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We report on a search for non-Newtonian forces that couple to mass, with a characteristic scale of
∼10 μm, using an optically levitated microsphere as a precision force sensor. A silica microsphere trapped
in an upward-propagating, single-beam, optical tweezer is utilized to probe for interactions sourced from a
nanofabricated attractor mass with a density modulation brought into close proximity to the microsphere
and driven along the axis of periodic density in order to excite an oscillating response. We obtain a force
sensitivity of ≲10−16 N=

ffiffiffiffiffiffi
Hz

p
. Separately searching for attractive and repulsive forces results in the

constraint on a new Yukawa interaction of jαj ≳ 108 for λ > 10 μm. This is the first test of the inverse-
square law using an optically levitated test mass of dimensions comparable to λ, a complementary method
subject to a different set of systematic effects compared to more established techniques.
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I. INTRODUCTION

Among fundamental interactions, gravity has the dis-
tinction of simultaneously being the most apparent and yet
the least understood. From the theoretical point of view,
the universal law of gravitation [1] and general relativity
[2] have been successful in describing interactions at
macroscopic scale. However, unlike other fundamental
interactions such as electromagnetism, empirical knowl-
edge of gravity at submillimeter scale is rather rudimen-
tary. At the same time, connections between gravitation
and quantum mechanics are still obscure, yet much of
theoretical physics has been driven by the assumption that
gravity remains unmodified all the way down to the
Planck scale. Modifications of gravity in such a large
and poorly-constrained region of parameter space could
guide us toward solutions of outstanding theoretical
quandaries such as the hierarchy problem, the dark matter

puzzle, and the unification of gravity with the Standard
Model of particle physics [3–10].
It is customary to modify the inverse square law (ISL) of

Newtonian gravity by introducing an additional Yukawa
potential with a length scale λ. The resulting potential
between two point masses can be written as

VðrÞ ¼ −G∞
M1M2

r
ð1þ αe−r=λÞ; ð1Þ

withG∞ the Newtonian constant of gravitation,M1 andM2

the gravitating masses, r their distance, and α the relative
magnitude of the new interaction. α can be either positive or
negative and may depend on properties such as mass or
baryon number [5].
Traditionally, gravitational interactions have been exper-

imentally investigated using sophisticated torsion balances
[11] which establish some of the most stringent bounds on
deviation from the ISL at submillimeter scale [5,12–16].
Alternative techniques have been developed using nano
technology to mount test masses at the ends of microcanti-
levers [17–19]. Generally, all measurements within this field
are limited by systematic effects, such as the reliability and
reproducibility (or lack thereof) in the positioning and
alignment of the macroscopic objects involved, especially
given the small separations required for competitive mea-
surements. Hence, experimental progress calls for new
techniques with different attributes and systematics that
may eventually contribute to robust discoveries.
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In the present work, we describe the first investigation of
the ISL in the 1 < λ < 100 μm range using an optical
tweezer in vacuum, where radiation pressure is used to
counter the Earth’s gravity and to provide the restoring force
against which the interaction is compared. As first discussed
in [20], the motion of an optically levitated silica micro-
sphere [21,22] (MS) is studied to infer its coupling with an
attractor system (AS) in which regions of different mass
density are alternated on a microscopic scale. To our
knowledge, this is the search using the smallest objects to
both source and sense a new interaction or modified gravity.
So far, experiments probing the micrometer regime have
been mainly conducted with greater separations between the
source and the test mass, and/or using substantially larger
test and source masses. In this study, the separation between
MS and AS, the scale of the test mass, and the AS density
modulation, are all matched to the length scale λ of the
interaction. This results in measurements with broader
applicability, including to non-Newtonian potentials that
cannot be described by the form in Eq. (1).
The MS, acting as a force sensor, is isolated from the

environment so that its center of mass motion can be
reduced to very low effective temperatures [23] in an
otherwise room temperature setup. The charge state of
the MS can be controlled with exceptional accuracy [24] to
provide an empirical force calibration and, during ISL test
measurements, ensure overall neutrality. Directly measur-
ing the force vector on the MS [25] provides more
dimensions to understand backgrounds and provides sen-
sitivity to the sign of α, in contrast to experiments only
sensitive to a deviation from jαj ¼ 0 [17–19]. Finally, many
methods developed in quantum optics can be applied to this
technique in the future, with the potential for substantial
advances in an all important problem of experimental
physics.

