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It is important to test the possible existence of fifth forces, as ultralight bosons that would mediate
these are predicted to exist in several well-motivated extensions of the Standard Model. Recent work
indicated asteroids as promising probes, but applications to real data are lacking so far. Here we use
the OSIRIS-RExmission and ground-based tracking data for the asteroid Bennu to derive constraints
on fifth forces. Our limits are strongest for mediator masses m ~ (10−18-10−17) eV, where we currently
achieve the tightest bounds. These can be translated to a wide class of models leading to Yukawa-
type fifth forces, and we demonstrate how they apply to U(1)B dark photons and baryon-coupled
scalars. Our results demonstrate the potential of asteroid tracking in probing well-motivated
extensions of the Standard Model and ultralight bosons near the fuzzy dark matter range.

Anomalies in the trajectories of objects across the sky have often led to the
discovery of new physical laws or celestial bodies. The planet Neptune was
inferred based on the irregularities of the orbit of Uranus according to
Newton’s theory, and General Relativity was first confirmed with its pre-
diction ofMercury’s anomalous precession. Besides planets, other bodies in
the Solar Systems that are being tracked with increasing precision include
near-Earth asteroids. Currently, asteroids are tracked with plane-of-sky
astrometric measures paired with line-of-sight studies by radar astrometry.
Stellar occultations and the Gaia satellite also provide highly accurate
astrometry.

Asteroid tracking and planetary defense are crucial missions of the
National Aeronautics and SpaceAdministration (NASA) and the European
Space Agency (ESA). Consequently, a wealth of data related to the orbits of
these objects is available and can be used to probe fundamental physics,
including new physics beyond the StandardModel of particle physics (SM).
This is the path we take in the present work, focusing on data from the
Origins, Spectral Interpretation, Resource Identification, Security, Regolith
Explorer (OSIRIS-REx) mission. OSIRIS-REx is a NASA space mission
designed to study the potentially hazardous asteroid (101955) Bennu. The
spacecraft is equipped with several scientific instruments, including a
camera suite, a laser altimeter, and a spectrometer, which allowed it to map
Bennu’s surface and study its composition, geology, andmineralogy, as well

as improve the knowledge Bennu’s future trajectory to reassess the prob-
ability of a future impact on Earth1. Launched in 2016, the OSIRIS-REx
spacecraft arrived at the near-Earth asteroid Bennu and began conducting
scientific observations and measurements in December 2018, before per-
forming a Touch-and-Go (TAG) sample acquisition maneuver in October
2020, during which a sample of carbonaceous regolith of at least 60 g was
collected and returned to Earth for analysis in September 20232.

Overall, theOSIRIS-RExmissionhas provided an exciting opportunity
for scientists to explore and study one of the most primitive objects in the
solar system, and to gain insights into the history and evolution of our
cosmic neighborhood. The OSIRIS-REx tracking data are archived in the
Small Bodies Node of the Planetary Data System, see ref. 3. The data has
beenused to track to exquisite precision the trajectory of the asteroidBennu,
measure the Yarkovsky effect acting on it, and refine the long-term impact
hazard for the asteroid4.

Asteroid tracking can be invoked to test theories of gravity such as the
validity of Newton’s inverse square law. In fact, the laws of gravity would be
modified if a new (ultra)light field exists in Nature, due to the capability for
such afield toact as a “fifth force” andmodify the orbits of larger bodies. The
possibility of the existence of hidden fifth forces, in addition to those
included in the SM, as well as the weakly coupled ultralight particles that
mediate these forces, are topics of extreme importance in modern particle
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physics. Among others, these light particles are natural candidates for the
dark matter and dark energy, and appear ubiquitously within string
theory5–7. Fifth forces mediated by a new light bosonic field appear in
extensions of the SM and, more generally, in beyond the SM (BSM)models
that attempt to incorporate the observed dark matter and dark energy
contents into a general framework. Many motivated BSM models in this
sense have been studied in the literature, and include the gauged U(1)B

