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We propose a search for low mass dark matter particles through momentum recoils caused by their
scattering from trapped, nanometer-scale objects. Our projections show that even with a modest array of
femtogram-mass sensors, parameter space beyond the reach of existing experiments can be explored. The
case of smaller, attogram-mass sensors is also analyzed—where dark matter can coherently scatter from the
entire sensor—enabling a large enhancement in the scattering cross-section relative to interactions with
single nuclei. Large arrays of such sensors have the potential to investigate new parameter space down to
dark matter masses as low as 10 keV. If recoils from dark matter are detected by such sensors, their inherent
directional sensitivity would allow an unambiguous identification of a dark matter signal.
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Introduction.—It is now evident from astrophysical
observations that the majority of matter in the Universe
consists of dark matter (DM), although its detection in the
laboratory remains an outstanding challenge. Searches for
weakly interacting massive particles (WIMPs) are among
the most developed techniques for terrestrial DM searches,
employing multiton detectors [1]. Despite the exquisite
sensitivity of such detectors, no conclusive evidence for the
existence of WIMPs has been reported to date.
DM particles could have evaded detection if they produce

energy deposits below the threshold of existing detectors.
Developing new techniques to achieve lower energy thresh-
olds has thus recently become a major focus of the DM
community [2]. Essentially all techniques proposed thus far
seek to detect transfer of energy from the DM particle to a
specific microscopic internal degree of freedom within a
large detector [3–12]. A fundamentally different approach is
to optically monitor the center-of-mass (COM) motion of
a levitated macroscopic object, in order to detect small
momentum transfers from the scattering of incident DM
particles. Early proposals for WIMP and neutrino detectors
considered this approach [13,14], but required tracking the
motion of a large array of individual, ≲femtogrammasses,
then technologically infeasible.
Following the pioneering work of Ashkin and Dziedzic

[15], the modern development of levitated optomechanics
has made substantial technical advances required to enable
such ideas [16]. Levitated optomechanical sensors enabling
sensitive searches for DM and other weakly coupled
phenomena have been demonstrated [17–20] or proposed
[14,21–27]. Extending such systems to large arrays of
sensors—a rapidly growing tool in the case of single atoms
using optical traps [28–32] or ions using electromagnetic
traps [33–35], and routine for fluid-levitated spheres [36]—
could lead to substantial sensitivity improvements.

We propose the use of an array of nanoscale levitated
sensors to search for DM with ≪ 1 GeV mass. Monitoring
the COM motional degrees of freedom of the particle
allows measurement of the momentum transfer from the
colliding DM even if it interacts only with a single nucleus
in the sensor. The momentum transfer, which provides
information about the daily modulation of the direction of
colliding DM particles, can be measured in 3D (although
even 1D is sufficient for the measurements proposed here
[17]) at a noise level around the “standard quantum limit”
(SQL) [37,38]. The basic setup is depicted schematically
in Fig. 1.
At DM masses ≳10 MeV [39], we consider ∼ femto-

gram-mass sensors, for which momentum sensitivity
approaching the SQL has recently been demonstrated

FIG. 1. As a dark matter particle scatters from a levitated
optomechanical sensor (possibly part of a large array), it transfers
to it momentum q⃗. For “large” sensors (upper inset) the
interaction is coherent over a single nucleus. For “small” enough
sensors, such that the inverse transferred momentum 2π=q of the
dark matter particle is comparable to the size of the sensor, the
interaction is coherent over the entire sensor, leading to a large
increase in scattering cross section.
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[40–43]. This is sufficient to detect recoils below the energy
threshold of existing DM direct detection experiments,
while enough mass can be obtained to explore new
parameter space with a modest-sized sensor array. For
relic DM masses ≲100 keV, the momentum is low enough
that they will exhibit coherent elastic scattering from a
nanometer-scale, ∼ attogram-mass object. This leads to a
substantial increase in the cross section relative to that
for a single nucleus or electron [1]. While not yet
experimentally demonstrated, reaching momentum sensi-
tivity at (or beyond) the SQL in a sensor of this size would
be sufficient to detect such coherent scatters, allowing new
parameter space to be explored down to DM masses as low
as 10 keV. This range of parameter space is, to date, entirely
unexplored via direct detection.
Scattering rate.—We focus on spin-independent scatter-

