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We introduce and define the phenomenological parameter k, defined by Aa/g = k A(g/m), to
quantify potential linear coupling between electric charge and gravitational acceleration. A synthesis
of existing precision equivalence principle experiments yields the first quantitative estimate of the
effective sensitivity to this coupling: |x| < 2.1 x 10™* kg C™! at 95% confidence level. This constraint
is approximately 11 orders of magnitude less stringent than corresponding bounds on composition-
dependent violations, revealing that the electromagnetic axis remains a largely underexplored frontier
in empirical gravity. We connect  to established frameworks—the Standard-Model Extension and
the T'Hep formalism—showing that it occupies a region of parameter space untouched by existing
high-precision tests. An effective field theory analysis shows that dimension-six operators that
couple curvature directly to the electromagnetic field strength are suppressed by the minuscule
terrestrial spacetime curvature (G'ypg ~ 107°° GeV?) and are therefore phenomenologically irrelevant.
Consequently, a future measurement of x at an accessible level would not probe minimal geometric
couplings but would signal physics beyond minimal gravitational EFT, such as mediation by light
scalar fields as in Einstein-Maxwell-Dilaton theory. We examine the Schiff-Barnhill effect, the primary
systematic background for any such measurement, and show how it can be separated from a genuine
signal. We outline the necessary experimental strategy, focused on maximizing charge-to-mass ratio
differences, to transform this overlooked axis into a targeted probe for new physics.
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I. INTRODUCTION

The weak equivalence principle (WEP), which posits
the universality of free fall, stands as a cornerstone of
general relativity and a sensitive probe for physics beyond
the Standard Model. Contemporary tests have achieved
extraordinary precision, constraining differential accel-
eration between test masses of different composition to
levels below |Aa/g] < 107'° [1H3]. These remarkable
achievements are built upon an experimental paradigm
that actively suppresses net electric charge on test masses
to eliminate electromagnetic backgrounds.

This paradigm has left a fundamental question largely
unexplored with comparable precision: Does gravitational
acceleration depend on a body’s electric charge? While
general relativity predicts charge blindness through the
universality of the stress energy tensor, various theoret-
ical extensions, including scalar-tensor theories, string-
inspired dilaton models, and generic effective field theory
expansions, permit potential violations along this electro-
magnetic axis [4H7].

The conceptual and experimental challenges of probing
the WEP with charged matter have a rich and ongoing
history. A seminal proposal by Dittus and Lammerzahl
[8] analyzed the feasibility of space-based tests, revisit-
ing the classic Witteborn-Fairbank experiment [9] and
introducing a modified E6tvos parameter to account for
charge-dependent effects. Their work highlighted the dom-
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inant systematic errors, such as gravity-induced electric
fields (Schiff-Barnhill [I0] and Dessler-Michel-Rorschach-
Trammell (DMRT) [11] effects), and argued for the advan-
tages of a microgravity environment. The comprehensive
systematic analysis of Darling et al. [I2] remains the
definitive reference on the spurious forces that plague such
measurements, complementing the foundational experi-
mental work. This theoretical and experimental ground-
work has been complemented by significant ongoing ef-
forts, such as the high-precision free-fall program at the
ZARM drop tower [13], and has been extensively reviewed
by Tino et al. [I4], who dedicate specific sections to
charged particles and antimatter, reaffirming this as a
persistently underexplored frontier. These reviews synthe-
size the known experimental challenges and theoretical
motivations, highlighting the need for novel approaches.

The significance of probing the electromagnetic axis is
further elevated by its deep connection to other funda-
mental principles. As shown by Landau, Sisterna, and
Vucetich [15] within the T Hep formalism, violations of the
Einstein equivalence principle (EEP) for electromagnetic
interactions are intrinsically linked to the nonconservation
of electric charge. This implies that a nonzero x would
not merely signal a composition-dependent anomaly, but
could be a manifestation of a more fundamental break-
down of conservation laws in a gravitational field, poten-
tially connecting to scenarios with varying fundamental
constants, such as those predicted in dilaton theories
[4]. Thus, the pursuit of x is a direct probe of the very
foundations of both gauge invariance and the equivalence
principle.

However, both the foundational proposals [§], the ad-
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vanced experimental developments [I3], the comprehen-
sive reviews [I4], and the fundamental connections to
charge conservation [I5] are primarily concerned with
the theoretical possibilities and experimental difficulties.
They do not provide a quantitative, phenomenological
bound on a potential linear coupling between charge and
gravity, and neither do they explore the deep theoretical
implications of such a bound within a modern effective
field theory (EFT) framework. In contrast, the present
work introduces a different perspective. We define and
systematically analyze the phenomenological parameter
K, given by

%:m(i), (1)

m

where Aq is the differential acceleration between two
test bodies, g is the local gravitational acceleration, and
A(g/m) is the difference in their charge-to-mass ratios.
The parameter x has dimensions of mass per charge,
[k] = kg C~1. Within standard general relativity, x = 0
identically.

This parameter has received limited systematic atten-
tion despite its conceptual importance. High-precision
experiments operate in the ¢/m — 0 limit, making them
intrinsically insensitive to effects linear in this parameter.
Consequently, while differences in nuclear composition
have been probed with part-per-quadrillion sensitivity,
differences in electromagnetic state remain comparatively
untested.

The aim of this work is not to report a new experi-
mental measurement of x, but to construct a coherent
phenomenological framework that exposes a significant
gap in the empirical testing of the equivalence principle.
We derive the first quantitative estimate for the limit on x
to concretely illustrate the scale of this gap—11 orders of
magnitude—which exists precisely because high-precision
experiments are designed to nullify the very variable (¢/m)
that k couples to. Our subsequent theoretical analysis
demonstrates why this gap has not been a priority (di-
rect curvature couplings are suppressed) and why it now
merits targeted investigation (as a probe of nonminimal
couplings). Thus, this paper serves as a formal justifica-
tion and a roadmap for dedicating experimental effort to
this previously overlooked axis of WEP violation.

This work addresses this gap through a three-part anal-
ysis. First, we define x and derive a phenomenological
constraint from existing experimental data, revealing an
11-order-of-magnitude sensitivity gap. Second, we es-
tablish its theoretical context. An EFT analysis shows
that direct curvature couplings are suppressed beyond
observability in terrestrial fields, while exploring Einstein-
Maxwell-dilaton (EMD) theory provides a concrete exam-
ple of how a light scalar field could generate a nonzero k.
Third, we demonstrate that the current limit on x rep-
resents a unique opportunity to probe whether all stress
energy components are universally coupled, and outline
the experimental strategy to pursue this goal.

