PHYSICAL REVIEW D 113, 084047 (2026)

Searching for screened scalar forces with long-baseline atom interferometers

Hannah Banks,"*" John Carlton®,**" Benjamin Elder®,>* Thomas Hird®,%™* and Christopher McCabe®™!

'DAMTP, University of Cambridge, Wilberforce Road, Cambridge, CB3 OWA, United Kingdom
*Center Jfor Cosmology and Particle Physics, Department of Physics, New York University,
New York, New York 10003, USA
3Department of Physics, King’s College London, Strand, London, WC2R 2LS, United Kingdom
4Depan‘mem‘ of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506-0055, USA
SAbdus Salam Centre for Theoretical Physics, Imperial College London,

Prince Consort Road, London SW7 2AZ, United Kingdom
®Clarendon Laboratory, Department of Physics, University of Oxford,

Parks Road, OX1 3PU, United Kingdom
"School of Physics and Astronomy, University of Birmingham,

Edgbaston, Birmingham B15 2TT, United Kingdom

® (Received 19 December 2025; accepted 16 March 2026; published 22 April 2026)

Screened scalars are ubiquitous in many dark-sector models. They give rise to nontrivial fifth forces

while evading experimental constraints through density-dependent screening mechanisms. We propose

equipping a 10 m-scale long-baseline atom interferometer with an annular planar source mass inside the

vacuum chamber to search for such screened fifth forces. Two key challenges arise: distinguishing the static

fifth force from backgrounds, and isolating it from the plate’s Newtonian gravity. We introduce the Q-flip

protocol, which alternates between interferometry sequences to induce controllable time-dependence,

aiding signal extraction and detrending of transient noise. We further develop an in situ calibration

procedure to characterize the plate’s Newtonian gravity and reach shot-noise-limited sensitivity. We show

that our proposal could test theoretically motivated parameter space, advancing existing bounds on

chameleon and symmetron screened scalar models by 1 to 1.5 orders of magnitude. Our proposal is directly
applicable to forthcoming experiments, such as AION-10 or VLBAI, and is readily extensible to broader

theoretical models and longer baselines.
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I. INTRODUCTION

Multiple cosmological observations indicate that the vast
majority of the energy density of the Universe is harbored
by some as-yet unknown entities: dark matter and dark
energy. Despite being the subject of a multifaceted exper-
imental campaign, which has been continually rejuvenated
over several decades with the emergence of new technol-
ogies, we are yet to uncover any direct evidence for either
substance. Determining the nature and properties of the
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Universe’s dark sector remains one of the most pressing
open questions in contemporary physics.

Many of the theoretical constructions proposed to
address these conundrums invoke new light scalar bosons
with couplings to the Standard Model (SM). The exchange
of these fields between SM particles generically induces
new long-range monopole-monopole fifth forces in normal
matter. Such phenomena have been subject to extensive
scrutiny over a range of scales by a variety of experiments
searching for modifications to the gravitational inverse
square law [1-3]. If the couplings to the SM matter fields
are nonuniversal, the induced force is composition-depen-
dent and additionally subject to stringent constraints from
experiments such as the MICROSCOPE satellite [4,5] and
Eot-Wash torsion balance experiments [6,7] which are
sensitive to violations of the weak equivalence principle.

The most minimal and most readily studied theoretical
target in scalar fifth-force tests arises from the exchange of
a single scalar boson, yielding the familiar Yukawa
potential [8]. More exotic force profiles can however be
generated by more complex particle exchange (see Ref. [9]
for a fully generic treatment). A further class of models that
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has achieved considerable attention are those in which the
new light degree of freedom is subject to a screening
mechanism where the effective coupling to matter depends
on the ambient matter density. In regions of high density,
such as the environments in which laboratory and astro-
physical measurements are made, nonlinear terms in the
scalar equation of motion become large, resulting in an
effective decoupling of the new field from the SM.

In this way, these theories allow for scalar couplings to
matter of strength comparable to, or stronger than gravity
while remaining phenomenologically viable [10]. Such
theories, many of which have received attention as possible
dark energy candidates, exhibit parametrically different
behavior on laboratory scales compared to Yukawa-like
forces, demanding carefully tailored detection strategies.
Some of the most popular models belonging to this class
include the chameleon [11,12] and the symmetron [13,14],
which form the theoretical targets for this work. We
refer to theories with a screening mechanism as screened
scalars.

Atom interferometers measure the phase difference
between spatially delocalized quantum superpositions of
clouds of atoms [15], and are highly sensitive to accel-
eration [16]. This makes them well-placed to probe new
forces that manifest as a modification to gravity. Indeed,
table-top scale atom interferometry has already been
successfully used to probe screened fifth forces [17-21],
with optical lattice interferometry [22] currently pro-
viding the leading bounds on chameleon theories over
large swathes of parameter space. There have since been
several additional proposals to search for chameleons using
atom interferometry, including an optical-lattice setup [23]
and the DESIRE project in the Einstein elevator [24].

A new generation of long-baseline atom interferometers
is emerging following the development of novel techniques
and protocols. These are configured as gradiometers,
comprising two or more atom interferometers interrogated
by common laser pulses [25]. Several prototypes of such
configurations at the O(10) m and O(100) m scale are
planned or under construction, including AION [26,27],
AICE [28], ELGAR [29], MAGIS-100 [30], MIGA [31],
VLBALI [32], and ZAIGA [33]. Together, these efforts form
the foundation of the global TVLBAI initiative [34,35],
which aims to establish instruments with even longer (km-
scale) baselines.

Despite numerous studies investigating the potential
of long-baseline atom interferometers to probe feebly
interacting phenomena such as gravitational waves (GW)
[36-48] and ultralight dark matter (ULDM) [49-60],
their application to screened scalar fifth forces has received
less attention.' We address this gap by proposing an

"The possibility of probing unscreened spin-dependent (mo-
nopole-dipole) forces with such instruments was explored in
Ref. [61].

experimental protocol tailored to 10 m-scale vertical base-
line gradiometers which have been equipped with an
internal annular source mass positioned at the top of the
vacuum chamber.’

Two challenges arise with this configuration: the fifth
force from the fixed plate is static, making it difficult to
distinguish from other static backgrounds, and the plate’s
Newtonian gravity dominates over the scalar signal. We
introduce complementary protocols to address each. First,
the Q-flip protocol which alternates between interferometry
sequences with different sensitivities to the source mass,
creating a time-modulated signal from the static fifth force
without any mechanical motion of the source mass.
Second, we exploit the different distance dependences of
the scalar force and Newtonian gravity: the scalar force
drops off exponentially beyond a characteristic range
while gravity follows an inverse square law. By measuring
the gradiometer response at different atom-plate separa-
tions, we characterize the gravitational contribution and
subtract it to isolate the signal from screened scalars. We
show that a 10 m instrument could improve existing
chameleon and symmetron bounds by more than an
order-of-magnitude, decisively testing theoretically moti-
vated parameter space.

The outline of this paper is as follows. We begin in
Sec. II by outlining the chameleon and symmetron models.
In Sec. III we detail the experimental configuration,
measurement protocols, and numerical calculation of the
scalar field profile in the vicinity of an annular source
mass, and its contribution to the gradiometer phase, a
calculation not previously performed. In Sec. IV we
provide sensitivity forecasts for the chameleon and sym-
metron models. Systematic effects are explored in Sec. V,
and we conclude in Sec. VI. The Appendix contains details
of the numerical approximations used to calculate the scalar
field profile.

Conventions: In this work we use the mostly plus metric
convention, typically work in natural units in which
¢ =h=1, and define the reduced Planck mass as
Mp, = (82Gy)~"? ~ 2 x 10'® GeV, where Gy is the
Newtonian constant of gravitation.

II. SCREENED SCALAR MODELS

The nonlinearities in the scalar potential that result in
screening can generically arise in one of two ways: either
as a result of a self-interaction potential or due to the
presence of derivative interactions. The former class of
models, which includes both the chameleon and the
symmetron, yields rich phenomenology on laboratory
scales and will be the theoretical targets in this work.