II. THE EXPERIMENT

The overall apparatus layout, MS trapping, force cali-
bration, charge neutralization, metrology, and the force
sensitivity achieved, are described in detail in Ref. [26].
Briefly, the central part of the system (shown in Fig. 1) is a
7.56� 0.19 μm diameter silica MS [27] trapped in an
upward-propagating, single-beam optical tweezer, formed
by 1064 nm light focused down to a waist size of 3.2 μm by
an off-axis parabolic mirror with a focal length of 5 cm. The
mass and density of the MS are estimated to be m ¼
414� 15 pg and ρ ¼ 1.83� 0.15 g=cm3 from a combi-
nation of measurements in situ for another MS from the
same batch, following the method in Ref. [28], and
manufacturer’s specifications [27].
The x and y positions of the MS are measured by

interfering the recollimated forward-scattered light with a
reference wavefront and projecting the result onto a
quadrant photodiode (QPD). The z position of the MS
is measured by interfering the light retroreflected by the
MS with another reference wavefront, whereby motion
along z produces a change in the path length and thus in
the phase of the retroreflected light. Both interference
measurements make use of heterodyne detection, in which
the reference wavefronts are frequency-shifted by
−125 kHz relative to the trapping beam. The photocurrent
signals are then amplified, digitized, and digitally
demodulated. The resulting measurements of the x, y,
and z degrees of freedom are used both for real-time
feedback control and offline analysis.
The trapping region is surrounded by six identical

electrodes resulting in a cubic cavity in which the MS is
shielded from external electric fields. The electrodes have
holes for optical and mechanical access from six directions,
and they can be individually biased to control translational
and rotational degrees of freedom of the MS. This feature is
used to calibrate the force sensitivity of the system by
adding a well-defined charge to the MS and driving its
motion with AC fields applied to the three pairs of opposite
electrodes [24–26,29,30]. These manipulations are gener-
ally done with the AS and shield in their retracted position,
so that the applied electric field at the MS location is well
understood and approximately uniform.
Prior to the ISL measurements, the neutral MS is driven

to rotate at 6 kHz, by coupling a rotating electric field to the
permanent electric dipole moment in the MS [31,32]. This
results in a lower and more consistent force noise. At the
4 × 10−7 mbar vacuum employed here, the MS’s angular
velocity decays exponentially with a time constant > 8
hours [32] in the absence of a driving field and while ISL
measurements are performed. The natural oscillation fre-
quency of the trapped MS is ∼380 Hz for both x and y,
while feedback in the z direction results in a similar
trapping frequency (cf. the optical spring constant without
the feedback in the z direction corresponds to ∼30 Hz).
Slow drifts in the z position, which may be attributed to

(a) (b)

(c)

FIG. 1. (a) Central portion of the experimental setup: a MS is
trapped in an optical tweezer. A stationary shield centered about
the trapped MS, with the closest surface within a few microns of
the MS, and the AS is behind it. (b) Scanning electron microscope
(SEM) image of the AS. The dark (bright) regions correspond to
silicon (gold). (c) SEM image of the shield, viewed at a 40° angle
to highlight the three-dimensional structure, with the vertical wall
to the left.
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changes in the optical path, are corrected at ∼10 s intervals
by an auxiliary measurement performed using a camera-
based microscope installed at a side-view port.
The AS (Fig. 1(b)) is a cantilever device, nanofabricated

in silicon and measuring 500 μm × 475 μm × 9 μm in the
x, y, z directions, and supported by a thick silicon handle
[33]. The front portion of the AS, closest to the trappedMS,
is patterned with nine rectangular trenches filled with gold,
regularly spaced along the y-axis with a pitch of 50 μm,
measuring 25ð100Þ μm in the y ðxÞ direction to create the
required density modulation.
Although the AS is coated with 150 nm of gold over a