8,
U(1)B-L

9, Lμ − Le,τ
10, baryon-coupled scalar11,12, and massive gravity13–15

models.
A wide range of probes have been used to search for and constrain

hidden fifth forces and ultralight particles, including but not limited to
laboratory and space tests, cosmological and astrophysical observations16–20.
Among others, the Lunar Laser Ranging (LLR) is monitoring the distance
between the Moon and Earth with millimetric precision, placing strong
bounds on the time variability of Newton’s constant and on the strong
equivalence principle21. Proof-of-principle studies have been discussed as
possible ways to place model-dependent limits on a novel fifth force using
asteroid and planetary precessions22,23. The data has also been used to obtain
constraints on the local dark matter and cosmic neutrino densities24. Pla-
netary ephemerides released by the Observatory of Paris and the Cot  e
d’AzurObservatory (INPOP)25,26 have alsobeenused to constrainfifth-force
ranges27 and the effects of a non-zero mass for the graviton28.

In this paper, we conduct a robust search for a hypothetical fifth force
with precision asteroid tracking. To reach our goal, we utilize data for the
orbit of Bennu from theOSIRIS-RExmission4.We also considered a second
asteroid, namely (99942) Apophis, which was extensively tracked with
ground-based optical and radar telescopes from 2004 to 2021. Apophis will
be visited by the extended OSIRIS-REx mission, OSIRIS-APEX29, which
may further improve the constraints reported here. We select a few simple
and well-motivated realizations of the existing BSMmodels to demonstrate
the power of our constraints. Nevertheless, it is straightforward to map the
parametrization adopted here to other models that lead to a Yukawa-type
fifth force among those mentioned above, see, e.g., ref. 30.

In summary, here we constrain the couplings of fifth forces and
ultralight bosons in Yukawa-type fifth forces. The bounds derived use the
OSIRIS-REx mission and ground-based tracking data for the asteroid
Bennu, and are strongest for mediator masses m ~ (10−18–10−17) eV. We
demonstrate how the bounds translate to U(1)B dark photons and baryon-
coupled scalars.Our results demonstrate the potential of asteroid tracking in
probing well-motivated extensions of the Standard Model and ultralight
bosons close to the fuzzy dark matter range. Unless otherwise specified,
throughout thepaper,weusenatural units (ℏ = c = 1),whereℏ is the reduced
Planck’s constant and c is the speed of light.

Methods
Fifth forces and motion of celestial objects
A number of scenarios beyond the SM, including but not limited to those
mentioned in the Introduction, predict the existence of new (ultra)light
particles, whichwouldmediate a new, long-ranged, fifth force. For example,
the SM contains a number of Abelian orU(1) global symmetries, which are
treated as “accidental” symmetries, which should be spoiled by the
appearance of UV-completing operators such as those arising in quantum
gravity31,32. For this, aU(1) symmetry can be promoted to a gauge symmetry
that is spontaneously broken below some UV energy scale, with the cor-
responding gauge boson ϕ in the case of a scalar field, or a vector field A0 in
the case of an axial vector gauge. Examples include models based on new
(gauged) symmetries such as gauged baryon number conservation
U(1)B, U(1)B-L, Lμ − Le,τ, as well as baryon-coupled scalars. For the case of
Lμ − Le, the presence of plasma would lead to an effective screening of the
fifth forcemediated by the gauge boson. In this case, the effective coupling to
electrons ge,eff would be lower than the actual (Lagrangian) gauge coupling
ge. Accounting for this effect would require a carefulmodeling of the plasma
number density in the Solar System, and is therefore quite challenging. In
our case, since we are focusing onU(1)B, plasma effects are unimportant. In
addition, a kinetic mixing interaction between the SM photon and a new

vector boson is, in general, allowed33. However, this would lead to non-
gravitational interactions, which are expected to be unimportant for what
concerns the orbits of celestial objects, especially when considering the very
tightupper limits on thekineticmixing strength ϵ. For these reasons, inwhat
follows we neglect the effect of a possible kinetic mixing interaction.

