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We propose the use of transition-edge sensor (TES) single-photon detectors as a simultaneous
target and sensor for direct dark matter searches, and report results from the first search of this
kind. We perform a 489h science run with a TES device optimized for the detection of 1064 nm
photons, with a mass of ~0.2ng and an energy threshold of ~0.3eV, and set new limits on dark
matter interactions with both electrons and nucleons for dark matter with mass below the MeV
scale. With their excellent energy resolution, TESs enable search strategies that are complementary
to recent results from superconducting nanowire single-photon detectors and kinetic inductance
detectors. We show that next-generation TES arrays hold promise to probe new regions of light

dark matter parameter space.

I. INTRODUCTION

Dark matter (DM) makes up the majority of mat-
ter in our universe, yet its identity remains unknown.
For decades, theoretical work focused on weak-scale DM
candidates guided the majority of experimental searches
aimed at detecting such DM candidates. The nondetec-
tion of weak-scale DM particles at a variety of dedicated
experiments [1-5] has ushered in a new era of exploration
in the DM community, with new emphasis on candidates
with sub-GeV masses (see Ref. [6] for a review). In turn,
novel experimental techniques have emerged to search for
such particles in the laboratory [7-25]. Among these, su-
perconducting targets [10, 11] stand out due to their po-
tential sensitivity to energy deposits as low as O(meV).
This would enable the detection of DM as light as 1keV,
below which cosmological constraints robustly exclude
fermionic DM. Such detectors would also be sensitive
to the absorption of bosonic DM with masses as low as
1meV [26]. The status of DM searches has thus moti-
vated new improvements in the design of superconduct-
ing detectors.

Indeed, rapid developments in quantum sensing are
quickly enabling groundbreaking progress in DM re-
search. Refs. [12, 14] used a prototype superconducting
nanowire single photon detector (SNSPD) as both the
sensor to measure DM interactions and the target mass
with which the DM interacts, placing world-leading lim-
its on light DM with mass beneath the MeV scale. These
first-generation SNSPD limits were then surpassed by the
second-generation QROCODILE experiment [27], with
an experimental setup specifically developed for the de-
tection of light DM. SNSPDs are, however, not the only
superconducting sensors that can be used in this manner.

Ref. [28] previously proposed the use of kinetic induc-
tance detectors (KIDs) as DM detectors. In this work,
we demonstrate the use of transition-edge sensors (TESSs)
as the superconducting target and sensor for light DM
detection, as we proposed in Refs. [29, 30]. TESs have
much greater energy resolution than SNSPDs, while still
offering favorable noise characteristics. Advances in TES
design thus enable new complementary methods of prob-
ing light DM parameter space.

TESs are broadly used in science and industry. For
example, TES arrays are used in the cameras of large
telescopes [31, 32] and in quantum information technolo-
gies (see e.g. Ref. [33]). TESs are also widely used in
DM detection experiments: they are already in use in
DM searches such as CRESST [34] and SuperCDMS [35].
Currently, however, they are typically used as sensors
coupled to a separate target mass: the DM interacts with
the target material, and a portion of the deposited en-
ergy is later detected by the TES. Early proposals for
superconducting light DM searches similarly suggested
the use of TESs as the sensor that instruments a large
bulk target made of a material such as aluminum [10, 11],
using a detection philosophy similar to that of e.g. the
semiconductor targets of SuperCDMS.

Here, we take an alternative complementary path: for
the first time, we demonstrate the use of a TES as simul-
taneously the target with which the DM interacts and as
the sensor that detects this interaction. This maximizes
the sensitivity to very light DM candidates, where de-
tection is bottlenecked by the detector threshold. Since
TESs are mainly sensitive to the amount of energy de-
posited, the scattering of a DM particle in the TES causes
the device to respond in the same manner as to a pho-
ton depositing a similar amount of energy. In particular,



as long as the energy deposited is large compared to the
superconducting gap, the excitations produced in the su-
perconductor by the scattering event rapidly relax to a
population of low-energy phonon and quasiparticle exci-
tations whose energetic distribution depends only on the
initial energy deposit [13, 36], and not on other the prop-
erties of the incoming particle, whether a photon or a
DM particle.

In this work, we report new measurements from an
existing TES device intended for use in the Any Light
Particle Search IT (ALPS II) experiment [37], optimized
for the detection of photons originating from axions and
axion-like particles. We use our measurements to place
new limits on DM with sub-MeV masses that interacts
with electrons or with nuclei in the TES. Our work
demonstrates the potential of this approach, and high-
lights the prospects to harness advances in quantum sens-
ing to push fundamental physics forward.

This paper is organized as follows. Section I describes
the experimental setup, including calibration and back-
grounds. Section III outlines our DM science run and
analysis, and Section IV describes our computation of
DM interaction rates in the device. Our results are given
in Section V, and we conclude with an outlook for future
experiments in Section VI. Throughout this work, we use
natural units, with c = h = kg = 1.