*While these instruments could, in principle, probe any scalar
monopole-monopole fifth force, the protocol and set-up proposed
here is specifically tailored for screened fifth forces. Yukawa-like
forces would likely require different design choices.
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It is likely that theories in the latter class, which includes
Galileons and disformally coupled scalars, could also be
analogously probed with our experimental protocol.” See
Refs. [2,3,10,63] for a classification of all screening
mechanisms, and various constraints on their associated
models.

The models we consider in this paper involve a real
scalar field ¢ with a canonical kinetic term described by the
action

s, [ dn/ma( 002 - Vi) Alohn). (1)

where V(¢) is the self-interaction potential of the scalar
field, p,, is the local energy density of SM matter fields
which are assumed to be nonrelativistic, and A(¢) gives the
coupling of the scalar to the SM fields. Through this
coupling, p,, sources the scalar field.* In general the scalar
field obeys a wave equation; however, provided the source
term p,, is time-independent, as is the case in this work, the
field can be assumed to be static. The equation of motion
for the scalar field in a static environment is

V=V, A
v =35 3"

(2)
An extended object in this scalar field experiences a
classical force which contributes an acceleration

- dA=
d, = —Aa@ Vo(X), (3)

where 4, € (0, 1] is a model-dependent screening factor that
quantifies the strength of the interaction between the object
and the scalar field. The screening factor is derived by
solving Eq. (2) in the vicinity of the extended object, and in
general depends on the ambient field value (see, e.g.,
Refs. [66,67] for a derivation).

In chameleon and symmetron theories, extended objects
that are sufficiently small and/or underdense have 1, ~ 1,
and are said to be unscreened. Conversely, objects that are
very large and/or dense will have 1, < 1 and are said to be
screened, thus experiencing a reduced acceleration. In
general, this is a result of nonlinear terms in the scalar
equation of motion becoming significant in the vicinity of
the source matter, due to the field perturbation generated by
the extended object.

3See Ref. [62] for a discussion of Galileon phenomenology in
the context of laboratory experiments.

We do not consider quantum mechanical corrections to the
scalar couplings [64]. For the symmetron mechanism, quantum
corrections can result in up to a 30% weaker fifth force than the
classical prediction alone [65] (depending on the precise sce-
nario). We follow standard convention in our forecasts and
consider just classical predictions.

We now introduce the two specific models that will form
the theoretical targets of this study. They are distinguished
by their self-interaction potential and matter coupling, and
exhibit two different classes of screening mechanism.

A. Chameleon

The chameleon is a scalar field that is epitomized by an
environment-dependent mass that becomes large in dense
environments [11,12]. Intuitively, deep inside a dense
object, the chameleon mass becomes so large that the
range of interaction is smaller than the size of the object. As
such, only matter in a thin shell near the surface of the
object contributes to external interactions. In the typical
realization of this mechanism, the self-interaction potential
and matter coupling are

5
Valo) =2 Aale) =2,
where M, A are energy scales characterizing the interaction
strengths. This model is a common target for laboratory
searches for screened scalar forces and we thus adopt it as
one of our two benchmark models.

The region of parameter space of greatest theoretical
interest in this model has A around the dark energy scale
(i.e., Apg = 2.4 meV) and M ~ Mp;, which results in a
force on unscreened objects that is comparable to ordinary
gravity. While these parameters are particularly theoreti-
cally motivated, the broader parameter space remains of
interest. Our sensitivity projections therefore span several
orders of magnitude in both A and M.

The chameleon screening factor for a spherical object of
radius R,; and density pop; is [11,12,21]

M
Jach & min | —rew ) (5)
PobjRobj

where ¢.,, is the ambient field value in the vicinity of the
spherical object, i.e., the field that would be present in the
absence of the object itself.

To give some intuition, let us examine Eq. (5) using a
simplified analytical estimate for an atom inside a vacuum
chamber (in practice, we solve the field equation numeri-
cally for the full experimental geometry). The atom’s mass
is dominated by its nucleus, with mass m,; ~ AGeV and

radius Rgp; =~ 1.25 x A'73 fm where A is the atomic mass

number, for which we take A = 87 for ¥’Sr atoms. The
density can be computed from these quantities in the usual
Way, Pobj = Mopi/ (3 ﬂ'Rgbj). Finally, we must determine the
ambient field value inside the chamber. For an infinitely
long cylindrical vacuum chamber of inner radius R,,, the
field at the center is @e,, = E(2A RZ,.)"/? where & ~ 0.68

(see the Appendix). Taking R,,. = 5 cm, we find

084047-3
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AN/ M
atom _ s 3 i
A2 = min (10 (meV) (Mm)’ 1). (6)

In contrast, for a macroscopic object, e.g., a marble with
Ry =~ cm and p = g/cm’, the screening factor is ~1072.
We thus see that while macroscopic objects are generally
screened, atoms are not (over a wide range of parameter
space). This is a key property that enables chameleon
theories to be tested with atom interferometry.

B. Symmetron

The symmetron model [13] exhibits a second archetype
of screening known as the symmetron mechanism. This is
characterized by a potential and matter coupling that cause
the scalar field to decouple from ordinary matter in dense
environments. Although the screening mechanism is dis-
tinct from that of the chameleon, both result in similar
qualitative behavior in that the fifth force is suppressed in
dense environments.

In a typical realization of this mechanism the symmetron
potential and matter coupling are

2

e (7)

Asym(go) = 2M2 s

1 A
— 2.2 4
Vsym<§0) - _5” @ +Z§0 s
where p is a mass scale, 4 is a dimensionless coupling, and
M controls the strength of the matter coupling. This model
results in a critical density p.; = u>M?>. In regions where
the matter field density p,, is below p.;, the field tends

toward a vacuum expectation value (VEV) v = pu/V/A. If
the ambient density is above p;;, the field is instead driven
toward 0. While this specific realization exhibits the
symmetron mechanism by design, this mechanism can
also emerge from more general theories via radiative
corrections [68].

Symmetron screening may be intuitively understood as
follows: as described above, the field transitions from its
VEV in low-density regions to zero in high-density
regions. This transition begins within a thin shell near
the surface of dense objects. Once the field reaches zero
inside the object, it remains constant throughout the
interior. As a result, the external field gradient is sourced
only by matter in this thin shell near the surface, just as
with the chameleon, resulting in a screened exter-
nal force.

The symmetron model has several free parameters.
A common benchmark sets p near the dark energy
scale (u~ Apg) with M ~TeV and A~ 1 such that
v/M? ~ My!, resulting in a fifth force on unscreened
objects comparable to Newtonian gravity. However, as
with the chameleon, the broader parameter space remains
of interest. In this work, we demonstrate sensitivity
across a wide range of parameters spanning many orders
of magnitude.

The screening factor for an extended spherical object in
this model is [13,21]

) M?
Aasym A Min (W, 1) : (8)
objtobj

Considering the idealized setup of ®’Sr atoms in an empty
chamber where the field reaches its VEV, the screening

factor is
. M \2

By comparison, for a macroscopic marble (R~ cm,
p =~ g/cm’) the prefactor is ~1071°, As in the chameleon
case, while macroscopic objects are generally screened,
atoms are not over a wide range of parameter space.

In what follows, we use these theoretical details to
compute the scalar fifth force on atoms in free-fall inside
an atom interferometer vacuum chamber. The local matter
density from the source mass and the vacuum chamber
walls determines the profile of the scalar field ¢, according
to Eq. (2). The atoms are treated as extended spherical
objects with screening factors given by Eqgs. (5) and (8) for
the chameleon and symmetron, respectively.

III. EXPERIMENTAL SETUP
AND MEASUREMENT STRATEGY

Screened scalar models can be probed through precision
measurements of anomalous forces. As evident from
Eq. (3), two key factors determine the force: the screening

factor 4, and the field gradient 640. Atom interferometers
are exceptionally sensitive accelerometers while also being
well suited to optimize both factors. First, the vacuum
chamber provides a low ambient matter density, allowing
the scalar field to develop large values such that atoms
remain unscreened (4, ~ 1) over much of the parameter
space of interest. Second, a source mass can be positioned
inside the vacuum chamber, supplying a large field gradient
while avoiding the strong screening from the chamber walls
that would occur if the source was positioned externally.
The nontrivial environmental dependence of screened
scalars gives rise to specific design considerations and
novel measurement protocols, which we now describe.