50 nm titanium adhesion layer, a separate shield is
employed to further reduce both scattered light and
electrostatic backgrounds. The shield (Fig. 1(c)) is also
nanofabricated in silicon, to obtain an L-shaped cross-
section in the x–z plane. The horizontal plane of this device
is 350 μm × 1000 μm × 3 μm in the x, y, z directions, and
the vertical wall nearest to the trap is 22 μm tall (z) and
∼2 μm thick ðxÞ. The shield, also sputter-coated with
150 nm gold over 50 nm titanium, is maintained stationary
during a measurement, while the AS scans along the y
direction with reciprocating motion. This arrangement is
designed to reduce the background from electric field
gradients, originating from both a contact potential and
patch potentials of the surface of the AS [25,34], as it scans
in front of the MS. Additionally, the shield reduces back-
grounds due to modulations of the halo of the trapping
beam or other stray light, which mimic minute shifts in the
centroid of light on the QPD.
With all devices in position as in Fig. 1 and the apparatus

calibrated as described, the AS undergoes harmonic recip-
rocating motion with a frequency of 3 Hz and a peak-
to-peak amplitude of 202 μm along the y direction,
corresponding to ∼4 full periods of the density modulation.
During a 10 s long measurement, the motion of the MS, the
position of the AS in three dimensions, as well as various
power-monitoring photodiodes, and feedback monitors, are
synchronously digitized at 5 kHz and stored in a single
binary file with timestamps. Environmental variables such
as temperature and atmospheric pressure are sampled at a
lower rate stored separately. A total integration of 105 s is
obtained by repeating such 10s measurements 104 times.

III. ANALYSIS

A. The data sample

For the 7.56 μm silica MSs used here, a force sensitivity
of ≤ 1 × 10−16 N=

ffiffiffiffiffiffi
Hz

p
in the 1 Hz to ∼50 Hz frequency

range is achieved [26]. For neutral MSs, this performance
is also observed when both AS and the shield are in close
proximity, as shown by a typical force amplitude spectral
density displayed in Fig. 2, with the closest shield surface
at 11 μm from the center of the MS. The observed baseline
noise is of a statistical nature, and can be integrated for

multiple days without encountering an irreducible floor.
The 105 s data set used here was collected with one MS.
The distance between the center of the MS and the front
surface of the AS in the x direction is 13.9 μm, and the
offset between the center of the MS and the center of the AS
is 4.9 ð−15.7Þ μm in the y (z) direction. The uncertainties
and drifts of these parameters over the entire run are about
�1 μm or less and are specifically shown in Table I.
Although the expected sensitivity for this exposure at the
noise limit corresponds to α ≈ 1 × 107 for λ ¼ 10 μm, the
actual sensitivity is limited by backgrounds, which mani-
fest when the AS scans. This is illustrated by Fig. 2, as there
are specific frequencies at which a response well above the
noise results from the scanning of the AS.

B. Backgrounds

Backgrounds can originate from several sources.
Interactions between electric field gradients induced by
the AS and the electric dipole moment of the MS, estimated
to be 102–103e · μm [29,31,32] with e the fundamental
charge, are expected in all directions, with different levels
of attenuation from the shield. In the xy-plane, backgrounds
may also arise from small variations in the halo or stray
light, driven by the scanning motion of the AS. In the
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FIG. 2. Amplitude spectral density of the z component of the
force on a 7.56 μm diameter MS. The black (red) curve shows
actual data with the AS stationary (scanning along y at 3 Hz with
202 μm peak-to-peak amplitude). The blue bars show a com-
parison to an expected MS response produced by the potential
described by Eq. (1) with with α ¼ 1010 and λ ¼ 10 μm. The data
displayed here is the average of 100 distinct 10 s integrations.

TABLE I. List of systematic uncertainties.