II. EXPERIMENTAL SETUP
A. TES device

TESs are superconducting microcalorimeters operated
at cryogenic temperatures of O(10mK) [38]. The su-
perconductor is thermally connected to a cold bath and
voltage-biased to a working point slightly above the crit-
ical temperature T between the superconducting and
normal conducting state, that is, on the edge of the
transition. When biased at the working point, an en-
ergy deposit above threshold in the TES will lead to
a small temperature change AT, leading to a large in-
crease in resistance AR due to the steep rise of the
resistance-temperature curve. The change in resistance
leads to a changing current in the circuit. The chang-
ing current is measured by the changing magnetic flux
through an inductively-coupled coil, which is in turn read
out by a Superconducting Quantum Interference Device
(SQUID). The SQUID output shows a voltage pulse, pro-
portional to the energy originally deposited in the TES
by the incident particle. The shape of the pulse above
the baseline voltage V) can be described by the following
expression based on small signal theory [38]:

A [e—(t—to)/ﬁ- _ e—(t—to)/‘f—] t >t
0 t < 1o,

V(t)-Vo = { (1)

for appropriate choices of start time ¢y, amplitude A, rise
time 7, and decay time 7_. The pulses can generally be
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FIG. 1. Prototype TES detector. Left: Schematic show-
ing different layers of the optical TES stack with the active
tungsten (W) layer placed in between dielectric amorphous
Si-layers and on a reflective Ag mirror and Si substrate. This
layering optimizes the absorption at 1064 nm. Right: Closeup
of the TES sensor on the silicon substrate, provided by NIST;
the fins around the square chip are for aligning purposes only
(taken from Ref. [42]).

fit well in the frequency domain, with a template given
by the Fourier transform of Eq. (1). In practice, this
fit is performed numerically using the fast Fourier trans-
form (FFT; see Ref. [39] for further details of the FFT
fitting procedure). Previous work using a similar detec-
tor setup has demonstrated a linear relationship between
deposited energy and voltage pulse height in the readout
for photons with energies between 1eV and 3eV [40, 41].

The TES module used in this work, provided by NIST
and shown in the right panel of Fig. 1, is the device to
be used for 1064 nm photon counting at the ALPS II ex-
periment. It consists of a tungsten chip with an area
of 25um x 25nm, a thickness of 20nm, and a mass
of ~0.2ng embedded in an optical stack [43], shown
schematically in the left panel of Fig. 1. The optical stack
is designed to optimize the absorption of light at 1064 nm
wavelength, corresponding to an energy of 1.165eV. This
is the wavelength of the laser used for axion-like-particle
production in ALPS II.

The setup and procedure for performing a direct DM
search with our TES builds on previous work done for
ALPS II. For the development of the ALPS II analy-
sis procedure, the intrinsic background (e.g. natural ra-
dioactivity) was recorded in the TES’s environment, the
interior of a dilution refrigerator approximately two floors
underground in the HERA West building at DESY. The
data from these intrinsics measurements are free from
outside light or heat sources introduced e.g. by optical
fibers coupled to the TES, offering appropriate conditions
for a direct DM search as well. These measurements and
other possible background sources are discussed in de-
tail in Ref. [42]. To perform direct DM searches with
this setup, a data acquisition (DAQ) trigger level that
is as low as technically possible needs to be determined
in order to reduce the energy threshold of the TES for
photon-like pulses to sub-eV levels while maintaining a
sufficient signal-to-noise ratio. These results are then di-
rectly applicable to a search for photon-like events from



the scattering or absorption of light DM particles in the
TES.

B. TES configuration and calibration

Our TES module consists of two separate TES chips
wire-bonded to a single-stage dc-SQUID series array chip
[44, 45] for biasing and readout via cryogenic cables and
specialized readout electronics. In this work, we use data
recorded with only one of the TES chips. The TES mod-
ules’ packaging and SQUIDs were provided by PTB, Ger-
many. The TES is enclosed by an aluminum can for noise
reduction. The aluminum can and TES module are at-
tached to the lowest stage of a BlueFors dilution refrig-
erator, which enables cooling below 25 mK. By applying
an appropriate bias current, the TES chips are operated
at 20-30% of the normal-state resistance Ry. Choosing
a proper TES working point for the measurements is es-
pecially critical as the working point influences the pulse
integral, energy resolution, and noise of the recorded sig-
nals [42], impacting the detector’s sensitivity to low en-
ergies. While higher working points closer to the nor-
mal conducting phase exhibit lower noise, the used lower
working points offer better energy resolution. We trigger
on signals from the readout via an Alazartech digitizer
using a sampling rate of ~50 MHz.

For intrinsics measurements, optical fibers used for
photon measurements are disconnected from the TES,
removed from the detection volume inside the aluminum
can, and placed on the flange above. While the fibers
are therefore mostly isolated from the TES’ operational
volume, a small gap between the flange and aluminum al-
lows light from the fiber tips to scatter into the detection
volume for calibration measurements prior to dedicated
background measurements.

