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We propose the use of superconducting nanowires as both target and sensor for direct detection of sub-
GeV dark matter. With excellent sensitivity to small energy deposits on electrons and demonstrated low
dark counts, such devices could be used to probe electron recoils from dark matter scattering and absorption
processes. We demonstrate the feasibility of this idea using measurements of an existing fabricated
tungsten-silicide nanowire prototype with 0.8-eV energy threshold and 4.3 ng with 10 000 s of exposure,
which showed no dark counts. The results from this device already place meaningful bounds on dark
matter-electron interactions, including the strongest terrestrial bounds on sub-eV dark photon absorption to
date. Future expected fabrication on larger scales and with lower thresholds should enable probing of new
territory in the direct detection landscape, establishing the complementarity of this approach to other

existing proposals.
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Introduction.—Dark matter (DM) is one of the most
important unsolved mysteries of the Universe. Focus on the
weakly interacting massive particle (WIMP) paradigm has
guided experimental searches for decades. Traditional
methods searching for such weak-scale DM in the laboratory
via nuclear recoils have made tremendous progress in
probing DM with mass above the GeV scale, but typically
make poor targets for detection of sub-GeV DM that goes
beyond the WIMP paradigm. As the WIMP parameter space
continues to be covered without discovery of DM, new ideas
to search for lighter DM are of the essence.

Indeed, recent years have seen a surge of such new ideas
emerge. These include the use of atomic excitations [1],
electron recoils in semiconductors [1-4], two-dimensional
targets such as graphene [5] and carbon nanotubes [6], color
centers [7], and scintillators [8], which can be sensitive to
MeV-scale DM masses. Sub-MeV DM can further be probed
by superconductors [9-11], Dirac materials [12], superfluid
helium [13-15], and polar crystals [16,17]. The proposed
experimental designs for each distinct target material
differ from one another, with a variety of sensor technology
employed across designs, including the use of CCDs,
transition edge sensors (TESs), microwave Kkinetic
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inductance detectors, and graphene field effect transistors
(G-FETs) coupled to a target.

Quantum-information science has been breaking new
ground in sensor technology, with superconducting nano-
wires a now established and burgeoning field [18-20].
Some of these nanowires have sub-eV energy sensitivity,
which allows them to be used as single-excitation detectors.
The recent emphasis on development of such low-thresh-
old, ultrafast, and low-noise single-photon detectors
for photonic quantum-information applications [21,22]
promises a radical improvement in the search for DM.
The advent of superconducting nanowire detectors, which
currently have fewer than ten dark counts per day [23] and
have demonstrated sensitivity from the midinfrared
[24] to the ultraviolet wavelength band [23], provides an
opportunity to search for rare low-energy deposits of DM
via scattering or absorption processes.

Here we propose and perform initial experiments
using this technology as both the target for DM interactions
with electrons and the sensor with which to detect these
interactions. Depending on the energy thresholds reached
in these devices—nanowires with sub-eV thresholds have
already been experimentally realized [24]—sensitivity to
low-mass DM can be achieved. Energy deposits of order of
a few eV and above can further allow for directional
detection of DM via a stacked geometry, which would
serve as a powerful discriminate between signal and
background.

In this Letter, we begin by describing the basic detection
process in these devices. We then describe an existing
prototype nanowire and report on how it can be used to
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FIG. 1. (a) Schematic depiction of the operating principle of
SNSPDs: (i) The detector is biased at a current close to the critical
value. (ii)) When the energy is absorbed by the nanowire, the
electrons depart from equilibrium and diffuse out of the formed
hot spot. A resistive region formed across the nanowire then leads
to a measurable voltage pulse in the readout. (b) The SEM image
of the prototype WSi device after fabrication. The active area is
400 x 400 ym?. Nanowires are consistently connected to two
contact pads.
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extract new bounds on DM interactions with electrons, both
in scattering and absorption processes. Our projections for
the future reach of superconducting nanowires into the DM
parameter space follow. We conclude with a discussion of
impact, remaining issues, and possible future work.