II. PHENOMENOLOGICAL FRAMEWORK AND
THE PARAMETER &«

Equation (1) provides a model-independent
parametrization of potential linear charge-gravity
coupling. Conceptually, x quantifies a WEP violation
specific to the electromagnetic attribute of matter. A
nonzero x could emerge if the relationship between
gravitational mass m, and inertial mass m; included
a linear charge dependence: my = m;[1 + A(¢/m;)] for
some constant A, yielding k = Ag. More generally, s
captures the leading-order term in smooth violation
mechanisms.

A. Physical interpretation of

For context, the derived upper limit |k] < 2.1 x
10~* kg C~! implies a fractional acceleration change
Aa/g ~ 2 x 10~ for a test body with a charge-to-mass
ratio of 1 Ckg™'. Such a g/m value is readily achiev-
able for macroscopic objects: a 0.1 g sphere charged to
approximately 100 V (typical of laboratory triboelectric
charging) would have ¢/m ~ 1 Ckg™'. Conversely, for
a body with a more modest ¢g/m ~ 1076 Ckg™! (e.g.,
a 1 kg mass charged to 1 mC), the same limit would
permit Aa/g ~ 2 x 10719, which remains orders of mag-
nitude above the sensitivity of composition-based WEP
tests. This simple scaling illustrates why traditional ex-
periments, which operate at ¢/m < 107'! Ckg™', are
intrinsically blind to s at their nominal sensitivity.

B. Relation to previous phenomenology

It is instructive to compare the parameter s intro-
duced here with the charge-dependent Eo6tvos param-
eter ;g proposed by Dittus and Ladmmerzahl [§]. In
their framework, the inertial and gravitational masses
of a particle are written as m; = m{(1 + x;q/m?) and
my = my(1 4+ kgq/mJ). The differential acceleration
between two bodies then leads to a modified Eétvos co-
efficient g = ng + (kg — ki)[(g2/m3) — (q1/m?)]. The
quantity dx = k4 — k; in their work is analogous to the
fundamental coupling strength we aim to constrain. How-
ever, our parameter x is defined directly through the clean
linear phenomenological relation Aa/g = k A(g/m). By
comparing the two expressions, one can identify the map-
ping k = dx in the limit where the “bare” WEP violation
(nE) is zero.

The parameter k can also be related to more funda-
mental descriptions of possible EEP violations. In the
THep formalism [6], which parametrizes nonmetric theo-
ries, a violation of the WEP for electromagnetic energy
is characterized by a parameter I'y. Landau et al. [15]
have shown that this same parameter dictates an adia-
batic nonconservation of charge, N/N x (g -v)/c*. A
nonzero k, defined by Aa/g = kA(g/m), can be seen as



the macroscopic manifestation of this microscopic viola-
tion. Specifically, for a body where the electromagnetic
contribution to its mass is F¢, the differential acceleration
implied by the T'Heu formalism is Aac = 2Ig(Ec/m)g,
which maps directly onto our phenomenological parame-
ter via k = 2Ig(E¢/m)/A(g/m). This connection links
our work to this established framework and underscores
that a measurement of k is a direct probe of the interplay
between gauge invariance and the equivalence principle.

The key advancements of the present work relative to
[8], to the broader reviews of the field [I4], and to the
fundamental connections established in [I5] are twofold.
First, we use this streamlined parametrization to extract,
for the first time, a quantitative numerical bound on ||
from a synthesis of existing experimental data (Sec. .
Second, we provide a theoretical interpretation of this
bound within a modern EFT framework (Sec. [[V]), demon-
strating that a nonzero x would point to physics beyond
minimal gravitational couplings—a step not undertaken
in previous feasibility studies, comprehensive reviews, or
analyses of charge conservation.

C. Bridging to the standard-model extension and
the THep formalism

The parameter x introduced in Eq. can be connected
to two well-established frameworks for testing the founda-
tions of relativity: the Standard-Model extension (SME)
and the T'Hep formalism. These connections demonstrate
that x occupies a distinct and complementary region of
parameter space within both frameworks.

1. Relation to the standard-model extension

The SME provides a comprehensive effective field the-
ory framework for Lorentz and CPT (charge conjugation,
parity, time reversal) violation [I6, [I7]. In the gravita-
tional sector, violations of the weak equivalence principle
are encoded in coefficients such as (Geg)" for fermions
and (ceq)tV for bosons [I8]. For a composite body, these
coefficients sum according to the body’s particle content.
The effective coefficient for a body is a linear combination
of the fundamental SME coefficients, weighted by the
number of each particle species in the body [6] [18].

In the nonrelativistic limit, the differential acceleration
between two bodies A and B due to SME coefficients
takes the form [18],

op (), )] e

where the sum runs over particle species w (electrons,
protons, neutrons, etc.), and (e, )" are the SME coeffi-
cients. The key point is that the experimental sensitivity
to a particular linear combination of these coefficients is
determined by how the numbers of each particle species
differ between the two test bodies.

A charge-dependent coupling, such as the one
parametrized by , would correspond to a contribution to
the effective SME coefficient that is proportional to the
net electric charge ¢ of the body. Since ¢ = e(N, — N.),
where IV, and N, are the numbers of protons and elec-
trons, a charge-dependent violation implies,

deff,p - Z7feﬂf,e =e€ )\EMa (3)

where Agy is a dimensionful coefficient characterizing the
charge-dependent coupling strength. For a body with net
charge ¢ and mass m, the corresponding contribution to
the acceleration is

(a;H)EM - )\EM%’ )

leading to a differential acceleration
Aa
S W A(i) . (5)
g m

Comparing with the defining relation Aa/g = k A(g/m)
from Eq. (1)), we obtain the direct mapping

R = )\EM (6)

Thus, within the SME framework, the parameter & is
precisely the coefficient that governs charge-dependent
WEP violations.

Crucially, the high-precision torsion balance experi-
ments that have placed the strongest bounds on SME
coefficients—at the level of |Geg| ~ 1071 eV for certain
linear combinations [2] [I8]—were performed with elec-
trically neutral test bodies. In such experiments, the
net charge ¢ of each test mass is actively minimized to
suppress electromagnetic backgrounds, which means that
N, = N, to very high accuracy. The linear combination
of coefficients appearing in Eq. is therefore multiplied
by approximately zero in the experimental signal. As a
result, these experiments are blind to the parameter Agy,
regardless of its magnitude. The existing SME bounds
apply to combinations of coefficients that are independent
of the charge-dependent direction in parameter space.