For direct DM searches, the SQUID settings, TES
working points, and DAQ trigger levels are optimized to
guarantee a high dynamic range as well as low electronic
noise while still providing high energy resolution. Be-
fore a measurement, light samples with attenuated laser
sources are recorded to determine the signal-to-noise ra-
tio for photon pulses in the energy region of interest. To
choose an appropriate trigger level for low energy events,
a short continuous timeseries is recorded from the read-
out without any trigger. This data sample, which pre-
dominantly consists of electronic noise, is then analyzed
to find a suitable trigger level, i.e., an energy threshold
which is as low as possible without reaching significantly
into the noise baseline, where a high trigger rate could
potentially lead to deadtime. We select a trigger level
corresponding to a trigger rate of less than 2Hz. Con-
sequently, in order to trigger on small energy deposits,
the background levels of the system must be reduced as
much as possible. In the post-trigger analysis, interesting
signals are then selected through a pulse shape analysis
similar to that in Refs. [39, 46], where the template of
Eq. (1) is fitted to the signal in the frequency domain.

C. Backgrounds

As is evident from dedicated intrinsics measurements
for ALPS II [46], non-negligible backgrounds are already
present at energies above 1eV. These include ambient
radioactivity from materials that are part of the setup
or energy depositions by cosmic rays (e.g. in the sili-
con substrate). For example, it is likely that the zirco-
nium dioxide fiber sleeves surrounding the TES chips in-
clude radionuclides that could produce spurious signals
in the TES [40]. This is also supported by dedicated
simulations matching the expectations from background
measurements [39]. Subsequent analysis procedures can
reduce the intrinsic backgrounds at 1.165eV to below
6.9 x 1076s~! while maintaining up to 90% acceptance
for 1064nm signal photons [46, 47]. The signal accep-
tance is expected to be lower for lower energy pulses due
to a decrease in the signal-to-noise ratio. Due to the low-
ered DAQ trigger threshold compared to ALPS II studies,
the majority of background counts in our dataset are ex-
pected to originate from electronic baseline noise of the
detection system.

The pulse shape analysis (thoroughly discussed in
Ref. [39]), uses fitting functions for expected photon-
signal shapes and implements cuts on parameters such
as rise time 74 and decay time 7_. This can be adapted
for lower signal energies as well, according to the applied
trigger. Therefore, we employ the pulse shape analysis
to mitigate the impact of backgrounds on our DM con-
straints by eliminating pulses that are clearly distinct
from photon-like signals. Further mitigation of back-
grounds may be achieved using machine learning tech-
niques, as in Ref. [47], and we defer this to future work.

D. Calibration and pulse shape parameters

The aforementioned linear relationship between de-
posited energy and voltage pulse height has only been
shown for energies >1eV with a similar setup. Ded-
icated simulations for a larger energy range show the
same behavior for the pulse integral, which stays linear
up to higher energies compared to the pulse height [39].
Therefore, the pulse integral is used as a calibration pa-
rameter. We perform several calibration measurements
to verify this relationship for our current setup, to ex-
plore the energy dependence below the 1eV scale, and to
study the dependence of pulse rise and decay times on the
amount of energy deposited. In our measurements, we
expose the device to heavily attenuated continuous-wave
laser light from laser diodes with wavelengths of 1640 nm,
1310 nm, 1064 nm, and 880 nm, corresponding to energies
of 0.756 eV, 0.947eV, 1.165eV, and 1.409eV. Testing for
lower energies is not possible with this setup due to at-
tenuation effects: since the fiber is optimized for a wave-
length of 1064 nm and curled within the setup, substan-
tially higher wavelengths are not transmitted [48]. Sim-
ulations taking the fiber and curling radii into account
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FIG. 2. Calibration measurements. Top: Mean fitted rise
time 74 and decay time 7— as defined by Eq. (1). The time
uncertainties are not visible at this scale. The uncertainties
of the energy represent the spectral width of the laser diodes,
as measured with a spectrometer. The rise and decay time of
the calibration photons are mostly constant over this energy
range. Bottom: Mean pulse integral from the fitting function
for different energies for our calibration run (green) and DM
run (black). The uncertainties on the pulse integral are not
visible at this scale. The relationship between the pulse in-
tegral and energy of the calibration photons follows an affine
relation as indicated by the dashed purple line. In our anal-
ysis, we assume that a similar relation also holds for the DM
run, indicated by the solid purple line.

show a sharp cutoff of transmitted light below ~0.7eV
(above ~1800nm) [49].

We performed a first calibration measurement in
March 2024, with the results shown in Fig. 2. The top
panel of Fig. 2 shows that, as expected, the rise and de-
cay times are independent of the pulse energy over the
range of measurement. The calibration run data in the
bottom panel of Fig. 2 verifies a nearly-linear relation-
ship between incident photon energy and the integral 7
of the associated pulse, maintained to energies at least
as low as 0.756eV. We fit an affine relation, i.e., we set
FE — Ey «x Z. In our current configuration, testing the
TES response at lower energies is not possible due to
aforementioned attenuation effects. We thus extrapolate
the observed behavior down to lower energies.

