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Can table-top experiments lead searches?
• Due to climate crisis, my personal goal is less carbon intensive experimentation.
• Bonding with other concerned scientists from other fields made me realize their 

table-top experiments could teach us about particle physics.
• New promising technological path forward for particle physics.



Many new technologies.

Exponential Google Trend: “Quantum Sensing”

Quantum 
Computing

Quantum 
Communication

Quantum 
Materials & 

Devices

Quantum 
Sensing & 
Metrology

• Quantum technologies outpace 
technology development in HEP.

• E.g. quantum sensors even ‘beat’ the 
uncertainty principle (i.e. SQL)

• What can we learn about particle 
physics and cosmology?

• Today’s talk is on European magnetic 
levitation (‘maglev’) technologies.
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• Test mass: three Nd2Fe14B magnetic 
cubes with glass ball (mp ≲ mg)
• Levitated over cooled 

superconducting tantalum (T ≲ 1 K)
• A force Fp can push the levitated 

particle around
• Force sensitivity: SFF ~ 10-16 N Hz-1/2

D. Amaral, D. Uitenbroek, T. Oosterkamp, CT 2409.03814 PRL

Maglev
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Many places dark matter can be.
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Ultralight dark photons
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Abstract: (Ultra)light spin-1 particles—dark photons—can constitute all of dark matter

(DM) and have beyond Standard Model couplings. This can lead to a coherent, oscillatory

signature in terrestrial detectors that depends on the coupling strength. We provide a

signal analysis and statistical framework for inferring the properties of such DM by taking

into account (i) the stochastic and (ii) the vector nature of the underlying field, along

with (iii) the e↵ects due to the Earth’s rotation. Owing to equipartition, on time scales

shorter than the coherence time the DM field vector typically traces out a fixed ellipse.

Taking this ellipse and the rotation of the Earth into account, we highlight a distinctive

three-peak signal in Fourier space that can be used to constrain DM coupling strengths.

Accounting for all three peaks, we derive latitude-independent constraints on such DM

couplings, unlike those stemming from single-peak studies. We apply our framework to the

search for ultralight B �L DM using optomechanical sensors, demonstrating the ability to

delve into previously unprobed regions of this DM candidate’s parameter space.ar
X

iv
:2

40
3.

02
38

1v
3 

 [h
ep

-p
h]

  2
6 

Ju
n 

20
24

2

Within a de Broglie volume, these DM waves os-
cillate coherently at their Compton angular frequency
!DM ⌘ 2⇡fDM = mDMc2/~, with a small frequency
spread of �! ' (v2

0
/c2)!DM ⇠ 10�6!DM between vol-

umes. These define coherent regions that travel at an
average velocity of v0, with coherence maintained over
the timescale ⌧coh ⌘ �dB/v0 = h/(mDMv2

0
) ⇡ 21 h for

a DM mass of 10�13 eV/c2. 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]

A(t) =
~

mDMc2

r
2⇢DM

3"0

X

i

↵i cos(!DMt + 'i) êi , (1)

where "0 is the permittivity of free space, and the sum
runs over the three components of the field, i 2 {x, y, z}.
The parameters ↵i and 'i respectively control the am-
plitudes 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, 69–71].

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, L � �gB�Ljµ

B�LAµ, where gB�L is the
gauge coupling strength, jµ

B�L in the new interaction
four-current, and Aµ is the dark matter four-field [68].
For non-relativistic ULDM, the electric field dominates
and results in a new Lorentz force, F (t).

Our experiment consists of a magnetically levitated
particle suspended within a superconducting trap, illus-
trated in Fig. 1 and described in detail below. We ob-
serve the motion of the particle for a time Tobs, record-
ing it along a single sensitivity axis ⇣ via a supercon-
ducting pick-up coil. This makes the relevant force
FDM(t) ⌘ ⇣ · 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 experi-
ment is most sensitive along the zenith; we thus align ⇣
in this direction. Using all three translational 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

F p
DM

(t) ' F [↵x cos � cos � cos(!DMt + 'x)

+ ↵y cos � sin � cos(!DMt + 'y)

+ ↵z sin � cos(!DMt + 'z)] ,

(2)

where we have defined the force scale

F ⌘ gB�L

✓
Rp � !2

0

!2

DM

Rt

◆
mpa0 , (3)

FIG. 1: Schematic of the experimental setup inside the
dilution refrigerator. Shown are the plates of the cryo-
stat, the multi-stage mass-spring system used to shield
against external vibrations, and the holder for the trap
and magnet. The inset shows the superconducting trap
containing the magnet. The e↵ect of the B-field can
be modelled by an image dipole. The oscillatory force
imparted by the ULDM field, F p

DM
(t), is also indicated.

