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Searching for Vector Dark Matter with an Optomechanical Accelerometer
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We consider using optomechanical accelerometers as resonant detectors for ultralight dark matter. As a
concrete example, we describe a detector based on a silicon nitride membrane fixed to a beryllium mirror,
forming an optical cavity. The use of different materials gives access to forces proportional to baryon (B)
and lepton (L) charge, which are believed to be coupling channels for vector dark matter particles (“dark
photons”). The cavity meanwhile provides access to quantum-limited displacement measurements. For a
centimeter-scale membrane precooled to 10 mK, we argue that sensitivity to vector B — L dark matter can
exceed that of the Eot-Wash experiment in integration times of minutes, over a fractional bandwidth of
~0.1% near 10 kHz (corresponding to a particle mass of 10~'% eV/c?). Our analysis can be translated to
alternative systems, such as levitated particles, and suggests the possibility of a new generation of tabletop

experiments.
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The absence of evidence for dark matter’s most popular
candidates—WIMPs, axions, and sterile neutrinos—has
led to a “growing sense of crisis” in the astronomy
community [1]. Unlike gravitational waves, whose recent
detection [2] was the culmination of decades of focused
effort, the challenge of detecting dark matter (DM) remains
complicated by a basic uncertainty of what to look for (for
example, the mass of DM particles or objects remains
unknown to within 90 orders of magnitude.) In response to
this crisis, a growing consensus is advocating a rethinking
of DM candidates and the development of a more com-
prehensive experimental approach [1].

Mechanical DM detectors are of interest for two reasons.
First, various models predict that DM produces a force on
standard model (SM) particles, for example, a strain due to
coupling to fundamental constants [3-5]. Second, advances
in the field of cavity optomechanics—Iargely driven by
gravitational wave (GW) astronomy—have seen the birth
of a new field of quantum optomechanics, in which high-Q
mechanical resonators are probed at the quantum limit
using laser fields [6]. This has given access to exquisite
force sensitivities over a range of frequencies (1 kHz-
10 GHz), which is relatively unexplored, but well
motivated, in the search for DM, corresponding to wavelike
“ultralight” DM (ULDM).

Here we consider searching for ULDM with opto-
mechanical accelerometers, a technology being pursued
in a diversity of platforms ranging from levitated micro-
spheres to whispering gallery mode resonators [7—10]. The
concept of accelerometer-based ULDM detection is also
well established [11-13], forming the basis for searches
based on GW interferometer [14], atom interferometer [15],
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and precision torsion-balance experiments [11]. From a
theoretical viewpoint, it is motivated by the possibility—
conceivable by various production mechanisms [16-26]—
that ULDM is composed of a massive vector field [16,17],
which could couple to SM through channels such as baryon
(B) or baryon-minus-lepton (B — L) number. This coupling
would manifest as an equivalence-principle-violating [11]
(material dependent) force on uniform bodies, or a
differential acceleration of bodies separated by a distance
comparable to the ULDM’s de Broglie wavelength.

We wish to emphasize in this Letter that optomechanical
accelerometers can also be operated resonantly, enabling
high sensitivity at frequencies (1-100 kHz) where current
broadband ULDM searches are limited, in a form factor
amenable to array-based detection [12]. As an illustration,
we consider a detector based on a silicon nitride membrane
fixed to a beryllium mirror, forming a Fabry-Pérot cavity
(Fig. 1). Through a combination of high mechanical Q,
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FIG. 1. Concept for an optomechanical accelerometer sensitive

to vector B or B — L ultralight dark matter. (a) Lumped-mass
model. (b) Membrane-mirror example. Colors represent masses
(materials) with different B or B — L charge (charge density),

q; (pi)-
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cryogenic precooling, and quantum-limited displacement
readout, we find that this detector can probe vector B — L
and B ULDM with sensitivity rivaling the Eot-Wash
experiments [27] in an integration time of minutes, over
a fractional bandwidth of ~0.1%. Addressing challenges
such as frequency tunability (to increase bandwidth) and
scalability could enable these and similar optomechanical
detectors to occupy a niche in the search for DM.

Before describing the detector, it is useful to recall some
basic features of ULDM. First ultralight refers to
particles of mass mpy <1 eV/c?, which, if virialized
within our solar neighborhood (at an average speed of
vyir ~ 1073¢ [28]) would have a de Broglie wavelength of
Aom = h/(mpyvyi;) 2 1 mm.  Given the local DM
energy density, ppu ~ 0.4 GeV/cm® [29], the number
of ULDM particles would be large with a volume A3,
implying that they behave like a coherent field. This
field would oscillate at Compton frequency wpy =
mpyc?/h <27 x 10'* Hz with a Doppler-broadened
linewidth of Awpy = wpm(Avyir/c)? ~ 100wy, As
such, a linear detector for ULDM should look for a
narrow-band signal with an effective quality factor of
Opm = @pm/Awpy ~ 10°. Moreover, terrestrial ULDM
detectors should anticipate a spatially uniform signal at
frequencies wpy < 27 x 10 kHz, for which Apy = 10* km
exceeds the radius of the Earth.