Effect ϵ Δϵ Δα=α

Drift of amplitude response 10% 10%
Attractor thickness 1 μm 11%
Phase response ∼0.1 rad 12%
Distances in Y <0.2 μm <3%
Distances in Z <0.9 μm <6%
Distances in X 1.5 μm 30%
MS weight 15 pg 3.5%
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z direction, this background is expected to be substantially
smaller as the shield blocks the AS in the image plane of the
retroreflected photodiode, although couplings between z
and x − y at the 20% level exist. The x − y components of
the background observed at individual frequencies are as
large as 1.5 × 10−15 N, which is equivalent to α ≳ 1011

for λ ¼ 10 μm.
While the three dimensions can eventually be used to

provide a more sensitive measurement, the asymmetry in
the current background levels makes the measurement
along z substantially superior for the present analysis.
By modeling the system with a finite element method, it
was found that a contact potential difference of ∼50 mV
between the AS and the shield can account for backgrounds
in z at the observed order of magnitude. Backgrounds from
patch potentials on the AS are found to be subdominant
because of strong attenuation from the shield.

C. Signal model

In order to conduct a search for non-Newtonian forces that
couple to mass, a signal model is built from mesh calcu-
lations of the force between the AS and MS as a function of
their relative displacement, for various length scales λ. The
signal scales proportionally to α, which is the parameter of
interest in the statistical inference procedure. The model is
sampled by the measured position of the AS during each 10 s
run to generate the expected force on the MS as a function of
time. The MS response is expected to have different
amplitudes at several integer multiples of the fundamental
frequency f0 of the AS motion, as shown Fig. 2.
As some background sources, such as vibration, are

expected to affect mainly the fundamental frequency, we
exclude 3 Hz and use only harmonics which contain an
expected signal stronger than that of 3 Hz. Also excluded are
the 6 Hz, second harmonic, because of a potential back-
ground arising from nonlinearities in the system, and the
30 Hz, tenth harmonic, because of an unidentified large
spectral feature at 29.7 Hz (also present with the AS
stationary). Therefore, the search is performed using the
harmonics at 12, 18, 21, 33, 36, and 39 Hz. In addition to the
amplitude information, the phase of the expected signal
relative to the AS motion is incorporated for all those
harmonics.

D. Statistical procedure

For each harmonic fi, we define the following likelihood
function,

Liðα; λÞ ¼
Y
j

�
1ffiffiffiffiffiffiffiffiffiffiffi
2πσij

p
�

2

exp

�
−½ℜðFij − τiðα; λ;xjÞÞ�2

2σ2ij

−
½ℑðFij − τiðα; λ;xjÞÞ�2

2σ2ij

�
; ð2Þ

where Fij is the value of the single-sided Fourier transform
of the z-force (normalized to units of N=

ffiffiffiffiffiffi
Hz

p
) in the

frequency bin corresponding to fi, τiðα; λ;xjÞ is the value
of the Fourier transform of the expected signal force in the
same frequency bin for a given α and λ and AS displace-
ment xj, σij is the standard deviation of the Gaussian white
noise in the frequency bin for fi, estimated from ten
neighboring sidebands, j indexes the 104, 10 second long
data files, and ℜðÞ and ℑðÞ are the real and imaginary
components of the complex-valued Fourier transforms,
respectively.
Specifically, σij is calculated as follows for a single

harmonic, fi, and continuous integration, j, from the
observed variance of neighboring sidebands fk

σ2ij ¼
1

2Nsb

XNsb

k¼1

½ℜðFkjÞ2 þ ℑðFkjÞ2�; ð3Þ

where Nsb ¼ 10 is the number of sidebands, Fkj is the value
of the Fourier transform of the z-force in the frequency bin
corresponding to the sideband fk, and the factor of 1/2 yields
the expected uncertainty for either the real or imaginary
component independently.
Each Liðα; λÞ can be used individually to provide the

maximum likelihood estimator, α̂i, for each harmonic, as
shown in Fig. 3. It is confirmed that the measured signals
are background like and not due to a novel interaction by
observing that the amplitudes extracted for each selected
harmonic do not exhibit the expected ratio from the signal
as shown in Fig. 2. In addition, the expected time-invariant
behavior is not found in the data.