The absence of a direct experimental constraint on Agy
means that the phenomenological limit derived in this
work, |k| < 2.1x 107 kg C~1, represents the current best
estimate of the sensitivity to this unexplored combination
of SME coefficients. A dedicated experiment that max-
imizes A(g/m) rather than minimizing it, as advocated
in Sec. [Vl would provide the first direct bound on Agm
within the SME framework.

2. Relation to the T Hep formalism

The THep formalism is a classic framework for
parametrizing nonmetric theories of gravity and testing
the EEP [6l 19]. In this formalism, the interaction of
electromagnetic fields with gravity is described by the



functions T', H, €, and u of the local gravitational poten-
tial U(x). Violations of the EEP are characterized by
parameters such as ['g = —cZ(0InT /U)o, which mea-
sures the degree to which electromagnetic energy couples
differently to gravity than other forms of mass energy [6].

The tightest experimental bounds on I'y—at the level
of [Tg| < 107 —come from composition-dependent WEP
tests that compare the free-fall acceleration of electrically
neutral materials with different nuclear electromagnetic
binding energy fractions, such as beryllium versus tita-
nium [3} 20]. In neutral test bodies, the net charge is zero,
and the only contribution to the electromagnetic energy
density F),, F'*" integrated over the body comes from nu-
clear electrostatic binding. A macroscopic net charge ¢
contributes an additional term: the classical electrostatic
self-energy Feee = ¢%/(8megR). Both contributions are
governed by the same fundamental parameter 'y in the
T Hep Lagrangian—they are additive components of the
total electromagnetic energy, not orthogonal directions in
parameter space.

However, the existing limits on I'y were obtained from
experiments in which A(g/m) was deliberately minimized
as a systematic to be suppressed [3] 20]. Consequently,
these experiments were insensitive to the self-energy con-
tribution of a net macroscopic charge, simply because
q =~ 0 for both test masses. The parameter x probes
precisely this complementary regime: it accesses the same
underlying EEP-violating coupling I'g, but through the
experimentally distinct channel of varying A(g/m) rather
than A(Epnyclear/m). In this sense, k£ measurements are
not constrained by existing I'g bounds—not because the
physics is distinct, but because the existing experiments
sampled a different region of the experimental parameter
space (A(g/m) =~ 0) [6], 15].

A dedicated experiment that varies the net charge of
test bodies while holding their nuclear composition fixed
would probe this orthogonal, unexplored direction. This is
precisely the program advocated in the present work. The
phenomenological limit || < 2.1 x 107 kg C~! derived
in Sec. [II] represents the current best estimate of the
sensitivity to this mode of EEP violation, and as discussed
in Sec. [V] dedicated experiments can improve upon it by
many orders of magnitude.

Together, the T'Hep formalism and the SME provide
complementary frameworks for parametrizing EEP viola-
tions, but neither has yet directly constrained the charge-
dependent coupling parametrized by «. The present work
identifies this gap, provides the first quantitative bound
on x from experimental systematics, and outlines the
experimental path forward.

8. Summary of theoretical connections

The relationship between k and the established frame-
works discussed above can be summarized as follows:

i. SME (gravitational): Existing torsion balance ex-
periments constrain composition-dependent combina-

tions of the coefficients e ., using electrically neutral
test bodies. A charge-dependent coupling would cor-
respond to the independent, orthogonal combination
Geff,p — Geft,e, Which has not been directly probed.

ii. THep formalism: The tightest bound on Iy (|Tg| S
107 comes from comparing the free fall of neu-
tral materials with different nuclear electromagnetic
binding energies. The coupling parametrized by & cor-
responds to the macroscopic electrostatic self-energy
of a net charge—an independent, additive contribu-
tion that vanishes for neutral bodies and is therefore
experimentally inaccessible to the direction probed by
existing tests.

iii. Einstein-Maxwell-Dilaton theory: Bounds on
the dilaton coupling « from composition-dependent
WEP tests and binary pulsar timing constrain specific
scalar-tensor models but do not directly limit the
phenomenological parameter s, which encompasses
all possible linear charge-gravity couplings regardless
of their fundamental origin.

The key conclusion is that x represents a direction in
EEP-violation parameter space that is complementary to
those probed by the highest-precision experiments to date.
While composition-dependent tests have achieved extraor-
dinary sensitivity to differences in nuclear structure, and
pulsar timing has placed tight bounds on specific scalar-
tensor models, the linear coupling between net electric
charge and gravitational acceleration remains compara-
tively untested. The phenomenological limit derived in
Sec. [[IT] and the experimental strategy outlined in Sec. [V]
are designed to address this gap.

With these connections to established EEP-violation
frameworks established, we now return to the broader
phenomenological context of .

D. Conceptual distinctions

One must distinguish k from other phenomena. Clas-
sical electromagnetic self-energy contributes to a body’s
mass but is already incorporated in its total inertial and
gravitational mass; it does not violate the WEP. The effect
parametrized by & is a nonuniversal coupling where charge
directly influences the gravitational to inertial mass ratio.
Similarly, x differs from searches for new Yukawa forces,
which assume the WEP holds for standard gravity and
seek additional interactions. Our framework questions the
universality of the standard 1/r? gravitational interaction
itself with respect to charge.

From an effective field theory perspective, a linear cou-
pling represents a natural leading violation. Light scalar
fields with differential couplings to charge and mass pro-
vide a plausible theoretical origin. For a scalar ¢ with
interactions £ D ¢(gmpm/Am + gepe/Ae), where p,,, and
pe are mass and charge densities, linear dependence on
q/m emerges when ¢, /Ay, # go/Ae [21].



A concrete theoretical realization is EMD theory, where
a massless dilaton field ¢ couples to electromagnetism via
e 20?F,, F*. As derived in Appendix A, this leads to a
specific prediction for x in terrestrial experiments,

keEMD = 2.0 x 10711 a? kg C71, (7)

where « is the dimensionless dilaton coupling. This con-
nection between our phenomenological parameter and a
fundamental theory is instructive. However, s as defined
in Eq. encompasses all possible linear mechanisms. Its
direct experimental measurement is thus complementary
to indirect constraints on specific models [22].

III. DERIVATION OF A PHENOMENOLOGICAL
LIMIT ON «

Deriving a limit on & from existing experiments re-
quires synthesizing information from multiple classes of
experiments with distinct methodologies and sensitivi-
ties. These include historical measurements of Newton’s
constant using charged bodies, modern tests of the inverse-
square law, high-precision WEP tests, and searches for
millicharged particles. Each class of experiment’s capacity
to constrain x merits critical evaluation.

