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We perform the first search for ultralight dark matter using a magnetically levitated particle.
A submillimeter permanent magnet is levitated in a superconducting trap with a measured force sensitivity
of 0.2 fN/+/Hz. We find no evidence of a signal and derive limits on dark matter coupled to the difference
between baryon and lepton number, B — L, in the mass range (1.10360 — 1.10485) x 10713 eV/c2. Our
most stringent limit on the coupling strength is gz_; <2.98 x 1072!. We propose the POLONAISE
(Probing Oscillations using Levitated Objects for Novel Accelerometry In Searches of Exotic physics)
experiment, which features short-, medium-, and long-term upgrades that will give us leading sensitivity in
a wide mass range, demonstrating the promise of this novel quantum sensing technology in the hunt for

dark matter.

DOI: 10.1103/PhysRevLett.134.251001

Introduction—Dark matter (DM) dominates the matter
content of our Universe. Yet, we know remarkably little
about its fundamental nature. Except for the fact that it must
interact gravitationally, important properties such as its
mass, spin, and other potential interactions remain largely a
mystery [1-3]. Astrophysical observations suggest that its
mass can lie anywhere in the range of 107'° eV /c? to a few
solar masses, spanning a vast 90 orders of magnitude [4,5].
The lower end of this mass window defines the ultralight
regime for dark matter, which has been gaining consid-
erable attention [6,7].

In this regime, ultralight dark matter (ULDM) particles
must be bosonic to reconcile the observed dark matter
density. A consequence of this is that these particles
exhibit wavelike behavior, leading to interference regions
throughout the cosmos. Popular ultralight candidates
include the QCD axion [8-10], axionlike particles as well
as other scalars [11-13], and—of relevance to us—vector
particles [14—16].

Ultralight vector dark matter particles are spin-1 bosons
that stem from the same type of symmetry as the standard
model photon. Many early Universe production mecha-
nisms generate this type of dark matter [17-27], and the
late-Universe structures that it can form have been explored
via numerical simulations [28-32]. These particles can
communicate with us via charges different from that of
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electromagnetism. In this work, we take this to be the
difference between the baryon and lepton numbers of a
particle, B — L; this leads to a well-motivated dark matter
candidate [33,34] and can also help to explain the nonzero
mass of neutrinos [35-37].

Many experiments have constrained the interaction
strength of B — L coupled dark matter, and a variety of
detector technologies have been used to derive projected
sensitivities. Limits have been set by fifth-force experi-
ments, such as MICROSCOPE [38-41] and Eot-Wash
[42,43], and gravitational wave interferometers, such as
LIGO/Virgo [44] and KAGRA [45], among other experi-
ments. Projections with accelerometers have been shown to
be promising [46,47], with these instruments being realized
as torsion balances [46], optomechanical cavities [48,49],
atomic interferometers [50], and future gravitational-wave
detectors [51-54].

One detector technology undergoing a significant rate of
innovation involves the levitation of macroscopic objects
via magnetic Meissner levitation [55-58]. Levitated mag-
nets are excellent force and acceleration sensors [59,60],
making them ideal for detecting the minuscule signatures
expected from ultralight dark matter [61-64]. The low
temperatures involved in these setups provide exceptionally
low thermal noise and, compared to optical and electrical
levitation strategies, much larger levitated objects are
possible [55]. The ability to levitate heavier objects gives
us greater sensitivity to dark matter couplings proportional
to mass, such as that arising from B — L dark matter [64].

In this Letter, we perform the first search for ultralight
dark matter using a magnetically levitated mass and
propose the POLONAISE (Probing Oscillations using
Levitated Objects for Novel Accelerometry In Searches

Published by the American Physical Society
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of Exotic physics) experiment. We analyze data from the
setup initially described in Ref. [59] for tests of small-scale
gravity, employing a sub-millimeter-sized magnetically
levitated particle. Using a likelihood-led treatment to per-
form our inferencing, we account for the inherent stochas-
ticity in the ULDM field. We motivate short-, medium-, and
long-term upgrades to propose POLONAISE, which will
allow us to achieve leading sensitivity to ULDM and
highlight the advancements in quantum metrology neces-
sary for a world-leading DM experiment.