FIG. 3. The single harmonic maximum likelihood estim
ator (MLE) α̂i for λ ¼ 10 μm as a function of time for
the six harmonics used in the analysis. Each harmonic fi is
evaluated separately taking into account its own phase response
and noise level. Here, each estimation of α̂i comes from 5000 sec-
onds of data. The error bars represent 95% confidence intervals
about the MLEs. The panel to the right shows the MLE for each
harmonic, integrating over the entire data set (note the expanded
vertical scale).
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Due to the different levels of background in different
harmonics, each is treated independently in the statistical
procedure and combined in an approach following [35].
This utilizes the fact that a gravitylike force should be
present in all harmonics, increasing the sensitivity when
backgrounds are correlated differently than the expected
signal.
Since the described experiment is sensitive to the

direction of the force, upper limits can be set separately
on positive and negative values for α. Harmonics with
α̂i > 0 are used to constrain an upper limit on α > 0, while
those with α̂i < 0 constrain α < 0, following the pro-
cedure in [35]. A test statistic for harmonics fi with α̂i > 0
is defined as

qα;i ¼
�

−2 logðLiðα;λÞ
Liðα̂i;λÞÞ α ≥ α̂i

0 α < α̂i
; ð4Þ

where a nearly identical function is defined for harmonics
with α̂i < 0, but with the conditions flipped appropriately
for the change in sign. The final test statistic used to
establish upper limits on alpha is simply the sum over all
harmonics, qα ¼

P
i qα;i, and is profiled independently for

α > 0 and α < 0. For this work, the entire procedure was
completed with three completely independent analysis
frameworks, in order to provide a level of cross validation.
The method introduced above was thoroughly inves-

tigated by injecting artificial software signals on top
of actual experimental noise. Data sets with a total length
of 104 seconds were used, in which the relative positions of
MS and AS are nearly the same as in the primary
measurement, but with no scanning motion and hence
with no signal or background. This was done repeatedly for
a range of both parameters, and an upper limit was
estimated for each unique data set. This process validates
the analysis, quantifying the deviation from Wilks theorem
[35] (and the expected χ2 distribution), and finding the
critical values corresponding to the 95% confidence level
upper limit. In a separate process, constant and time-
varying backgrounds were added together with a simulated
signal, testing various scenarios and demonstrating that the
procedure is robust against undercoverage.

IV. RESULTS

For values ranging from λ ¼ 1 μm to λ ¼ 100 μm the
results are shown in Fig. 4. The proximity of the upper limit
on jαj for both directions implies that the background is of
the same order of magnitude in the most sensitive har-
monics. This provides a degree of robustness against
possible cancellations with backgrounds and signal in
opposite directions, as the expected signals (in terms of
α̂) should be consistent between harmonics. The limit is
constant for λ≳ 10 μm, and degrades exponentially as the

length scale becomes shorter than the separation between
the AS and the MS.
The main systematic uncertainties are summarized in

Table I. The dominant effect is the uncertainty in the
distance between the AS and the MS in the x direction.
Further significant contributions come from uncertainties in
the phase response of the MS as measured in the calibration
procedure, uncertainty about the AS thickness, as well as
drift of the amplitude response. MS properties, distances in
x and y, and alignment stability and accuracy of the AS
movement have been found negligible.
The main limitation of the investigation presented here is

the existence of backgrounds originating from electrostatic
interactions, stray light modulated by the AS motion, and
vibrations of components inside the vacuum chamber. As
mentioned above, the interaction between the MS and an
electric field gradient arising from a contact potential can
be calculated to provide an adequate model for the
electrostatic backgrounds. This model can be constrained
and validated by a three-dimensional scan in which the AS
is placed in different regions around the MS, as in Ref. [25].
The interaction will then be minimized by applying a bias
between shield and AS to null the contact potential. The
stray light background is being investigated with a combi-
nation of measurements and ray tracing analysis, to inform
the design of light baffles, in parallel with the development