A light scalar field ϕ of mass mϕ introduces a new channel through
which particles can exchange momentum q and scatter with an amplitude
jMj / 1=ðq2 þm2

ϕÞ, where q = ∣q∣. Thefifth force potential associatedwith
this scattering amplitude is of the Yukawa type34, with the boson mass
providing a cutoff over which the force extends, whereas the details con-
cerning the force coupling depend on the charge and spin structure of the
particles involved in the scattering process. Likewise, some models predict
the fifth force to be mediated by a hidden vector particle A0 of mass mA0 ,
often referred to as a dark photon. A review of tests on the modification of
gravity that includes Yukawa-type forces can be found in ref. 35. When
describing themethods, wewill refer to a scalar field ϕ ofmassmϕ, although
the results can also be extended to contemplate the vector case.

The presence of a long-range Yukawa-type force leads to deviations
fromNewton’s inverse square law, which can be tested and constrained. In
fact, given a specific theory that contains a gauge symmetry, any bodywould
acquire a charge Q associated with the breaking of the gauge symmetry, so
that the mutual interaction between two bodies of charges Q1 and Q2 at a
distance r reads:

VðrÞ ¼ ∓ð_cÞ g
2

4π
Q1 Q2

r
exp �mϕc

_
r

� �
; ð1Þ

where g is the coupling strength associated with the gauge field. Given the
position r of the celestial object with respect to the Sun, the central potential
only depends on the radial coordinate r = ∣r∣. This is a very generic para-
metrization that encompasses a number of interesting scenarios. This result
hasprofound implications for themotionof celestial objects around theSun.

The effect of the fifth force in Eq. (1) due to a mediator of mass mϕ

through the central potential in the model proposed translates as:

VðrÞ ¼ eα GM�M�
r

exp � r
λ

� �
; ð2Þ

where eα characterizes the strength of the fifth force, and λ = ℏ/(mϕc) is the
fifth force range. In what follows, we specialize the discussion to an asteroid
of mass M� orbiting in the solar system under the influence of the Sun of
mass M⊙. The conversion between the coupling g associated to the gauge
group and appearing in Eq. (1), and eα appearing in Eq. (2), depends on the
specificmicrophysical model underlying the fifth force (see e.g., refs. 36,37).
For instance, in the case of a gauged U(1)B model, the charges under the
specific gauge group of the Sun and the celestial body result inQ⊙ =M⊙/mp

and Q� =M�/mp, respectively, with mp denoting the proton mass. Com-
bining Eqs. (1), (2), and temporarily restoring SI units, we find that the
conversion between eα and the coupling in the gauge model gB is:

eα ¼ _c
G

g2B
4πm2

p

: ð3Þ

Fromentirely analogous considerations, in the case of a gaugedU(1)B-L
model, the conversion between eα and gB-L is as follows:

eα ¼ _c
G

A� Z
A

� �

�

A� Z
A

� �

�

g2B� L

4πm2
p
; ð4Þ

where Z and A are the mass-weighted atomic number and mass number
respectively. The expression above implies:

gB ¼ gB�L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A� Z
A

� �

�

A� Z
A

� �

�

s
; ð5Þ
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which clearly depends to some extent on the chemical and mass composi-
tion of the two objects. The mass-weighted value of the term (A − Z)/A is
typically of the order of ~ 0.5, although for specifically designed materials,
this ratio can be significantly different from 1, see ref. 37.

In this work, we shall remain as agnostic as possible for what con-
cerns the microscopical origin of the fifth force, and will simply para-
meterize it in terms of eα and λ as appearing in Eq. (2). However, we
emphasize that it is always possible to translate these constraints to the
corresponding limits in terms of the mass and coupling of an ultralight
particle, once a specific underlying fifth force model is chosen. Note that
in the limitmϕ→ 0, and therefore λ→+∞, the effects of the potential in
Eq. (2) translate into a modification of Newton’s constant,
G ! Gð1þ eαÞ. The symmetries of the problem (and in particular, the
potential being central) indicate that the motion is typically planar to a
very good approximation, so the coordinate system is fixed such that the
polar angle is θ = π/2.