During the same cooldown as the DM science run, we
performed an additional set of calibration measurements
using 1064 nm and 1640 nm lasers, corresponding to ener-
gies of 1.165eV and 0.756eV. These measurements were
performed directly before the DM science run. This ad-
ditional calibration is necessary since the detection mod-
ule is very sensitive to environmental changes: each new
cooldown can lead to a variation in pulse shape, even for
the same energies. We use these two measurements, in-
dicated by the black points in the bottom panel of Fig. 2,
to establish the parameters of the affine relationship be-

tween deposited energy and pulse integral assumed in our
DM science run (i.e., the solid purple line).

Based on the stability of the rise and decay time re-
sponse, as well as the near-linearity of the pulse integral
(as holds for the pulse amplitude A), we simulate datasets
of photon-like energy deposits from 0.1eV to 3.0eV us-
ing the framework described in Ref. [39, 50]. We use
these simulated pulses as a guideline to determine cuts
for our DM analysis. The stable rise and decay time are
two of the main indicators of the photon-like shape of a
pulse. Therefore, cuts on these parameters help to isolate
photon-like pulses from the majority of the background
measured with a low trigger level. We use the simulated
dataset to determine the effective acceptance of our ex-
periment when different cuts are enforced. The affine
relationship between the energy and the pulse integral
is then used to determine the energy spectrum of events
that survive these cuts.

III. DATA AND ANALYSIS

We now describe our DM science run which took place
in April and May of 2024. The analysis for the DM sci-
ence run was performed in the frequency domain based
on pulse shapes predicted by small-signal theory [38].
We perform the frequency-domain analysis using the
TESPASS framework, described in detail in Refs. [37, 39].
The following results are based on a 489 intrinsics mea-
surement (with no fiber) with a trigger level and setup
following the procedures described in Section IIB.

A. Pulse identification and cuts

Prior to the fitting analysis and cuts, we use the pulse-
finding algorithm of Ref. [39] to reject pulses with shapes
very different from a photon-like pulse, such as many of
those arising from electronic noise. We perform this se-
lection using signal deconvolution in combination with
a low-pass filter with a cutoff frequency at 0.5 MHz and
Gaussian kernel for the deconvolved signals. For each
pulse, we fit the pulse parameters in the frequency do-
main, identifying the starting time, rise time, decay time,
and pulse integral. We then impose cuts on the rise time,
decay time, and reduced x? between the data and the
pulse-shape template. We perform our entire analysis
twice with two different sets of cuts, described in Table 1.
These cuts are based on the distribution of fit parame-
ters of the calibration data recorded just before the DM
science run, along with simulated data sets of photon-
like pulses over an energy range of 0.1eV to 3.0eV, also
simulated using the TESPASS framework. The cuts reject
pulses with fitting parameters outside of the expected re-
gion for photon-like pulses. For this study, the specific
cuts were chosen based on the simulated signal distribu-
tions to approximate 250% acceptance at ~1eV for the
less restrictive cuts and ~10% acceptance for the more
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FIG. 3. DM science run. Left: Distribution of FFT fitting parameter 7— of the direct DM search measurement (gray) and
the two measured calibration wavelengths (green and magenta) for reference. While the lasers’ distributions overlap with each
other to a large extent (except for some outliers, which are triggered background pulses), the large majority of the DM search
measurement distributions lies outside of that region. Rigorous cuts can be applied based on this distinction, which also holds
for photon-like signals of a broader energy range. Right top: Total acceptance A in simulation data for the loose and tight cuts
(see Table I). Right bottom: Energy spectrum measured over 489 h and calibrated with the FFT pulse integral parameter based
on the loose and tight cuts. The bin size approximates the energy resolution of ~10% at ~0.76eV.

Parameter Loose Tight
Cuts 7+ [ps] (0.3,0.4) (0.325,0.375)
7_ [ps] (1.6,2.0)  (1.75,1.85)
Xad (0.9,1.1)  (0.95,1.05)
to [ps] (—0.5,0.5) (—0.5,0.5)
Results Event rate [Hz] 7.2 x 107° 7.4 x 107°
Survival [%)] 0.107 0.011

TABLE I. Parameter cuts. Summary of loose and tight
cuts applied to the DM search data (frequency domain analy-
sis), with ranges in parentheses denoting lower and upper cut
values. We also show the resulting event rate and percentage
of surviving triggers for each set of cuts.

restrictive cuts. The less restrictive “Loose” cuts allow
for a higher acceptance at the cost of a higher background
rate, while the set of “Tight” cuts gives reduced accep-
tance but substantially attenuates the background rate.