Ultralight vector dark matter—Ultralight vector dark
matter consists of spin-1 bosons with masses mp)y; between
1072 eV/c? to 2 eV/c? [13]. To compose all of the local
dark matter density, ppy = 0.4 GeV/c? cm™ [65,66], their
small mass results in a macroscopic number of particles
within a de Broglie volume, A3;. Assuming virialization
and taking the local circular velocity to be vy ~ 220 kms™!
[67], we have a total of Ngg ~ (ppm/mpm) (h/mpmve)? ~
10°®  particles for a DM mass of 10713 eV/c%
Consequently, DM particles within the halo behave more
as classical waves than particles.

Within a de Broglie volume, these DM waves oscillate
coherently at their Compton angular frequency wpy =
2nfpm = mpmc’/h, with a small frequency spread of
Aw =~ (v}/c?)wpy ~ 107%wpy between volumes. These
define coherent regions that travel at an average velocity
of vy, with coherence maintained over the timescale
Teoh = Aag/vo = h/(mpyv3) ~21 h for a DM mass of
10~13 eV/c?. We remain in the coherent regime throughout
this work.

Within this regime, the ultralight vector DM field at time
t, A(t), traces a three-dimensional ellipse. It can be written
as [41,68]

h 2ppm

A(t) =
( ) mDMC 380

Za cos(wpmt + @;)é;, (1)

where ¢ is the permittivity of free space, and the sum runs
over the three components of the field, i € {x,y, z}. The
parameters a; and ¢; respectively control the amplitudes
and phases of each of the field’s components, and they are
stochastic. Incorporating the randomness in these variables
is crucial for accurate inferences, as this can lead to
significant correction factors [53,74-76].

The ultralight vector dark matter field generates new
electric and magnetic fields that can couple to ordinary
matter. In the case of B — L dark matter, they arise due to a
new interaction term in the standard model Lagrangian,
LD —gB_Lj’g_LA”, where gp_; is the gauge coupling
strength, j%_, in the new interaction four current, and
A* is the dark matter four field [68]. For nonrelativistic
ULDM, the electric field dominates and results in a new
Lorentz force, F(t).
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FIG. 1. Schematic of the experimental setup inside the dilution

refrigerator. Shown are the plates of the cryostat, the multistage
mass-spring system used to shield against external vibrations, and
the holder for the trap and magnet. The inset shows the super-
conducting trap containing the magnet. The effect of the B field
can be modeled by an image dipole. The oscillatory force
imparted by the ULDM field, FB,,(¢), is also indicated. The
black arrows illustrate the coupling of the flux of the moving
particle to the pickup coil. Further details and photographs of the
setup can be found in Ref. [59].

Our experiment consists of a magnetically levitated
particle suspended within a superconducting trap, illus-
trated in Fig. 1 and described in detail below. We observe
the motion of the particle for a time T, recording it along
a single sensitivity axis ¢ via a superconducting pickup coil.
This makes the relevant force Fpy(f) =& - F(t), where we
have approximated ¢ to be static since our observation time
is shorter than a day. With the current level of vibration
isolation, our experiment is most sensitive along the zenith;
we thus align ¢ in this direction. Using all three transla-
tional degrees of motion would allow us to measure the
polarization of the ULDM field in the future.

Accounting for the dynamics of both the trap and the
levitated particle, the force experienced by the latter is

FBy (1) = Fla, cos Acos ¢ cos(wpm? + @)

+ ay, cos Asin ¢ cos(wpmt + @y)

+ a, sinAcos(wpmt + ¢.)], (2)

where we have defined the force scale

w2
F=gp1 (Rp - wTORt) mya, (3)
DM
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with R, and R, the averaged neutron-to-atomic-weight
ratios of the particle and trap, respectively, @, the resonance
angular frequency of the particle, m,, the total mass of the
particle, and a, ~2.12 x 10'! ms™2 a characteristic accel-
eration imparted by the ULDM field [68].

We perform inferences in Fourier space by analyzing the
force power spectral density (PSD). The PSD will contain
the power delivered to our setup by external sources, as
well as that supplied by a ULDM signal. When observing
for less than a day, the signal is a monochromatic peak in
the PSD within the bin containing the Compton frequency.
The quantity of interest for our inferencing is the excess
power at that frequency, defined as the value of the PSD
normalized by the expected noise, Sgr, within that bin. The
excess power is proportional to the square of the dimen-

sionless parameter [68]
szobs (4)
AT

By measuring the force PSD and fitting to our expected
noise level, we perform inferences on x and map these
values to those for the coupling strength, gp_;:

K 2SFF (5)
|Rp - (w%/wlz)M)Rt|mpa0 Tops

From this it is clear that magnetic levitation, which affords
us the use of heavier particle masses, is an ideal levitation
strategy for a bosonic ULDM search.