It is useful to consider the reciprocal coordinate u= 1/r, in terms of
which the equation of motion for the celestial object, including General
Relativity (GR) corrections and temporarily restoring SI units, is given by22,23:

d2u
dφ2

þ u ¼ GM�
L2

þ 3GM�
c2

u2 þ eαGM�
L2

1þ 1
λu

� �
e�

1
λu ; ð6Þ

where φ is the azimuthal angle that parameterizes the motion of the
celestial object, L denotes the orbital angular momentum per unit mass,
whereas the first, second, and third set of terms on the right-hand side
describe the effects of Newtonian physics, GR corrections, and the fifth
force, respectively.

InNewtonian physics, themotion of a bound object in an isolated two-
body system traces out a fixed elliptical orbit; in particular, the semimajor
axis of the ellipse is fixed in space. However, the last two sets of terms on the
right-hand side of Eq. (6) lead to a precession (rotation) of the celestial
object’s perihelion as it revolves around the Sun. In other words, u changes
as the azimuthal angle is shifted by φ → φ+ 2πn, or equivalently, the
celestial object will return to its perihelion after one precession at an azi-
muthal angle which differs from 2π by a quantityΔ φ. This precession leads
to potentially observable effects in the motion of celestial objects, including
but not limited to asteroids and planets.

TheNewtonian solution to Eq. (6) for an asteroid in a closed orbit of
eccentricity e is u0ðφÞ ¼ M�ð1þ e cosφÞ=L2. To determine the peri-
helion precession (measured from a fixed reference direction) per orbital
period as a function of the fifth force strength and range, we can
numerically solve Eq. (6) for u(φ), expanding perturbatively around the
Newtonian solution u0(φ), and deriving the shift in the φ-period relative
to 2π, Δ φ, from this solution (see ref. 23 and Appendix B of ref. 24 for
more details).

While a closed-form expression for the contribution to the perihelion
precession from fifth forces described by the potential in Eq. (2) is generally
not available, an approximate expression can be obtained in the limit of a
very light mediator mϕ≪ ℏ/ac, i.e., when the semimajor axis a is much
smaller than the fifth force range. In this case, one finds (see, e.g., ref. 23):

jΔφj ’ 2πeα
1þ eα

amϕc

_

� �2

1� eð Þ ¼ 2πeα
1þ eα

a
λ

� �2
1� eð Þ; ð7Þ

which correctly vanishes in the limitmϕ→0, reflecting the fact that this limit
simply recovers the inverse square law (or equivalently a∝ 1/r potential,
albeit with a different value of the gravitational constant), which does not
lead to precession. Note that the perihelion precession ∣Δφ∣ increases with
the square of the semimajor axis under this limit, which indicates the benefit
of studying objects at a relatively large distance from the Sun, such as Trans-
Neptunian objects (TNOs). Such a dataset could also improve the
determination of the darkmatter density within the solar system performed
in ref. 24, for which the perihelion precession benefits from an additional
power of a compared to our case.

We utilize the state-of-the-art asteroidal orbital determination, for
which meter-level tracking data can be available, to provide constraints on
fifth forces. To do so, we employ the Comet and Asteroid Orbit Determi-
nation Package developed and maintained by NASA Jet Propulsion Lab
(JPL), whose force models account for N-body Newtonian and relativistic
gravity, oblateness terms, and nongravitational perturbations4, supple-
mented with the fifth force we intend to constrain. These aspects will be
discussed in more detail below.