As an example, the left panel of Fig. 3 shows the dis-
tributions of the 7_ parameter for the two calibration
photon wavelengths (green and magenta) and for the DM
search measurement (shaded gray). The horizontal bars
labeled “Tight cut” and “Loose cut” show the cut im-
posed on 7_ in each of these analyses. Any pulse with 7_
outside the indicated range is discarded, meaning that
the vast majority of pulses identified in the DM search
are rejected on this basis alone. The surviving pulses
likely cannot be accounted for by electronic noise, even
though these dominate our trigger rate during measure-
ment. For confirmation, we have simulated over 500 h of

electronic noise data, from which only one pulse survives
the loose cuts and no pulses survive the tight cuts.

Next, we consider the acceptance, or efficiency, of our
pipeline for actual energy-deposition events. The to-
tal acceptance combines three components: those of the
hardware trigger! o'™8: the pulse-finding analysis aP"!*;
and the cut o, which takes different values for the
loose and tight cuts. The signals simulated with TESPASS
include the corresponding noise baseline, and the trig-
ger mechanism. This allows us to gauge the acceptance
of the hardware trigger, which we find to be >99% for
pulses between 0.6eV and 3eV, and degrading for lower
energies. The simulated pulses are subsequently ana-
lyzed using the pulse-finder again, where the number of
pulses surviving the pulse-finder indicates the analysis
efficiency. We multiply these efficiencies with the hard-
ware trigger acceptance for each 0.1eV energy bin. This
combined efficiency is then multiplied with the cut accep-
tance in a next step to determine the total acceptance A;
in the ith energy bin:

Ay = a8 x oPUIe 5 gouts (2)

The total acceptance curves for the loose and tight cuts
are shown in the top-right panel of Fig. 3.

Finally, we evaluate the energy spectrum measured in
our DM search using the affine relationship between the

1 Due to the finite energy resolution of our device, the pulse height
fluctuates. Therefore, for lower energy pulses with a pulse height
closer to the trigger level, the acceptance is energy dependent.



energy deposited, F, and the pulse integral, Z (Fig. 2).
Specifically, we take

_ I-176psmV
33.53psmVeV !’

3)

We use the pulse integral parameter rather than the
pulse height, even though the pulse height exhibits im-
proved energy resolution, since simulations predict that
the affine relationship between pulse integral and de-
posited energy holds over a larger energy range [39]. The
resulting spectrum is shown in the bottom-right panel of
Fig. 3.

B. Dark counts and constraint procedure

Over the course of a 489 h science run, we identify 126
counts passing the loose cuts and 13 counts passing the
tight cuts. The energy distribution of these counts is
shown in the lower-right panel of Fig. 3. We denote these
count distributions by N2Ps.

To constrain the DM interaction rate, we use the fol-
lowing procedure. We begin with a signal model that pre-
dicts the number of DM events in each bin as a function
of the DM mass mpy, mediator mass mg, and interac-
tion cross section o, which we denote by NPM, where
i indexes the energy bins. (The details of the signal
model are described in the next section.) We multiply
this by the fractional acceptance A; in each bin, shown
in the top-right panel of Fig. 3, to obtain a prediction
NI (g, mg, 0) = A;NPM for the number of ob-
served DM events. We consider only the light- and heavy-
mediator limits, i.e., mg < q or mg > q, where ¢ is the
typical momentum transfer to the tungsten.

In order to set a conservative limit, we make no as-
sumption on the nature of the observed events: in prin-
ciple, they might originate from DM or from uncontrolled
backgrounds. The analysis we perform is then not capa-
ble of establishing a DM discovery, but only setting a
constraint. For each choice of mpy and mg, we compute
the maximum value of the interaction cross section o
that is compatible with the observed counts allowing any
subset of these counts to be attributed to backgrounds.
Specifically, we fix the DM mass and mediator mass, and
use the profile likelihood ratio test as follows. We assume
that the rate of background (non-DM) events in each bin
is a Poissonian random variable, with mean Nib €. Then
the problem is to constrain the DM cross section, o, with
undetermined nuisance parameters, sz €. For each com-
bination of the model and nuisance parameters, we define

Ipm = log Lp [Nbe|Nibg + Nfignal(ff)], (4)
lpg = log Lp [Nfbs‘Nibg]. (5)

where Lp(N;|M;) is the Poisson likelihood of drawing a
sample N; from a multivariate Poisson with mean M;,

corresponding to the count rate in each energy bin. We
then evaluate the profile likelihood ratio test statistic as

A=2| max fpy — max lug |, (6)

{o,N}%} {npE}

maximizing over all possible mean background rate vec-
tors Nib €. Note that g is always maximized by taking

Nlbg = Nfbs. Since we test each DM mass independently,
the signal model has only one parameter, namely the
cross section o. We thus treat A as a x2-distributed ran-
dom variable with one degree of freedom under Wilks’
theorem, and exclude a parameter point if A lies above
the 95% quantile, corresponding to the 95% confidence
level (C.L.). This corresponds to A > 2.71 for a one-sided
confidence interval.