The black arrows illustrate the coupling of the flux of the
moving particle to the pick-up coil. Further details and
photographs of the setup can be found in Ref. [59].

with Rp and Rt the averaged neutron-to-atomic-weight
ratios of the particle and trap, respectively, !0 the res-
onance angular frequency of the particle, mp the total
mass of the particle, and a0 ⇡ 2.12 ⇥ 1011 m s�2 a char-
acteristic acceleration imparted by the ULDM field [68].

We perform inferences in Fourier space by analyz-
ing the force power spectral density (PSD). The PSD
will contain the power delivered to our setup by exter-
nal sources, as well as that supplied by a ULDM sig-
nal. When observing for less than a day, the signal is a
monochromatic peak in the PSD within the bin contain-
ing the Compton frequency. The quantity of interest for
our inferencing is the excess power at that frequency, de-
fined as the value of the PSD normalized by the expected
noise, SFF , within that bin. The excess power is propor-
tional to the square of the dimensionless parameter [68]

 ⌘

s
F2Tobs

2SFF
, (4)

By measuring the force PSD and fitting to our expected
noise level, we perform inferences on  and map these
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Ultralight Dark Matter: The Cosmic Ocean

• In the ultralight regime, dark matter occupation number is macroscopic

N = nDM�3dB ⇠ 1058
✓10�13 eV

mDM

◆4

• This allows us to treat bosonic dark matter as wave-like

• Entire universe host to an ocean of dark matter

• We should see ripples of constructive and destructive interference
throughout the cosmos!

Dorian Amaral 7 / 35

• For ultralight, occupation 
number macroscopic
• Bosonic polarized wave
• Joint theory project for signal 

model:
• Model polarized field
• Formalism for direct detection 

(including polarization)

• The scale of force on test mass 
is:



• Developed first statistical and 
analysis pipeline, connecting 
theorists and experimentalists 
(details in paper) 
• Why an exciting PRL:

• First time using data
• Not so far from torsion balances 

given:
• Experiment not tuned for this 

measurement (giant spinning 
wheel!)

• Only 4 hours of data

• We now have machinery to 
improve things
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First Search for Ultralight Dark Matter Using a Magnetically Levitated Particle

Dorian W. P. Amaral�,1, ⇤ Dennis G. Uitenbroek�,2 Tjerk H. Oosterkamp�,2 and Christopher D. Tunnell�1

1Department of Physics and Astronomy, Rice University, MS-315, Houston, TX, 77005, U.S.A.
2Leiden Institute of Physics, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands.

We perform the first search for ultralight dark matter using a magnetically levitated particle. A
sub-millimeter permanent magnet is levitated in a superconducting trap with a measured force
sensitivity of 0.2 fN/

p
Hz. We find no evidence of a signal and derive limits on dark matter coupled

to the di↵erence between baryon and lepton number, B � L, in the mass range (1.10360–1.10485) ⇥
10�13 eV/c2. Our most stringent limit on the coupling strength is gB�L . 2.98⇥10�21. 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.

Introduction.—Dark matter (DM) dominates the mat-
ter content of our Universe. Yet, we know remarkably
little about its fundamental nature. Except for the fact
that it must interact gravitationally, important proper-
ties such as its mass, spin, and other potential interac-
tions remain largely a mystery [1–3]. Astrophysical ob-
servations suggest that its mass can lie anywhere in the
range of 10�19 eV/c2 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 mat-
ter, which has been gaining considerable attention [6, 7].