A. Experimental configuration

A diagram of the proposed experimental set-up is shown
in Fig. 1. The experiment comprises a 10.1 m vertical
baseline (L) atom gradiometer consisting of two atom
interferometers based on single-photon transitions in 3'Sr.
An additional planar source mass is situated at the top of the
vacuum chamber. In this gradiometer configuration, the
upper and lower interferometers are run simultaneously
using a common laser source. Atom clouds are launched

084047-4
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FIG. 1. Schematic of the top of the proposed experimental setup
(not to scale) showing the upper interferometer of the gradiom-
eter. A 1 cm thick planar source mass is positioned at the top of
the vacuum chamber with a central hole of radius 40% of that of the
chamber to allow for laser transmission. An atom cloud super-
position is shown with the upper state having a closest approach to
the plate of 1 cm. The scalar force drops off exponentially in
strength with distance such that it barely acts on the lower state.
These atoms are launched from approximately 5 m below the
source mass. A second identical interferometer, with atom source at
0 m, is operated simultaneously using common laser pulses
(depicted by the red line). Magnetic shielding surrounds the
vacuum chamber, protecting from stray fields.

upward in a fountain configuration from sources at S m and
0 m respectively, falling under gravity throughout the
measurement sequence. We assume the atoms propagate
up to 5 m above each source, with the upper interfero-
meter atoms reaching a closest approach of 1 cm to the
source mass. An additional 10 cm of vacuum chamber
accommodates the source mass and laser optics. The laser
is delivered from the top of the chamber, with counter-
propagating pulses realized via a retroreflection mirror at
the bottom of the vacuum chamber.

The key design parameters that we assume for the
gradiometer are given in Table I, matching standards
adopted by the TVLBAI community for forecasts
[34,35]. While we remain agnostic to specific experimental
designs, we anticipate that our conclusions will be appli-
cable to 10 m-scale gradiometers, such as AION-10 [27] or
VLBAI [32], and could straightforwardly be adapted to
longer baseline experiments, such as MAGIS-100 [30].

We assume a source mass thickness of 1 cm, construc-
ted of 316 stainless steel with density p= 8g/cm’.

TABLE I. Design parameters characteristic of a representative
10 m atom gradiometer experiment utilizing 8’Sr atoms. k is the
wave number of the laser; L is the baseline; n,,, is the maximum
number of laser pulses; 6@ is the phase noise.

5® [ rad/v/Hz]
4000 1073

Isotope k [m!]
87Sr 9.002 x 10° 10.1

Lm]  npug

This material is selected for its much lower magnetic
permeability than the more common 304 stainless steel
[69].5 Since the atom clouds are addressed by counter-
propagating laser pulses from opposing ends of the base-
line, the source mass needs to allow for laser transmission.
The simplest option is an annular plate with a concentric
inner hole. In general, the smaller the hole the larger the
gradient of the scalar field close to the plate, and in turn the
larger the force experienced by the atoms. This effect needs
to be balanced against the onset of laser aberration and
diffraction, which become more severe at small hole radii.
A further consideration is beam clipping, which occurs if
the beam size, which should be large enough to address the
entire cloud of atoms, exceeds the hole dimensions. It was
argued in Ref. [70] that beam diffraction is significant when
the hole radius is less than 40% of the vacuum chamber
radius. We therefore adopt Ry = 0.4R,,. as our fiducial
standard for the remainder of this study, taking the inner
radius of the vacuum chamber to be R,,. =5 cm. The
relationship between the fifth force signal and the hole
radius is studied in detail later in this section, should other
hole sizes be desirable or necessary.

B. Numerical calculation of the scalar field profile

The fifth force experienced by the atoms at each point
along their trajectories is governed by the local value of the
scalar field. As such, it is first necessary to compute the
profile of the scalar field within the vacuum chamber. This
amounts to solving the scalar field equation of motion
[Eq. (2)] accounting for the residual gas density in the
chamber, which we take to be p,,(¥) = 107"9g/cm>. The
influence of the vacuum chamber walls and the annular
source mass on the field is incorporated via boundary
conditions imposed at their surfaces. The density of the
atoms themselves is neglected in this computation, but later
accounted for via the screening factor 4,. Once ¢(X) is
determined, we use it to evaluate the scalar fifth force along
the trajectory of the atoms via Eq. (3).

We solve the scalar field equation of motion using a
finite element solver in Mathematica version 14.0.0. It is

*While existing gradiometer components, such as a retrore-
flector mirror or lens, could serve as the source mass, their material
properties may be suboptimal. Moreover, if positioned outside of
the magnetic shielding, atoms approaching closely enough to
experience a significant fifth force may enter unshielded regions,
potentially introducing phase noise from stray fields.
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computationally advantageous to first nondimensionalize
the scalar equation of motion by making an appropriate
transformation of variables. For the chameleon this
amounts to performing the rescalings

@ — /A and X — AX, (10)
and for the symmetron
@ — @/v and X — uXx. (11)

Given that the system is rotationally symmetrical about the
polar axis, we work in cylindrical coordinates (r,z) and
solve in the region

0 <r <Ry,

Zmin < Z < Zmax- (12)

The scalar force is exponentially suppressed beyond dis-
tances R, from the plate, so it is not necessary to simulate
the entire length of the vacuum chamber. This suppression
occurs for slightly different reasons in the two theories. For
chameleon theories, this arises because chameleon pertur-
bations have an effective mass mgg (see the Appendix)
inside the vacuum chamber that is at most m.g ~ Ry,\.. For
the symmetron, the theory contains a mass parameter . If
i < Ry then the ambient symmetron field is driven to zero
inside the vacuum chamber [71] such that the fifth force
vanishes. In both cases, the scalar field acquires an effective
mass such that the Compton wavelength of the field, given
by the inverse mass, is approximately R.,.. This results in
an exponential suppression of the force beyond this
distance. The vacuum chamber radius thus sets an upper
limit on the interaction distance between the atoms and the
source mass, a fact which will prove of use in calibrating
the experiment.

As a result of the exponential suppression of the
force beyond distances R,,. from the plate, we only
simulate the top 21.5 cm of the vacuum chamber. The
top of the simulation box corresponds to the center of
the source mass, i.e., Znax = 10.015 m. The lower limit
1S Zpin = 9.8 m.

Having defined the computational domain, we now
specify the boundary conditions. We impose dg/dr =0
atr =0and dp/dz = 0 at z = z;,, as well as at 7 = Z;,¢
when 7 < Rpg.. We set ¢ =0 at r=R,,. and on the
surface of the source mass. These boundary conditions are
justified in the Appendix. As argued there, the condition
@ = 0 on the surface of the vacuum chamber walls and
source mass is an approximation that holds well within the
theory parameter spaces of interest. Were this condition not
satisfied, macroscopic objects would be unscreened and
such models would already be subject to stringent con-
straints from both laboratory experiments and astrophysics
on Yukawa-like fifth forces.

10.00
Chameleon
field [eV]
9.95 0.030
— 0.025
£
% 0.020
L 990
0.015
0.010
9.85
0.005
9.80
-0.05 -0.025 0.00 0.025 0.05
Radius [m]
10.00 Normalised
symmetron
field
0.9
9.95
0.8
—_ 0.7
£
= 0.6
2
T 9% 05
9.85

9.80
-0.05 -0.025 0.00 0.025 0.05
Radius [m]

FIG. 2. Numerically modeled scalar fields in a vacuum chamber,
sourced by a 1 cm thick plate at the top with a hole satisfying
Ry = 0.4R,,.. Top: chameleon field with M = Mp, and A =
10 meV. Bottom: symmetron field, normalized by its VEV

(v=p/VA),withM =1GeV,2=1,and g = 1.5 x 1072 meV.

Figure 2 shows characteristic numerical solutions of the
chameleon and symmetron fields. A separate numerical
solution must be obtained for each (A, M) of interest
for the chameleon and each (u, M) for the symmetron.
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The dimensionless coupling A in the symmetron theory
scales out of the numerical calculation of the field but
reenters later when computing the acceleration of the
atoms.’