The ULDM candidates we focus on are vector (spin-1)
bosons, also known as dark photons, coupled to B —L
charge. Composing a vector field analogous to an electro-
magnetic field, B — L dark photons would accelerate
free-falling atoms in proportion to their charge-mass
(neutron-nucleon) ratio

a(t) =g ag cos (wpyt + Opw) (1)
where ay, = 3.7 x 10'! m/s? (see Supplemental Material
[30]), A(Z) is the mass (atomic) number, and g is a
dimensionless coupling strength. Current constraints from
torsion-balance equivalence principle tests (specifically,
the Eot-Wash experiments [27]) imply ¢ < 1072% for
wopm < 27 x 10 kHz. To exceed this bound, it is necessary
to resolve accelerations at the level of
10 kHz g,

QDM < 11
1 / 10~
Saa ~ 940 wDM/zﬂ VHz

(9o = 9.8 m/s?), a task which is extreme for most accel-
erometers because it requires a displacement sensitivity of

vV 10 kHz \\ 3
/Sy = f““ <1072 <¥) l. (3)
wpm/27) /Hz

®pm
Optomechanical accelerometers employ a mechanical
resonator as a test mass and an optical cavity for

(2)

displacement-based readout. To illustrate how this can be
used to detect dark photons, we first consider a lumped-
mass model [Fig. 1(a)], in which two mirrors made of
different materials, forming a cavity of length L < Apy, are
attached by a massless spring. Dark photons would produce
a differential mirror acceleration

a(t) = gf 12ao cos (wpm? + Opm). (4)
where f, is a purely material-dependent suppression factor

Zy 4

fro =%
PUA Ay

(5)

The resulting cavity length change x, which is the experi-
mental observable, can be expressed in spectral density
units as

1
(@® — wy?)? + wp’@? | Qy? Saa

Selw] = (@],  (6)

where @, and Q, are the frequency and quality factor of the
mass-spring system, respectively.

The advantage of the optomechanical approach is
two-fold. First, cavity enhanced readout can achieve
high displacement sensitivities—an extreme case being
the Laser Interferometer Gravitational-Wave Observatory
(LIGO), which has achieved sensitivities of 10720 m/v/Hz
at w ~ 2z x 100 Hz, sufficient to satisfy Eq. (3) [14].
Second, displacement sensitivity requirements are relaxed
on resonance by a factor of Qy, giving access to thermal-
noise-limited acceleration sensitivities [8,10]

4kB T(UO
mQy

th _
Saa -

; (7)

where T (m) is the resonator temperature (effective mass).
While resonant operation is not typically exploited in

optomechanical accelerometers, /S® < 107" g,/+/Hz
might be realized in a variety of current platforms translated
to cryogenic temperatures. The trade-off, as is well known,
is a Qp-fold reduction in bandwidth, such that the sensi-
tivity-bandwidth product is (in the ideal case of 7 = 0)
preserved.

Modern cavity optomechanical systems provide numer-
ous platforms for realizing an ULDM detector. As an
illustration, we consider the system sketched in Fig. 1(b),
consisting of a silicon nitride (Si3sN,;) membrane rigidly
attached to a beryllium (Be) mirror. It bears emphasis that
special care must be taken to ensure that such an extended
system is faithful to the lumped-mass model. In particular,
the use of different materials [represented by charge
densities p; in Fig. 1(b)] is necessary to ensure that the
suppression factor f;, is nonzero (f, =0.053 for
Siz;Ny-Be). The system must also be placed in free fall.
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FIG. 2. Centimeter-scale Si;N, membranes as vector B — L dark matter detectors. Dashed gray and solid blue curves are models for
the acceleration sensitivity of four different membranes, expressed as a minimum B — L coupling strength gg_; [Eq. (12)], for a
measurement time equal to the DM coherence time (zpy = 2Qpm/@pMm) and one year, respectively. Each model assumes a mechanical
quality factor of Q, = 10°, an operating temperature of 7 = 10 mK, a displacement sensitivity of 2 x 10~'7 m/+/Hz, and a suppression
factor of f1, = 0.05 relative to a Be reference mass. A full multimode spectrum for the 20 cm membrane is shown in green. Pink, red,
and blue regions are bounds set by the Eot-Wash experiments, LIGO, and MICROSCORPE, respectively. At right, we zoom in on the
resonance of the 20 cm membrane and illustrate a day-long scan (gray region) made in intervals 7py &~ 1.5 min with a step size equal to

the detection bandwidth Awgye = 27 % 0.2 Hz.