In this regime, ultralight dark matter (ULDM) parti-
cles must be bosonic to reconcile the observed dark mat-
ter density. A consequence of this is that these particles
exhibit wavelike behavior, leading to interference regions
throughout the cosmos. Popular ultralight candidates in-
clude the QCD axion [8–10], axion-like 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 produc-
tion mechanisms 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 dif-
ferent from that of electromagnetism. In this work, we
take this to be the di↵erence 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 non-zero 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 pro-
jected sensitivities. Limits have been set by fifth-force
experiments, such as MICROSCOPE [38–41] and Eöt-
Wash [42, 43], and gravitational wave interferometers,
such as LIGO/Virgo [44] and KAGRA [45], among other
experiments. 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 ob-
jects via magnetic Meissner levitation [55–58]. Levi-
tated magnets are excellent force and acceleration sen-
sors [59, 60], making them ideal for detecting the minus-
cule signatures expected from ultralight dark matter [61–
64]. The low temperatures involved in these setups pro-
vide 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 pro-
pose the POLONAISE (Probing Oscillations using Lev-
itated Objects for Novel Accelerometry In Searches of
Exotic physics) experiment. We analyze data from the
setup initially described in Ref. [59] for tests of small-
scale gravity, employing a sub-millimetre-sized magneti-
cally levitated particle. Using a likelihood-led treatment
to perform our inferencing, we account for the inherent
stochasticity in the ULDM field. We motivate short-,
medium-, and long-term upgrades to propose POLON-
AISE, which will allow us to achieve leading sensitivity
to ULDM and highlight the advancements in quantum
metrology necessary for a world-leading DM experiment.

Ultralight vector dark matter.—Ultralight vector dark
matter consists of spin-1 bosons with masses mDM be-
tween 10�19 eV/c2 to 2 eV/c2 [13]. To compose all of the
local dark matter density, ⇢DM ⇡ 0.4 GeV/c2 cm�3 [65,
66], their small mass results in a macroscopic number
of particles within a de Broglie volume, �3

dB
. Assum-

ing virialization and taking the local circular velocity
to be v0 ⇡ 220 km s�1 [67], we have a total of NdB ⇠
(⇢DM/mDM)(h/mDMv0)3 ⇠ 1058 particles for a DM mass
of 10�13 eV/c2. Consequently, DM particles within the
halo behave more as classical waves than particles.



POLONAISE experiment
Probing Oscillations using Levitated Objects for 
Novel Accelerometry In Search of Exotic-physics
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FIG. 3: The 90% confidence level limits on the gauge cou-
pling strength gB�L with dark matter mass mDM (bot-
tom axis) and Compton frequency fDM (top axis). Shown
is the data-driven limit derived from the measurements
presented in Fig. 2, as well as the median limit and 1�/2�
bands derived from our Monte Carlo analysis [68]. Also
shown are the existing limits from the Eöt-Wash [42, 43]
and MICROSCOPE [40, 41] experiments.

We place 90% confidence level (CL) limits on gB�L

using a similar procedure, but taking the signal hypoth-
esis as our null hypothesis. To assess whether our limit
is consistent with the background model, we derive the
expected median limit and 1�/ 2� limit bands from
our setup by simulating background-only pseudodata.
We find med

lim
⇡ 3.85, with 1� and 2� bands given by

1�
lim

2 [2.01, 6.47] and 2�
lim

2 [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 excel-
lent agreement between the results from our MC analysis
and our derived limit, which closely follows the median
limit and lies well within the 2� band. Our best con-
straint is gB�L . 2.98 ⇥ 10�21, occurring at the DM
mass mDM ⇡ 1.1042 ⇥ 10�13 eV/c2 (Compton frequency
fDM ⇡ 26.6995 Hz). This limit is not as stringent as those
set by the fifth-force Eöt-Wash [42, 43] and MICRO-
SCOPE [40, 41] experiments, falling at gB�L . 10�23

and gB�L . 2 ⇥ 10�25, respectively.

Our limit is the first data-driven constraint on ultra-
light 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 o↵er
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.