Historical determinations of G using Cavendish-type
torsion balances sometimes employed metallic test masses
that could acquire non-negligible charge, with analysis
assuming charge independence. Early 20th-century ex-
periments by Poynting [23] used lead spheres charged
to approximately 10kV. For a sphere of radius 0.05m,
this implies ¢ ~ 5.6 x 1078 C and with m ~ 5.9kg,
qg/m ~ 9.5 x 1072 Ckg™'. Agreement with Gy deter-
minations using neutral masses at the ~ 1% level yields
a broad bound || < 10° kg C~!. Later refinements in
torsion balance techniques by E&6tvos and colleagues es-
tablished foundational limits on composition dependence
but did not systematically vary charge.

More fundamentally, in torsion balance experiments
where the same charged mass serves as both source and
test mass, the effect of a linear charge-gravity coupling
largely cancels in the torque ratio. Most Gy experi-
ments utilize identical materials and similar charge states,
making A(g/m) negligible and their sensitivity to x in-
trinsically weak [24].

Experiments probing deviations from Newton’s inverse-
square law or searching for new macroscopic forces achieve
remarkable sensitivity to composition-dependent effects
[25H27]. However, analogous to WEP tests, they metic-
ulously neutralize test masses. Published analyses typi-
cally do not report residual charge-to-mass ratios, treating
charge as a systematic to be minimized. While bounds
could be estimated from discharge system specifications,
they would be comparable to or weaker than those from
dedicated WEP tests.

Searches for millicharged particles [28] 29] employ sensi-
tive force detection techniques, for example using optically

levitated microspheres. While potentially adaptable, ex-
isting searches are not designed to vary or measure the test
mass’s own charge controllably; they look for forces from
external millicharged particles. Without active charge
modulation and correlation analysis, these results cannot
be reinterpreted as direct x constraints.

Consequently, the most pertinent information on
derives from the charge management protocols and sys-
tematic error budgets of high-precision WEP tests them-
selves. Experiments like MICROSCOPE [I] and Eo6t-
Wash torsion balances [2, 30] achieve opq/q ~ 10715 by
actively discharging test masses to maintain residual po-
tentials below ~ 1 mV. For typical test mass capacitances
(~ 100pF) and masses (m ~ 0.01kg to ~ 1kg), this
implies individual ¢/m values < 107 to 10~ 1! Ckg '

The differential A(g/m) between test masses, due to
imperfect cancellation and material differences, can be
conservatively bounded at A(g/m)max < 10711 Ckg™'. A
simple heuristic estimate gives |k| < 0aq/q/A(q/M)max ~
10715/1071 =10=* kg C~1.

To account for uncertainties in both parameters and
establish a statistically informed bound, we perform a
detailed Monte Carlo analysis, documented in Appendix
C. We model 054/, with a Gaussian distribution centered
at 10715 with 20% uncertainty, and A(q/m)max with a
log-normal distribution centered at 10~ Ckg™' span-
ning a factor of 5. From 10° samples, we construct the
probability distribution for the upper limit on ||, shown

in Fig. [T}
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FIG. 1. Probability distribution for the upper limit on |&|
derived from Monte Carlo analysis of current experimental
constraints. The differential acceleration sensitivity oaa/q
is modeled as 107'° & 20%, and the maximum differential
charge-to-mass ratio A(q/m)max as 107 Ckg~*! with a factor
of 5 uncertainty. Vertical lines indicate the median (9.8 x
107° kg C™*, dashed red) and the 95% confidence level (2.1 x
107* kg C™1, solid orange).

The analysis yields the following 95% confidence level
upper limit:

k] < 2.1 x107* kgC™t (95% CL). (8)



The distribution median is 9.8 x 107° kg C~!, with a
99.7% CL of 3.4 x 10=* kg C~1. Sensitivity analyses with
different distributional assumptions confirm the robust-
ness of this result within a factor of ~ 2.

The implication of this limit is notable. A charge-to-
mass ratio of 1 Ckg ™' could alter gravitational accelera-
tion by approximately 0.02% (Aa/g ~ 2 x 10~%) without
contradicting existing high-precision measurements. The
approximate 11-order-of-magnitude gap between sensitiv-
ity to composition differences (Aa/g ~ 10715) and effec-
tive sensitivity to charge differences originates from exper-
imental design: experiments maximize A(composition)
as their signal while minimizing A(g/m) as a nuisance
parameter.

The nature of this limit deserves comment. The value
in Eq. is derived from a phenomenological synthesis
of published experimental constraints and systematic er-
ror budgets, rather than from a direct reanalysis of raw
data from a specific experiment. This approach provides
a robust order-of-magnitude estimate that clearly high-
lights the vast sensitivity gap between the composition
and electromagnetic axes of equivalence principle testing.
Consequently, a definitive measurement or a more strin-
gent constraint on the parameter x will necessarily require
future experiments expressly designed to modulate and
maximize A(g/m), as outlined in Sec.

IV. THEORETICAL INTERPRETATION

The constraint in Eq. must be interpreted within
specific theoretical frameworks to assess its significance
and guide future searches. We examine two complemen-
tary approaches: the concrete Einstein-Maxwell-Dilaton
model and a general effective field theory analysis.

A. Implications for Einstein-Maxwell-dilaton theory

EMD theory provides a canonical example of how a
light scalar field can mediate a charge-dependent grav-
itational effect. Using the derived relation kgpyvp =~
2.0 x 10702 kg C~! from Appendix A, our experimental
limit implies |«| < 4.8. This is a relatively weak constraint
on the dilaton coupling.

Existing, more stringent bounds on « come from differ-
ent experiments. Binary pulsar timing, particularly from
the double pulsar system PSR J0737-3039, constrains
la] <2 x 1073 [31,132]. Composition-dependent equiva-
lence principle tests comparing materials like beryllium
and titanium yield |o| < 3x 1076 [20,33]. Applying these
model-specific constraints to Eq. predicts kgmp values
below our current phenomenological sensitivity, typically
KREMD g 10—20 kg c-1

This comparison highlights an important distinction.
The EMD model, in its minimal and observationally al-
lowed form, does not predict an observable x with current
technology. However, our limit on x is model independent.

It does not assume the EMD Lagrangian or specific limits
on « from other systems. It represents a phenomenological
constraint on linear charge-gravity coupling, regardless of
underlying mechanism. Therefore, while EMD illustrates
theoretical possibility, x measurements probe a broader
phenomenological space.

While the EMD model provides a concrete and testable
mechanism, it is important to assess the possibility of a
linear k arising from more generic, model-independent
considerations. This leads us to a general effective field
theory analysis.

