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Torsion Balance Experiments Enable Direct Detection of Sub-eV Dark Matter
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Light dark matter with sub-eV masses has a high number density in our Galaxy, and its scattering cross
section with macroscopic objects can be significantly enhanced by coherence effects. Repeated scattering
with a target object can induce a measurable acceleration. Torsion balance experiments with geometric
asymmetry are, in principle, capable of detecting such signals. Our analysis shows that existing torsion
balances designed to test the equivalence principle already place the most stringent constraints on DM-

nucleon scattering in the (1072, 1) eV mass range.
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Introduction—Numerous astronomical and cosmologi-
cal observations have confirmed the existence of dark
matter (DM) [1], which accounts for approximately 80%
of the total matter in the Universe [2]. While DM is widely
believed to consist of elementary particles, its mass and
interaction properties remain largely unknown [3,4].
Among possible interactions with the standard model
(SM), elastic scattering is one of the most widely studied,
and at low energies it is parametrized by an effective
quadratic coupling of the form y?>Qgy, where the DM field
x couples bilinearly to an SM operator Ogy;. Since the
proposal of DM-nucleus scattering as a means to detect
weakly interacting massive particles (WIMPs) [5], direct
detection experiments targeting such elastic scattering have
become a leading approach to probe DM nature [6,7].

In the laboratory frame, DM particles have typical
velocities of order 10~ (in units of the speed of light),
corresponding to kinetic energies around 107 times their
mass. In elastic scattering processes, the energy transfer is
always smaller than the incoming DM energy. As a result,
for DM masses above the GeV scale, experimental efforts
focus on detecting nuclear recoil signals with keV-scale
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thresholds [8,9]. For MeV-GeV DM, detection strategies
shift toward eV-scale excitations in crystals or electron
scattering [10-16]. For even lighter (keV-MeV) DM, novel
approaches employing ultra-low-threshold platforms, such
as cold-atom interferometers or superconducting detectors,
have been proposed [17-19].

For DM masses below the keV scale, quadratic couplings
arise in well-studied scenarios such as a Z,-even complex
scalar [20-23] or Higgs-portal models [24]. The observed
abundance of such DM can be readily generated via the
standard misalignment mechanism [22,25-27]. However, in
the mass regime below the keV scale, the DM kinetic energy
is typically below 1073 eV, where no established exper-
imental technique is currently sensitive to such tiny energy
transfers. If quadratically coupled DM is ultralight (i.e.,
below the meV scale), it can instead induce variations in
fundamental constants, which can be probed by atomic
clocks [28-31], interferometry [32,33], fifth-force experi-
ments [21], and astrophysical or cosmological observations
[20,22-24,34-40], among others [41]. Nevertheless, the
sensitivity of these probes degrades rapidly for heavier DM
because of the reduced number density. Detecting quad-
ratically coupled DM with eV-scale mass remains an open
challenge.

Although the energy transfer in eV-scale DM scattering is
suppressed by the target mass, the momentum transfer need
not be. Moreover, light (sub-eV) DM can exhibit greatly
enhanced scattering rates with macroscopic targets due to its
large number density and coherence effects [42—44].
Crucially, the cumulative effect of continuous scattering,
namely, the net acceleration imparted to the target, provides
a novel observable, shifting the focus away from traditional
single-scatter energy deposition [45-48]. We note that
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experiments exploiting coherence to probe sub-eV DM,
such as helioscopes [49] and dielectric haloscopes [50-52],
are sensitive to DM-photon conversion but not to elastic
scattering.

In this Letter, we point out that asymmetries in the
external size [44] and/or the internal structure of the test
bodies in torsion-balance experiments can be exploited to
detect DM-induced acceleration. We present the first
systematic analysis of state-of-the-art torsion-balance
experiments designed to test the equivalence principle
(EP), and use them to constrain interactions between
quadratically coupled light DM and nucleons. This yields
robust, and currently the most stringent, direct-detection
limits in the dark matter mass range m, ~ (1072,1) eV.

Dark-matter-induced acceleration—In the Milky Way
Galaxy, DM particle velocities follow an isotropic
Boltzmann distribution. The Solar System orbits the
Galactic Center at vg ~ 1073 [53], creating relative motion
with respect to the DM halo. From the Solar System’s
perspective, the DM fluid flows like a wind, referred to as
the DM wind. Since Earth’s orbital speed around the Sun is
much smaller, the DM wind velocity in the laboratory frame
can be approximated as v, ~ vg ~ 1073, directed opposite to
the Solar motion.

Assuming DM interacts with nucleons (N = n, p) via a
scattering cross section oy, it transfers momentum g during
scattering. For very light DM (m, < 1 eV), the scattering is
elastic, with ¢ ~m,v,, comparable to the incident DM
momentum. These interactions lead to DM scattering off
macroscopic objects, characterized by a total cross section
0ot~ The resulting force from the DM wind, whose flux is
p,v,/m,, with p, ~ 0.4 GeV/cm® the local DM density, is
estimated as F' ~ p,v,6.,q/m,. With m, being the total
mass of a target, this force induces an acceleration on the
target object as

According to the uncertainty principle, the coherent
scattering length is defined as A=1/q, where
g=|q|~m,v, ~107m,. Within this coherent length,
individual scattering events between the incident particle
and constituents of the target become indistinguishable,
requiring coherent summation of probability amplitudes.
For instance, when A exceeds the nuclear radius, the
DM-nucleus-scattering cross section is enhanced to
Oyn = AZUXN, where A is the atomic mass number. This
A? enhancement has already been experimentally con-
firmed in coherent neutrino-nucleus scattering [54].