ing of DM in the case of a heavy mediator with mass that is
much larger than the momentum transfer q. The differential
scattering rate per trapped sphere of massmsp and radius rsp
is then given by [1]

dR
dq

¼ ρχ
mχ

σSI
2μ2

qη½vminðqÞ�SðqÞ: ð1Þ

Here, vminðqÞ ¼ q=2μχT is the minimum velocity for a
given momentum transfer, μχT is the DM-target reduced
mass, μ is the DM-nucleon reduced mass, σSI is the single
nucleon cross section, and ηðvÞ encodes the velocity
distribution of the DM. We use standard assumptions about
the virialized DM halo [44]. The function SðqÞ contains
details of the structure of the target that affect the scattering
rate. In particular, for momentum transfers q≲ 2π=rsp, the
scattering is quantum-mechanically coherent, and SðqÞ
grows quadratically with the number of nuclei in the
sphere, leading to substantial enhancement to sensitivity.
In more detail, for interactions with nucleons (assum-

ing equal couplings to protons and neutrons), SðqÞ ¼P
i A

2
i NiF2

Hðq; AiÞ þ N2
nF2

cðqÞ. The first term gives the
contribution from coherent scatters from nuclei in the target
(which dominate at large q). If a target contains multiple
species of nuclei then a sum is taken over each type i, where
Ni is the number of i-type nuclei in the sensor, Ai is
the respective mass number, and the Helm form factor is
FHðq; AiÞ ¼ 3j1ðriqÞ exp ½−ðsqÞ2=2�=ðriqÞ [46]. Here, we
assume ri ¼ 1.22 fm × A1=3

i for the nuclear radius and s ¼
1 fm for the skin depth [1]. The second term in SðqÞ
dominates at sufficiently low q that the substructure of the
sphere cannot be resolved. For such low q, the form factor
for coherent scattering from the entire sphere is given by
FcðqÞ ¼ 3j1ðrspqÞ=ðrspqÞ, where j1 is the first order
spherical Bessel function. Nn is the total number of
nucleons in the sphere.
For an object trapped in a harmonic potential with

trapping frequency ω, a convenient benchmark for the

detection threshold is the SQL for momentum impulses,
σSQL ¼ ffiffiffiffiffiffiffiffiffiffiffimspω

p [37,38] (where ℏ ¼ 1 [39]). For subwave-
length objects, the minimal optically detectable impulse
allowed by the Heisenberg uncertainty principle at the
optimal readout laser power, compromising measurement
backaction, laser shot-noise and detection efficiency is
σSQLð2=5ηcÞ1=4, where ηc is the total detection efficiency
[47]. An in-depth discussion of the practical limits of ηc can
be found in [48], indicating that the necessary efficiency
can be achieved using a high numerical aperture imaging
system in all three motional degrees of freedom. The SQL
does not, however, represent a fundamental limit and it has
been experimentally surpassed in recent years in a variety
of systems [49–53].
“Large” sensors: Nuclear coherence.—For the case of a

∼200 nm-diameter sphere (upper inset of Fig. 1), where
ground-state cooling of such (single) objects has recently
been demonstrated [40,41], Fig. 2 (left) shows an example
of the projected sensitivity for the single-nucleon spin-
independent scattering cross section σSI and DM mass mχ

(thin blue solid line). The 90% confidence level (C.L.)
sensitivity is calculated for a single sensor and a month-
long integration, assuming no observed events. Reaching
this sensitivity requires the expected background rate in the
assumed integration time to be ≪ 1 event (see discussion
below) above a threshold of 5σSQL for ω ¼ 2π × 20 kHz.
The background-free sensitivity is compared for both SiO2