Short Medium Long

T [mK] 20 20 2

mp [mg] 0.43 430 430

nSQ [~] 103 102 101

p
SFF [N/

p
Hz] 10�19f1/2

0 10�18f1/2
0 10�19f1/2

0

�fopt [mHz] 3.4 3.4 0.34

Q 108 109 1010

|Rp � Rt| 0.039 0.039 0.213

Np 1 10 100

TABLE I: The short-, medium-, and long-term up-
grades for POLONAISE. Shown are the cooling tem-
perature (T ), the mass of the levitated particle (mp),
the SQUID energy resolution (nSQ), the total root force
PSD (

p
SFF ), the bandwidth that optimizes the expected

force noise (�fopt), the quality factor (Q), the di↵erence
between the neutron-to-atomic-weight ratios of the levi-
tated particle and trap (|Rp � Rt|), and the number of
levitated particles employed (Np). At each resonance fre-
quency, f0, the measurement time is Tobs = 4.05⇥105/f0.

Future Prospects.—We propose the first optimiza-
tion of a magnetically-levitated setup to achieve lead-
ing ULDM sensitivities with POLONAISE. Our key im-
provement is adding a second coil to control the resonant
frequency, allowing us to probe a wider DM mass window.
To maximize sensitivity, we aim to reduce force noise, use
heavier levitated masses, and increase the neutron-to-
atomic-weight ratio di↵erence between the particle and
trap. We plan to perform a two-year-long resonant scan
with short-, medium-, and long-term upgrades as summa-
rized in Table I. We estimate these upgrades will take 3,
5, and 10 years, respectively. Details on our choices and
their impact on our sensitivity can be found in Ref. [68].

At each resonance frequency, f0, we will measure for
4.05 ⇥ 105 Compton cycles to ensure coherence, giv-
ing Tobs = 4.05 ⇥ 105/f0. We will match our fre-
quency steps to the optimal bandwidth, �fopt, that max-
imizes our sensitivity while minimizing noise by tuning
the SQUID coupling to have equal backaction and ther-
mal noise. Cooling will reach 20 mK (short/medium-
term) and 2 mK (long-term) using nuclear demagneti-
zation [72]. We will improve the quality factor by us-
ing insulating magnets to reduce Eddy current damp-
ing [73] and improve SQUID energy resolution with al-
ternating current readouts [74]. Avoiding interference
in the SQUID readout will reduce nSQ by factors of 10
(short-term) and 100-1000 (medium/long-term) with ra-
dio frequency readouts [58]. We will parallelize our scan
by using multiple levitated particles monitored by a sin-
gle SQUID, which can read out multiple pick-up coils in

POLONAISE 2409.03814 PRL
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• Two years of data taking
• Synergy Einstein Telescope R&D



We made it to the summary plot
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Many places dark matter can be.
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Planck-scale dark matter
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Juehang Qin ,1, 2, ⇤ Dorian W. P. Amaral ,1 Sunil A. Bhave ,3, 2 Erqian Cai ,1

Daniel Carney ,4 Rafael F. Lang ,5, 2 Shengchao Li ,5, † Alberto M. Marino ,6, 2

Claire Marvinney ,6, 2, ‡ Jared R. Newton ,5, 2 Jacob M. Taylor ,7, 8 and Christopher Tunnell 9, 1

1Department of Physics and Astronomy, Rice University, Houston, TX 77005, USA
2Quantum Science Center, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

3OxideMEMS Lab, Elmore Family School of Electrical and Computer
Engineering, Purdue University, West Lafayette, IN 47907, USA

4Physics Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720-8153, USA
5Department of Physics and Astronomy, Purdue University, West Lafayette, IN 47907, USA
6Quantum Information Science Section, Computational Sciences and Engineering Division,
Oak Ridge National Laboratory, One Bethel Valley Road, Oak Ridge, TN 37831, USA

7Joint Quantum Institute, National Institute of Standards and Technology, College Park, MD 20742
8Joint Center for Quantum Information and Computer Science, University of Maryland, College Park, MD 20742

9Department of Computer Science, Rice University, Houston, TX 77005, USA
(Dated: March 26, 2025)