When m,, < 1 eV, the coherent scattering length satisfies
A2z 1 pm, far exceeding typical interatomic distances. As a
result, DM scattering off a macroscopic object must account
for interference between different atomic sites, and the total

cross section becomes o, = vaj" ela-Arij 0,4 [44]. Here, the
displacement between two nuclei is Ar;; =r; —r;, typi-
cally of the order of the target size. When the coherence
length exceeds the target size, i.e., 1/q > |Ar;;|, the phase
factor approaches unity: ¢’42% ~ 1. In this regime, the total
cross section is enhanced by a factor of N3, where N,
denotes the number of atoms in the target. For instance, with
m, =102 eV and 6,4 = 107 cm?, the total scattering
rate for a macroscopic target with N, ~ 10** reaches
~10'® s7! resulting in a measurable acceleration,

- OyA Ny
a~4x1071? cm/s? x (10_56( cm2> (1024>. (2)

This shows that the DM wind continuously exerts a small
force on macroscopic objects, including ourselves.

For a general momentum transfer q, the sum of phase
factors can be expressed via a form factor F(q) as follows:

Ny
Y et =Ny + (N3 -N)[F@P. ()

ij=1

In the limit of large atomic number density, the sum in the
form factor can be approximated by an integral:

1 iq-Ar;
Pl =55 [ @rarens. @)

Therefore, the total differential cross section for DM
scattering off a macroscopic target can be written as

datot
dq

dG;(N
dq

=A%Ny+ (N3 = N)IF(@P]—2=.  (5)

in the weak interaction regime. In contrast, in the strong
interaction limit, the total scattering cross section saturates
to the geometric size S of the target [42,43].

Although Eq. (1) provides a qualitative estimate, a full
evaluation requires phase-space integration over the aniso-
tropic DM velocity distribution in the laboratory frame,
f(v,), assuming the z axis as the detection axis:

1 p){/ 3 dgtot(q)
=—"2 | dv,dQ q. —=. (6
(@) =t [ v ania ) L. (o

X
Since the initial and final DM momenta share the same
magnitude, m,|v, |, the momentum transfer q is determined
by the scattering angle of the outgoing DM, denoted €.
Accordingly, the q dependence of the differential cross
section can be expressed in terms of €.

EP-testing torsion balance EXPS—The acceleration in
Eq. (6) is, in principle, measurable with a force sensor.
Among Earth-based experiments, torsion-balance setups
provide some of the highest sensitivity to tiny accelerations:
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TABLE L Parameters of the test bodies and the 95% CL sensitivities to the acceleration difference |Aa| between the test bodies in the
four torsion-balance experiments.
Experiment Materials  Mass (g) Shape Structure Outer diameter (cm)  Height (cm) |Aal (cm/ s2)
Roll et al. [55] Al/Au 30 Cylinder  Solid/solid 2.1/0.78 32 <1.8x 1071
Braginskii et al. [56] Al/Pt 0.49 Sphere Solid/solid 0.70/0.35 <1.1x10712
. Be/Al 10 Cylinder  Solid/hollow 2.0/2.0 1.7 < 1.0x 1071*
Eot-Wash [57] Be/Cu 10 Cylinder Solid/hollow 2.012.0 1.7 < 1.0 x 107112
N Be/Al 5 Sphereb Solid/hollow 1.7/1.7 <49x 10713
Eot-Wash [58.59] Be/Ti 5 Sphere®  Solid/hollow 1717 <83 x 10-13

*The Eot-Wash group typically reports acceleration limits along two orthogonal directions. In our analysis, we conservatively use the

lar%er of the two.

The test bodies have irregular shapes and are modeled as spheres in our analysis.

they suspend two sets of test bodies and measure the
differential torque acting on them, i.e., the acceleration
difference between the bodies. In EP tests, one typically
compares test bodies with the same inertial mass; if the EP
is violated, bodies made of different materials experience
different solar gravitational forces, leading to an acceler-
ation difference Aa.

DM scattering can also generate a differential acceler-
ation of the test bodies, mimicking an EP-violating signal.
The reason is that although the test bodies are typically
mass matched, their differing material densities yield
distinct volumes and spatial mass distributions. This
asymmetry alters the scattering form factor |F(q)|?
between DM and each test body [44], potentially generat-
ing measurable differential acceleration signals in practice,

Aa = (at) — (al), (7)

where i and j label the different test bodies. Therefore, the
torsion-balance experiments designed to test the EP can
also be used to search for DM scattering.