FIG. 4. Limit curve in the α − λ parameter space. The region
above and to the right of the red and blue lines indicates the
parameter space excluded by this experiment for positive and
negative α, respectively, with a 95% confidence level. The gray
region shows the parameter space covered by previous searches
[15,17–19]. The background-free sensitivity for this run, using
the current AS-MS separation, noise conditions, and integration
time is shown by dash-dotted orange line. In addition, the
projected sensitivity for the next run, given the improvements
outlined in the text, is shown by the dash-double-dotted purple
line. This assumes a noise floor of 1 × 10−18 N=

ffiffiffiffiffiffi
Hz

p
, AS-MS

separation of 7.5 (−5) μm in the x ðzÞ direction, and an
integration time of 30 days. The reach could be extended further
by using larger microspheres [36] or smaller separations [26].
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of a new multipixel sensor to replace the QPD, that will
provide discrimination between actual shifts of the MS and
changes in the halo. Finally, critical optical components
inside the vacuum chamber are being stiffened to minimize
vibrations. Those efforts, along with the multiharmonic
analysis technique presented above, are expected to push
the experiment into the noise-dominated regime for the
next run. The improvement in sensitivity from those
changes, without altering other parameters, can be seen
in Fig. 4.
Beyond background suppression, an improvement in

sensitivity in terms of noise reduction is targeted with the
next iteration of the experiment. It is important to empha-
size that the force sensitivity of the system is limited by
pointing fluctuation of the trap beam [26] and not by shot
noise or residual gas damping as already demonstrated in
Refs. [36,37]. Therefore, an enclosure of the input external
to the vacuum chamber, possibly replacing air with helium
to lower the refractive index and hence the effects from its
fluctuation, along with the stiffening of mechanical com-
ponents, are expected to lead to substantial reduction of the
noise floor, down to ∼1 × 10−18 N=

ffiffiffiffiffiffi
Hz

p
as demonstrated

in Ref. [36]. In addition, a significant gain in sensitivity will
be achieved by changing the position and proximity of the
AS, which, in the current run was limited by misalignment
of the AS and the electrostatic shield. The projected
sensitivity assuming the lower noise floor, 7.5 ð−5Þ μm
separation in the x ðzÞ direction, and an integration time of
30 days is shown in Fig. 4.

V. CONCLUSION

We have described the results of the first experiment
searching for non-Newtonian forces which couple to mass
using optically levitated test masses. The effects observed in

the data are not consistent with a new interaction, and the
result is interpreted in terms of upper limits on the Yukawa
parameter α. These are α > 9 × 107 and α < −8 × 107 with
95% confidence level at λ ¼ 10 μm. The length scales
involved in the experiment, in terms of dimensions of the
test masses and feature size of the source of the interaction,
and the separation between the two, are, for the first time, all
similar to the characteristic length scale being probed.
Therefore, this method provides a more robust test that
applies also for interactions that cannot be parametrized with
a Yukawa potential. Substantial improvements in sensitivity
are expected for the next round of measurements.

ACKNOWLEDGMENTS

This work was supported, in part, by NSF Grant
No. PHY1802952, ONR Grant No. N00014-18-1-2409,
and the Heising-Simons Foundation. Fabrication and char-
acterization of both the attractor and shield were performed
in the nano@Stanford labs and Stanford Nano Shared
Facilities (SNSF), both of which are supported by the
National Science Foundation as part of the National
Nanotechnology Coordinated Infrastructure under Grant
No. ECCS-1542152. C. P. B. acknowledges the partial
support of a Gerald J. Lieberman Fellowship of Stanford
University. A. K. acknowledges the partial support of a
William M. and Jane D. Fairbank Postdoctoral Fellowship
of Stanford University. N. P. acknowledges the partial
support of the Koret Foundation. We acknowledge regular
discussions on the physics of trapped microspheres with the
group of Prof. D. Moore at Yale. We also thank M. Lu,
S. Roy, who contributed to early developments of the
experimental apparatus. Finally, we thank the personnel of
the Physics machine shop at Stanford for their skilled
mechanical support.

[1] I. Newton, Philosophiae Naturalis Principia Mathematica
(Royal Society, London, 1687).

[2] A. Einstein, Ann. Phys. (Berlin) 354, 769 (1916).
[3] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett.

B 429, 263 (1998).
[4] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G.

Dvali, Phys. Lett. B 436, 257 (1998).
[5] E. Adelberger, B. Heckel, and A. Nelson, Annu. Rev. Nucl.