Experiment—Originally designed to detect small-scale
gravity [59], our setup has the force sensitivity and
frequency range required of a promising ULDM detector.
It features a Type-I superconducting trap with a magneti-
cally levitated permanent magnet composed of three
0.25 mm Nd,Fe 4B cubes and a spherical glass bead of
radius 0.25 mm to break rotational symmetry (Fig. 1). The
levitated particle has a mass of m, ~ 0.43 mg, a resonance
frequency of f,~ 26.7 Hz for motions along the zenith,
and a quality factor of Q 9.3 x 10° [59]. We calculate
R, ~0.518 [68].

We detect the motion of the particle using a super-
conducting pickup loop. The motion of the magnet induces
a change in flux in the loop, causing a superconducting
current to run in the circuit. This circuit consists of the
pickup loop, the calibration loop, and the SQUID input
coil, which is inductively coupled to a two-stage direct
current SQUID. The calibration loop calibrates the energy
coupling between the detection circuit and the degrees of
motion of the magnet. We find R, ~ 0.526 [68].

We shield the trap from environmental vibrations both
vertically and laterally using a multistage mass-spring
system, and we thermalize the experiment via a flexible
silver wire. The closest part of this system, consisting of
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FIG. 2. The force-power spectral density, Syr, with frequency f
measured by our experiment. The fit to the force noise back-
ground via Eq. (6) is shown. The vertical line highlights the
resonance frequency f, ~ 26.699 Hz relevant for motions paral-
lel to the zenith. Data initially reported in Ref. [59].

seven masses, hangs from the still plate, which is sus-
pended from the 3K plate of the cryostat. The cryostat rests
on a 25-ton concrete block with pneumatic dampers to
reduce vibrations caused by the building. The pulse tube
cooler and vacuum pumps are mounted separately.

The force noise data gathered in Ref. [59] is shown in
Fig. 2. The data was continuously recorded on May 13,
2022, over a time of T, ,~4.2 h between 22:32 and
02:44 UTC and spans the frequency range 26.6850 Hz—
26.7150 Hz. Compared to the original data, we have
removed two points: one at the frequency of a generated
monochromatic signal (a spinning wheel used for a gravity
test) and another at the resonance frequency. The latter was
done as the ringdown time of the resonator exceeded the
dataset length, so this point represented the starting ampli-
tude of the resonator (see supplement E of Ref. [59]). We fit
the data to the total expected force noise via

SFF(w) - S?’F + |Z(w)|_2Sxx’ (6)

where S%. is the force noise arising from the position
measurement of the particle, and S,, is the displace-
ment noise due to measurement-added noise from the
SQUID. The factor y(w) = [m,(wf — o + iyw)]™" is the
mechanical susceptibility, with wy = 2z f and y = w,/ Q.
We find the fit values $%, ~3.88 x 10732 N?Hz"! and
S ~3.59 x 102! m?>Hz!.

Data analysis and results—The ULDM signal manifests
as a monochromatic peak in the force PSD within the bin
containing the Compton frequency, fpy. Its location is
dictated by the DM mass, and its noise-normalized ampli-
tude is determined by the parameter k. We scan over our
frequency bins, equivalent to scanning over dark matter
masses mpy;, and use our measured force PSD to make
inferences on the coupling strength, gz_; .

251001-3
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To perform our search, we follow a frequentist approach
similar to Ref. [41]. The likelihood of measuring a value for
the excess power in any frequency bin is a noncentral y?
with two degrees of freedom and a noncentrality para-
meter controlled by x. To account for the stochasticity of
the ULDM field, we marginalize this likelihood over the
three random Rayleigh amplitudes and uniform phases.
The result is an exponential likelihood with inverse scale
2+« [68].