(typically used in existing traps and readily commercially
available) and HfO2, which would have similar optical
properties but a larger atomic number and mass density
(A ¼ 178 for Hf and a density of 9.86 g=cm3 for HfO2,
compared to A ¼ 28 for Si and 1.8 g=cm3 for SiO2).
Such an initial search using a single sphere with a month-

long integration would already be projected to reach lower
DM masses, and similar cross sections for mχ ≲ 100 MeV
than existing direct detection constraints at these masses
(e.g., SuperCDMS [54] and CRESST [55,56] as well as
[57]) and cosmological constraints [58]. Lower cross
sections can be reached by considering an array of such
spheres and longer integration times. Examples of sensi-
tivity curves for a 10 × 10 array with a month-long
integration and a 100 × 100 array with a year-long inte-
gration are shown in thick solid and dashed lines.
“Small” sensors: Full coherence.—If the sensor is

chosen such that its radius is comparable to the inverse
momentum transfer, 2π=q, the interaction becomes coher-
ent over the entire sphere. Uniquely, for such few-nano-
meter objects the momentum detection sensitivity can reach
their inverse size, while maintaining sufficient sensor mass
to reach relevant cross sections. For SiO2 nanospheres with
SQL detection sensitivity and a trapping frequency of
2π × 1 kHz, the optimal sensor size occurs at a diameter
of 15 nm, giving ∼106 nucleons in a sphere and ∼12 orders
of magnitude enhancement in the scattering cross section
compared to a single nucleon. Such objects are commercially
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available and may be trapped optically or electromagneti-
cally [33–35].
Figure 2 (right) shows the projected single-nucleon cross

section sensitivity of this fully coherent case. The smaller
spheres enable a reduced momentum threshold (again
assuming 5σSQL), lowering the detectable DM mass to
≲100 keV for the example discussed here. Trapping a large
array, assuming the same sensitivity, or alternatively
beyond-SQL detection may allow sensitivity to cross
sections approaching the picobarn level. The dotted lines
in Fig. 2 (right) indicate the sensitivity possible with an
array reaching a detection threshold of 0.5σSQL.
Coherent scatters from the sphere can also be detected if

DM primarily interacts with electrons rather than nucleons.
Since these techniques are sensitive to energy transfers
below the threshold for ionization [64–68], DM masses
down to 10 keV can be probed. However, the proposed
techniques using electrically neutral particles are sensitive
only if DM does not couple to total electric charge but
rather to electron number (e.g., [69]), since the total
charge of a neutralized sphere is zero, and coherent
scattering cannot probe the substructure of the charge
distribution.
Backgrounds.—The analysis presented above assumes

that backgrounds can be sufficiently identified and rejected
to ensure ≪ 1 expected background event in the required
integration times. For the backgrounds identified in the
following section, this appears to be plausible, although
verifying it will require further investigation. As with any
new technique, unexpected backgrounds are possible
and would need to be studied in realistic implementations.

The nature of the backgrounds identified here may allow
operation in surface laboratories (or possibly even space).
In fact, recent proposals for space missions employing
trapped nanoparticles for tests of quantum mechanics may
also enable such searches [21,23,70].
A significant background may arise from the residual gas

present in ultrahigh vacuum environments, whose colli-
sions with the sphere can transfer momentum similar to the
expected DM signal. The rate of such collisions strongly
depends on the ambient pressure, while the momentum
transfer per collision depends on the temperatures of the gas
and the sphere surface. Three different vacuum pressures
are analyzed: 10−9 mbar (achievable with mechanical
pumping), 10−12 mbar (ion pumps), and 10−15 mbar (rec-
ord pressures achieved in cryogenic systems [71]).
Even at the highest pressures considered, the mean time