The qualitative features of Fig. 2 may be understood in
the following way. In both the chameleon and symmetron
models, the scalar field ¢ is suppressed in dense environ-
ments and takes larger values in under-dense regions. In our
setup, the dense source mass and vacuum chamber walls
therefore reduce ¢ near their surfaces. As shown in Fig. 2,
the field is small near the source mass and at the chamber
edges, and rises toward a constant value at the center of the
vacuum chamber. This spatial variation generates a gradient
in the scalar field that, via Eq. (3), produces an attractive
force between the source mass and the atoms. For the

models of interest this force either scales as ?qo or (p?qo.
As a result, the regions in Fig. 2 where the field value is
greatest do not necessarily correspond to the locations of
strongest force.

With the solutions for the scalar field in hand, the
integrated phase accrued along the trajectory of the atoms,
and in turn the gradiometer phase, can be computed, as we
now detail.

C. Gradiometer phase

The observable of an atom gradiometer experiment is the
difference in the phase differences recorded by the upper
() and lower (I) interferometers at the end of the
interferometry sequence

AD = O — @, (13)

The gradiometer phase is sensitive to the relative accel-
eration between the two atom clouds. Since the interfer-
ometers operate at different heights, the upper and lower
interferometers experience differing gravitational and sca-
lar interactions with the plate.

The trajectory of atoms propagating under the Earth’s
gravitational field is described by

1 1
L=m, <5z2 —gz+ Enzz2>, (14)

where m, is the mass of the atoms, g is the local
acceleration due to the gravity of the Earth, and y, is
the Earth’s vertical gravity gradient. We neglect effects

®For the symmetron, the ambient gas density inside the
vacuum chamber was neglected. This has negligible effect
provided the gas density is less than the symmetron critical
density peie- If pga > perie the scalar field remains at ¢ =0
everywhere inside the vacuum chamber and the force is zero. To
account for this, we set ¢ = 0 by hand whenever pg,s > perits
which simplifies the numerical calculations.

from Coriolis forces and assume they are corrected with a
rotation compensation system (see, e.g., Refs. [27,30]).

To compute the contribution of the screened scalar field
to the phase, we use the semiclassical perturbative approach
[72-75], which gives

u mg 2T u,l u,l
@) =0 [TtV () =V, ). (15)

Here, T is the interrogation time while z,(¢) and z,(¢)
are the trajectories of the two interferometer arms, unper-
turbed by potentials sourced by the plate, following from
Eq. (14) and the laser pulse sequence. V, , is the potential
energy per unit mass experienced by the atoms from the
scalar field. Since the atoms propagate in the z direction,
this is calculated by integrating the z-component of Eq. (3),
which gives

Vel = [ (@m0

The scalar field contribution to the gradiometer phase,
A®,, then follows from Eq. (13).

The gradiometer phase resulting from the plate’s gravi-
tational field, A®,, is obtained analogously by replacing
V,.e in Eq. (15) with the Newtonian potential along the
trajectory of the atoms (the central axis of the annular plate)

Vpale) = 20GupW (/s = 17 + R
—\/[z(t) = h]? +R§>. (17)

Here, R,,. is the radius of the plate, Ry = 0.4R,,. is the
radius of the hole, z(¢) — h is the distance between the
atoms and the center of the plate, p is the density of the
plate, and W is the plate thickness. For the parameter
regions of interest, A®, dominates over AD,,

D. Q-flip protocol

Given the falloff of the scalar field gradient with distance
from the plate, the resulting energy potential per unit mass
[Eq. (16)] is strongly localized near the source mass. To
maximize the accumulated phase [Eq. (15)], the atom
trajectories (of the upper interferometer) should therefore
remain close to the plate for as long as possible. Sufficient
spatial separation between the two interferometer arms
should also be maintained such that only the upper arm
experiences a significant force from the scalar field.

The trajectories of the atomic wave packets are deter-
mined by the sequence of applied laser pulses. While
typical broadband large-momentum transfer (LMT) Mach-
Zehnder sequences provide excellent separation between
the interferometer arms [76], their central mirror pulse
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Spacetime diagrams of atom gradiometer sequences in the presence of a plate at 10.01 m. The acceleration sourced by a

chameleon field with M = Mp; and A = meV is shown by the blue contours in the right panels. Top: spacetime diagram of a resonant
Q = 2 sequence. The left panel shows the full sequence with pulses at times 0, 7/2, T, 3T /2, and 2T. The right panel shows the atom
trajectories in the vicinity of the plate. Bottom: spacetime diagram for the butterfly sequence, which is insensitive to scalar forces due to
the symmetry of the sequence. The right panel shows the atom trajectories in the vicinity of the plate. The resonant and butterfly
sequences differ by the omission of the central laser pulses at time 7.

accelerates the upper arm away from the source mass,
reducing the time spent close to the plate. Instead we
employ a resonant sequence with multiple closed spacetime
diamonds [77], where atoms receive additional momentum
kicks toward the source mass. In such sequences, the
number of closed spacetime diamonds is denoted by Q
and the total number of laser pulses is 20(2n —1) + 1,
consisting of two 7 /2-pulses that define the start and end of
the sequence, and [2Q(2n — 1) — 1] z-pulses. The number
of LMT-kicks during a single diamond in the sequence is
denoted by n.

The top row of Fig. 3 shows a resonant sequence
with Q = 2, in which the atom trajectories in the upper
interferometer peak at approximately 10 m before and after
the central mirror pulse at time 7. The additional momen-
tum kicks in the Q =2 sequence increase the overall
spacetime area in the presence of the scalar force compared
to a Mach-Zehnder sequence. The lower arm is also kicked
closer to the source mass; however, as seen in the top right
panel, the greatest force to which the lower arm is subject is
several orders of magnitude smaller than the maximum
force experienced by the upper arm. While Q > 2 resonant

sequences increase the time that the atoms spend close to
the plate, the separation between the upper and lower
interferometer arms is reduced. We find that these sequen-
ces provide no advantage and therefore adopt the Q = 2
sequence. To maximize the total number of pulses within
the design constraint n,,,, = 4000, we set n = 500.

In fifth force experiments, systematic effects that are not
associated with the source mass are typically removed by
calibrating with measurements made in the absence of the
source mass. To circumnavigate the engineering challenges
associated with removing and replacing the source mass
from the vacuum chamber and the additional systematics
this repositioning is likely to introduce, we instead achieve
this calibration using a butterfly sequence [16,78], which is
insensitive to the presence of the plate. This sequence is
shown in the lower panels of Fig. 3. The butterfly sequence
uses the same value of n =500 as the Q = 2 resonant
sequence but omits the laser pulses at time 7. This causes
the interferometer arms to cross over, with the result that
each arm spends the same amount of time near the plate.

Since the source mass is fixed in place, the fifth force is
constant in time. Such a static effect is more difficult to
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FIG. 4. Top: time series of gradiometer phases using the Q-flip
protocol. Measurements are first made using the resonant Q = 2
sequence, which is sensitive to the scalar and gravitational fields
sourced by the plate. The sequence then switches to the butterfly
sequence, which is insensitive to these effects. Stochastic shot
noise is present in each measurement. Repeating the resonant-
butterfly cycle produces an oscillating phase readout with period
1/f,. Bottom: square-root of the PSD of the above time series.
Spikes appear at odd multiples of the fundamental frequency f
with amplitudes proportional to /T, AD,,.

detect than inherently oscillatory phenomena, such as GWs
or ULDM, whose characteristic time dependence can be
used to distinguish them from static or slowly varying
backgrounds. To overcome this challenge, we induce a
controlled time dependence in the fifth-force signal by
alternating between two pulse sequences during a continu-
ous experimental run: the resonant Q = 2 sequence, which
is sensitive to scalar fields sourced by the plate, and the
butterfly sequence, which is not. Periodically switching
between them generates an oscillatory phase response at
frequency wy = 27 f, which can be controlled experimen-
tally. We coin this the Q-flip protocol.