Data and analysis
The trajectory of the asteroid Bennu has been extremely well constrained by
a combination of ground-based optical and radar astrometric data collected
ever since its discovery in 1999. The level to which Bennu’s ephemeris is
constrained was significantly improved by X-band radiometric and optical
navigation tracking data collected during asteroid proximity operations by
the OSIRIS-REx mission, from its arrival in December 2018 to sample
collection in October 2020.

In this work, wemake use of the same dataset used in the earlier Bennu
ephemeris and hazard assessment analysis of ref. 4. In particular, this
includes the following data, for a total of more than 17 orbital periods
included in the fit (the orbit is not closed due to orbital precession, but
acquires the typical “rose petal” shape—an excellent animation of Bennu’s
orbit from9August 2016 – 23 September 2023 can be found on ref. 38, refer
to the green curve):
• ground-based optical astrometry data, including 489 right ascension

anddeclinationobservations from1999-09-11 to2018-05-15, see ref. 39;
• all available ground-based radar astrometrydata, collectedduring three

close encounters in September 1999, September 2005, and September
2011 by the Arecibo and Goldstone radar stations, and comprising 7
Doppler and 22 delay measurements, see ref. 40;

• 36 geocentric pseudo-range points for Bennu’s barycenter between
2019-01-03 16:56:56 UTC and 2020-10-03 19:14:18 UTC, derived
from the OSIRIS-REx high-gain antenna tracking data in ref. 4 (see
Table 1 from ref. 4), and for which a 15 ns uncertainty is assumed and
corresponds to an uncertainty of 2m for the radial distance between
Bennu and Earth. These points have been obtained using tracking data
obtained during the mission orbital phases Orbital A, B, C, and R,
Reconnaissance B and C, Rehearsal, and pre-TAG (during which the
OSIRIS-REx spacecraft was in a closed orbit around Bennu), and
selecting independent, maneuver-free arcs of approximately 10 days,
see ref. 4 formore details. See the “Data Availability” section for details
on the availability of OSIRIS-REx data, shape models of Bennu, and
kernels and small-force files.

All the above data was used to compute an orbit solution, as in ref. 4.
The pseudo-range points discussed above lead to a significant

improvement in the determination of Bennu’s trajectory. This, in turn,
imposes stringent requirements on thefidelity of theunderlying forcemodel
used to fit the trajectory. We adopt the same high-fidelity model developed
for the purposes of the earlier Bennu ephemeris and hazard assessment
analysis of ref. 4. This model accounts for (relativistic) gravitational effects
from the Sun, the eight planets, Pluto, and the Moon (modeled through a
first-order parametrized post-Newtonian N-body formulation, also known
as Einstein-Infeld-Hoffman formulation, see refs. 41,42), point-mass
Newtonian gravitational effects from 343 small-body perturbers, and
gravitational effects from the Earth’s oblateness, as well as a number of non-
gravitational perturbation effects which include the Yarkovsky effect, solar
radiation pressure, and Poynting-Robertson drag. The orbit solution is
determined using the JPL Comet and Asteroid Orbit Determination
Package, and employing the DIVA variable order Adams integrator to
quadruple precision, with integration tolerance of 10−18. For further details
on the underlying force model and integration precision requirements, we
refer the reader to ref. 4.

To derive fifth force constraints, the force model of ref. 4 is further
expanded to include the acceleration associatedwith thefifth force, obtained
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by differentiating Eq. (2) and dividing by the asteroid massM�:

aðrÞ ¼ eαGM�
r3

e�
r
λ 1þ r

λ

� �
r : ð8Þ

Note that inour forcemodel,we apply the above acceleration termonly
to Bennu, not the other bodies: a posteriori, given the very stringent upper
limits on the fifth force strength, we expect this to be a valid approximation
for the range of parameter space explored.