We use this likelihood to define a two-sided test statistic
(TS) based on the log-likelihood ratio to ascertain whether
a DM signal is present. As our discovery criterion, we
require that the excess power yields at least a 3¢ signi-
ficance over the expected background, equivalent to a
p value of 2.7 x 1073, We evaluate this by first building the
distribution of the TS under the null hypothesis that no such
signal exists using toy Monte Carlo (MC) simulations. At
every frequency bin, we then compute the p value of the
data. Our most significant local p value is p ~ 2.0 x 1072,
which does not exceed our discovery threshold. We there-
fore turn to setting a limit.

We place 90% confidence level (CL) limits on gp_;
using a similar procedure, but taking the signal hypothesis
as our null hypothesis. To assess whether our limit is
consistent with the background model, we derive the
expected median limit and 16/2¢ limit bands from our
setup by simulating background-only pseudodata. We find
kMd ~3.85, with 1o and 26 bands given by «\% €
[2.01,6.47] and xi° €[1.23,9.39]. Further details on our
statistical procedure can be found in Ref. [68].

We show our 90% CL limit in Fig. 3. We find excellent
agreement between the results from our MC analysis
and our derived limit, which closely follows the median
limit and lies well within the 26 band. Our best cons-
traint is gp_; <2.98 x 1072!, occurring at the DM mass
mpy ~ 1.1042 x 10713 eV /c? (Compton frequency fpy ~
26.6995 Hz). This limit is not as stringent as those set by
the fifth-force Eot-Wash [42,43] and MICROSCOPE
[40,41] experiments, falling at gg_;, <1072 and gz_; <
2 x 1072, respectively.

Our limit is the first data-driven constraint on ultralight
dark matter using a magnetically levitated particle.
However, we derived it using a setup designed for tests
of gravity—an orthogonal research objective [59]. We offer
a set of experimentally driven upgrades that will make this
detector technology a leading option in the search for dark
matter, proposing the POLONAISE experiment.

Future prospects—We propose the first optimization of a
magnetically levitated setup to achieve leading ULDM
sensitivities with POLONAISE. Our key improvement is
adding a second coil to control the resonant frequency,
allowing us to probe a wider DM mass window. To maxi-
mize sensitivity, we aim to reduce force noise, use heavier
levitated masses, and increase the neutron-to-atomic-
weight ratio difference between the particle and trap.

— Limit Median Limit lo/20
Bands
Joum [Hz]

26.70 26.71

10-23 Eot-Wash
10—24 L u
MICROSCOPE
10—25 L m
1.10375 1.10425 1.10475
mpy [10713eV/c?]
FIG. 3. The 90% confidence level limits on the gauge coupling

strength gp_; with dark matter mass mpy; (bottom axis) and
Compton frequency fpy (top axis). Shown is the data-driven
limit derived from the measurements presented in Fig. 2, as
well as the median limit and lo/2¢ bands derived from
our Monte Carlo analysis [68]. Also shown are the existing
limits from the Eo6t-Wash [42,43] and MICROSCOPE [40,41]
experiments.

We plan to perform a two-year-long resonant scan with
short-, medium-, and long-term upgrades as summarized in
Table I. We estimate these upgrades will take three, five,
and ten years, respectively. Details on our choices and their
impact on our sensitivity can be found in Ref. [68].

At each resonance frequency, f,, we will measure for
4.05 x 10> Compton cycles to ensure coherence, giving

TABLE I. The short-, medium-, and long-term upgrades for
POLONAISE. Shown are the cooling temperature (7'), the mass
of the levitated particle (), the SQUID energy resolution (ngq),
the total root force PSD (1/Sz), the bandwidth that optimizes the
expected force noise (Af ), the quality factor (Q), the difference
between the neutron-to-atomic-weight ratios of the levitated
particle and trap (|R, —R,[), and the number of levitated
particles employed (N ). At each resonance frequency, f, the
measurement time is 7o, = 4.05 x 10/ f.