Dark matter candidates with masses around the Planck-scale are theoretically well-motivated,
and it has been suggested that it might be possible to search for dark matter solely via gravitational
interactions in this mass range. In this work, we explore the pathway towards searching for dark
matter candidates with masses around the Planck-scale using mechanical sensors while considering
realistic experimental constraints, and develop analysis techniques needed to conduct such searches.
These dark matter particles are expected to leave tracks as their signature in mechanical sensor
arrays, and we show that we can e↵ectively search for such tracks using statistical approaches to
track-finding. We analyze a range of possible experimental setups and compute sensitivity projec-
tions for searches for ultraheavy dark matter coupling to the Standard Model via long-range forces.
We find that while a search for Planck-scale dark matter purely via gravitational couplings would
be exceedingly di�cult, requiring ⇠ 80 dB of quantum noise reduction with a 1003 array of devices,
there is a wide range of currently unexplored dark matter candidates which can be searched for with
already existing or near-term experimental platforms.

I. INTRODUCTION

There is a large body of evidence supporting the exis-
tence of dark matter, but its fundamental nature remains
largely unknown [1]. Dark matter candidates remain di-
verse, with an approximate allowed mass range spanning
10�22 eV to 5M� [1]. To search for dark matter across
such a large parameter space, various experimental ap-
proaches have been applied across the direct detection
community. These include liquid noble element detec-
tors [2–6], bubble chambers [7, 8], and magnetically lev-
itated sensors [9], among others. One region of param-
eter space that has been the focus of many dedicated
searches is the ultraheavy dark matter region, constitut-
ing particles of masses around or below the Planck mass,
mPl =

p
~c/G ⇠ 1019 GeV ⇠ 20µg [3, 5, 10, 11].

For Planck-scale dark matter, we expect a particle flux
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of

�� =
⇢�

m�
v0 ' 0.2/ yr /m2

✓
mPl

m�

◆
, (1)

where we have used ⇢� ⇡ 0.3GeV cm�3 and v0 ⇡
238 km s�1 [12]. This implies that the Planck mass is
an approximate upper bound for the masses that can
be probed by metre-scale experiments [13]. The region
of mass parameter space around and below the Planck
mass is also theoretically well-motivated [14]. This re-
gion includes Planck-mass relics from black hole evap-
oration [15–17], WIMPZillas [18–21], asymmetric dark
matter nuggets [22, 23], and Q-balls [24, 25], among oth-
ers [14, 26–28]. Many of these theories also involve ad-
ditional forces; as such, searches with sensitivities that
cannot reach the gravitational coupling strength are still
valuable tests of theories of dark matter.
Mechanical sensor arrays are a good candidate when

searching for Planck-scale dark matter via non-contact
interactions because it is feasible to build metre-scale ar-
rays of sensors to capture necessary statistics despite the
low flux, and because the detection threshold for a me-
chanical sensor applies to the momentum transferred to
a bulk test mass, unlike in scintillation detectors where
the threshold applies to microscopic volumes within the
detector. This greater sensitivity to non-contact forces
makes such mechanical sensor arrays complementary to
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TABLE I. Parameters for di↵erent sensor array configurations.

Parameter Near-term MEMS Near-term maglev Future milestone

Mechanical quality factor Qm 107 107 1010

Resonance frequency !m 20 kHz 1Hz 20mHz
Sensor mass ms 20mg 100mg 100 g
Sensor density 3.2⇥ 103 kg/m3 1.13⇥ 104 kg/m3 1.13⇥ 104 kg/m3

Temperature T 15mK 15mK 15mK
Quantum noise reduction ⇠ 10 dB 0 dB 15 dB
Sensor count 10⇥ 10⇥ 2 2⇥ 2⇥ 1 20⇥ 20⇥ 20
Sensor array size 0.1m 0.6m 2m
Exposure 1 year 1 year 5 years

FIG. 5. The coupling strength (↵) where the probability of a
dark matter track above threshold exceeds 90%, as a function
of the amount of quantum noise reduction (⇠). The strength
of the gravitational coupling for lead is indicated by the dark
green dashed line. In addition, the expected scaling when
quantum noise dominates is shown by the maroon dotted line.
This corresponds to ↵ / 1/

p
⇠, as can be seen from the sec-

ond term in Eq. (14). Above ⇠ 90 dB, we can see that the
sensitivity is flat because thermal noise becomes dominant.
The amount of quantum noise reduction needed to reach this
thermally-limited regime from [27] is shown by the vertical
dot-dashed lines; the discrepancy is discussed in the text.