between collisions with residual gas particles is sufficiently
long compared to ω−1 that these can be treated as
independent, isolated events. The collisional recoil spec-
trum is calculated using aMonte Carlo simulation under the
assumptions that the dominant residual gas is H2, which is
diffusely reflected from the particle. In this model, incident
gas particle velocities are drawn from a Maxwell distribu-
tion at ambient temperature. Upon collision with the
sphere, gas particles are diffusely emitted with a velocity
distribution given by the sphere temperature and a cos θ
angular distribution [72]. For each simulated collision the
total momentum transfer is calculated and the resulting
spectrum is fit with a Maxwell profile. The resultant spectra
are shown in blue dotted, dashed, and dash-dotted lines
in Fig. 3.

FIG. 2. 90% C.L. sensitivity for recoil detection with nanosphere arrays, in terms of the single-nucleon cross section as a function of
DM mass. Left: “large,” 200 nm-diameter spheres, where DM interacts coherently with individual nuclei in the spheres. Right: “small,”
15 nm-diameter spheres, where the interaction is coherent over the entire sensor. Light yellow regions represent overlapping direct-
detection limits [54–57], with darker shades where multiple overlapping regions from different experiments exist, and blue regions
indicate CMB-based constraints [58]. The light gray regions indicate constraints on “boosted DM,” requiring upscattering of DM by
cosmic rays [59,60]. Constraints from meson experiments and cosmology also exist at masses mχ ≲ 100 MeV [61,62], as well as from
galactic structure [63], but in general such constraints may depend on the specific DM model assumed.
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For the “large” sphere case, the expected DM signal
(solid line) and threshold (dash-dotted vertical line) are
plotted in yellow, assuming a 200 nm-diameter sphere with
DM mass of 60 MeV and σSI ¼ 6 × 10−31 cm2, corre-
sponding to the lowest point of the blue dotted line in Fig. 2
(left). At room temperature the expected DM spectrum
extends to higher momentum than the thermal gas distri-
bution, and cooling the gas and the sphere surface is shown
to further reduce backgrounds. In contrast, for the “small”
sphere case [red, assuming a 15 nm-diameter sphere with
mχ ¼ 80 keV and σSI ¼ 2 × 10−28 cm2, corresponding to
the lowest point of the blue solid line in Fig. 2 (right)], the
expected DM spectrum lies on the extreme low-momentum
side of the thermal distribution. Cooling therefore does not
help [Fig. 3 (bottom)], but reduction of the pressure does
[Fig. 3 (top)]. The DM signal would then exceed the
expected thermal gas collision rate near threshold for a
pressure of 10−9 mbar for the 10 × 10 sensor arrays, while
lower pressure would be required to reach lower σSI with
larger arrays. These estimates rely on extrapolation of the
thermal distribution to its extreme tails, and further inves-
tigation is required to test whether collisions follow the
distribution assumed here in these regimes. Outgassing of
molecules from the sphere itself may also contribute to the
recoil background and will need to be investigated.
The dominant backgrounds in most existing DM

searches arise from particle interactions of radiogenic or
cosmogenic origin. Typically, such interactions deposit

much higher momenta than those of interest here.
However, lower-energy secondary particles produced in
conjunction with higher energy particle interactions in
materials surrounding the sensors could introduce back-
grounds. While any particle interaction changing the net
charge of the sphere by even a single e could be easily
vetoed [20,73–77], a thermal neutron or low energy x ray
could induce momentum transfers in the 1 eV–1 keV range
of interest, without altering the charge state of the sphere.
Such particles can also coherently scatter from the spheres,
producing a signature identical to the DM signal of interest
with corresponding enhancement in rate. However, the
expected terrestrial flux of DM at low masses (e.g.,
≈1012 cm−2 s−1 for mχ ¼ 100 keV) is much higher than
the expected rate of such backgrounds, even after account-
ing for the significantly higher cross sections. These
secondary particles can be additionally vetoed by position-
ing conventional particle detectors around the trap to detect
the higher energy primary particles or thermal neutron
captures that would occur in coincidence with lower energy
secondaries.
Fluctuations in blackbody radiation emitted by the