As in ref. 4, themodel parameters varied in thefit to determine the orbit
solution are Bennu’s heliocentric orbital elements (eccentricity, perihelion
distance, timeof perihelionTDB, longitude of node, argument of perihelion,
and inclination) at osculating epoch2011 January 1.0 barycentric dynamical
time (TDB), Bennu’s bulk density, Bennu’s area-to-mass ratio, themasses of
the 343 small-body perturbers, and a constant delay bias for the pseudo-
range points. To these parameters, we add the parameters characterizing the
fifth force, i.e., its range λ and strength eα. We fix λ to 51 logarithmically
spaced values between 10−2 au and 103 au, meaning that we have a total of
353 free parameters which are explicitly varied.

We perform a least-squares fit to Bennu optical and radar astrometry,
and pseudo-range points discussed previously, explicitly varying all the
parameters mentioned previously. For each of the fixed values of λ, we
estimate all themodel parameters,while focusingourdiscussiononeα, which
ultimately is the parameter we care about. As discussed below, we find that
the inferred 95% confidence interval for eα is statistically compatible with
eα ¼ 0, and by extension, that analogous intervals for all the other para-
meters are in excellent agreementwith their earlier estimates in ref. 4, whose
force model assumed no fifth force. In other words, there is no evidence in
the data for the presence of a fifth force affecting the motion of Bennu. A
posteriori, this gives us further confidence in asserting that using pre-
computed ephemerides and neglecting the fifth force interactions between
couples of celestial bodies, which do not include Bennu, is indeed a good
approximation. In the following (and in particular in Fig. 1), we adopt the
common choice of only reporting 2σ upper limits on eα.

Results and discussion
The outcome of the analysis detailed above is shown in Fig. 1, where we
consider afifth forcemodel inwhich themediator is either a dark photonA0

of mass mA0 or a baryon-coupled scalar field ϕ of mass mϕ, arising from a
U(1)B local gauged symmetry. In this model, only the baryons feel the
presence of the fifth force so that the couplings of themediator to the proton
and neutron are equal, gp = gn, while the coupling to the electron is zero,
ge = 0. We report 2σ upper limits on the dimensionless coupling jeαj versus
themediatormassmϕ;A0 (lower horizontal axis), or equivalently the range of
the fifth force λ (upper horizontal axis), using data from the OSIRIS-REx
mission tracking the asteroid Bennu (green solid curve, with the green
shaded region above the curve excluded). To provide a comparison, we ran
the same analysis on the asteroid Apophis, using data available from optical
and ground-based radar telescopes tracking its trajectory43 (blue solid curve,
oncemorewith the blue shaded region above the curve excluded).Given the
significantly enhanced sensitivity of the OSIRIS-REx mission at the meter-
level scale, the constraints obtained when fitting this dataset (for Bennu’s
orbit) are currently much stronger than the constraints obtained with
Apophis for λ≳ 3 × 10−2 au, which is precisely the region we are featuring
in Fig. 1.

The sensitivity we find is particularly strong in the region
10�18 eV≲mϕ;A0≲ 10�16 eV, and is strongest for mϕ;A0 ∼Oð10�17Þ eV,
which corresponds to a length scale λ∼Oð0:1Þ au. This is due to a com-
bination of Bennu’s eccentricity e≈ 0:20375 and its semimajor axis
a = 1.1264 au4, which allows us to set some among the tightest constraints in
the range 10�18 eV≲mϕ;A0 ≲ 10�17 eV when compared to planetary
probes. In fact, the trackingof anasteroidorbitingwith semimajor axisa and
no eccentricity would translate into a fifth force constrain that peaks at the
massmϕ;A0 ∼ _c=a, which would correspond to ~10−18 eV for an asteroid of
semimajor axis same as Bennu’s. The inclusion of the eccentricitymakes the

asteroid probe regions of the orbit that are smaller than a, with the closest
approach to the Sun being rmin ¼ að1� eÞ=ð1þ eÞ: this leads to the
constraint shifting towards higher values of the mediator mass. The same
reasoning applies to the results obtained with Apophis tracking data, whose
eccentricity and semimajor axis are e≈ 0:1912 and a = 0.9224 au
respectively44.