The null results from old torsion-balance experiments in
EP testing can place limits on DM interaction. We focus on
four benchmark experiments. The first two, by Roll ef al.
[55] and Braginskii et al. [56], employed solid test bodies of
different materials and sizes. They were designed to search
for EP-violating forces exerted by the Sun, which vary
periodically due to Earth’s rotation. The later E6t-Wash
experiments [57-59] used self-rotating torsion balances
with an optional rotation period (like 2 h) to effectively
suppress or distinguish the low-frequency noise and diurnal
backgrounds. Because of Earth’s rotation, the local gravi-
tational vector has a small horizontal component. As a
result, Earth acted as an attractor, exerting EP-violating
forces on the test bodies; their horizontal components
induced a measurable torque whose frequency is determined
by the rotation period. To reduce systematics, the E6t-Wash
experiments used test bodies with identical external shapes
but different internal structures: the Be test masses were
solid, whereas those made of heavier materials (Al, Cu, Ti)

were hollow. The shell thickness of the hollow test bodies is
determined from their densities and outer dimensions. It
should also be noted that Ett-Wash [58,59] employed
irregularly shaped test bodies, which are approximated as
spheres in our analysis for simplicity. These test bodies and
the sensitivities of the four experiments are summarized in
Table I. The Eot-Wash group also performed nonrotating
torsion-balance searches for ultralight forces from a linearly
coupled B — L gauge boson [60]. However, that analysis
targets signals in the ~mHz band, whereas in a nonrotating
torsion balance the DM-scattering signal would appear at
the sidereal frequency. Owing to the mismatch in signal
frequencies, the analysis here is not suitable for constraining
our DM-scattering scenario.

The test bodies used in the above experiments can be
classified into four geometries: solid spheres, hollow
spheres, solid cylinders, and hollow cylinders. To evaluate
the coherent DM-test-body scattering cross sections for
these geometries, we need the corresponding form factors.
For a solid sphere of radius R, the form factor is obtained by
directly integrating Eq. (4) as follows:

Fs(q) = [sin(gR) — R cos(gR)]. (8)

(qR)’

For a solid cylinder of radius R and height /4, the form
factor depends on the momentum transfer components
parallel (g;) and perpendicular (gp) to the cylinder axis,

1 — e " 27, (qgR)
igyh qrR

Fe(q) = : ©)

where J(x) is the Bessel function of the first kind. A
hollow spherical shell or hollow cylinder can be treated as a
larger solid shape with a smaller one removed from the
center. The form factors for a hollow sphere, Fys(q) and
hollow cylinder, Fyc(q), can then be derived from those of
the corresponding solid shapes as follows:
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Form factors of the test bodies used in Braginskii et al. [56] (left) and E6t-Wash [58,59] (right). In the former, the spherical

radii are Ry = 0.35 cm and Rp, = 0.18 cm; in the latter, the effective outer radius is R = 0.95 cm.

VouF$E(a) = VinFic(q)
Fyspc(q) = — S’CV _V.n S22 (10)
out m

Here, the labels out and in refer to the outer and inner
dimensions of the test bodies, indicating the corresponding
volumes V and form factors F. All form factors approach 1
in the small-q limit and vanish in the large-q limit.

The form factors of the test bodies used in the Braginskii
et al. [56] and Eot-Wash [58,59] experiments are shown in
Fig. 1. Coherent effects are suppressed when the scattering
length becomes shorter than the target size, 41 <R, as
expected. In the former experiment, the different radii of
the Al and Pt spheres lead to notable deviations in their form
factors for ¢ > R31. In the latter, where the test bodies have
similar outer radii, the form factors differ only at large ¢ that
resolve the internal hollowness, and the difference is much
smaller than in the case with distinct outer dimensions. As
the DM wavelength increases and g decreases, the form
factors approach unity, so the form-factor difference shrinks
and the resulting differential acceleration becomes smaller.
Consequently, the torsion-balance sensitivity would be
reduced.

Constraints—When DM  scattering is  isotropic,
do,y/d, = 6,y /(4r), the differences in the scattering
cross sections among the test bodies in Eq. (6) arise solely
from their form factors. These form-factor differences
induce a differential acceleration via coherent DM scattering
in EP-testing experiments. The null results of these searches
for EP-violating forces therefore set upper limits on the
acceleration difference |Aa| between the test bodies (see
Table I). A DM-induced scattering force would manifest in
the same way as an EP-violating force at the same
modulation frequency. Hence, the predicted difference

between the ith and jth test bodies, Aa = (ai) — (al),
must not exceed the experimental bound on |Aa|. This
requirement in turn constrains the cross section o, y, namely
the strength of DM interactions with nucleons.

The resulting limits from the above experiments are
shown in Fig. 2. The strongest sensitivity is attained when

the DM de Broglie wavelength is comparable to the test-
body size. For heavier DM, coherence is lost and the
constraints weaken. Around m, ~ 5 x 1072 eV, the sensi-
tivities of Eot-Wash [57] and Eot-Wash [58,59] decrease
because their test bodies share identical outer geometries,
giving nearly identical form factors. As seen in Fig. 1, the
red and orange curves intersect at ¢ ~ 9 x 107> eV, making
the corresponding accelerations almost equal and sup-
pressing the differential signal Aa. Other crossings are
averaged out in the momentum integration of Eq. (6) and
therefore do not lead to comparable reductions in sensitivity.
For lighter DM, the wavelength can exceed the size of the
experimental apparatus. In this case, scattered waves from
the test body and from surrounding structures can interfere,
so the notion of an individual-body cross section becomes ill
defined and the present analysis no longer applies. We
therefore impose a cutoff at the DM mass for which the DM
wavelength equals the outer dimension of the test bodies.