This effect is illustrated schematically in the time series
shown in the top panel of Fig. 4, which includes contri-
butions from the plate’s gravitational field, a screened
scalar field, and stochastic shot noise. The resonant-
sequence has a mean amplitude A®, = Ad + AD ,
around which stochastic shot-noise fluctuations occur. In
this schematic, the shot-noise fluctuations are assumed to

be much smaller than A®,,. Since the gravitational and
scalar contributions are absent in the butterfly sequence, its
output fluctuates around zero due to atom shot noise.

The periodicity of the signal concentrates into peaks in
frequency space [79]. This allows transient noise sources
that remain broadly distributed to be effectively detrended
using standard techniques for detecting oscillatory signals.
This behavior is formally captured by the power spectral
density (PSD) of the phase measurements. For a set
of N discrete measurements {A®,} recorded at times
t = £At, where At is the time separation between succes-
sive measurements, over a total integration time
T;.c = NAt, the PSD is defined as

N1 :

2
ZAQK exp [_ mfk}
£=0 N

where k=0, ...,(N — 1) labels the discrete frequencies
fr = k/Tip with resolution Af = (T;,)~". The maximum
nonaliased frequency is known as the Nyquist frequency,
frny = (A1)~

The lower panel of Fig. 4 shows the square root of the
PSD (the amplitude spectral density) for the upper panel
time series. The fundamental peak occurs at f(, followed
by smaller spikes at odd multiples of f,. While these higher
harmonics are not exploited in the present analysis, they
could provide additional information for signal characteri-
zation in the event of a detection. In practice, the peaks have
finite widths, but these become negligible provided suffi-
ciently long integration times, T, > 1/f,, and their
amplitudes in this limit scale as /Ty, In the following,
we focus on the spike at the fundamental frequency.

To evaluate the sensitivity to the screened scalar models,
we define the signal-to-noise ratio (SNR) as the ratio of
the PSD of the scalar field contribution, S?, to the PSD
of the background noise, S”, evaluated at the fundamental
frequency

2
, (18)

o A
KTN

SNR =

(19)

Note that we have implicitly rewritten the PSDs as a
(continuous) function of w = 2zf, which is a valid
approximation provided T, > 1/f,.

In the following, we assume a periodic signal with
amplitude A®,, in the limit Ty, > 1/f,, which yields
S?(wp) & 17Ty |AD,,|>. We assume that the background
noise is dominated by atom shot noise, which is white in
frequency space, with S"(wy) = |5®|?>, where 5® is a
design parameter quoted in Table I. In a practical experi-
ment, S?(w,) must be extracted from the square-root of the
measured PSD by removing the contribution from the
plate’s Newtonian gravity. We next discuss a protocol for
doing this.
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E. Calibration and source mass calibration

The Q-flip protocol measures the difference in gradi-
ometer phases between resonant and butterfly sequences.
This is sensitive to the fotal potential sourced by the plate,
with Newtonian gravity providing the dominant contribu-
tion. The peak at the fundamental frequency in the v/PSD
has amplitude 77'\/TiA®, = 77" /Tip (AD, + AD,).
Isolating A®,, requires accurate subtraction of A®,.
Uncertainty in this subtraction, 5[A®,], directly limits the
sensitivity to screened scalars. To achieve a sensitivity that is
limited by shot noise, we require 7~ \/TjS[AD,] < 5P,
where 6@ is the phase noise from Table I.

In principle, the A®, contribution can be computed
from Egs. (15) and (17) given the plate parameters
{W,p, Rysc. Ry} and Gy. These could be determined from
independent measurements with their uncertainties then
propagating directly to the inferred value of 5[A®,]|. The
dominant uncertainty arises from the plate density. The
gravitational constant is known to a relative uncertainty
8Gy/Gy ~2.2 x 107 [80], while we anticipate that the
plate thickness and radius can be measured to §W/W ~
SR/R ~ 107*, corresponding to micrometer precision [81].
For 316 stainless steel, manufacturer specifications do not
provide a tightly defined tolerance, so we adopt a
conservative relative uncertainty of 8p/p ~ 1073, broadly
consistent with the precision achieved in hydrostatic
weighing of stainless-steel standards [82]. Under these
conditions, §[A®,] ~ (6p/p)AD,. For d. = 1 cm, where
d. is the distance of the closest approach of the atoms to the
plate, we find A®,~0.54 rad and thus §[AD ] ~5.4 x
10~* rad. From the requirement 7' /T;, S[A®,] < 5®, we
find that for integration times exceeding T}, ~ 34 s, this
method results in the sensitivity projections becoming
limited by the uncertainty in the plate’s gravitational
contribution rather than atom shot noise.

Long-baseline gradiometers offer an approach to over-
come this limitation and achieve improved sensitivity. By
controlling the atom launch velocity, d. can be varied,
allowing forces to be probed over a wide range of
separations. As illustrated in Fig. 5, the scalar force drops
off exponentially beyond its characteristic range (~R,,. as
discussed in Sec. III A 1), while the gravitational force
follows an inverse square law. Calibration measurements
with the Q-flip protocol at large d. values can therefore
distinguish these contributions and characterize the plate’s
gravitational field in situ.

To quantify the required calibration effort, consider
performing measurements at N, different values of
d. Z R,,.. At each value of d., the Q-flip protocol is run
for a total integration time T, giving a measurement of A®,
with shot-noise-limited uncertainty §[A® | = 75D/ +/Tiy.
For the purposes of this estimate, we make the simplifying
assumption that the dominant uncertainty on the gravitational
phase follows from the product of terms GypW. The Ny
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FIG. 5. Gradiometer phase as a function of minimum atom-

plate separation d,., achieved by varying the atom launch velocity.
Upper panel: plate gravity (green) and chameleon (purple) with
A=10""" meV, M =10"*Myp, contributions to the phase.
Lower panel: relative phase with respect to the gravitational
contribution. The blue dashed line shows d. = R,,.. Gravita-
tional effects dominate the total phase, with the scalar force
detectable only at d. < R,,. due to exponential suppression at
larger separations. By measuring the phase at multiple separa-
tions d. > R,,., the gravitational contribution can be character-
ized and subtracted from measurements at d. = 1 cm.

measurements of A®, at different separations can therefore
be fitted to the phase predicted by the gravitational model
from Eq. (17) to constrain this overall scaling prefactor.
Fitting to N, independent measurements at different d,.
values reduces the uncertainty on the fitted prefactor by
1/4/N¢y compared to a single measurement, and thus the
uncertainty on the predicted gravitational phase at d,. =
lcm is 5[A®,]/\/Ng. To achieve shot-noise-limited
sensitivity for the screened scalar search at the same
integration time as each calibration measurement requires
S[AD,]/\/Noy < 76D/ /Ty, or equivalently, /N, > 1.

For N, = 10, performing measurements each integrated
for T;,, = 12 hours yields a predicted gravitational phase at
d, = 1 cm with uncertainty ~1.5 x 107 rad. This is an
improvement over what could be achieved through external
measurements alone. This demonstrates that the in situ
calibration approach can achieve shot-noise-limited sensi-
tivity even without exploiting prior information from
laboratory measurements of the plate parameters. In prac-
tice, a Bayesian analysis incorporating priors on the geo-
metric parameters { W, R,., Ry} and {p, Gy} would yield
tighter constraints and should be adopted to optimize the
calibration efficiency.
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FIG. 6. Ratio of gradiometer phase with a central hole of radius
Ry to that with no hole, A®(Ry;)/A®(Ry = 0), as a function of
Ry /R, .. The chameleon (green line) is largely insensitive to M
and A over the relevant parameter range, while the symmetron
(purple lines) depends strongly on u, with curves shown for u
between 107> meV and 10~' meV. The black dashed line
indicates Ry = 0.4R,,., which minimally affects chameleon
sensitivity while maintaining acceptable signal for p <
107! meV symmetron models.

F. Plate hole effects

Our experimental proposal employs a static annular
source mass with a central hole of radius Ry = 0.4R,,
to allow for laser transmission. This constraint reduces the
scalar field gradient near the source mass, and in turn the
force on the atoms. A hole smaller than 40% of the vacuum
radius, however, results in larger diffraction and aberration
of the laser beam, introducing additional systematic effects
[70]. Before proceeding to sensitivity projections, we
quantify the impact of the hole geometry on the gradi-
ometer phase for the screened models of interest.