Concept.—Superconducting nanowires are a rapidly
developing technology with applications ranging from space
communications [25,26], to LIDAR [27,28], to quantum-
information science [29]. With sub-eV energy sensitivity
[24], ~10~* counts/s dark count rates for a device with area
56 um? [23], and spatial discrimination ability [30], super-
conducting-nanowire single-photon detectors (SNSPDs)
provide an excellent candidate for detecting DM. SNSPDs
are fabricated by using superconducting films a few nano-
meters thick on a variety of substrates, with widths between
30 and 200 nm using electron-beam lithography and reactive
ion etching. SNSPDs are typically fabricated into planar
meander structures covering tens to hundreds of square
micrometers [31]. The device operating principle is straight-
forward: when cooled below the superconducting transition
temperature and biased with a sufficiently high current, the
energy deposited by an incident particle can cause the
transition of a portion of the nanowire into the normal
(resistive, nonsuperconducting) state. This appearance of a
resistive region in the current-biased nanowire results in
voltage pulses with typical amplitudes of ~1 mV (depending
on the amplifier’s input impedance) and durations of a
few to tens of nanoseconds. A schematic depiction of the
device operation is shown in Fig. 1(a). These detectors have
demonstrated dark count rates as low as 1 x 107 counts/s
[23], making them particularly interesting for sensing rare
events.

We therefore propose the use of SNSPDs for direct
detection of DM. They can be used as both the target
material with which the DM interacts, as well as the sensitive
sensor measuring this interaction. Large target mass can be
achieved via large arrays combined with multiplexing [32],

without disturbing the excellent energy threshold of these
devices nor their low-noise character.

A useful rule of thumb regarding the connection between
the energy threshold of the device versus the DM mass that
it can probe is as follows. In a DM scattering process off a
target, the maximal energy deposited is the entire kinetic
energy the particle is carrying ~mpy 03y, where mpy; and
vpum are the DM mass and velocity, respectively. Since the
DM velocity around us is of order 10~ in natural units
(where ¢ = h = 1), a given system sensitive to energy
deposits of E, or larger can probe DM masses 10° larger
than E;, via the scattering process, ESa ~ 10~mpy. If
instead the DM particle is absorbed by the target, it deposits
its entire mass energy, meaning that the same target system
is sensitive to E3 ~ mpy via absorption processes.

For DM scattering with electrons in the SNSPDs,
devices with eV-scale thresholds can thus probe DM mass
of MeV and above. In this mass range, several proposed
other targets exist in the literature (see, e.g., Ref. [33] for a
recent community report). The reach of the SNSPDs can be
comparable to or better than these other targets, depending
on exposure size and duration, and is complementary to
other approaches. The SNSPDs, however, offer the advan-
tage of possible directionality of the signal: with energy
deposits of a few eV and above, the electrons are likely to
be ejected from the material and could then hit multiple
layers of SNSPD arrays. If it is found that the ejected
electron from the superconductor tracks the direction of the
incoming DM particle [34], then reproducing the direction
of the outgoing electron via the stacked geometry and the
SNSPD’s spacial discrimination power would inform us
about the directionality of the signal. This could also
help discriminate signal from background. Similar use of
directionality from a stacked configuration has been sug-
gested for use in graphene targets [5].

As the threshold of the device is lowered to sub-eV
energies, lower DM masses can be probed, with O(meV)
energy deposits above the superconducting gap corre-
sponding to O(keV) DM masses. Indeed, nanowires that
exhibit sensitivity to 5 ym wavelength photons, corre-
sponding to an energy threshold of ~250 meV, have been
demonstrated [24], and it is likely that further technology
developments could push the energy sensitivity to 10 ym
(~125 meV energies) or even beyond. As we will show, the
reach of the SNSPDs into the sub-MeV DM mass range is
substantial and can provide excellent results even with very
small target masses, which can be constructed on relatively
short timescales.

Additionally, as we will show, absorption of DM in the
sub-eV and above mass range is similarly possible via
SNSPDs, providing an important complementary probe to,
e.g., existing stellar constraints.

Existing prototype device.—Having presented the basic
concept of detection via SNSPDs, we now describe an
existing prototype device and how measurements of its
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FIG. 2. The photon counts as a function of the absolute bias
current, exhibited by the prototype WSi device tested in a fiber-
coupled package at 300 mK.

performance already place bounds on DM scattering and
absorption.

Figure 1(b) is a scanning electron micrograph (SEM) of
the prototype tungsten silicide (WSi) device after fabrica-
tion. The active device area was 400 x 400 ym?, and the
nanowire was connected to external circuitry via two
contact pads. The width of the nanowires was 140 nm
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with a pitch of 340 nm. The thickness of the WSi film was
7 nm, and the resulting mass is 4.3 ng. Further details of the
device design and fabrication are provided in the
Supplemental Material [35].