We find that torsion-balance experiments provide the
most stringent constraints to date on quadratically coupled
sub-eV dark matter, thereby complementing searches for
other types of sub-eV dark matter (i.e., linearly coupled
candidates) such as axions [61], dark photons [62], cha-
meleons [63,64], and symmetrons [65].

If the DM interaction is sufficiently strong, screening
effects inside matter can become significant [21,24,48].
Given the DM-nucleon coupling £ = —y*>NN/(2f), DM
acquires an effective mass in materials. If this effective mass
is large, the DM wind is exponentially suppressed within
matter and thus screened. The region in which a sufficiently
thick iron wall screens the DM wind is indicated by the
dotted curve in Fig. 2. However, this constraint does not
apply if the DM-nucleon potential is attractive [66].

DM within the same mass range is subject to other
indirect constraints. First, the same coupling leads to DM
production in supernovae via nucleon bremsstrahlung,
N+ N —> N+ N +y+y, thereby affecting supernova
cooling. Observations require that the emission of
light DM not significantly exceed that of neutrinos [67].
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FIG. 2. Constraints on the DM-nucleon cross section from
existing EP tests (colored solid lines). The dashed black curve
shows the projected sensitivity of an asymmetric rotating torsion
balance [44]. The gray shaded regions are excluded by supernova
cooling and DM-induced background forces. The dotted curve
indicates possible screening by a thick iron wall.

The corresponding constraints [20] are shown as the shaded
gray region in Fig. 2. Additionally, quadratically coupled
DM can induce forces between nucleons [68-72]. When a
DM wave scatters off a source nucleon, it modifies the
effective mass of a nearby test nucleon, which then
experiences a force proportional to the gradient of this
mass. The resulting constraint [68] from short-range EP
tests [73] appears as the light gray shaded region in Fig. 2.
Moreover, quadratically coupled DM can be upscattered by
cosmic rays [74,75], enabling its detection in conventional
direct-detection and neutrino experiments. Current con-
straints on the scattering cross section reach o <4 x
10733 cm? [76-78], whereas our results strengthen these
upper bounds by more than 17 orders of magnitude.

Discussion and conclusions—We have shown that
although detecting single scattering events from light
DM is challenging due to limited energy transfer, the
acceleration of macroscopic objects caused by continuous
scattering offers a novel observable. Coherent scattering
significantly enhances both the cross section and the
resulting acceleration signal. Such effects are measurable
using torsion balance experiments with asymmetric con-
figurations. We systematically analyzed several state-of-
the-art torsion balance setups originally developed for weak
equivalence principle tests, deriving constraints on DM-
nucleon scattering across the mass range (1072,1) eV.
Compared with existing bounds, these experiments exhibit
superior sensitivity.

Modern high-sensitivity rotating torsion-balance experi-
ments typically employ test bodies with identical outer
dimensions to minimize systematic effects. However, as
shown in Fig. 1, the form-factor difference between such
test bodies is much smaller than in the case with different
outer dimensions. We therefore propose a rotating torsion

balance using test bodies with different outer dimensions,
accepting a controllable increase in backgrounds. This
configuration can further enhance the sensitivity to coher-
ent DM scattering, and the projected reach is shown by the
dashed line in Fig. 2. This opens a new avenue for direct
detection of low-mass DM.

Acknowledgments—The authors thank Peter Cox, Shao-
Feng Ge, Peng-Shun Luo, and Yevgeny Stadnik for fruitful
discussions. S. M. was supported by the Grant-in-Aid for
Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology, Japan
(MEXT), under Grants No. 24H00244 and
No. 24H02244. J.S. is supported by the Japan Society
for the Promotion of Science (JSPS) as a part of the JSPS
Postdoctoral Program (Standard) with Grant No. P25018,
National Natural Science Foundation of China
(No. 12375101, No. 12425506, No. 12090060,
No. 12090064), the SITU Double First Class start-up fund
WEF220442604. S. M. and J. S. are also supported by the
World Premier International Research Center Initiative
(WPI), MEXT, Japan (Kavli IPMU). C.-Y. X. is supported
by the Fundamental Research Funds for the Central
Universities (No. 24CX06048A). L.Z. is supported by
the National Natural Science Foundation of China
(No. 12005308 and No. 12150012).

Data availability—The data are not publicly available.
The data are available from the authors upon reasonable
request.

[1] B.-L. Young, A survey of dark matter and related topics in
cosmology, Front. Phys. (Beijing) 12, 121201 (2017); 12,
121202(E) (2017).

[2] N. Aghanim er al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020); 652, C4(E) (2021).

[3] G. Bertone, D. Hooper, and J. Silk, Particle dark matter:
Evidence, candidates and constraints, Phys. Rep. 405, 279
(2005).

[4] A. Arbey and F. Mahmoudi, Dark matter and the early
Universe: A review, Prog. Part. Nucl. Phys. 119, 103865
(2021).

[5] M. W. Goodman and E. Witten, Detectability of certain dark
matter candidates, Phys. Rev. D 31, 3059 (1985).