For length scales larger than _=ðmϕ;A0cÞ, the Yukawa potential altering
Eq. (6) can be expanded to yield a correction / λ=

ffiffiffi
α

p
. A fit to the results

obtained gives:

10�13 λ=kmffiffiffi
α

p ≳ 1:02 ; ð9Þ

where the result is valid at 2σ and for length scales λ≫ au. Similar results
have been obtained using INPOP ephemerides leading to 10�13 ðλ=kmÞ=ffiffiffi
α

p
> 1:8314 and 10�13 ðλ=kmÞ= ffiffiffi

α
p

> 3:9315 at 1σ and for a positive cou-
pling strength α. For a comparison, the bound we obtained from using the
Apophis ephemeris is 10�13 ðλ=kmÞ= ffiffiffi

α
p

> 4:79 at 2σ.
Also shown in Fig. 1 are fifth force sensitivities obtained from other

probes, including planetary motion (gray dash-dotted curve), which peaks
formϕ;A0 ∼Oð10�18Þ eV, and was obtained by searching for an anomalous
precession in the orbits of solar systemplanets22. The gray solid curve labeled
“LLR” shows the sensitivity obtained from LLR probes of the anomalous
precession of the Moon21. Other measurements based on the orbits of the
Moon and the LAGEOS satellite, see e.g., ref. 45, place constraints on
much shorter length scales, which are not shown in Fig. 1. The gray shaded
area is excluded by the MICROSCOPE mission46, which provides an
accurate test of the weak equivalence principle (EP), improving over
laboratory torsion balance experiments and atom interferometry mea-
surements. Finally, the existence of a vector mediator in the mass range
6× 10�20 eV≲mA0≲ 2× 10�17 eV has been constrained by considerations
on black hole superradiance47 using spin measurements of supermassive
black holes (SMBHs) from X-ray reflection spectroscopy48. We stress that
these limits (enclosed between the two gray lines, as indicated by the two
gray arrows, and only applying to the dark photon) should be interpreted
with some caution for a number of reasons, including uncertainties inherent
to the formation and spin evolution of SMBHs, the scarcity/reliability of
other spin and mass measurements49, as well as other considerations per-
taining to the evolution of the superradiant instability in the presence of
competing environmental effects50,51.

The possibility that anultra-light scalar ofmassmϕmakes up a fraction
or the totality of the darkmatter has recently been tested in various ways, of
which we here report a selected few. For instance, Cosmic Microwave
Background anisotropy measurements set mϕ≳ 10−24 eV52, which is tigh-
tened to mϕ≳ 10−23 eV when including weak gravitational lensing
measurements53. Very recently, the constraintmϕ≳ 2.2 × 10−21 eV has been
reported analyzing stellar kinematical data for theMilkyWay satellite galaxy
Leo II54. At the opposite end of themass spectrum, the boundmϕ≲ 10−19 eV
has recently been obtained analyzing the motion of the S2 star around Sgr
A⋆55. However, all these limits assume that the light boson contributes
significantly to the dark matter budget (or potentially even makes up an
entirety of the dark matter), an assumption which do not make explicitly,
which is why we do not show these constraints in Fig. 1 (see also ref. 56 for
some of themost stringent bounds on the axion-proton and axion-neutron
couplings). The lackof suchan assumption inour analysismakes our results
somewhat more robust and model-independent – on the other hand, our
results remain applicable to models of dark matter falling within the mass
range inquestion.Thesepoints should be kept inmindwhencomparingour
results to other limits in the literature.