While this procedure is more computationally complex
than a simple counting test, it allows us to take full ad-
vantage of the spectral information offered by the energy
resolution of the TES, while at the same time imposing
no assumptions on the backgrounds in the experiment.
The only remaining input for setting constraints on DM
interactions is the signal model itself, which we describe
in the next section.

IV. DARK MATTER INTERACTION RATE

Our TES device is sensitive to several different chan-
nels of DM interactions, including (1) DM-electron scat-
tering, (2) DM absorption onto electrons, and (3) DM-
nucleon scattering. In each case, we consider the inter-
action occuring in the TES sensor. When depositing en-
ergy above the threshold of the device, such an interac-
tion would result in a voltage pulse which can be read
out. As long as the energy deposited by the DM is well
above the superconducting gap of O(meV), the excita-
tions produced in the superconductor rapidly relax to a
distribution of phonon and quasiparticle excitations that
depends only on the energy of the deposit, meaning that
the TES behaves identically in a DM interaction event
and a photon absorption event. (See Refs. [13, 36] for
further details.) Thus, by evaluating the rates of these
processes as a function of DM parameters, we can use
the observed DM search data rate to constrain the DM
parameter space.

We compute the rate for each of the above processes
following Refs. [14, 36, 51], assuming that the DM inter-
acts with Standard Model species via a mediator ¢. The
event rate per unit detector mass is given by

I =

TNDMO¢ d3VDM d3q dw
Jom(vpm)

(2m)?
x F(a)* S(a,w)d(w —wq) ,  (7)

2
Hi pm

where npy is the DM number density; 6, is a reference
cross section for DM-t scattering, with ¢ denoting the



target particle; py pwm is the reduced mass; w is the en-
ergy deposited; q is the 3-momentum transfer; vpyr is
the DM velocity; wq = q- vbm — q*/2mpw is the energy
deposited in the detector; fpm(vpm) is the DM veloc-
ity distribution function in the laboratory frame; F(q) is
a model-dependent form factor; and S(q,w) is the dy-
namic structure factor, given by Fermi’s Golden Rule.
For fpm(vpm) we assume the standard halo model [52].
We take the local DM density to 0.4 GeV/cm?, the DM
velocity dispersion to be 230km/s, the escape velocity
to be 600km/s, and Earth velocity 240km/s, with all
velocities specified in the Galactic frame. For scatter-
ing via a spin-independent interaction, the form factor
is given by F(q) = (m3 + q3,)/(m3 + ¢*), where my
is the mass of mediator, and gy, is a reference momen-
tum. We take the reference momentum for electronic
scattering to be qp. = am., with a the fine structure
constant, and we take ¢ , = mpwm(vpm) for nuclear scat-
tering. In both cases, the reference cross section is given
by 6; = +pi pamdd/(m3 + q34)?, where go stands in for
coupling constants. Given the dynamic structure factor
for each DM interaction channel of interest, one can now
compute the corresponding event rate.

For DM interactions with electrons—both scattering
and absorption—we use the linear response theory of
dielectric systems [51]. For spin-independent scattering
with electrons, the dynamic structure factor is given by

Staw) = i (=) ®

q,w)

with €(q,w) denoting the dielectric function of the ma-
terial. For DM absorption, we consider the case of a
kinetically-mixed dark photon DM, where the interac-
tion Lagrangian has the form Ly = —%/@FWF’W. Here
x is a coupling constant, and F),, is the field strength
tensor, i.e., Fy,, = 0,A, —0,A,, where A, is the photon
field. Primes refer to the dark photon field AL in place
of the photon field. The absorption rate in this case is
given by [14]

1
Ta = &’mpy Im ( ) . (9
e(mpMVDM, MDM)

Since [vpu| ~ 1073, we have mpwm |vpum| < mpu, and so
in practice absorption is determined by the q — 0 limit of
the dielectric function. Note that the dynamic structure
factor can receive corrections from geometry for thin-
layer detectors when the momentum transfer |q| is not
large compared to the inverse layer thickness [14, 27, 53].
In our experiment, the inverse thickness of the super-
conducting layer is 1/(20nm) ~ 10eV, whereas typical
momentum transfers are of order vpympym = 1073 X
30keV = 30eV for all DM masses we consider in this
work. Thus, we neglect geometric corrections in evaluat-
ing the DM interaction rate.

