 10 nm, and the depth of the detector
layer has been reduced to 2 nm. Thus, geometric effects are
non-negligible at low masses.

In the parameter space probed by QROCODILE, the
geometric enhancement to the overall scattering rate is
expected to be O(1), and we conservatively do not include
it in our constraints. Crucially, however, the enhancement is
anisotropic in the momentum transfer, and thus gives rise to
directional sensitivity. This is an essential tool for rejecting
backgrounds and confirming the origin of any candidate
DM signal [14,31,36]: since Earth has a direction of motion
through the galactic DM halo, there is a known
preferred direction for the motion of DM particles in the
lab frame, known as the DM “wind.” It is extremely
difficult for backgrounds to supply the same directional
dependence. We therefore compute the anisotropy in the
scattering rate by numerically solving Maxwell’s equations
with the appropriate boundary conditions, as detailed in
Refs. [15,47]. We use this anisotropy to identify cross
sections at which QROCODILE is sensitive to the DM
wind, using cold streams in different directions as a proxy
for the modulation in the rate as Earth rotates over the
course of a sidereal day. Further details on both bulk and
thin-layer responses are given in SM [46].

We can also consider the scattering of DM particles with
nuclei. While the SNSPD sensor is nominally sensitive to
the dissociation of Cooper pairs—a process that takes place
in the electron system—the sensor can nonetheless be
triggered by a nuclear scattering event via phonon pro-
duction, as detailed by Ref. [54]. In the elastic scattering
regime, the energy that can be transferred from the DM to a

nucleon of mass my > mpy is sharply limited.
Historically, this played a role in motivating electron recoil
experiments, with a target mass m, < my. However, at
small energy transfers, the process is sensitive to the
structure of the lattice, and the kinematics of phonons
and quasiparticles can be much more favorable to DM
scattering. Here we place a conservative limit on DM
interactions with nuclei via nuclear recoils, where the
dynamic structure factor is given by [33]

Pt ?v :
Sla.0) = 2L S 2 Fya(w- 51 ).

> NAN N M my

Here N indexes the nuclei in a unit cell, my is the atomic
mass, Ay = my/u is the atomic mass number, f, is the
coupling to DM and Fy(q) is the nuclear form factor.
For the Ilatter we take the Helm form factor [58],

Fy(q) = Bji(gry)/(ary)]e” @72, with g = |q
spherical Bessel function of the first kind, ry zA]lV/3 X
1.14 fm the effective nuclear radius, and s the nuclear skin
thickness. We use {Aw,As;} ~ {183.85,28.09}, and we
take s = 0.9 fm [33,58]. The low threshold of our device
allows, in principle, for limits to be placed at even lower
DM masses through multiphonon production. The reach is
then determined by the vibrational spectrum for the
amorphous WSi used in our detector layer, and will appear
in a separate publication [59].

Constraints and discussion—The constraints placed by
QROCODILE on the DM parameter space are shown in
Fig. 2. The top-left and top-center panels show the results
for DM-electron scattering in the limit of a light or heavy
mediator, respectively. The bottom-left and bottom-center
panels shows results for DM-nucleon scattering via a light
and heavy mediator, respectively, utilizing the nuclear-
recoil channel only. The right panel shows constraints on
electronic absorption of dark photon DM. Our new con-
straints are indicated by shaded green, while previous
SNSPD limits [15] are shown in shaded blue. Our bounds
are set at the 95% confidence level, incorporating the
measured count rate via the Feldman-Cousins procedure
[60,61]. Shaded gray regions indicate existing terrestrial
constraints from Refs. [27,62-81], and the shaded yellow
region indicates model-dependent constraints from stellar
cooling [78,82,83]. We set the upper limits of the scattering
panels to reflect estimated cross sections at which atmos-
pheric overburden becomes relevant (see, e.g., [84]).

For DM-electron scattering, the dot-dashed green curve
shows the region in which the detector would be sensitive
to the direction a DM stream, which is a proxy for the
directional sensitivity of the device. The directional sensi-
tivity arises from the anisotropy in the geometry of the
device itself, which modifies the dielectric response along
different directions (see SM for details). Since the number
of total events in our dataset is negligible, we are able to set
a more restrictive bound on the basis of the count rate alone.