Figure 6 shows the ratio of the gradiometer phase from a
plate with a hole to one without, A®(Ry)/A®(Ry = 0), as
a function of Ry/R,,.. For the chameleon (green line), the
relationship between the plate-hole radius and phase is
independent of the parameters A and M within the ranges
most relevant to the experiment: A = 107 meV —
10> meV and M = 10"°Mp, — 10>°Mp,. In contrast, the
symmetron (purple lines) result depends strongly on g,
with results shown for 4 = 107> meV to 107! meV.

The insensitivity to M in the chameleon model is
straightforward to understand: for the values of M, A in
question, the density term p,,,/ M in the chameleon equation
of motion is negligible compared to the A’ /@? term, such
that the scalar field ¢ is independent of M.

Therefore, the fifth force on the atoms scales as M~! and
the ratio of the force between the two cases (with and
without the hole) remains constant. The lack of A

dependence is more subtle but may be understood by
examining the chameleon field’s equation of motion. As
already noted, the density term in the equation of motion is
assumed to be negligible for this range of parameters inside
the vacuum chamber, and in this limit the equation of
motion is invariant under the simultaneous scaling by a
constant factor a: ¢ — ap, A — a*/A. For a given value of
A, the solution to the problem with a different value is a
simple rescaling. Consequently the force on a test particle
also scales as F' — aF, as does the integrated phase. Since
the curve in Fig. 6 represents a ratio of two integrated
phases it is invariant under this scaling. The relationship
between hole diameter and integrated phase is approxi-
mately linear across a wide range of M, A such that a hole
of radius Ry = 0.4R,,. results in a phase reduction of
approximately 30% compared to a plate with no hole.

A similar argument does not apply to the symmetron.
While it is tempting to try an analogous scaling involving
u — au, making the equation of motion invariant under this
scaling would then require ¢ — a 2¢p, 1 — a®l, and
¥ — a~'X. This last transformation on the coordinates ¥
also scales the boundary conditions, and hence the scaled
solution is no longer applicable to our problem. As such,
we simply recompute the field for each y value of interest.’

For ;> 10! meV, the phase sensitivity curves drop off
with increasing hole radius more rapidly than for the
chameleon because the minimum straight-line distance
between the atoms and any portion of the plate increases
beyond a Compton wavelength of the scalar field.
However, at smaller values, the sensitivity drops more
slowly with increasing radius. This may be understood via
the reasoning described in Sec. II: if the Compton wave-
length is greater than the size of the hole, then the scalar
field value is strongly suppressed, such that ¢ ~ 0 inside the
hole. The net effect is that the field profile sourced by the
plate is similar to that of a solid plate with no hole.

To summarize, the impact of the central hole is modest
for the chameleon parameters of interest, while the sym-
metron sensitivity depends strongly on y and is substan-
tially reduced in the large y limit. This highlights that the
optimal hole radius depends not only on the vacuum
chamber size and laser optics, but also on the targeted
screened scalar theory. Our choice of Ry = 0.4R,,. repre-
sents a balance between signal strength and avoiding laser
diffraction and aberration, preserving the chameleon signal
while maintaining sensitivity for symmetron models with
u < 107" meV. Optimizing the hole radius for specific
theoretical targets, such as larger-u symmetrons, would
require further study beyond the scope of this work.

7Although A dependence was not considered, in fact there is a
scaling symmetry ¢ — ap,A — a~2). This rescaling leaves
Frole/Fsotiq invariant, so the same curves in Fig. 6 are valid
for all values of A.
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IV. PROJECTED SENSITIVITY

We now present the projected sensitivity of the proposed
experimental protocol. Figure 7 shows the forecasts for
chameleon and symmetron theories assuming shot-noise-
limited sensitivity. Three potential realizations of this
experiment, denoted brief, standard, and extended, are
shown, which differ in the duration of the primary mea-
surement campaign at d. = 1 cm as detailed in Table II.
The stated integration times exclude calibration runs to
establish the plate’s gravitational field at d. > R,,., which

logyo A/ meV

would require comparable integration times to the primary
measurement. The shaded regions indicate parameter space
with SNR > 1.

The top panel in Fig. 7 shows the sensitivity for a
chameleon force in the M, A parameter space. The three
realizations of the experiment (blue, dashed lines) are
projected to surpass previous bounds from levitated atom
interferometer experiments (green, solid line) [22], levi-
tated force sensor experiments (orange, solid line) [83], and
torsion balance experiments (purple, solid line) [6,84].

logio M/ Mp

4 4
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FIG.7. Projected bounds (dashed lines labeled AI-10 m) for a chameleon force (top panel) and symmetron force (bottom panels) with
a representative 10 m atom gradiometer for the brief, standard, and extended experimental realizations defined in Table II. The bottom
left panel shows projections for u = 10~ meV for all three realizations, while the bottom right panel shows different values of x for the
Standard realization only. These are compared to existing experimental constraints (solid lines) from a levitated atom interferometer
[22], a levitated force sensor [83], and torsion balance experiments [6,71,84]. The torsion balance bound corresponds to # = 10~! meV

and vanishes for smaller values of p.
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TABLE II. Parameters for three potential realizations of a
representative 10 m atom gradiometer experiment. T, denotes
the total integration time for the primary measurement campaign
at d. = 1 cm, which excludes calibration runs to parametrize the
plate’s gravitational field.

AI-10 m Tint

Brief 400 s
Standard 12 hrs
Extended 1 week

These curves exhibit the possibility to robustly test an
order of magnitude or more around the dark energy
scale A = Apg.

The behavior of the chameleon sensitivity projections
can be understood as follows. At large M, the relationship
between between log,, M/Mp; and log;, A/meV is linear.
Below M/Mp ~ 1073 — 1074, screening of the atom
becomes significant: the additional factor of M in the
screening factor [as defined in Eq. (5)] cancels with the
factor of 1/M that appears in the acceleration, producing a
plateau in the sensitivity projection. For example, using
Eq. (6), if A~ 107> meV the atom is screened for M <
1073 My, corresponding to the knee on the right side of the
figure. At even smaller M, the field reaches the minimum of
the effective potential (see the Appendix), resulting in a
Yukawa-like suppression of the fifth force.

The lower left panel in Fig. 7 shows the forecasted
sensitivity of the three experimental realizations to the
symmetron for a fixed value of y = 107" meV. In this
case, our projections for the benchmark setup are compa-
rable to existing bounds for the brief scenario, with
improvements of at least an order of magnitude in A
achievable with both the standard and extended setup.

The qualitative characteristics of the lower left panel are
as follows. At large M, the atom is unscreened and the
constraint follows a power law. Smaller M corresponds to a
stronger fifth force and hence stronger bounds on A. At
M < GeV the atom becomes unscreened [predicted by
Eq. (9)]. From here, increases in the fifth force are offset by
decreases in the screening factor, hence the flat portion of
the curve. Moving further to the left, if the critical density
of the theory is less than the density of the gas inside the
vacuum chamber y?>M? < p,,. then the field remains at ¢ =
0 everywhere and the fifth force switches off, hence no
bounds may be placed.

The lower right panel of Fig. 7 shows the standard
realization for different values of u spanning 1072 to
10~" meV. This demonstrates sensitivity improvements
over existing bounds, though the magnitude of improve-
ment varies with 4. Similar behavior is found for the brief
and extended realizations.

As configured, the proposed setup is most sensitive to
1072 meV <u <107 meV, complementing previous
atom interferometry tests whose sensitivity peaks at

10715 meV < <107%° meV. The improved sensitivity
at lower p values compared to existing experiments results
from the larger vacuum chamber radius, as well as the
improved phase sensitivity. The relatively poorer sensitivity
at the higher end, y ~ 10~! meV, stems from our choice
d. =1 cm. This was chosen conservatively to ensure that
systematic effects from the plate, which we discuss in the
next section, are small. Reducing d. may improve the
sensitivity to larger values of yu, provided the systematics
remain under control.