[6] T. Lin, Dark matter models and direct detection, Proc. Sci.
333 (2019) 009 [arXiv:1904.07915].

[7] J. Cooley, Dark matter direct detection of classical WIMPs,
SciPost Phys. Lect. Notes 55 (2022), 10.21468/SciPost-
PhysLectNotes.55.

[8] J. Billard et al., Direct detection of dark matter—APPEC
committee report, Rep. Prog. Phys. 85, 056201 (2022).

[9] D.S. Akerib et al., Snowmass2021 cosmic frontier dark
matter direct detection to the neutrino fog, in Snowmass
2021 (2022), arXiv:2203.08084.

[10] R. Essig, J. Mardon, and T. Volansky, Direct detection of
sub-GeV dark matter, Phys. Rev. D 85, 076007 (2012).

121803-5


https://doi.org/10.1007/s11467-016-0583-4
https://doi.org/10.1007/s11467-017-0680-z
https://doi.org/10.1007/s11467-017-0680-z
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.ppnp.2021.103865
https://doi.org/10.1016/j.ppnp.2021.103865
https://doi.org/10.1103/PhysRevD.31.3059
https://doi.org/10.22323/1.333.0009
https://doi.org/10.22323/1.333.0009
https://arXiv.org/abs/1904.07915
https://doi.org/10.21468/SciPostPhysLectNotes.55
https://doi.org/10.21468/SciPostPhysLectNotes.55
https://doi.org/10.1088/1361-6633/ac5754
https://arXiv.org/abs/2203.08084
https://doi.org/10.1103/PhysRevD.85.076007

PHYSICAL REVIEW LETTERS 136, 121803 (2026)

[11] S. Knapen, T. Lin, M. Pyle, and K. M. Zurek, Detection of
light dark matter with optical phonons in polar materials,
Phys. Lett. B 785, 386 (2018).

[12] S. Griffin, S. Knapen, T. Lin, and K. M. Zurek, Directional
detection of light dark matter with polar materials, Phys.
Rev. D 98, 115034 (2018).

[13] A. Coskuner, T. Trickle, Z. Zhang, and K. M. Zurek,
Directional detectability of dark matter with single phonon
excitations: Target comparison, Phys. Rev. D 105, 015010
(2022).

[14] B. Campbell-Deem, S. Knapen, T. Lin, and E. Villarama,
Dark matter direct detection from the single phonon to the
nuclear recoil regime, Phys. Rev. D 106, 036019 (2022).

[15] A. Mitridate, T. Trickle, Z. Zhang, and K.M. Zurek,
Snowmass white paper: Light dark matter direct detection
at the interface with condensed matter physics, Phys. Dark
Universe 40, 101221 (2023).

[16] S.-F. Ge, J. Sheng, and C.-Y. Xing, Relativistic atomic
effects of dark matter electron scattering, arXiv:2509.14534.

[17] G. Afek, D. Carney, and D. C. Moore, Coherent scattering
of low mass dark matter from optically trapped sensors,
Phys. Rev. Lett. 128, 101301 (2022).

[18] R. Essig et al., Snowmass2021 cosmic frontier: The land-
scape of low-threshold dark matter direct detection in the
next decade, in Snowmass 2021 (2022), arXiv:2203.08297.

[19] C.G. Baker, W.P. Bowen, P. Cox, M.J. Dolan, M.
Goryachev, and G. Harris, Optomechanical dark matter
instrument for direct detection, Phys. Rev. D 110, 043005
(2024).

[20] K. A. Olive and M. Pospelov, Environmental dependence of
masses and coupling constants, Phys. Rev. D 77, 043524
(2008).

[21] A. Hees, O. Minazzoli, E. Savalle, Y. V. Stadnik, and P.
Wolf, Violation of the equivalence principle from light
scalar dark matter, Phys. Rev. D 98, 064051 (2018).

[22] T. Bouley, P. Sgrensen, and T.-T. Yu, Constraints on ultra-
light scalar dark matter with quadratic couplings, J. High
Energy Phys. 03 (2023) 104.

[23] X. Gan, H. Kim, and A. Mitridate, Probing quadratically
coupled ultralight dark matter with pulsar timing arrays,
arXiv:2510.13945.

[24] A. Banerjee, G. Perez, M. Safronova, 1. Savoray, and A.
Shalit, The phenomenology of quadratically coupled ultra
light dark matter, J. High Energy Phys. 10 (2023) 042.

[25] J. Preskill, M. B. Wise, and F. Wilczek, Cosmology of the
invisible axion, Phys. Lett. 120B, 127 (1983).

[26] L. FE. Abbott and P. Sikivie, A cosmological bound on the
invisible axion, Phys. Lett. 120B, 133 (1983).

[27] M. Dine and W. Fischler, The not so harmless axion, Phys.
Lett. 120B, 137 (1983).

[28] A. Derevianko and M. Pospelov, Hunting for topological
dark matter with atomic clocks, Nat. Phys. 10, 933 (2014).

[29] Y. V. Stadnik and V.V. Flambaum, Improved limits on
interactions of low-mass spin-0 dark matter from atomic
clock spectroscopy, Phys. Rev. A 94, 022111 (2016).

[30] T. Kalaydzhyan and N. Yu, Extracting dark matter signa-
tures from atomic clock stability measurements, Phys. Rev.
D 96, 075007 (2017).