This can be simulated, for example, by suspending the
device from a pendulum with corner frequency < .

The use of a Si3sN, membrane is motivated by a set of
features that represent the generic strengths of modern
optomechanical devices and several that make them
specifically compelling for on-resonance accelerometry.
Among these are the ability to achieve ultrahigh-quality
factors, approaching one billion, using phononic engineer-
ing [49,50]; the ability to tune resonance frequencies (to
enhance bandwidth) using radiation pressure [51], thermal
[52,53], and electrostatic forces [54]; parts-per-million
optical loss [55]; and the ability to operate as a high
reflectivity mirror by photonic crystal (PtC) patterning
[56,57]. Specific to accelerometry, a peculiar feature of
membranes is their Q versus mass scaling: due to an effect
called dissipation dilution [50], the Q, of tensily stressed
membranes increases with their area, enabling large
Qo x m factors in a relatively compact (in one dimension)
form factor.

We thus envision, without loss of generality, a finesse
F =100 cavity formed by a Be mirror and a 200-nm-thick
Si3N, membrane with an embedded PtC micromirror [57].
Probed by a coherent laser (power P, wavelength 4) using
an ideal homodyne receiver, the detector output can be
modeled as

SO = ST + [y a (o) 2(S0 + S, + SDM), (8)

where

mhch
64F2P

imp _
Sxx -

©)

is the apparent displacement (imprecision) due to laser
phase shot noise [6,30],

h2

m*See’

St = (10)

is the acceleration (backaction) due to radiation pressure
shot noise (see Supplemental Material [30]), and y,,[®]
(@? — wy? + iwy?/Qy)~" is the mechanical susceptibility
(here assuming structural damping [58]).

In essence, ULDM detection is a parameter estimation
problem. To estimate g, we model the dark photon signal
(apm) as a Lorentzian noise peak [30]

4{apy)
Awpy

Soat [wpm] &

(o o) 22, (11)

DM

here assuming a randomly polarized DM field
({(a®) - (a*)/3) and introducing a spatial overlap factor
B = (4/x)? for the fundamental membrane mode [30]. By
feedback damping [59,60] or optimal filtering [60-62], the
narrow transfer function [y,,|> can be inverted from the
detector signal and SoM[wpy] can be estimated, for
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example, by averaging periodograms [30]. Equating
SPM[wpy] with the variance in the detector noise S3[w] =
e (@) 285" + (852 + S™) yields a lower bound of
[30,63]

V3 [SE ]
Ymin [0)] = X
Bfiaag DM

(12a)

1/2
DM <
( p ) 7T ToMm

2 oM <~ TpMm
JVAR [HeTody ()
~ Bfrag \| mQyOpm <m> 174

(12b)
T> TDM

where tpy = 20pwm/@pwm and 7 are the DM coherence time
and total measurement time, respectively.

In Fig. 2, we plot g, for the fundamental mode of
square membranes ranging from 2.5 to 20 cm wide, with
resonance frequencies spanning from 2 to 25 kHz.
We assume Q,=10°, T=10mK, A1=1pum, and
P = 0.3 mW, corresponding to a displacement sensitivity

of VSt ~2x10""7 m/\/Hz. We compare measure-
ments spanning the dark matter coherence time 7 = 7py ~
10-100 sec (dashed gray curves) to measurements span-
ning one year (blue curves) and find that bounds set by the
Eobt-Wash experiments can be exceeded by more than an
order of magnitude. Comparison is made to recent con-
straints from LIGO in its 10 Hz—1 kHz detection band (red
curve) [14]. Despite the large difference in displacement
sensitivity between LIGO and our model system, the main
difference is that LIGO’s test masses are made of the same
material, so that differential acceleration is produced only
by the field gradient (fj, ~ zL/ipy ~ 107* — 1076, see
Supplemental Material [30]).

Interestingly, the bandwidth and sensitivity of our model
detector is limited by quantum backaction [12]. To visu-
alize this trade-off, in Fig. 3 we focus on the “10 cm” peak
in Fig. 2 and vary the optical power between 0.1 and
10 mW. At 0.1 mW, thermal and backaction noise are
equivalent, and the detection bandwidth (Awy) corre-
sponds to the frequency range over which the total motion
is resolved (Shy’ < SU 4 SY3). At higher powers, band-
width is increased proportionately; however, sensitivity is
simultaneously reduced due to quantum backaction
(8% > §™h)  This well-known limit to the sensitivity-
bandwidth product corresponds to the standard quantum
limit for a force measurement, illustrated by the pink lines
in Fig. 3. In our example, evidently, maintaining sensitivity
below the Edt-Wash bound (g ~ 10722) requires limiting the
fractional detection bandwidth to Awgye /@y ~ 10%.