The chameleon models, on the other hand, have the same
Compton wavelength of m_} ~ R,,. over a wide range of
parameter space and are therefore less sensitive to these
considerations. Hence our forecasts show a more robust
improvement for chameleon models, even with our
conservative estimate for the plate-atom separation d..

V. SYSTEMATICS

The sensitivity forecasts presented in the previous
section assume that the experiment is atom-shot-noise
limited. While the Newtonian gravitational effect of the
plate must be characterized and subtracted from the signal
sequence measurements, as discussed in Sec. III A 4, other
potential sources of systematic uncertainty must also be
addressed. Comprehensive studies of many backgrounds
and mitigation procedures have already been discussed in
the literature [30,37,85,86], and characterized in 10 m
instruments [8§7-91]. In this section we focus on systematic
effects particularly relevant to our setup and suggest ways
in which they can be suppressed below shot-noise.

A particular advantage of operating in a gradiometer
configuration is that systematic effects which are common
to the two interferometers, such as laser phase noise,
mechanical jitters and uniform magnetic fields, are natu-
rally suppressed in the differential measurement. Of more
concern are backgrounds which induce a differential
acceleration between the interferometers. Gravity gradient
noise (GGN), which results from fluctuations in the
local gravitational field, is one such background. At
10 m-scales, anthropogenic GGN from moving machinery
or personnel is the primary concern [92], while at longer
baselines natural environmental sources may dominate
over atom shot noise at sub-Hz frequencies without
mitigation [93,94].

The fact that the signal is sourced by a controlled object
within the laboratory (the plate) provides additional oppor-
tunities compared to searches for oscillatory background
fields (e.g., ULDM and GW) where the signal frequency is
unknown. Here, the signal frequency f derives from the
QO-flip alternation rate (see Fig. 4) and is thus a design
parameter. As a result, time-varying backgrounds uncorre-
lated with f;, can be removed by comparing measurements
at different values of f,. In addition, f, could be selected to
avoid the frequency ranges of known background sources.
The choice of f is restricted by the duration of each
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interferometry sequence, although multiplexing atom
clouds could alleviate this.

We now consider systematics introduced by the source
mass itself. As discussed in Sec. IIl A 4, it is necessary
to subtract off the contribution to the gradiometer phase
sourced by the Newtonian gravity of the plate. Assuming
this can be sufficiently characterized via the outlined
calibration procedure, the dominant remaining uncertainty
arises from how well the atom-plate separation d,. is known.
One cause of position uncertainty is shot-to-shot jitter §[z],
which arises from random variations in the launch velocity,
laser pointing, and mechanical vibrations. This uncertainty
induces variations in the gravitational contribution to the
gradiometer phase of

mg

ol =2 [ AV, -+ 001) = Vi (21 + 03]
- [Vp,g(zét) - Vp.g(zllt)])' (20)

Assuming §[z] ~ 10 pm [61], Eq. (20) results in a per-shot
phase uncertainty of §{A®,] ~ 10~ rad. This noise source
is stochastic and is expected to average down with repeated
measurements.

A further source of uncertainty is a systematic position
offset arising from laser alignment calibration, launch
height measurement, plate positioning, and trajectory
reconstruction errors. We characterize this by examining
the gradient of the curve in Fig. 5 to give an uncertainty

5A®,] = ‘:Ef « 8ld,]. (21)

At an atom-plate separation of d,. = 1 cm, the gradient

do . .
3~ 5 rad/m. Assuming a similar level
c

of position uncertainty 6[d.|~ 8[z] ~ 10 pm, yields
S[AD,] ~5 x 107 rad.

Within the Q-flip protocol (Sec. III A 3), the require-
ment to reach shot noise limited sensitivity becomes an
integration time dependent condition. For our standard
realization (7, = 12 hours), the shot-noise-limited phase
sensitivity is

is found to be

10~ rad/VvHz _ 105
V43200 s

The standard realization is therefore on the order of
sensitivity where position uncertainty may begin to domi-
nate over atom shot noise. Achieving shot noise limited
sensitivity with the extended configuration would thus
require improvements to the assumed ~10 pm position
uncertainty and potentially the use of a lighter source mass
to reduce the gradient of the curve in Fig. 5.

Black body radiation from the plate can also
impact measurements close to surfaces [95]. If the plate

6Dyt = rad. (22)

temperature is raised relative to the surrounding environ-
ment, it will source an additional force proportional to the
temperature difference, scaling, like Newtonian gravity,
with the inverse squared distance from the plate. This
would act differently on the two interferometers and
therefore appear in the gradiometer phase. With the plate
and environment in thermal equilibrium, this effect is
expected to be small. Should additional suppression be
required, temperature sensors along the baseline would
enable modelling and postcorrection, while random fluc-
tuations could be detrended by exploiting the signal
periodicity.

Patch potentials and other short distance forces (e.g.,
Casimir-Poldor forces) sourced by the plate pose a further
potential source of phase uncertainty if the atoms approach
too closely. In our sequences, the distance of closest
approach of the atoms to the plate is 1 cm. At these
distances, such effects are expected to be negligible [24].

Finally, we consider systematics arising from the thermal
expansion of the atom cloud. The impact of cloud dynamics
(expansion and temperature) is important for experiments
probing short-range effects. In typical experiments, it is
expected that the cloud may expand to the order of mm
[76,96,97]. For a cloud of diameter ¢ = 1 mm, the closest
and furthest atoms from the plate will experience enhanced
and reduced accelerations. Assuming the cloud is isotropic,
the cloud-averaged phase differs from the center-of-
mass phase by a curvature correction: (A®) ~ Ad(z.) +

%%02, yielding a systematic offset of approximately

—0.01% which scales as ¢2. For realistic cloud sizes we
thus consider this effect negligible and likewise expect
minimal contrast loss.

VI. DISCUSSION AND CONCLUSIONS

Screened scalar theories have been proposed as dark
energy candidates and arise in broader dark-sector model
building. These allow scalars to couple to matter with a
strength comparable to, or stronger than, gravity while
remaining phenomenologically viable through a screening
mechanism: in regions of high density, nonlinear terms in
the scalar equation of motion become large, effectively
decoupling the field from the Standard Model. We target
two of the most prominent models in this class: the
chameleon and the symmetron.

We explored the use of long-baseline atom interferom-
eters to detect or constrain such forces. We proposed an
experimental setup employing an annular planar source
mass with a central hole (Ry = 0.4R,,.) positioned inside
the vacuum chamber at the top of a 10 m-baseline
gradiometer. This geometry supplies a scalar field gradient
while avoiding the strong screening that would occur with
an external source mass. The central hole accommodates
laser transmission with only a modest ~30% signal
reduction for chameleon models, while retaining good
sensitivity for symmetron models with x < 107! meV.
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Two key challenges arise with this set-up: first, distin-
guishing the static fifth force from background systematics;
and second, isolating the scalar force from the plate’s
Newtonian gravity. To address the first, we proposed the
O-flip protocol, which alternates between two distinct
sequences. The resonant Q =2 sequence keeps atoms
close to the plate throughout their trajectories, while the
butterfly sequence features crossing arms causing both
the scalar and gravitational contributions to cancel in the
gradiometer phase. This alternation induces a periodic
time-dependence to the gradiometer phase at a controllable
frequency f, aiding signal extraction and enabling robust
noise characterization through standard time-series analysis
techniques. To address the second, we exploit the long
baseline which enables measurements beyond the scalar
force range (~R,,). This allows in situ gravitational
calibration at d, 2 R,,. to achieve shot-noise-limited sen-
sitivity when probing close to the plate (d. ~ 1 cm).

With these protocols in place, we project sensitivities that
lie 1 to 1.5 orders of magnitude beyond existing bounds. For
chameleon models, a standard realization (12 hours integra-
tion time) would decisively test parameter space around the
dark energy scale A = Apg, with the extended configuration
(1 week integration time) probing A from 107> meV to
10°° meV when M < Mp,. For symmetron models with
u = 1071 meV, the standard setup would improve bounds
on A by more than an order of magnitude, with greatest
sensitivity to 1072 meV < u < 107! meV, complementing
previous tests at slightly higher values of u.