The device was first characterized electrically and opti-
cally in an apparatus with a connection to an optical fiber
leading outside of the cryostat. The switching current of the
device I was 5.5 yA measured at 300 mK by sweeping
the current from a 50Q-impedance source. Figure 2 shows
the dependence of the count rate on the absolute bias current
for this 400 x 400 ym? large-area SNSPD at 1550 nm
wavelength (~0.8 eV). When the detector was illuminated,
the count rate rose at a bias current of 3 xA. Counts initially
grew with the current and the device saturated at a bias
currentof 4.5 uA. Atthis bias current, the count rate with the
laser light turned off (background count rate, presumably
originating from infrared blackbody illumination guided
through fiber) was below 100 counts/s. The maximum
background count rate was measured at a point just below
the transition to the resistive state, at 10° counts/s.

To eliminate the effect of blackbody illumination from
the optical fiber, the optical fiber connection was then
removed, several layers of shielding were added, and the
device was retested. To establish that the detector was still
operating correctly, the device was biased to just below its
critical current and background events were again observed
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Expected reach for DM-electron scattering via a light (left) and heavy (right) mediator as a function of DM mass. The solid

black curve labeled “Bound WSi” indicates the new bound placed by our prototype device with 4.3 ng exposed for 10 000 s. Other solid
curves indicate our background-free 95% C.L. projected reach for either NbN or WSi targets, with various exposures and thresholds.
Also shown are the existing constraints from Xenonl0 [2] (shaded gray), SuperCDMS [36] (shaded red), and SENSEI [37] (shaded
purple), as well as the projected reach for a kg yr exposure of a silicon target [38] (dotted green) and superconducting bulk aluminum
with a 10 meV threshold [9,10] (dotted gray). For clarity, 177 ug corresponds to a 10 x 10 cm? area of NbN at 4 nm thickness and a 50%
fill factor, and a 248 (124) meV threshold corresponds to a 5(10) um wavelength.
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(presumably due to low-energy blackbody photons or
intrinsic thermal or quantum fluctuations in the device).

Finally, the main experimental run was performed. In this
experiment, the bias current was set to 4.5 uA for 10* s. No
counts were observed over this period, suggesting a count
rate below 100 counts per megasecond. These measure-
ments will be used below to place bounds on DM
interactions.

Reach.—Our results for the reach of superconducting
nanowires into the parameter space of DM-electron
scattering are shown in Fig. 3. We follow the analyses of
Refs. [9,10] for rate computation in superconducting targets,
with the appropriate modifications to Fermi energies E and
the density p of target materials that are typically used for the
superconductors of SNSPDs. Details of the scattering rate
computation can be found in the Supplemental Material
[35]. Our results for niobium nitride (NbN) and WSi targets
use papy = 8.4 and pygi = 9.3 g/cm?, respectively, and in
both cases we use Er =7 eV. (We note that, while the
Fermi surface of WSi is not a perfect sphere, the calculations
performed here are intended to provide a proxy to guide
future experiments; we have thus assumed a spherical Fermi
surface in the case of WSi.)

The left panel of Fig. 3 shows the reach for scattering via
a light mediator, with the commonly used reference
momentum ¢q,.; = am, defining the reference cross section
6,, while the right panel shows the reach when scattering
via a heavy mediator (see Supplemental Material [35] for
all definitions). The solid colored curves show the back-
ground-free 95% confidence level (C.L.) projected reach,
corresponding to three signal events, for SNSPDs with
various amounts of exposures and thresholds, assuming a
dynamic range of 3 orders of magnitude. We also show the
projected reach for a kg yr exposure of a silicon target with
single-electron sensitivity [38] and of an aluminum target
with a 10 meV threshold TES [9,10], along with constraints
from the Xenon10 [2], SENSEI [37], and SuperCDMS [36]
experiments.

The 95% C.L. bound on DM-electron scattering placed
by the 4.3 ng prototype WSi device with the 0.8 eV energy
threshold presented in this Letter, which showed no dark
counts in 10 000 s of exposure, is shown by the black solid
curve. While the bound from this prototype nanowire on
DM-electron scattering is not yet competitive with those
from the other experiments, it is impressively placed using
a tiny mass-time exposure on a surface run. For compari-
son, the projected reach of a WSi target with an exposure
similar to that of the SENSEI data, 0.177 gday, is also
shown, demonstrating the strength of our proposal. As is
evident, larger exposures combined with low thresholds
will enable superconducting nanowires to quickly probe
uncharted parameter space of DM scattering.