Several techniques could improve the bandwidth of
optomechanical DM detectors. For example, a “xylophone”
detector could be realized by simultaneously monitoring
multiple higher-order modes, taking advantage of the
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FIG. 3. Detector sensitivity near resonance, versus optical

power, for the 10 cm membrane in Fig. 2, indicating sensitiv-
ity-bandwidth trade-offs due to thermal, backaction, and impre-
cision noise. Log-log (top) and log-linear (bottom) plots are
shown for emphasis. The standard quantum limit (pink line) is
achieved when backaction and imprecision noise are equal and
can dominate thermal noise (dotted red line) off resonance. The
width of ULDM signal is shaded blue.

high bandwidth of optical readout. [In our case, a
L ~ 1 mm cavity length would yield a readout bandwidth
of ¢/(2LF) ~ 1 GHz, encompassing ~10'! modes of a
10 cm membrane.] A full multimode spectrum [30], shown
as a green curve in Fig. 2, indicates that a single membrane
can in this way yield the same performance as an array of
(single mode) membranes with different sizes. A more
direct approach, similar to axion haloscope experiments
[64], would be to sweep the mechanical resonance fre-
quency. Considering the reduced efficiency of signal
averaging for times 7 > 7y [Eq. (12)], a natural strategy
would be to step in intervals of the detection bandwidth
Awy, for a total of N =1/rpy steps. For the 10 cm
example in Fig. 2, this approach would yield an octave
(a fractional bandwidth of AwyN/wy= 100%) in
7~ Qpm/Awge ~ 1 week. Since membrane frequency
scanning methods [51-54] are typically limited to ~10%
fractional bandwidth, realizing a broadband detector might
in practice require a combination of xylophone, scanning,
and array-based techniques. For example, an array of 10
membranes as shown in Fig. 2, appropriately separated in
resonance frequency from 2 to 4 kHz, and capable of 10%
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FIG. 4. Projected sensitivity to B-coupled dark photons. Blue
curves are for centimeter-scale membranes as in Fig. 2, with the
suppression factor f, adjusted for B coupling. Black, red, and
light blue curves are constraints set by the E6t-Wash experiments,
LIGO, and MICROSCOPE experiments, respectively.

fractional sweeps, could allow for an effectively broadband,
thermal-noise-limited search above wpy > 27 x 1 kHz,
exceeding Eot-Wash bounds between 2 and 20 kHz in
approximately 1 week. [In motivating such a search, it is
interesting to note that wpy = 27 x (1-10) kHz dark
photons, besides having well-motivated production mech-
anisms [16-25], can be independently constrained by black
hole population statistics, since the corresponding
Compton wavelength is comparable to the event horizon
of stellar-mass black holes [65-68].]

Finally, we point out that the differential accelerometer
approach is not limited to B — L coupling. For example, B-
coupled dark photons, for which f, = |A|/u; — As/us|
[30], where y; is the mass in atomic mass units, would give
rise to a differential acceleration between SiN and Be with a
suppression factor of f;, = 0.0018. In Fig. 4, we plot the
predicted sensitivity of our detector to B-coupled dark
photons compared to the constraints set by the Eot-Wash
experiments [69], LIGO [14], and MICROSCOPE [70,71],
suggesting a similar advantage at 1-10 kHz Compton
frequencies.

In summary, we have discussed the use of optomechan-
ical accelerometers as resonant detectors for ULDM,
focusing on B- or B — L-coupled dark photons, which
produce an oscillating acceleration between masses made
of different materials. We considered an example based on
a centimeter-scale Si;N, membrane coupled to a Be mirror
and argued that, by combining quantum-limited displace-
ment readout with cryogenic operating temperatures, the
sensitivity of this detector can exceed current bounds, set
by the Eot-Wash experiments, in measurement time of
minutes, over a fractional bandwidth of ~0.1% in the mass
range 107110710 eV /c?. We also described scanning

techniques that could broaden the bandwidth of this
detector to more than an octave. Looking forward, we
anticipate that a variety of optomechanical accelerometer
platforms can perform similarly as vector ULDM detectors.
Optically or magnetically levitated test masses seem
particularly promising, as in addition to ultrahigh-
Qo x m factors, they can be frequency scanned over a
wide bandwidth [7,72,73].
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