B. Effective field theory analysis of direct curvature
couplings

A more general approach considers the effective field
theory of gravity coupled to the Standard Model. What
types of operators could generate a linear k7 The lead-
ing candidates are dimension-six operators coupling the
Riemann curvature tensor to the electromagnetic field
strength F},,,. The complete C'P-even basis is

O1 = RE,, F",
(92 = RHDFMPFVW (9)
O3 = Ryype F'FP7,

with Leg D >, (ci/A?)O;, where A is the new physics
scale and ¢; are dimensionless Wilson coefficients [34].

The critical question is the expected size of k gener-
ated by such operators in a terrestrial experiment. A
full derivation is provided in Appendix B. The analysis
proceeds by evaluating the operators within Earth’s grav-
itational field, modeled as a uniform sphere of density pg;.
All relevant curvature components scale as Gy pg. In nat-
ural units (h = ¢ = 1), with G ~ 6.708 x 10739 GeV 2
and pg ~ 2.38 x 10717 GeV*, we find

Ry ~ R~ Gypy ~1.60 x 107 GeV>.  (10)

This extremely small number causes severe suppression.
For operator O, the analysis yields

Fo, ~ 1.8 x 107 25 kg O, (11)
with A in GeV. Applying our experimental limit |x| <
2.1 x 107* kg C! gives A > 9.2 x 1073, /c3 GeV. For
ca ~ 1, this is A > 9.2 x 1073 GeV, far below physically
interesting scales.

To appreciate the significance of this bound, note that
A < m, (the electron mass, ~ 5 x 107% GeV). An
effective field theory with a cutoff below the electron
mass violates the basic principles of EFT, as it would
exclude the Standard Model degrees of freedom from the
low-energy description. This absurdly low scale indicates
that such dimension-six operators cannot be responsible
for any observable xk without fundamentally breaking the
EFT framework itself.



This result provides a key insight: Dimension-six op-
erators that couple curvature directly to F),, F*” are
suppressed by Earth’s minuscule spacetime curvature
(Gnps ~ 1075° GeV?). Consequently, they are phe-
nomenologically irrelevant for terrestrial experiments test-
ing k, irrespective of the measured value.

This EFT conclusion reframes the search for . It elim-
inates an entire class of otherwise plausible explanations
(minimal geometric couplings). Therefore, a future detec-
tion of k at an accessible level (e.g., k > 10710 kg C~1)
could not be attributed to these operators. It would neces-
sarily signal physics beyond this minimal EFT framework.

Prime candidates are interactions mediated by light
scalar (or vector) fields that are not purely gravitational
in origin, precisely the class exemplified by the dilaton
in EMD theory, or other beyond-Standard-Model sce-
narios involving dark sectors or new long-range forces
[35, B6]. The search for x thus becomes a direct probe
for such nonminimal mechanisms. In practical terms, any
nonzero measurement of x at experimentally accessible
levels would immediately signal new physics, rather than
a minor correction to general relativity.

V. EXPERIMENTAL STRATEGY AND FUTURE
DIRECTIONS

The theoretical analysis motivates a clear experimental
strategy for improving sensitivity to k. The sensitivity
scales as

97a/g

Alg/m)’

where op,/4 is the differential acceleration uncertainty.
Traditional high-precision WEP tests have optimized the
numerator to oa./g ~ 10715 but operate with a deliber-

Kmin < (12)

ately minimized denominator, A(g/m) < 10~ Ckg™*.
Substantial improvement therefore requires a different
approach: maximizing A(g/m) while maintaining reason-
able acceleration sensitivity.

Promising experimental platforms are emerging that
can implement this strategy. Optically levitated dielec-
tric nanoparticles [37] offer exquisite control over charge.
They can be deliberately charged to levels achieving
q/m ~ 107°-107% Ckg ™', creating a A(g/m) that is
six to eight orders of magnitude larger than in traditional
tests. While their current acceleration sensitivity for dif-
ferential measurements is around oaq/y ~ 10719-1078,
the substantial gain in A(g/m) can compensate [38].

A particularly instructive example is the long-standing
free-fall program at the ZARM drop tower in Bremen.
This facility has developed sophisticated technologies for
testing the WEP with macroscopic masses, including an
electrostatic positioning system (EPS) for precise con-
trol and high-sensitivity SQUID (Superconducting Quan-
tum Interference Device) detectors for position measure-
ment [I3]. Although this setup was designed to minimize
A(g/m) as a noise source to test composition-dependent

WEP, its core technologies are directly applicable to a
search for k. By intentionally charging the test masses
to create a large, known A(g/m), and using the exist-
ing EPS and SQUID infrastructure, this facility could
be repurposed to perform a first dedicated search for &,
potentially improving the limit presented here by several
orders of magnitude.

Furthermore, the rapid progress in atom interferome-
try, as extensively reviewed in Ref. [I4], opens another
powerful avenue for testing x. By comparing the free
fall of different atomic species or isotopes with deliber-
ately engineered charge states, these quantum sensors
could be adapted to perform differential measurements
sensitive to k. The high sensitivity, long interrogation
times, and excellent control of systematics in these sys-
tems make them ideal candidates for a next-generation
search, as also proposed for other tests of fundamental
physics [I4]. Trapped ion systems [39] present an even
more extreme ¢/m ~ 107 C kg™, though measuring grav-
itational acceleration on such fast, microscopic systems
presents formidable technical challenges [40].

Combining realistic parameters for a near-term
experiment—A(g/m) ~ 107° Ckg™" and oauy ~
10719 —yields a projected sensitivity of Fmin ~
1075 kg C~1, an order-of-magnitude improvement over
the current bound. A more advanced platform achieving
A(g/m) ~ 1073 Ckg™" and a4/, ~ 10712 could reach
Fmin ~ 1079 kg C~1.

What physics could such sensitivities probe? As our
EFT analysis shows, they would not constrain minimal
curvature couplings. Instead, they would begin to test
parameter space for light scalar field models where the
coupling to electromagnetism is less constrained than the
coupling to bulk mass. For instance, in a generalized
dilaton model, a sensitivity of x ~ 1072 kg C~! would
correspond to probing |a] ~ 1073, entering a regime
relevant to some theoretical scenarios [41].

Furthermore, as argued by Landau et al. [15], a mea-
surement of (or an improved limit on) x would provide
independent and valuable information that can be com-
pared with constraints on &/« from atomic clocks and
astrophysical observations. This offers a multifront ap-
proach to testing overarching theoretical frameworks, such
as dilaton scenarios, that predict interrelated phenomena
across the equivalence principle, charge conservation, and
the variation of fundamental constants.