sphere can also cause recoils. The expected momentum
noise [78] is ≈3 eV=

ffiffiffiffiffiffi
Hz

p
for a (subwavelength) 15 nm

sphere at 300 K, which is subdominant at the ω−1 ≈ 1msec
integration times assumed here.
Technical sources of noise such as vibrations can be

significant. In an initial search for recoils of nanogram-
mass spheres from scattering of heavy DM particles [17],
sources of such vibrational noise were found to be
dominant, but could be effectively vetoed with a commer-
cial accelerometer placed outside the vacuum chamber.
An array of sensors can provide substantial additional
reduction by vetoing impulses correlated among multiple
sensors.
The described system is sensitive to not only the

amplitude of the momentum transfer but also to its direction
by monitoring the recoil of the entire sphere in 3D
(a projection onto 1D would also give directional sensi-
tivity albeit with lower efficiency due to reduced angular
acceptance). The direction of the recoil is predicted to
modulate daily due to the change in the incident direction
of the dark matter [79], and momentum conservation
guarantees the sphere recoil matches the momentum trans-
fer from the DM, even in the case that the DM initially
produces only a nuclear recoil within the sphere.
While unanticipated backgrounds may arise since this is

an entirely new technology, this inherent directional sensi-
tivity allows an unambiguous separation of a signal from
any of the backgrounds described above.
Trapping and detection.—Optically trapping increas-

ingly small subwavelength dielectric objects requires rela-
tively high laser power to overcome thermal forces. A
100 nm SiO2 sphere trapped with a 5 μm waist, 1064 nm
laser, for example, would need ∼100 mW/trap. While the
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FIG. 3. Expected thermal backgrounds for different vacuum
pressure and ambient temperatures. The differential scattering
rate [Eq. (1)] for the “large” (yellow, high momentum) and
“small” (red, low momentum) sensors is compared to the
simulated recoil spectrum from background gas. The top panel
indicates the expected spectra at a sphere and ambient temper-
ature of 300 K for different vacuum pressures. The bottom panel
varies the temperature at 10−12 mbar pressure. The dash-dotted
vertical lines correspond to the respective momentum detection
thresholds.
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required optical power is achievable even for large arrays of
such objects, for 15 nm spheres, the lower trap depth may
make optical trapping impractical and necessitate the use of
rf electromagnetic (“Paul”) traps or Penning traps to
confine the particles. Such traps are a scalable platform
for trapping large numbers of objects [33–35], and ongoing
work to extend to even larger arrays is driven by quantum
computing efforts. For subwavelength scatterers, practical
upper limits for optical detection in a high numerical
aperture system are ηc ≲ 0.6 [48], although further work
is required to determine if such efficiencies can be reached
in trap designs supporting a large array of particles.
Summary.—We have suggested a new class of searches

for low-mass, particle dark matter using levitated, nano-
scale mechanical devices operated around the standard
quantum limit for impulse sensing. These devices are
capable of directional searches for DM masses in the
kilo-electron-volt to giga-electron-volt regime, which has
few current direct detection constraints, and is comple-
mentary to other proposals. Remarkably, due to coherent
interaction at low momentum detection thresholds, sensi-
tivities for probing new parameter space for DM can be
achieved with sensor masses as small as few attograms.
Beyond the DM context, such sensors will be sensitive
enough to count individual collisions of latent gas in
ultrahigh vacuum environments, possibly enabling an
absolute pressure standard at ultralow pressures, a target
of increasing importance in diverse fields of physics and
metrology [80]. In the search for low-mass DM, these
nanoscale devices provide a plausible scheme to leverage
quantum-coherent scattering of dark matter from a macro-
scopic target.
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