Part. Sci. 53, 77 (2003).
[6] K. Aoki and S. Mukohyama, Phys. Rev. D 94, 024001

(2016).
[7] R. Sundrum, Phys. Rev. D 69, 044014 (2004).
[8] A. E. Nelson and J. Scholtz, Phys. Rev. D 84, 103501 (2011).
[9] P. W. Graham, J. Mardon, and S. Rajendran, Phys. Rev. D

93, 103520 (2016).

[10] E. Adelberger, J. Gundlach, B. Heckel, S. Hoedl,
and S. Schlamminger, Prog. Part. Nucl. Phys. 62, 102
(2009).

[11] H. Cavendish, Phil. Trans. R. Soc. II 88, 469 (1798).
[12] C. D. Hoyle, U. Schmidt, B. R. Heckel, E. G. Adelberger,

J. H. Gundlach, D. J. Kapner, and H. E. Swanson, Phys.
Rev. Lett. 86, 1418 (2001).

[13] C. D. Hoyle, D. J. Kapner, B. R. Heckel, E. G. Adelberger,
J. H. Gundlach, U. Schmidt, and H. E. Swanson, Phys. Rev.
D 70, 042004 (2004).

[14] D. J. Kapner, T. S. Cook, E. G. Adelberger, J. H. Gundlach,
B. R. Heckel, C. D. Hoyle, and H. E. Swanson, Phys. Rev.
Lett. 98, 021101 (2007).

[15] J. G. Lee, E. G. Adelberger, T. S. Cook, S. M. Fleischer, and
B. R. Heckel, Phys. Rev. Lett. 124, 101101 (2020).

CHARLES P. BLAKEMORE et al. PHYS. REV. D 104, L061101 (2021)

L061101-6

https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1016/S0370-2693(98)00466-3
https://doi.org/10.1016/S0370-2693(98)00466-3
https://doi.org/10.1016/S0370-2693(98)00860-0
https://doi.org/10.1146/annurev.nucl.53.041002.110503
https://doi.org/10.1146/annurev.nucl.53.041002.110503
https://doi.org/10.1103/PhysRevD.94.024001
https://doi.org/10.1103/PhysRevD.94.024001
https://doi.org/10.1103/PhysRevD.69.044014
https://doi.org/10.1103/PhysRevD.84.103501
https://doi.org/10.1103/PhysRevD.93.103520
https://doi.org/10.1103/PhysRevD.93.103520
https://doi.org/10.1016/j.ppnp.2008.08.002
https://doi.org/10.1016/j.ppnp.2008.08.002
https://doi.org/10.1098/rstl.1798.0022
https://doi.org/10.1103/PhysRevLett.86.1418
https://doi.org/10.1103/PhysRevLett.86.1418
https://doi.org/10.1103/PhysRevD.70.042004
https://doi.org/10.1103/PhysRevD.70.042004
https://doi.org/10.1103/PhysRevLett.98.021101
https://doi.org/10.1103/PhysRevLett.98.021101
https://doi.org/10.1103/PhysRevLett.124.101101


[16] W.-H. Tan, A.-B. Du, W.-C. Dong, S.-Q. Yang, C.-G. Shao,
S.-G. Guan, Q.-L. Wang, B.-F. Zhan, P.-S. Luo, L.-C. Tu,
and J. Luo, Phys. Rev. Lett. 124, 051301 (2020).

[17] A. A. Geraci, S. J. Smullin, D. M. Weld, J. Chiaverini, and
A. Kapitulnik, Phys. Rev. D 78, 022002 (2008).

[18] Y.-J. Chen, W. K. Tham, D. E. Krause, D. López,
E. Fischbach, and R. S. Decca, Phys. Rev. Lett. 116,
221102 (2016).

[19] A. O. Sushkov, W. J. Kim, D. A. R. Dalvit, and S. K.
Lamoreaux, Phys. Rev. Lett. 107, 171101 (2011).

[20] A. A. Geraci, S. B. Papp, and J. Kitching, Phys. Rev. Lett.
105, 101101 (2010).