Such measurements would directly constrain any new in-
teraction potential of the form V(r) & & (q1g2)/(m1mar).
The path forward involves targeted research that prior-
itizes the maximization of A(g/m). Proof-of-principle
searches using existing technology, such as tabletop ex-
periments with optically levitated microspheres [37], can
establish the methodology and achieve the first meaning-
ful improvements beyond the current phenomenological
limit. Subsequently, more advanced platforms, including
cryogenic or space-based [I] instruments, could push the
sensitivity into regimes that stringently test theoretical
models involving light scalar fields.



This proposed shift in experimental paradigm, from
charge suppression to charge exploitation, defines a con-
crete research program. Its immediate goal is a proof-of-
principle measurement improving the bound on x. Its
success, however, will be judged by its ability to not only
increase sensitivity but also to perform critical discrimi-
nation: distinguishing a linear coupling [o< A(g/m)] from
quadratic or higher-order dependencies [oc A[(g/m)?]] to
illuminate the underlying operator structure, and sepa-
rating a genuine charge-gravity coupling from residual
electromagnetic backgrounds. Ultimately, mapping
across different materials, energy scales, and experimental
configurations will transform it from a single number into
a powerful discriminant between classes of new-physics
scenarios.

The various platforms discussed above offer important
complementarities in the search for k. While levitated
nanoparticles maximize the denominator A(g/m) at the
cost of some absolute sensitivity, repurposing established
infrastructure such as the ZARM drop tower enables
immediate progress. Table [[] summarizes and compares
the projected sensitivities of these approaches, illustrating
the spectrum of opportunities opened by the proposed
paradigm shift.

Experimental and interpretational challenges

The preceding analysis has outlined a clear and promis-
ing strategy: maximize A(g/m) to probe the phenomeno-
logical parameter x with unprecedented sensitivity. How-
ever, translating this strategy into a successful measure-
ment requires confronting a formidable class of experimen-
tal and interpretational challenges that have historically
hindered progress in this very domain. Acknowledging
and addressing these difficulties is not merely an exercise
in due diligence; it is essential for establishing the cred-
ibility and feasibility of the proposed research program.
Recent technological advances have transformed many
of these challenges from insurmountable obstacles into
manageable—and even calibratable—systematic uncer-
tainties.

1. Electromagnetic stray fields and force noise

Primary among the experimental hurdles is the extreme
sensitivity of any charged test body to stray electromag-
netic fields. In a laboratory environment, a test mass
with a nonzero ¢/m will experience spurious accelerations
due to interactions with fluctuating electric fields from
patch potentials on surrounding conducting surfaces, mag-
netic field gradients, and the thermal radiation field. The
foundational review by Darling et al. [12] provides a com-
prehensive catalog of these noise sources and their magni-
tudes, serving as an indispensable roadmap for any exper-
imenter in this field. For the platforms we have discussed,
such as optically levitated nanoparticles or macroscopic

masses in a drop tower, these forces can easily overwhelm
the minuscule gravitational signal if left unchecked. The
technical demands are consequently severe: experiments
must be conducted an ultrahigh vacuum to eliminate gas
damping, employ sophisticated magnetic shielding (e.g.,
nested mu-metal shields) to attenuate Lorentz forces, and
utilize feedback-stabilized electrodes to actively cancel
the electrostatic forces arising from stray fields.

The required control over the charge state of levitated
nanoparticles has been experimentally demonstrated.
Frimmer et al. [42] developed a simple and reliable tech-
nique to control the net charge on an optically levitated
nanoparticle in vacuum, based on generating charges in
an electric discharge. Their method allows the charge
to be changed in discrete steps corresponding to single
elementary charges, and the particle can be held with a
constant, well-defined charge for days. This capability
is foundational for any experiment seeking to modulate
A(g/m) as a signal. Furthermore, such techniques have
enabled searches for millicharged particles with unprece-
dented sensitivity, demonstrating subattonewton force
resolution in optically levitated systems [28] 43]. David
Moore’s group at Yale has achieved force sensitivities be-
low 10~ N/y/Hz in the frequency range between 100 Hz
and 1 kHz, operating with electric fields up to 1 MV /m
[28]. These numbers represent exactly the level of sensi-
tivity required for the experiments we propose.

2. Space-grade charge control and its subtleties

Beyond laboratory demonstrations, the technology for
contactless charge control has been validated in the most
demanding of environments: space. The LISA Pathfinder
mission successfully employed a charge management de-
vice that neutralized cosmic-ray-induced electric charge
accumulating on free-falling test masses using photoemis-
sion under ultraviolet illumination [44]. This contactless
discharge system maintained the test masses’ charge at
levels that kept acceleration noise within mission require-
ments, demonstrating that precision charge control is pos-
sible even in the presence of harsh radiation backgrounds
[45]. For the full LISA mission, a next-generation system
based on UV LEDs is being developed and subjected
to rigorous environmental testing, including accelerated
lifetime tests, proton beam radiation testing, and thermal
vacuum validation [46, 47]. Flight data from technol-
ogy demonstration missions have confirmed the excellent
reliability and stability of UV LEDs in the space environ-
ment [47], providing confidence that charge management
techniques are mature and space qualified.

The technological capabilities highlighted above, while
demonstrably real, do not trivialize the experimental task.
The precise control of charge via UV illumination, for
instance, requires sophisticated modeling of photoelec-
tron emission and transport in the presence of complex
electric field configurations, as demonstrated by the ex-
tensive GEANT4 and MATLAB simulations developed



for LISA Pathfinder [45] 46]. Furthermore, the response
time of such contactless charge control systems can be
on the order of seconds [48], a factor that must be con-
sidered when designing modulation schemes to separate
a potential x signal from static backgrounds. Beyond
charge-specific challenges, levitated systems are subject
to fundamental noise sources—including photon recoil
heating, rotational-translational coupling in asymmet-
ric particles, and detection imprecision—that must be
simultaneously mitigated to reach the required force sen-
sitivities [49, [60]. These considerations do not make the
proposed experiments infeasible, but they underscore that
a successful measurement will demand a holistic approach
integrating charge control, optomechanical design, and
sophisticated noise modeling.