» J1 the
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FIG. 2. Dark matter results. Top: new constraints on DM scattering with electrons via a light (left) or heavy (center) mediator. Bottom:
new constraints on DM scattering with nucleons via a light (left) or heavy (center) mediator. Right: constraints on absorption on
electrons of kinetically-mixed dark photon DM. In all panels, green shaded regions indicate the new limits we place using our
QROCODILE SNSPD. Blue shaded regions indicate previous SNSPD limits [15,54]. Dotted orange curves indicate the projected reach
of a 10 megapixel SNSPD array with an exposure of one year and a threshold of 29 pm in wavelength, corresponding to 43 meV.
Dot-dashed curves indicate cross sections in which the experiment is sensitive to the direction of a DM stream, as a proxy for directional
sensitivity, assuming that all events originate from DM. Other existing terrestrial limits from Refs. [27,62-81] are shown in shaded gray,
with complementary stellar constraints on absorption [78,82,83] appearing in shaded yellow. Upper limits of the scattering panels are

determined by estimated atmospheric overburden [84].

With only 15 events, a very large anisotropy in the rate
would be needed to have a high probability of detecting a
modulation. Thus, as expected, the time stamps of our
events are consistent with an isotropic background at the
95% confidence level. However, in future experimental
runs with larger exposures, background counts will limit
the scaling of this constraint, whereas the directional
sensitivity scales more favorably.

Our new results surpass previous upper limits on the
cross-section, setting stronger constraints in an unexplored
DM mass range. Our constraints on nuclear scattering lie in
parameter space that is also probed by the Migdal effect in
semiconductors, but our constraints on DM-electron scat-
tering are the first bounds in this portion of parameter space
independent of the Migdal effect. The relative sensitivity of
the QROCODILE experiment is particularly pronounced
for DM-electron scattering via a light mediator. Here, our

results provide the first nontrivial constraints on DM
interactions at masses as low as 30 keV.

For our DM-electron scattering and absorption results,
we also show the projected reach of a future experiment
with a similar configuration consisting of 107 subunits (i.e.,
pixels), each with the same size and composition as our
prototype device. For this future experiment, we assume a
threshold sensitivity of 29 pm (43 meV). An SNSPD with
this threshold has already been demonstrated by Ref. [37],
and will allow us to probe significantly lower DM masses
and cross sections. While it is difficult to estimate the
irreducible dark count rate in a scaled detector, we show
two dashed lines corresponding to no background (“back-
ground-free”) and the scenario in which the number of
background counts scales linearly with the exposure from
the number observed in the current science run, assuming
only statistical uncertainty in the background rate
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(“background characterization only”). We also indicate
directional sensitivity for this configuration. Here, the
directional sensitivity exceeds the background-limited sen-
sitivity with raw counts, providing orders of magnitude of
additional reach. The directional detection sensitivity of
SNSPDs thus places our experiment in a unique position:
QROCODILE is capable not only of excluding parameter
space, but of discriminating betweeen backgrounds and a
modulating signal, thus allowing to establish a DM
discovery.

While our SNSPD detector has demonstrated high
internal detection efficiency with low noise, there are
several strategies to further improve sensitivity. First, the
experiment can be carried out underground to adequately
protect the setup from cosmic rays. With a longer exposure,
the existing limits should be significantly improved.
Second, the energy threshold can be further reduced to
the already demonstrated level of 43 meV, which is still far
from the fundamental limit closer to the superconducting
gap of O(MeV). This will require further optimization of
the stoichiometry [42]. The detector mass can be increased
by increasing the sensor area and the wire width. The first is
limited by the kinetic inductance [85] of the superconduct-
ing materials while the second is restricted by the Pearl
length [40]. The QROCODILE Collaboration plans to
pursue work along these lines in order to take an even
bigger bite into DM parameter space with our next science
run, the upcoming Next Incremental Low-threshold
Exposure (NILE QROCODILE).
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