[31] X. Zhang, A. Banerjee, M. Leyser, G. Perez, S. Schiller, D.
Budker, and D. Antypas, Search for ultralight dark matter

with spectroscopy of radio-frequency atomic transitions,
Phys. Rev. Lett. 130, 251002 (2023).

[32] Y. V. Stadnik and V.V. Flambaum, Searching for dark
matter and variation of fundamental constants with laser
and maser interferometry, Phys. Rev. Lett. 114, 161301
(2015).

[33] H. Masia-Roig et al., Intensity interferometry for ultralight
bosonic dark matter detection, Phys. Rev. D 108, 015003
(2023).

[34] Y. V. Stadnik and V. V. Flambaum, Searches for topological
defect dark matter via nongravitational signatures, Phys.
Rev. Lett. 113, 151301 (2014).

[35] Y. V. Stadnik and V. V. Flambaum, Can dark matter induce
cosmological evolution of the fundamental constants of
nature?, Phys. Rev. Lett. 115, 201301 (2015).

[36] Y. V. Stadnik and V. V. Flambaum, Constraining scalar dark
matter with big bang nucleosynthesis and atomic spectros-
copy, arXiv:1504.01798.

[37] D. Blas, D.L. Nacir, and S. Sibiryakov, Ultralight dark
matter resonates with binary pulsars, Phys. Rev. Lett. 118,
261102 (2017).

[38] D. Blas, D. Lopez Nacir, and S. Sibiryakov, Secular effects
of ultralight dark matter on binary pulsars, Phys. Rev. D
101, 063016 (2020).

[39] C. Dailey, C. Bradley, D. F. Jackson Kimball, I. A. Sulai, S.
Pustelny, A. Wickenbrock, and A. Derevianko, Quantum
sensor networks as exotic field telescopes for multi-
messenger astronomy, Nat. Astron. 5, 150 (2021).

[40] J.F. Acevedo, A.J. Reilly, and L. Santos-Olmsted, Dark
drag around Sagittarius A*, arXiv:2510.01320.

[41] Y. V. Stadnik, Searching for ultralight scalar dark matter
with muonium and muonic atoms, Phys. Rev. Lett. 131,
011001 (2023).

[42] H. Fukuda, S. Matsumoto, and T.T. Yanagida, Direct
detection of ultralight dark matter via astronomical ephem-
eris, Phys. Lett. B 789, 220 (2019).

[43] H. Fukuda and S. Shirai, Detection of QCD axion dark
matter by coherent scattering, Phys. Rev. D 105, 095030
(2022).

[44] P. Luo, S. Matsumoto, J. Sheng, C.-Y. Xing, L. Zhu, and
Z.-J. Zhuge, Detecting meV-scale dark matter via coherent
scattering with an asymmetric torsion balance, Phys. Rev. D
112, 075023 (2025).

[45] V. Domcke and M. Spinrath, Detection prospects for the
cosmic neutrino background using laser interferometers,
J. Cosmol. Astropart. Phys. 06 (2017) 055.

[46] P. W. Graham, D. E. Kaplan, J. Mardon, S. Rajendran, and
W. A. Terrano, Dark matter direct detection with acceler-
ometers, Phys. Rev. D 93, 075029 (2016).

[47] D. Carney, A. Hook, Z. Liu, J. M. Taylor, and Y. Zhao,
Ultralight dark matter detection with mechanical quantum
sensors, New J. Phys. 23, 023041 (2021).

[48] H. Day, D. Liu, M. A. Luty, and Y. Zhao, Blowing in the
dark matter wind, J. High Energy Phys. 07 (2024) 136.

[49] A. Arcusa et al. (IAXO Collaboration), The International
Axion Observatory (IAXO): Case, status and plans. Input to
the European strategy for particle physics, arXiv:2504.00079.

[50] J. Jaeckel and J. Redondo, Resonant to broadband searches
for cold dark matter consisting of weakly interacting slim
particles, Phys. Rev. D 88, 115002 (2013).