Our TES sensor is also sensitive to the scattering of
DM particles with nuclei, as it can be triggered by a

nuclear scattering event in the device via phonon pro-
duction, as detailed by Ref. [36]. Here we place a con-
servative limit on DM interactions with nuclei via nu-
clear recoils, where the dynamic structure factor is given
by [54]:
Slaw) = 3 A g g2 (- L
4 _ZNAN ~ my N 2mN )
(10)
In the above, N indexes the nuclei in a unit cell; my is
the atomic mass; Ay = my/u is the atomic mass num-
ber; f,, is the coupling to DM; and Fiy(q) is the nuclear
form factor. We take the Helm form factor [55], Fn(q) =
[3j1(qu)/(qu)}e’(q5)2/2, with ¢ = |q|, j1 the spherical
Bessel function of the first kind, ry ~ A%S x 1.14fm
the effective nuclear radius, and s the nuclear skin thick-
ness. We use Aw = 183.85 and s = 0.9 fm. In principle,
the low threshold of our device would allow sensitivity to
even lower DM masses via multiphonon production. The
reach is then determined by the vibrational spectrum for
the tungsten used in our detector. The particular com-
position of the tungsten in our TES requires a dedicated
study of its vibrational spectrum, and we thus relegate
such an analysis to future work.

V. RESULTS

Figure 4 shows the constraints we derive at 95% C.L.
on DM-electron scattering using DM search data from
the ALPS II TES sensor, for the case of a light (left)
or heavy mediator (right). In each panel, the new con-
straint is shown by the blue shaded region, bounded by
the stronger of the results from the tight (solid) and loose
(dashed) cuts. We also show projections for future iter-
ations of this experiment. The dot-dashed curve shows
the anticipated limit for a 16-pixel TES array whose units
have the same parameters as our device, using the loose
cuts and operated for one year. This curve assumes that
the number of observed counts scales directly with the
exposure. The dotted curve shows the sensitivity of a
1000-pixel array exposed for a year. Here, we assume
that the pixels have the same volume and composition
as our device, but operate with an effective threshold of
70meV, roughly corresponding to the energy resolution
of the device demonstrated in Ref. [62]. We further as-
sume that the experiment observes zero counts, i.e., the
most optimistic circumstances for DM constraints.

For comparison, we also show the constraints placed
by first- [12, 14] and second-generation [27] SNSPD
DM searches in shaded green. The threshold of our
first-generation TES is already lower than that of first-
generation SNSPD devices, enabling sensitivity to lower
DM masses. The impressive extended reach of the
second-generation SNSPD device compared to a first-
generation sensor demonstrates the great strides that can
be made in a short time with dedicated R&D efforts fo-
cused on optimizing the technology for light DM searches.
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FIG. 4. DM-electron scattering. New bound and projections at the 95% C.L. on DM scattering with electrons via a
light (left) or heavy (right) mediator in a TES sensor. In both panels, the shaded blue region indicates the new constraint we
place with the existing TES data from DESY using the tight (solid curve) or loose (dashed curve) cuts. The projected reach
of a future experiment using a 16-pixel array exposed for a year and using the loose cuts, with each unit similar to our current
TES and with background scaling with exposure, is shown in dot-dashed curve. The projection for a 1000 pixel array exposed
for a year, assuming a lower energy threshold of 70 meV and no backgrounds is shown in dotted blue. For comparison, we
show existing constraints from SNSPD sensors [12, 14, 27], indicating the improvement achieved from first to second generation
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due to atmospheric scattering (see text).
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shown in shaded yellow. All other features are identical to
those of Fig. 4.

Figure 5 shows limits on kinetically-mixed dark photon
DM from absorption in the TES, with the same conven-
tions as Fig. 4. First- [12, 14] and second-generation [27]
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SNSPD constraints are again shown in shaded green,
with other terrestrial constraints [56, 58, 64, 77-79] indi-
cated in shaded gray. Model-dependent complementary
stellar constraints [63—65] appear in shaded yellow. Note
that the impact of backgrounds is much more sharply
mass-dependent for absorption than for scattering. This
is because the predicted spectrum for absorption is a nar-
row spike at an energy corresponding to the DM mass,
meaning that the background for an absorption search
at a given mass is simply the count rate in that bin.
The high observed count rate for 0.5eV < w < 1leV
(Fig. 3) accounts for the weaker scaling of the projected
16-px limit in this regime. For scattering, on the other
hand, the fact that the spectral shape of the observed
background is a poor fit to the DM prediction allows for
substantial background mitigation.

Our new constraints and projections on light DM scat-
tering with nucleons are similarly depicted in Fig. 6,
along with existing limits from elastic DM-nucleon scat-
tering and the Migdal effect [80]. The tungsten film of
our TES sensor has a polycrystalline structure consisting
of both a- and S-phase tungsten, meaning that the com-
putation of the vibrational spectrum is nontrivial and
will be the subject of future work. In the present work,
for DM-nucleon interactions, we conservatively place lim-
its and show projections only using nuclear recoils in the
TES rather than considering single-phonon excitations,
as described in Refs. [36, 81]. Significant improvement
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should be possible at low DM masses once the phonon
spectrum of the device is established.