[21] A. Ashkin, Phys. Rev. Lett. 24, 156 (1970).
[22] A. Ashkin and J. M. Dziedzic, Appl. Phys. Lett. 19, 283

(1971).
[23] U. Delić, M. Reisenbauer, K. Dare, D. Grass, V. Vuletić,

N. Kiesel, and M. Aspelmeyer, Science 367, 892 (2020).
[24] D. C. Moore, A. D. Rider, and G. Gratta, Phys. Rev. Lett.

113, 251801 (2014).
[25] C. P. Blakemore, A. D. Rider, S. Roy, Q. Wang, A. Kawa-

saki, and G. Gratta, Phys. Rev. A 99, 023816 (2019).
[26] A. Kawasaki, A. Fieguth, N. Priel, C. P. Blakemore, D.

Martin, and G. Gratta, Rev. Sci. Instrum. 91, 083201 (2020).

[27] microParticles GmbH, https://microparticles.de/en.
[28] C. P. Blakemore, A. D. Rider, S. Roy, A. Fieguth,

A. Kawasaki, N. Priel, and G. Gratta, Phys. Rev. Applied
12, 024037 (2019).

[29] A. D. Rider, D. C. Moore, C. P. Blakemore, M. Louis,
M. Lu, and G. Gratta, Phys. Rev. Lett. 117, 101101 (2016).

[30] A. D. Rider, C. P. Blakemore, G. Gratta, and D. C. Moore,
Phys. Rev. A 97, 013842 (2018).

[31] A. D. Rider, C. P. Blakemore, A. Kawasaki, N. Priel, S. Roy,
and G. Gratta, Phys. Rev. A 99, 041802 (2019).

[32] C. P. Blakemore, D. Martin, A. Fieguth, A. Kawasaki,
N. Priel, A. D. Rider, and G. Gratta, J. Vac. Sci. Technol.
B 38, 024201 (2020).

[33] Q. Wang, A. D. Rider, D. C. Moore, C. P. Blakemore,
L. Cao, and G. Gratta, Proc. IEEE ECTC 67, 1773 (2017).

[34] J. L. Garrett, D. Somers, and J. N. Munday, J. Phys.
Condens. Matter 27, 214012 (2015).

[35] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Eur. Phys.
J. C 71, 1554 (2011); 73, 2501(E) (2013).

[36] F. Monteiro, W. Li, G. Afek, C.-l. Li, M. Mossman, and
D. C. Moore, Phys. Rev. A 101, 053835 (2020).

[37] G. Ranjit, M. Cunningham, K. Casey, and A. A. Geraci,
Phys. Rev. A 93, 053801 (2016).

SEARCH FOR NON-NEWTONIAN INTERACTIONS AT … PHYS. REV. D 104, L061101 (2021)

L061101-7

https://doi.org/10.1103/PhysRevLett.124.051301
https://doi.org/10.1103/PhysRevD.78.022002
https://doi.org/10.1103/PhysRevLett.116.221102
https://doi.org/10.1103/PhysRevLett.116.221102
https://doi.org/10.1103/PhysRevLett.107.171101
https://doi.org/10.1103/PhysRevLett.105.101101
https://doi.org/10.1103/PhysRevLett.105.101101
https://doi.org/10.1103/PhysRevLett.24.156
https://doi.org/10.1063/1.1653919
https://doi.org/10.1063/1.1653919
https://doi.org/10.1126/science.aba3993
https://doi.org/10.1103/PhysRevLett.113.251801
https://doi.org/10.1103/PhysRevLett.113.251801
https://doi.org/10.1103/PhysRevA.99.023816
https://doi.org/10.1063/5.0011759
https://microparticles.de/en
https://microparticles.de/en
https://doi.org/10.1103/PhysRevApplied.12.024037
https://doi.org/10.1103/PhysRevApplied.12.024037
https://doi.org/10.1103/PhysRevLett.117.101101
https://doi.org/10.1103/PhysRevA.97.013842
https://doi.org/10.1103/PhysRevA.99.041802
https://doi.org/10.1116/1.5139638
https://doi.org/10.1116/1.5139638
https://doi.org/10.1109/ECTC.2017.274
https://doi.org/10.1088/0953-8984/27/21/214012
https://doi.org/10.1088/0953-8984/27/21/214012
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1103/PhysRevA.101.053835
https://doi.org/10.1103/PhysRevA.93.053801