For reference, we also compare our results to those obtained from the
earlier qualitative sensitivity analysis for a sample of nine other asteroids in
ref. 23, estimated solely from the precision inmeasuring the semimajor axes,
eccentricities, and perihelia precessions of the asteroids whose properties
were studied in ref. 57 (gray dashed curve). The bounds obtained in the
presentwork are significantlymore robust than those obtained in this earlier
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qualitative analysis, given that the current analysis results from a direct fit to
high-quality orbital tracking and constraints on the distance betweenBennu
and Earth, rather than condensing all of the information on the asteroid
orbits into a single number, namely its orbital precession. Moreover, the
software and force model used here (based on ref. 4) accounts for various
non-gravitational effects, in addition to gravitational perturbations exerted
by planets and themostmassive asteroids, as a result significantly increasing
the fidelity of the final constraints we have reported.

It is worth noting that after the first version of this work appeared
online, ref. 37 derived upper limits on the coupling strengths of
U(1)B,U(1)B-L andLμ−Le,τ gauge bosons using auxiliary channel data from
LISApathfinder, exploiting in particular the differentialmovement between
testmasses and spacecraft (see also ref. 58). The limits reported in ref. 37 are
stronger than the oneswehave obtained in the samemass region, and in any
case competitive with ours—at the same time, however, these limits are
derived under the additional assumption that the gauge bosonmakes up all
the dark matter. For this reason, our results are an independent and com-
plementary probe of the strength offifth forces from the dynamics of objects
in the solar system.

Finally, it is worth noting that modeling assumptions can potentially
affect the estimates we have presented. When analyzing dark matter con-
straints fromOSIRIS-RExdata24, themost significant effect in this sensewas
found tobe causedby the choice of planetary ephemeris version, andwefind
that the same is true here. In particular, when switching from theDE42459 to
theDE44060 ephemeris, we observe 0.1σ to 1.9σ shifts in the best-fit values of
eα (depending on the underlying value of λ). To capture this uncertainty
floor, in Fig. 1, we have conservatively decided to report the formal 2σ upper
limits, which therefore safely encompass the ephemeris-associated uncer-
tainty budget.

Conclusions
Weset constraints on hiddenfifth forces andultralight bosons usingOSIRIS-
REx tracking data for the asteroid Bennu. Based on its size and probability of
future impacts with Earth, Bennu is one of themost potentially hazardous of

all the currently known near-Earth asteroids, which is one of the reasons
why meter-level tracking data is available. While we considered a model
for theultralightmediators for concreteness, our constraints canbe translated
into a wide class of models featuring Yukawa-type interaction. Our
robust constraints on the fifth force strength are stronger than the existing
laboratory and space tests bounds for the mediator mass range
mϕ;A0 ∼ ð10�18 � 10�17Þ eV. Although we have not explicitly assumed that
the light bosons in question make up (all or part of) the dark matter, such
models, including ones where the dark matter is extremely light or “fuzzy”,
are of course subject to the limits obtained through asteroid tracking.

The results presented here will be improved further in future work
thanks to (i) the ephemeris thatwill be reported by the futureOSIRIS-APEX
mission in tracking Apophis; (ii) the inclusion of the data from tracking all
other NEOs, TNOs, Trojans, Hildas, and main-belt asteroids. Including
different classes of asteroids and solar-systemobjects enables the coverage of
more orbital configurations, providingmore comprehensive constraints on
the fifth-force mediator masses that roughly correspond to the inverse of
their semi-major axes. Further improvements on the data side may be
achieved through the employment of quantum technologies, including
technologies similar to the Deep Space Atomic Clocks, for example, which
have also been considered to study dark matter and gravitational waves61,
among other science targets.

Data availability
AllOSIRIS-REx data are archived in the Small BodiesNode of the Planetary
Data System at https://sbn.psi.edu/pds/resource/orex/. Shape models of
Bennu are available via the Small Body Mapping Tool (http://sbmt.jhuapl.
edu/). Kernels and small-forcefiles are available viaNASA’sNavigation and
Ancillary Information Facility (https://naif.jpl.nasa.gov/pub/naif/ORX/).

Code availability
The analysis code is sensitive and proprietary to JPL property. A request to
access the code can be made to Davide Farnocchia (Davide.-
Farnocchia@jpl.nasa.gov) and also requires approval from NASA JPL.
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