The Q-flip protocol offers additional advantages for
signal characterization beyond detection that could be
exploited in future work. The power spectral density
exhibits peaks at odd multiples of f,, with the pattern of
higher harmonics encoding information about the signal.
While we focused on the peak at f, for our sensitivity
projections, these features could prove valuable for signal
validation in the event of a detection, providing a distinctive
signature to distinguish genuine scalar forces from unex-
pected systematic effects.

The localized nature of screened forces makes 10 m-
scale instruments particularly well-suited for these
searches. A key advantage of long baselines is enabling
measurements beyond the scalar force range (~R,,.) for
gravitational calibration, which is fully realized at just a few
meters. This contrasts sharply with gravitational wave
detection, where sensitivity scales with baseline and
~ km —scale instruments are required. Screened fifth
forces thus present an ideal target for the 10 m atom
interferometers that will be operational in the near term,
such as AION-10 and VLBAI, with longer 100 m-scale
instruments such as AICE and MAGIS-100 offering further
opportunities for complementary searches.

Source mass geometries could be further tailored to
optimize sensitivity to screened scalars [98]. Smaller hole
radii could enhance sensitivity to high-y symmetrons at the

cost of increased laser diffraction and aberration. To
eliminate the hole entirely, a solid plate could be moved
out of the laser path when pulses are fired and repositioned
when the atoms reach the apex, either through horizontal
translation or a mechanical shutter mechanism. While this
would recover the ~30% signal loss from the hole, the
engineering challenge is likely to be substantial.

The measurement techniques developed here are readily
applicable to a broad range of theoretical models. A
comprehensive survey of screening mechanisms beyond
chameleon and symmetron models would be valuable. The
experimental configuration could be adapted to probe
Yukawa-like forces through larger external source masses,
or to search for equivalence-principle violation using
different materials or atomic species in the upper and
lower arms. Longer baseline instruments offer additional
geometric possibilities: periodic test masses positioned
along the baseline [24,99], a source mass tracking the
atomic trajectories to increase interaction time, or multi-
gradiometry configurations for enhanced systematic rejec-
tion all warrant investigation.

The protocols introduced here provide new routes to
probe screened scalar theories. With several 10 m instru-
ments under construction, the next few years offer timely
opportunities to test theoretically motivated regions of
screened-scalar parameter space. With rapidly developing
theoretical ideas, experimental innovation, and facilities,
long-baseline atom interferometry is set to play an increas-
ingly important role in the search for physics beyond the
Standard Model. Beyond application to dark-sector phys-
ics, the protocols proposed in this work may be useful for
quantum sensing more broadly.
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APPENDIX: SCALAR FIELD APPROXIMATIONS

While in practice we solve the scalar equation of motion
Eq. (2) numerically, much of the behavior can largely be
understood in terms of a small number of analytic argu-
ments which we provide here to offer insight into the
behavior of these fields. This is also of use to justify various
choices that are made in this work, particularly the
boundary conditions imposed to solve for the field profile
in the experimental apparatus.

For convenience it is common to define the effective
potential V(@) to include contributions from matter
interactions

Veir(@) = V(p) + A(@)pm- (A1)

It is this potential which governs the dynamics of the scalar
field. In the presence of some ambient field value ¢,
perturbations to the field value acquire an effective mass

d2

2 =<
d(p2

Mege (@) (A2)

Verr (@)
The inverse of the effective mass is termed the Compton
wavelength, and is a useful quantity for understanding the
behavior of the scalar field. We are now ready to examine
in more detail two of the claims made in the main text.
This information has appeared in the literature before
[17-19,71,84,101,102] so we briefly summarize the main
points.

1. Claim 1: Range of the scalar interaction

It was claimed in Sec. III that for both the chameleon and
the symmetron, the range of the scalar-mediated interaction
between the atoms and the plate is at most ~R,,.. We
discuss the chameleon and symmetron in turn.

For the chameleon, we begin by neglecting the residual
gas density inside the vacuum chamber p,,.. Including the
density term has the general effect of increasing the
Compton wavelength, so this suffices to set an upper
bound on the interaction. In a region with zero density,
the chameleon field value rolls to a large value, as may be
ascertained by examining the effective potential V. Given
infinite space, the field would reach an infinite value. But
(as we shall see later in this appendix) the field value must
be small, near zero, at the edges of the vacuum chamber.
The solution to the equation of motion minimizes the
energy of the field configuration, which involves both the
(spatially integrated) potential energy V(¢) and gradient

—
energy 1 (V)% The field thus rolls to a value finite ¢y,
that is a balance between these two contributions to the
Hamiltonian density. It has been shown via numerical

calculation [18,19,102] that the central field value in the
vacuum chamber is

Pyac = f(ZASR%aC)I”’ (A3)

where £ is an O(1) factor that depends on the geometry of
the vacuum chamber. For an infinitely long cylinder,
£~0.68. This results in a Compton wavelength of
Mt ~ Ryqe, as promised.

For the symmetron, similar reasoning as above leads one
to again conclude m} < R, with the caveat that for small
mass parameters y < Ry} it is energetically favorable for
the field to remain at ¢ = 0 everywhere, switching off the
fifth force entirely [71,103].

2. Claim 2: The boundary condition ¢ =0

We now justify the boundary condition used in the
numerical calculations, in which ¢ = 0 at the surface of the
source mass and the vacuum chamber walls. The essential
idea is that inside such dense media the field rolls very
quickly to the minimum of the effective potential ¢,;,. In
general this depends upon the parameters of the theory.
With parameters where this does not occur, macroscopic
objects would be unscreened and such an interaction would
already be ruled out by existing fifth force tests. We now
show that for the models of interest we will always be able
to take ¢ = 0 at the boundaries.

This argument hinges upon two ingredients: (i) the field
value reached within the walls @i, wans 18 tiny compared to
the typical field values inside the vacuum chamber and
(ii) the field reaches ¢,,;, within a negligible distance
compared to the size of the wall itself.

We first discuss the chameleon. Inside a region of
constant density p, the field tends toward the minimum
of the effective potential

MN>
@Pmin (,0 ) = s
p

p \32
mgff(p) =2A? (W) ,

where we have also given the effective mass of fluctuations
about that minimum. The field rolls toward the minimum of
the effective potential ¢,,;, over a distance of roughly one
Compton wavelength m_}. For the chameleon, inside the
metal of the source mass and vacuum chamber walls the
Compton wavelength is

-3/2 A N72/7 M \3/2
ma = (9% 102 cm) (P_> <_) (_> ,
Pwater ADE MPl

(AS)

(A4)

where Apg =2 x 1073 meV. This distance is much less
than the typical size of the objects themselves, and of the
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distance between the atoms and the source mass or vacuum
chamber walls (which is of order ~cm). We are always
interested in the case A < Apg and M < Mp, as seen in
Fig. 7. Likewise, typically pyan/Pwater ranges from roughly
1 to 10 depending on the materials used. We are therefore
justified in setting the field to its equilibrium value ¢ =
@min at the surface of the source mass and vacuum
chamber walls.

We can justify setting ¢ to zero (instead of to ¢q) in a
similar manner. The relevant comparison is between the
equilibrium field value in the source mass and walls
@minwas and the typical field value in the vicinity of the
atoms (¢,,.)- Using Egs. (A3) and (A4), we find

gomin,walls —97x 10_2 <pwall ) =172 (&) -2/3
Pvac Pwater cm

W

Once again, because we are always interested in the case

A 5 ADE and M 5 MPla we have Pmin,walls <K Pyac SO WE

may Set @in wans ~ 0. We are left with ¢ = 0 at the surface
of the source mass plate and vacuum chamber walls as a

reasonable approximation for the real behavior of the field.

The justification is similar for the symmetron. Here, the
equilibrium field value in the dense material is 0, so it is
then only necessary to show that the Compton wavelength
is small compared to the size of the objects and the distance
to the atoms. Examining Eq. (7), the effective mass
of symmetron fluctuations is m2; = —u® + pyar/M* =

Pwan/M?*. The Compton wavelength is thus

—1/2 M
mzt = (9.4 x 1076 cm)<m> <@> (A7)

pwater

We can now see that this distance is sufficiently small

(¥ cm) throughout the parameter space of interest.
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