Short Medium Long
T [mK] 20 20 2
m,, [mg] 0.43 430 430
nsq (7] 103 102 10!
\/m [N/\/E] 10—19]('(1)/2 10_18f(1)/2 10—19]('(1)/2
Afop [MHZ] 3.4 34 0.34
0 108 10° 1010
IR, - R, 0.039 0.039 0.213
N, 1 10 100

251001-4



PHYSICAL REVIEW LETTERS 134, 251001 (2025)

Tops = 4.05 x 10°/ f,. We will match our frequency steps
to the optimal bandwidth, Af,, that maximizes our
sensitivity while minimizing noise by tuning the SQUID
coupling to have equal backaction and thermal noise.
Cooling will reach 20 mK (short and medium terms)
and 2 mK (long-term) using nuclear demagnetization
[77]. We will improve the quality factor by using insulating
magnets to reduce Eddy current damping [78] and improve
SQUID energy resolution with alternating current read-
outs [79]. Avoiding interference in the SQUID readout will
reduce ngg by factors of 10 (short-term) and 100-1,000
(medium/long term) with radio frequency readouts [58].
We will parallelize our scan by using multiple levitated
particles monitored by a single SQUID, which can read out
multiple pickup coils in series by designing the traps to
have nonoverlapping resonance frequencies. The number
of SQUIDS is scalable, with a commercial dilution refrig-
erator able to house up to 100 SQUIDs. In the short term,
we will scan a range of 21 Hz-35 Hz, extending this to
10 Hz-200 Hz in the medium and long terms. This scan is
realizable by adding a coil inside the superconducting trap
and using a DC current to tune the resonance frequencies.
Using a persistent current will minimize current-added
noise [80].

Exploiting magnetic levitation’s ability to support
heavier objects, we will improve our sensitivity by increas-
ing the particle mass to 43 mg (short term) and 430 mg
(medium/long term). Maintaining force noise and reducing
trap vibrations will be challenging as the spring constant
increases with mass, requiring vibration isolation improve-
ments of 40 dB, 80 dB, and 100 dB at 25 Hz for each of our
upgrades, respectively. This is feasible since the required
isolation is comparable to LIGO’s performance but only
needed around the particle’s resonance frequency [81].
Finally, by optimizing the experiment materials, we will
improve |R, —R,| to 0.039 (short/medium term) and
0.213 (long term) [68]. For our long-term goal, we will
attach a thin-walled aluminium container filled with one
liter of solid hydrogen.

We show the projected 90% CL limits on the coupling
strength from our proposed upgrades in Fig. 4. To compute
them, we have used our derived value of [’ ~ 3.85 in
Eq. (5), giving us projections assuming a background-
only measurement. Our short-term upgrade is competitive
with E6t-Wash [42,43], and our medium- and long-term
configurations probe new areas of parameter space. Our
medium-term limit surpasses that of E6t-Wash for all
scanned masses, is competitive with MICROSCOPE at
low masses, and constrains new couplings beyond those of
MICROSCOPE and LIGO/Virgo [43,44] at high masses.
Our long-term limit is leading, going beyond the limit set
by MICROSCOPE [40,41] by 2 orders of magnitude at
lower masses and that set by LIGO/Virgo by 3 orders of
magnitude at higher masses.

foum [Hz]
10! 102

1o ]

1072

10722 |

510723 :

|

S 1072
10—25
10—26
10727 -

------

POLONAISE |

10-12

FIG. 4. Projected 90% confidence level limits on the gauge
coupling strength gz_; with dark matter mass mpy; (bottom axis)
and Compton frequency fpy (top axis) for POLONAISE.
Projections are based on the short-, medium-, and long-term
configurations detailed in Table I. Also shown is our current best
limit from Fig. 3 (red star), as well as the existing limits from the
MICROSCOPE (MS) [40,41], Eot-Wash (EW) [42,43], and
LIGO/Virgo (LV) [43,44] experiments.

Conclusions—We have performed the first search for
ultralight dark matter using a magnetically levitated par-
ticle. Focusing on dark matter coupled to the difference
between baryon and lepton number, B — L, we have found
no significant evidence of a signal in the mass range
(1.10360 — 1.10485) x 10~1* eV/c?, equivalent to the fre-
quency range 26.6850 Hz-26.7150 Hz. We have set a
90% confidence level limit on the coupling strength,
finding the best constraint to be gg_; <2.98 x 10721,
We have proposed the POLONAISE experiment, featuring
short-, medium-, and long-term improvements to our setup
to enable sensitivity to unexplored model parameter space.
Our result highlights the promise of this quantum sensing
technology in the hunt for dark matter, and we hope that it
fuels initiatives in advancing experimental designs of
magnetically levitated setups for astroparticle physics.
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