8. The Schiff-Barnhill effect: Distinguishing signal from
background

The most fundamental challenge to measuring x arises
from the Schiff-Barnhill effect [I0], comprehensively re-
viewed by Darling et al. [I2]. Inside a conducting shield
in gravitational equilibrium, the redistribution of charge
carriers generates a residual electric field Fsg. For a test
body with charge ¢, this produces a force F' = qFsg. For
two test bodies with charges ¢; and g2 and approximately
equal masses m; = my = m (as is typical in differential
WEP experiments), the differential force is

AFgsp = Esg(qi — ¢2) ® m Esg A(g/m),  (13)

yielding a spurious differential acceleration that mimics
the signal of a genuine &,

Aa _ Esp I -
(g>SB_ ;- Ala/m)=rse Alg/m). (14)

Two competing models exist for the magnitude of Fsg.
In the original Schiff-Barnhill picture [10], the relevant
carriers are the mobile conduction electrons, giving kg =
me/e =~ 5.7 x 10712 kg C~1. In the competing DMRT
model [11] 2], the lattice ions are the relevant carriers,
yielding ksg = M/(Ze) ~ 2 x 1078 kg C~* for typical
metals. The experimental verification by Beams [51], who
observed a centrifugal analog consistent with the ionic
picture, supports the DMRT mechanism for static fields,
though the question remains not definitively settled.

Because ksp scales linearly with A(g/m), it cannot be
removed by charge modulation alone—it constitutes a
competing signal rather than a static background. Distin-
guishing a genuine x from kgp requires exploiting the fact
that the latter depends on properties of the shield, while
a fundamental coupling would not. Three complementary
strategies present themselves:

1. Varying the shield material. Since kgp x M/Z in
the DMRT (ionic) model, shields with substantially
different M/Z ratios—such as ion-conducting poly-
mers (M/Z ~ 1 u, ks ~ 1072 kg C~1) or solid

electrolytes with heavy mobile ions (M/Z ~ 100 u,
ksp ~ 1077 kg C~!)—would produce measurably
different values of ksg. A genuine xk would remain
constant across shield changes.

2. Thermal modulation. Contact potentials and ther-
moelectric effects at material junctions in the shield
introduce temperature-dependent corrections to
Esp [12]. Varying the shield temperature while
keeping the test mass thermally isolated probes for
variations that would signal a Schiff-Barnhill origin.

3. Geometric inversion. For a shield with controlled
asymmetry, rotating the shield by 180° changes
the projection of Egp along the gravitational di-
rection while leaving a genuine gravitational signal
unchanged in the laboratory frame.

If the Schiff-Barnhill (electronic) model is correct,
ksB ~ 5.7 x 10712 kg C~! lies below the projected sensi-
tivity of all near-term experimental platforms (Table. In
this scenario, any measured signal above ~ 10710 kg C~1
could not be attributed to the Schiff-Barnhill effect and
would constitute evidence for new physics. Conversely,
if the DMRT (ionic) model holds, the shield-dependence
strategies outlined above provide a viable path to sep-
aration. A dedicated experimental study of this distin-
guishability remains an important open problem for the
research program advocated here.

VI. CONCLUSION

We have introduced k as a phenomenological parame-
ter to quantify potential linear charge-gravity coupling,
defined by Aa/g = kA(g/m). A synthesis of current
experimental limits yields |x| < 2.1 x 10~* kg C~1 (95%
CL), a constraint approximately 11 orders of magnitude
less stringent than those for composition-dependent vi-
olations. This vast sensitivity gap highlights that the
charge-dependent axis of the weak equivalence principle
remains largely underexplored.

An effective field theory analysis shows that the most
direct theoretical path to such a coupling, via dimension-
six operators linking curvature to the electromagnetic
field strength, is suppressed by the minuscule terrestrial
spacetime curvature (G ypg ~ 107%% GeV?) and is thus
phenomenologically irrelevant. Therefore, a future mea-
surement of a nonzero x at any accessible level would not
signal a minor geometric correction but would constitute
evidence for physics beyond minimal gravitational effec-
tive field theory, such as interactions mediated by light
scalar fields as exemplified by Einstein-Maxwell-dilaton
theory.

The significance of probing s extends beyond a simple
test of the WEP. As demonstrated by Landau, Sisterna,
and Vucetich [I5], such a measurement is deeply inter-
twined with the principle of charge conservation itself.
A nonzero k would imply a fundamental breakdown of
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TABLE I. Comparison of experimental platforms and their projected sensitivities to the xk parameter. Sensitivity scales as

Kmin X Oaq/q/A(q/m) following Eq. ,

Platform A(g/m) Ora/g k Sensitivity
(Ckg™) (kgC™Y)
Levitated nanoparticles [37, 42] 107°—1073 ~1071°—1078 ~107%-107°
ZARM drop tower (repurposed) [13] >10" 1 ~ 10713 ~ 10~
Atom interferometry [14] Engineered charge states High Potentially very high
Trapped ions [39] [40] ~ 107 Extremely challenging Uncertain

b Projected sensitivity for a repurposed experiment with deliberately maximized A(q/m) ~ 1076-107% C/kg and op4/4 ~ 10713, The
value 2.1 x 104 kg/C quoted in Sec. is the current phenomenological bound from existing data, not a direct measurement by ZARM.

conservation laws in a gravitational field, potentially con-
necting to scenarios with varying fundamental constants
and offering a multifront approach to testing overarching
theoretical frameworks.

This analysis reframes the experimental approach.
Rather than treating electric charge solely as a systematic
nuisance to be nullified, it can be actively varied and max-
imized as the central signal variable. The clear sensitivity
scaling Kmin X 0aq/q/A(g/m) motivates a distinct near-
term strategy: prioritize the maximization of A(gq/m)
over the pursuit of ultimate acceleration sensitivity. Ini-
tial experiments using platforms like optically levitated
microspheres, adapted versions of existing high-precision
facilities like the ZARM drop tower [13], or emerging
atom interferometry setups [14], could aim to improve
the limit on «x by several orders of magnitude, beginning
to probe dilatonlike couplings around |a| ~ 1073.

Transforming this sensitivity gap into a well-constrained
parameter will require dedicated efforts to manage the
formidable electromagnetic backgrounds that prior experi-
ments worked to eliminate. However, the clear theoretical
target and the substantial unexplored parameter space
provide strong motivation for such a focused research pro-
gram. In this context, x emerges not merely as a number
to be bounded, but as a new phenomenological tool, a
dedicated probe for nonminimal couplings between gravity
and the electromagnetic sector, offering a complementary
direction in the enduring quest to test the foundations of
gravity.
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APPENDIX A: DERIVATION OF « IN
EINSTEIN-MAXWELL-DILATON THEORY

This Appendix provides a detailed derivation of the
relationship between the phenomenological parameter &,
defined in Eq. , and the fundamental dilaton coupling
constant o within EMD theory. Our goal is to obtain the
explicit expression kpyvp ~ 2.0 x 10714 a2 kg C~! quoted
in Eq. of the main text.