with larger masses, consistent, for example, with findings
of improved quantum noise reduction [52]. While this
could be a matter of increasing the size of the array, if
instead we fix the array size, we find that the relevant pa-
rameters from prior work for detection push us out of the
optimal sensing window as described by Eqn. 14. In [27],
quantum noise is computed as �I

2
SQL = ~m!, where !

is the resonance frequency of the mechanical oscillator.
The issue is that while this is true if ⌧ � 1

! , when the
measurement time is close to or shorter than 1

! , this ap-
proximation does not hold. As the characteristic time of
our impulses is ⇠ b

v , where b is the impact parameter and
v is the particle dark matter velocity, we expect measure-
ment times to be . 1m

200 km/s = 5⇥10�6 s for a metre-scale

experiment. We thus instead use the uncertainty given
by Eq. (12), where the characteristic frequency is 1/⌧ .
As the resonance frequency is much lower than the op-
timal sampling frequency, this significantly increases the
computed measurement noise arising from quantum un-
certainty. We can see from Fig. 5 that the sensitivity
indeed scales as expected from this regime.

FIG. 6. The coupling strength (↵) where the probability of a
dark matter track above threshold exceeds 90%, as a function
of the number of sensors per side. The strength of the gravi-
tational coupling is indicated by the dark green dashed line.

We are not aware of any path towards an experimen-
tal realisation of ⇠ 80 dB of quantum noise reduction;
in addition, the setup involves a total levitated mass of
1003⇥600 gram = 600 tonnes. As such, we view the grav-
itational coupling strength as a long-term goal that we
should re-evaluate if new technologies change the feasi-
bility of such an experimental setup, and not a concrete
near-to-medium term goal.
We can also consider the scaling of the sensitivity with

array sensor count, while keeping the other parameters
including the spacing between adjacent sensors constant
and using 80 dB of quantum noise reduction. The scal-
ing with array sensor count is shown in Fig. 6. We can
see that large increases in the size of a sensor array are
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Non-Newtonian Gravity

• What if there exists a fifth force that couples
similarly to gravity?

• Predicted deviations from Newtonian gravity
at . 1mm scales

• Yukawa-like force described by potential:

U(r;↵,�) ⌘ �
G1msmp

r
�
1+ ↵

"
Coupling

e�r/
Length Scale

#
�
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We want to source this fifth force in an
experimentally controllable way
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The MORRIS Experiment:

Magnetic Levitation as a New Probe of Non-Newtonian Gravity

Dorian W. P. Amaral�,1, ⇤ Tim M. Fuchs�,2 Hendrik Ulbricht�,2 and Christopher D. Tunnell�1

1Department of Physics and Astronomy, Rice University, MS-315, Houston, TX, 77005, U.S.A.
2School of Physics and Astronomy, University of Southampton, SO17 1BJ, Southampton, UK

We present MORRIS (Magnetic Oscillatory Resonator for Rare-Interaction Studies) and propose the
first tabletop search for non-Newtonian gravity due to a Yukawa-like fifth force using a magnetically
levitated particle. Our experiment comprises a levitated sub-millimeter magnet in a superconducting
trap that is driven by a time-periodic source. Featuring short-, medium-, and long-term stages,
MORRIS will admit increasing sensitivities to the force coupling strength ↵, optimally probing
screening lengths of � ⇠ 1 mm. Our short-term setup provides a proof-of-principle study, with
our medium- and long-term stages respectively constraining ↵ . 10�4 and ↵ . 10�5, leading over
existing bounds. Our projections are readily recastable to concrete models predicting the existence
of fifth forces, and our statistical analysis is generally applicable to well-characterized sinusoidal
driving forces. By leveraging ultralow dissipation and heavy test masses, MORRIS opens a new
window onto tests of small-scale gravity and searches for physics beyond the Standard Model.