121803-6


https://doi.org/10.1016/j.physletb.2018.08.064
https://doi.org/10.1103/PhysRevD.98.115034
https://doi.org/10.1103/PhysRevD.98.115034
https://doi.org/10.1103/PhysRevD.105.015010
https://doi.org/10.1103/PhysRevD.105.015010
https://doi.org/10.1103/PhysRevD.106.036019
https://doi.org/10.1016/j.dark.2023.101221
https://doi.org/10.1016/j.dark.2023.101221
https://arXiv.org/abs/2509.14534
https://doi.org/10.1103/PhysRevLett.128.101301
https://arXiv.org/abs/2203.08297
https://doi.org/10.1103/PhysRevD.110.043005
https://doi.org/10.1103/PhysRevD.110.043005
https://doi.org/10.1103/PhysRevD.77.043524
https://doi.org/10.1103/PhysRevD.77.043524
https://doi.org/10.1103/PhysRevD.98.064051
https://doi.org/10.1007/JHEP03(2023)104
https://doi.org/10.1007/JHEP03(2023)104
https://arXiv.org/abs/2510.13945
https://doi.org/10.1007/JHEP10(2023)042
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1038/nphys3137
https://doi.org/10.1103/PhysRevA.94.022111
https://doi.org/10.1103/PhysRevD.96.075007
https://doi.org/10.1103/PhysRevD.96.075007
https://doi.org/10.1103/PhysRevLett.130.251002
https://doi.org/10.1103/PhysRevLett.114.161301
https://doi.org/10.1103/PhysRevLett.114.161301
https://doi.org/10.1103/PhysRevD.108.015003
https://doi.org/10.1103/PhysRevD.108.015003
https://doi.org/10.1103/PhysRevLett.113.151301
https://doi.org/10.1103/PhysRevLett.113.151301
https://doi.org/10.1103/PhysRevLett.115.201301
https://arXiv.org/abs/1504.01798
https://doi.org/10.1103/PhysRevLett.118.261102
https://doi.org/10.1103/PhysRevLett.118.261102
https://doi.org/10.1103/PhysRevD.101.063016
https://doi.org/10.1103/PhysRevD.101.063016
https://doi.org/10.1038/s41550-020-01242-7
https://arXiv.org/abs/2510.01320
https://doi.org/10.1103/PhysRevLett.131.011001
https://doi.org/10.1103/PhysRevLett.131.011001
https://doi.org/10.1016/j.physletb.2018.12.038
https://doi.org/10.1103/PhysRevD.105.095030
https://doi.org/10.1103/PhysRevD.105.095030
https://doi.org/10.1103/nhcn-9p3j
https://doi.org/10.1103/nhcn-9p3j
https://doi.org/10.1088/1475-7516/2017/06/055
https://doi.org/10.1103/PhysRevD.93.075029
https://doi.org/10.1088/1367-2630/abd9e7
https://doi.org/10.1007/JHEP07(2024)136
https://arXiv.org/abs/2504.00079
https://doi.org/10.1103/PhysRevD.88.115002

PHYSICAL REVIEW LETTERS 136, 121803 (2026)

[51] J. Egge et al. (MADMAX Collaboration), First search for
dark photon dark matter with a madmax prototype, Phys.
Rev. Lett. 134, 151004 (2025).

[52] J. Chiles et al., New constraints on dark photon dark matter
with superconducting nanowire detectors in an optical
haloscope, Phys. Rev. Lett. 128, 231802 (2022).

[53] D. Baxter et al., Recommended conventions for reporting
results from direct dark matter searches, Eur. Phys. J. C 81,
907 (2021).

[54] D. Akimov et al. (COHERENT Collaboration), Observation
of coherent elastic neutrino-nucleus scattering, Science 357,
1123 (2017).

[55] P. G. Roll, R. Krotkov, and R. H. Dicke, The equivalence of
inertial and passive gravitational mass, Ann. Phys. (N.Y.)
26, 442 (1964).

[56] V.B. Braginskii and V. 1. Panov, Verification of equivalence
of inertial and gravitational masses, Sov. Phys. JETP 34,
463 (1972), http://www.jetp.ras.ru//cgi-bin/e/index/e/34/3/
p4637a=list.

[57] Y. Su, B.R. Heckel, E. G. Adelberger, J. H. Gundlach, M.
Harris, G. L. Smith, and H. E. Swanson, New tests of the
universality of free fall, Phys. Rev. D 50, 3614 (1994).

[58] S. Schlamminger, K. Y. Choi, T. A. Wagner, J. H. Gundlach,
and E.G. Adelberger, Test of the equivalence principle
using a rotating torsion balance, Phys. Rev. Lett. 100,
041101 (2008).

[59] T. A. Wagner, S. Schlamminger, J. H. Gundlach, and E. G.
Adelberger, Torsion-balance tests of the weak equivalence
principle, Classical Quantum Gravity 29, 184002 (2012).

[60] E. A. Shaw, M. P. Ross, C. A. Hagedorn, E. G. Adelberger,
and J. H. Gundlach, Torsion-balance search for ultralow-
mass bosonic dark matter, Phys. Rev. D 105, 042007 (2022).

[61] P. Sikivie, Invisible axion search methods, Rev. Mod. Phys.
93, 015004 (2021).

[62] A. Caputo, A.J. Millar, C. A.J. O’Hare, and E. Vitagliano,
Dark photon limits: A handbook, Phys. Rev. D 104, 095029
(2021).

[63] K. Li et al., Neutron limit on the strongly-coupled chame-
leon field, Phys. Rev. D 93, 062001 (2016).

[64] B. Elder, J. Khoury, P. Haslinger, M. Jaffe, H. Miiller, and P.
Hamilton, Chameleon dark energy and atom interferometry,
Phys. Rev. D 94, 044051 (2016).

[65] G. Cronenberg, P. Brax, H. Filter, P. Geltenbort, T. Jenke, G.
Pignol, M. Pitschmann, M. Thalhammer, and H. Abele,
Acoustic Rabi oscillations between gravitational quantum
states and impact on symmetron dark energy, Nat. Phys. 14,
1022 (2018).

[66] See Supplemental Material at http:/link.aps.org/suppleme
ntal/10.1103/8Ibh-1blh for further details.

[67] G. G. Raffelt, Stars as laboratories for fundamental physics:
The astrophysics of neutrinos, axions, and other weakly
interacting particles (University of Chicago Press, Chicago,
1996).