In addition to probing DM-electron scattering, SNSPDs
can simultaneously probe absorption of relic particles that
interact with electrons. As an example, we consider a relic
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FIG. 4. Expected reach for absorption of relic dark photons.
The solid blue curve labeled Bound WSi indicates the new bound
placed by our prototype device in this Letter, which showed no
dark counts in 4.3 ng over 10* s. The projected reach for a NbN
target SNSPD with 177 ug yr (corresponding to a 10 x 10 cm?
area with 4 nm thickness and a 50% fill factor) and kg yr
exposures is shown (solid magenta curves); NbN reach into lower
masses than depicted should be possible and can be estimated
from lower energy data should it become available. Also shown is
our projected reach for a kg yr exposure of a WSi SNSPD (solid
black). The reach for a kg yr exposure of aluminum super-
conductors [11], semiconductors such as germanium and silicon
[44], Dirac materials [12], molecules [45], and polar crystals such
as GaAs and sapphire [17] are given as well (dotted curves).
Constraints from stellar emission [42,43] are indicated (shaded
orange), along with terrestrial constraints from SuperCDMS [36]
(shaded purple), DAMIC [41] (shaded green), and SENSEI [37]
(shaded turquoise). Unless otherwise stated, projected reach
refers to background-free kg yr exposure.

dark photon that is kinetically mixed with the ordinary
photon. Effectively, such a dark photon interacts with
electrons in a similar manner to the photon, but with the
interaction suppressed by the size of the kinetic mixing x
(see Supplemental Material [35] for further details).

Our results for relic dark photon absorption in SNSPDs
are shown in Fig. 4. We use low-energy photon absorption
data for NbN [24] and WSi [39,40], and translate it to the
expected reach on the size of kinetic mixing x between
the photon and dark photon field strengths as a function of
the dark photon mass my. Details of the absorption rate
computation can be found in the Supplemental Material
[35]. We show the resulting background-free 95% C.L.
expected reach, corresponding to three signal events, for a
kg yr exposure of NbN and WSi target SNSPDs. For NbN,
we additionally present the reach of a 177 ugyr exposure;
we further note that reach into lower masses than depicted
is possible and can be estimated should lower energy data
become available. Also shown are constraints from
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SuperCDMS [36], DAMIC [41] and SENSEI [37], along
with stellar emission constraints [42,43]. The projected
reach for kg yr exposures of germanium and silicon [44],
superconducting aluminum [11], Dirac materials [12], and
polar crystals such as GaAs and sapphire [17], as well as
molecular targets [45] are likewise indicated. (For the reach
of multilayer optical haloscopes, see Ref. [46].)

The 95% C.L. bound on relic dark photons placed by the
data of the 4.3 ng prototype WSi device in 10* s with a
0.8 eV threshold presented in this Letter is shown by the
solid blue curve. Remarkably, despite the small device size
and short exposure time of our experiment, it places the
strongest terrestrial constraint to date on dark photons with
sub-eV masses.

Summary.—We have proposed the use of superconduct-
ing nanowires as sensitive targets and detectors for light
dark matter and demonstrated the power of this approach.
We have found that absorption of bosonic DM with masses
above the superconducting gap of O(meV) and scattering
of DM in the keV—GeV mass range are both promising and
complementary to other existing proposals in these mass
ranges. An existing prototype nanowire already places
meaningful bounds on the parameter space, including
the strongest terrestrial constraints to date on dark photon
absorption in the sub-eV to few-eV mass range.

The results presented here suggest that further work,
both theoretical and experimental, is warranted to deter-
mine the viability of using SNSPDs for this goal. While
SNSPDs are promising candidates for DM detection due to
their sub-eV threshold and potential for low dark count
rates, they have small masses and do not provide calori-
metric information. The former issue might be addressed
by scaling the device to larger dimensions by using optical
lithography instead of electron lithography, while the latter
issue could be partially mediated by using a multipixel
configuration [30] or by using photon-number-sensitive
SNSPDs [47]. In the Supplemental Material [35], we
further elaborate on several issues raised by our results,
in particular (i) what are the ideal device characteristics that
should be targeted, and (ii) what are the prospects for
scaling the detectors to masses large enough to substan-
tially extend the reach of current searches.

The complementarity of different targets, sensors, and
experimental detection approaches is important for driving
the DM detection field forward. In addition, the develop-
ment of large arrays of ultralow-noise, ultralow-threshold
SNSPDs advocated here could further service other
approaches for DM detection, casting a wide net for
meaningful improvement to DM detection schemes.

With low thresholds and low dark count rates, super-
conducting nanowires have the potential to impact the direct
detection landscape on relatively short timescales. We hope
this Letter serves as a stimulant for broad cooperation
between the quantum-information and fundamental physics
communities, such that meaningful progress can rapidly be

made towards understanding the basic constituents of
nature.
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