Introduction.—Despite its success at astrophysical
scales, the theory of general relativity remains irrecon-
cilable with quantum mechanics, and no theory of quan-
tum gravity has emerged [1, 2]. Precision tests of gravity
at millimeter scales and below o↵er a promising window
onto its potential quantum nature. Observed deviations
from the Newtonian prediction—the non-relativistic limit
of general relativity—would signal a departure from clas-
sical gravity and hint at novel physics beyond the Stan-
dard Model [3–5]. These could manifest as violations of
the inverse-square law (ISL) and shifts in the expected
gravitational interaction strength.

Many beyond Standard Model scenarios lead to mod-
ifications of gravity at O(1 mm) scales [3, 6]. For in-
stance, string theory introduces extra spatial dimensions
at these scales, with superstring theory predicting the
presence of light moduli fields, both of which result in de-
viations from Newtonian gravity [7–9]. Meanwhile, incor-
porating additional gauge symmetries into the Standard
Model can result in new massive mediators that propa-
gate Yukawa-like fifth forces [10]. Laboratory searches for
millimeter-scale Yukawa forces have primarily employed
torsion balances and pendula [11–13], with levitated se-
tups utilizing optically suspended microspheres that have
pushed sensitivities into the micron regime [14, 15]. How-
ever, magnetic levitation strategies are yet to be ex-
ploited in the search for a generic fifth force [16, 17].

Magnetic levitation setups o↵er ultralow mechani-
cal dissipation with high quality factors (Q & 106)
and the ability to suspend millimeter-scale magnets.
This makes them excellent force and acceleration sen-
sors [18–22], with sensitivities reaching values as low as
10�16 N Hz�1/2, allowing them to detect purely gravita-
tional interactions [23]. Unlike optical or electrostatic
traps, magnetic levitation relies on passive Meissner re-
pulsion to levitate heavy test masses, introducing virtu-
ally no active-feedback noise and boosting the signal for
forces that couple proportionally to mass. These features

make this technology a powerful choice for probing small
deviations from Newtonian gravity and the signals pre-
dicted by many beyond Standard Model theories.

Despite its promise, magnetic levitation technology
is only now being employed in tests of fundamental
physics [24, 25]. Levitated magnets have recently been
shown to be a leading option in the search for ultra-
light [26–29] and ultraheavy [30] dark matter, as well
as for high-frequency gravitational waves [31]. At the
interface of quantum theory and gravity, proposals have
also been put forward to search for macroscopic super-
position states [25] and to test MOND-like modifications
of gravity [32, 33]. However, unlike MOND, a generic
Yukawa-type parameterization makes no assumption on
the acceleration scale at which new physics enters, pro-
viding a continuous framework for uncovering deviations
from Newtonian gravity across all scales.

In this Letter, we introduce MORRIS (Magnetic Oscil-
latory Resonator for Rare-Interaction Studies) and eval-
uate the sensitivity of the state-of-the-art and beyond
in magnetic levitation to non-Newtonian gravity due
to an additional Yukawa potential. Our proposal em-
ploys a sub-millimeter magnetic particle trapped via the
Meissner e↵ect and driven by a time-periodic source.
We develop three experimental stages (short-, medium-,
and long-term configurations) and use a likelihood-based
approach to project our sensitivities to the coupling
strength ↵ over screening length �. By comparing our
projections to existing fifth force searches, we demon-
strate that MORRIS will be able to uniquely test small-
scale gravity and provide broad access to physics beyond
the Standard Model.

Fifth Forces.—A Yukawa potential can be generically
parameterized by a dimensionless strength parameter ↵
and a screening length �. The strength parameter can
be positive or negative, leading to either an attractive
or a repulsive interaction. Including gravity, the relevant
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What to remember

• Magnetic levitation offers force sensing at the quantum frontier
• New detector technology informs particle physics:

• Ultralight: made analysis pipeline for the first analysis with data
• Projected leading sensitives [10-12, 10-13] eV

• Heavy: appears competitive near Planck scale compared to our previous LXe results
• Gravity: we working with gravity experiments to interpret their soon leading data in 

particle physics frameworks
• Want more beyond papers?

• Workshop: Planning workshop, email me tunnell@rice.edu or 
talk to me after if interested.

• Seminars: Temporarily based in Netherlands.
• Impatient?: Please talk today with me over food and/or drinks.
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