[68] K. Van Tilburg, Wake forces in a background of quadrati-
cally coupled mediators, Phys. Rev. D 109, 096036
(2024).

[69] S. Barbosa and S. Fichet, Background-induced forces from
dark relics, J. High Energy Phys. 01 (2025) 021.

[70] Y. Grossman, B. Yu, and S. Zhou, Axion forces in axion
backgrounds, J. High Energy Phys. 01 (2026) 145.

[71] Y. Cheng and S. Ge, Background-enhanced axion force by
axion dark matter, arXiv:2504.02702.

[72] X. Gan, D. Liu, D. Liu, X. Luo, and B. Yu, Detecting
ultralight dark matter with matter effect, J. High Energy
Phys. 02 (2026) 043.

[73] W.-H. Tan et al., Improvement for testing the gravitational
inverse-square law at the submillimeter range, Phys. Rev.
Lett. 124, 051301 (2020).

[74] C. V. Cappiello, K.C.Y. Ng, and J.F. Beacom, Reverse
direct detection: Cosmic ray scattering with light dark
matter, Phys. Rev. D 99, 063004 (2019).

[75] T. Bringmann and M. Pospelov, Novel direct detection
constraints on light dark matter, Phys. Rev. Lett. 122,
171801 (2019).

[76] X. Cui et al. (PandaX-II Collaboration), Search for cosmic-
ray boosted sub-GeV dark matter at the PandaX-II experi-
ment, Phys. Rev. Lett. 128, 171801 (2022).

[77] K. Abe et al. (Super-Kamiokande Collaboration), Search for
cosmic-ray boosted sub-GeV dark matter using recoil
protons at Super-Kamiokande, Phys. Rev. Lett. 130,
031802 (2023); 131, 159903(E) (2023).

[78] J. Aalbers et al. (LZ Collaboration), New constraints on
cosmic ray-boosted dark matter from the LUX-ZEPLIN
experiment, Phys. Rev. Lett. 134, 241801 (2025).

121803-7


https://doi.org/10.1103/PhysRevLett.134.151004
https://doi.org/10.1103/PhysRevLett.134.151004
https://doi.org/10.1103/PhysRevLett.128.231802
https://doi.org/10.1140/epjc/s10052-021-09655-y
https://doi.org/10.1140/epjc/s10052-021-09655-y
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1016/0003-4916(64)90259-3
https://doi.org/10.1016/0003-4916(64)90259-3
http://www.jetp.ras.ru//cgi-bin/e/index/e/34/3/p463?a=list
http://www.jetp.ras.ru//cgi-bin/e/index/e/34/3/p463?a=list
http://www.jetp.ras.ru//cgi-bin/e/index/e/34/3/p463?a=list
http://www.jetp.ras.ru//cgi-bin/e/index/e/34/3/p463?a=list
http://www.jetp.ras.ru//cgi-bin/e/index/e/34/3/p463?a=list
https://doi.org/10.1103/PhysRevD.50.3614
https://doi.org/10.1103/PhysRevLett.100.041101
https://doi.org/10.1103/PhysRevLett.100.041101
https://doi.org/10.1088/0264-9381/29/18/184002
https://doi.org/10.1103/PhysRevD.105.042007
https://doi.org/10.1103/RevModPhys.93.015004
https://doi.org/10.1103/RevModPhys.93.015004
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.1103/PhysRevD.93.062001
https://doi.org/10.1103/PhysRevD.94.044051
https://doi.org/10.1038/s41567-018-0205-x
https://doi.org/10.1038/s41567-018-0205-x
http://link.aps.org/supplemental/10.1103/8lbh-lblh
http://link.aps.org/supplemental/10.1103/8lbh-lblh
http://link.aps.org/supplemental/10.1103/8lbh-lblh
http://link.aps.org/supplemental/10.1103/8lbh-lblh
http://link.aps.org/supplemental/10.1103/8lbh-lblh
https://doi.org/10.1103/PhysRevD.109.096036
https://doi.org/10.1103/PhysRevD.109.096036
https://doi.org/10.1007/JHEP01(2025)021
https://doi.org/10.1007/JHEP01(2026)145
https://arXiv.org/abs/2504.02702
https://doi.org/10.1007/JHEP02(2026)043
https://doi.org/10.1007/JHEP02(2026)043
https://doi.org/10.1103/PhysRevLett.124.051301
https://doi.org/10.1103/PhysRevLett.124.051301
https://doi.org/10.1103/PhysRevD.99.063004
https://doi.org/10.1103/PhysRevLett.122.171801
https://doi.org/10.1103/PhysRevLett.122.171801
https://doi.org/10.1103/PhysRevLett.128.171801
https://doi.org/10.1103/PhysRevLett.130.031802
https://doi.org/10.1103/PhysRevLett.130.031802
https://doi.org/10.1103/PhysRevLett.131.159903
https://doi.org/10.1103/nr92-jvt3

	Torsion Balance Experiments Enable Direct Detection of Sub-eV Dark Matter
	Introduction
	Dark-matter-induced acceleration
	EP-testing torsion balance EXPS
	Constraints
	Discussion and conclusions
	Acknowledgments
	Data availability
	References