Note that the cross sections we show for DM-electron
and DM-nucleon scattering towards the top of Figs. 4
and 6 sit above where atmospheric scattering may oc-
cur, and overburden effects may become significant. The
quantitative inclusion of overburden is nontrivial and
model-dependent, but the constraints become unreliable
at cross sections above ~10724em? (~1072%cm?) for
DM-electron (DM-nucleon) scattering (see Refs. [82-85]
for details). Nonetheless, the importance of our work
is in demonstrating the reach of a current TES technol-
ogy as a first-generation DM detector, and to motivate
future experimental configurations that scale up in expo-
sure, push energy thresholds lower, and keep noise down,
which will enable sensitivity to interesting new regions of
light DM parameter space. Indeed, SNSPD technolo-
gies have demonstrated that remarkable advances can
be achieved between first- and second-generation devices,
and there is no fundamental limitation to similar head-
way being made with future TES designs, especially con-
sidering their energy-resolving capabilities.

VI. OUTLOOK

We have proposed and prototyped the use of TES de-
tectors as simultaneous targets and sensors for light DM
detection with sub-MeV mass. We use an existing TES
detector system, intended for use as a single-photon de-
tector for axion-like particle searches in the ALPS II ex-
periment, as a proof of concept. In a setup similar to
the one used for the ALPS II experiment, the TES is di-
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rectly sensitive to sub-MeV DM while operating in a di-
lution refrigerator and after removing optical fibers used
for photon detection, and we have improved sensitivity at
low masses by reducing the effective energy threshold of
the TES. Future configurations that increase exposure,
further reduce the energy threshold, and preserve the low
dark count rate should enable a dedicated TES experi-
ment to probe untested regions of light DM parameter
space through several channels, including DM-electron
scattering, DM-nucleon scattering, and DM absorption.

The advancement of quantum sensors opens excit-
ing possibilities for probing light DM. SNSPDs are
one such technology that has gained much traction in
the context of sub-MeV DM detection, with the dedi-
cated QROCODILE experimental collaboration advanc-
ing SNSPD sensors in size, threshold and exposure. Both
SNSPDs and TESs have demonstrated low sub-eV energy
thresholds and low dark count rates, and along with KIDs
offer a pathway towards significant progress in light DM
detection. The strength of TESs comes from their inher-
ent energy resolution: unlike SNSPDs which are counting
devices, the signal pulses in a TES contain the energy in-
formation of the incident particle, which is proportional
to the integral of the pulse area. In previous measure-
ments, our TES showed a fiber-coupled energy resolution
of (5.31 £0.06)% at 1.165 eV [86]. The measured energy
spectrum can be used in the analysis to improve limits,
as we demonstrate here, and will also be crucial to iden-
tifying and scrutinizing any putative DM signal.

Improving the sensitivity to small cross sections will
require a larger fiducial volume in future iterations of this
experiment. In Figs. 4 to 6, we have shown projections
for experiments with 16 and 1000 pixels, respectively.



The choice of a 16-pixel array is motivated by existing
design proposals at a similar scale [87]. Future extensions
of readout schemes currently being developed [88] are
anticipated to enable kilopixel-scale arrays in the coming
few years. As such, the projections we show are realistic
estimates of progress that may be made by a second-
generation experiment in the next few years.

With further optimization of TES detectors dedicated
for DM searches, much improvement to the reach of TES
sensors into light DM parameter space can be achieved.
Reaching the simplest cosmological target model in this
mass range, corresponding to freeze-in production of
DM [89, 90], would require an improvement of many or-
ders of magnitude [9, 91] to our current sensitivity. How-
ever, several other DM production mechanisms are viable
in this mass range (see e.g. Refs. [92-96]), and there is
thus no single prediction or even expectation for the DM
cross section. We may therefore discover DM interactions
at cross sections much higher than those corresponding
to freeze-in production.

In the short term, a number of improvements are possi-
ble. At the level of the analysis, optimization of cuts and
machine learning techniques [47] may enhance sensitiv-
ity. To improve the distinguishability of backgrounds and
possible events in future configurations, one can lever-
age TES modules that have been designed specifically
for direct DM searches with possible veto sensors (such
as SNSPDs) or substrate readout. One version of an op-
timized sensor—without zirconia sleeves for optical fiber
insertion—is currently being tested in the TES labora-
tory at DESY. Removal of the zirconia sleeves may
reduce the rate of initial triggers at low trigger thresh-
olds from radioactive backgrounds. Another TES placed
on a SiN, membrane instead of the regular substrate is
currently being assembled at PTB Berlin. By reducing
the active material around the TES, we expect to reduce
backgrounds from energy deposits in the substrate.

Given the prospects when combining such optimized
sensors with scaled arrays, reduced thresholds, and ex-
tended exposures, TES technology promises to offer a
powerful new probe of light DM parameter space. This
work thus paves the way for a new class of experiments
to lead the light DM searches in the coming years.

Note added. During the final stages of completion of
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this manuscript, Ref. [97] appeared, which also discusses
the use of TES sensors for light DM detection, in similar
spirit to our previous works of Refs. [29, 30].

In Memoriam. We regretfully acknowledge the un-
timely passing of Sae Woo Nam, who collaborated with
us during early stages of this project. We dedicate this
article to his memory.
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