.A. Theoretical setup and dilaton-mediated force

The action for EMD theory in the Einstein frame is
152]
4 4
< g c

— 4. /T _
Si/d v g|:167TGN 87TGN

1 e
- @ FUJF#V:| S my vy
4#06 / + mWn 9u }

(Vo)?
(15)

where ¢ is the dimensionless dilaton field, « is the dimen-
sionless dilaton coupling to the electromagnetic sector,
and S, is the matter action. The nonminimal coupling
e~ 2*? ['2 implies that the electrostatic energy of a charged
body depends on the ambient dilaton field value.

For a test body with charge ¢ and characteristic size a,
its Coulomb self-energy is Ec(¢) = ¢*¢**?/(8mepa). This
energy contributes to the body’s inertial mass, leading
to a ¢-dependent inertial mass m;(¢) = mo + Ec(¢),
where mg represents dilaton-independent contributions.
Consequently, the test body possesses a dilaton charge
proportional to the derivative,

5‘mi 8EC

== =2aF . 16

T = e = 2ac(0) (16)
In the nonrelativistic limit and for a static field con-

figuration, the equation of motion for such a test body

includes a force proportional to this dilaton charge and

the gradient of the dilaton field,

om;
mia ~ —m;Vdy — ( 8’:; > Vo, (17)

where @ is the Newtonian gravitational potential.



.B. Differential acceleration and link to

Consider two test bodies, labeled 1 and 2, with identical
mg and a but different electric charges ¢; and go. Assum-
ing the dilaton-independent masses dominate (mg > E¢),
their differential acceleration Aa = a; — ay is, to leading
order,

mo 8¢ agb mo

Ao~ Y2 (3””»1 - 3””“%2) = 2V (g g2,

(18)

The difference in Coulomb energies can be expressed
in terms of the charge-to-mass ratio. Writing ¢12 =
mo(g/m)1,2 and defining the average () = 3[(q/m)1+

(¢/m)2] and the difference A(q/m) ;,L(é/m)l — (g/m)a,
we find

2a¢om2
gD _p@ _ €My (i) A(i) 19
¢ c 4dmega m/avg m/’ ( )

where ¢g is the ambient dilaton field value at the experi-
ment’s location.

We now require the gradient of the dilaton field sourced
by the Earth. We assume the dilaton couples to the
trace of the stress energy tensor of ordinary matter, so
the Earth acts as a source with effective scalar charge
proportional to its mass. Solving the dilaton field
equationV2¢ =~ 47Gpyape in the nonrelativistic limit
for a uniform sphere of density pg yields a linear profile
o(r) = ¢o + (2rGnapg/3c®)r? inside the Earth, leading
to a radial gradient at the surface (r = Rg),
dp . 4rw
A
dr 3

Substituting Eqs. and into Eq. , and using
the surface gravitational acceleration g = Gy Mg/ Rge =

(47/3)GNpaRe, we obtain the fractional differential ac-
celeration,

Bo_|2a] _olmoe 4y (L) (o)
g g 2wc2epa \M/avg \M

Vo = GNai—fR@ . (20)

.C. Explicit prediction for kemp

Equation has the precise phenomenological form
postulated in the main text: Aa/g = k A(g/m). By direct
comparison, we identify the EMD theory’s prediction for
the phenomenological parameter,

a?mge?a®o ( q )
avg .

— 22
2ncZega (22)

KEMD = m

This is the central result of this Appendix: a direct,
analytic link between the dimensionless fundamental cou-
pling « and the dimensionful phenomenological parameter
k. All dependence on Earth’s properties (pg, Rg) has
canceled out, leaving a result that depends only on the
test body’s properties (myo, @, (¢/m)ave) and fundamental
constants.

11

.D. Numerical estimate for terrestrial experiments

To provide an order-of-magnitude estimate relevant to
laboratory-scale experiments, we evaluate Eq. for
plausible terrestrial values. Assuming ¢g ~ 0 and using,

mo=01ke, a=0.01m, (%) — 1078 Ckg 1,
avg

c=2.998 x 10° m/s, ey =8.854x 107'* F/m,

we compute the numerical prefactor:

mo 0.1

 27m(8.988 x 1016)(8.854 x 10712)(0.01) (23)
~2.0x107% kg2 C2

2nc2ega

Multiplying by (¢/m)ayg = 1078 Ckg™' yields the
compact estimate,

| kenp ~ 2.0 x 10 o’ kg C | (24)

This is Eq. in the main text, now rigorously derived
from the EMD action. It demonstrates that even a dilaton
coupling « of order unity would produce a x far below
current experimental sensitivity, while a future measure-
ment of x at any accessible level would constrain « in this
model.

APPENDIX B: EFFECTIVE FIELD THEORY
ANALYSIS OF DIRECT CURVATURE
COUPLINGS

This Appendix provides a systematic EFT analysis of
how dimension-six operators coupling spacetime curva-
ture to the electromagnetic field strength tensor would
contribute to the phenomenological parameter k. The
analysis reveals the profound suppression of such con-
tributions in terrestrial experiments, establishing that a
measurable k cannot originate from minimal geometric
couplings within this EFT framework.

.A. Operator basis and dimensional considerations

At the effective field theory level, the leading gauge-
invariant, CP-even dimension-six operators that couple
the Riemann curvature tensor to the electromagnetic field
strength are,

Ol = RF‘;U/F'U‘V7
Oy = Ry, FHF", (25)
O3 = Ry pe FHFP7.

These enter the effective Lagrangian as Leg D
>i(ci/A?)O;, where A is the new physics energy scale
and ¢; are dimensionless Wilson coefficients. The dimen-
sions are [R, 0] = [length] =2, [F,,] = [charge][length] 2
in natural units with ¢ = h = 4mweg = 1, giving each O;
dimension six as required.



.B. Earth’s curvature scale as the dominant
suppression factor

The crucial physical input is the magnitude of cur-
vature components at Earth’s surface. For a uniform,
nonrelativistic sphere of density pg ~ 5515kgm~3, the
characteristic curvature scale in natural units (h =c=1)
is obtained from the Einstein field equations. The time-
time component of the Ricci tensor in the Newtonian
limit satisfies Rop ~ 47G N pg, while the scalar curvature
R ~ 87G'ypg. Both scale as,

Ry ~ R~ Gypo. (26)

With Gy = Mp® = 6.708 x 1073 GeV ™2 and pg ~
2.38 x 10717 GeV*, we obtain the numerical value,

Gnpe ~ 1.60 x 1075 GeV? | (27)

This extremely small number—representing the actual
curvature of spacetime in terrestrial laboratories—will be
the primary suppression factor for any operator directly
coupling curvature to electromagnetism.

.C. Estimating the contribution to x

Consider operator Oy = R, F'PF", as a representa-
tive example. In Earth’s static gravitational field, this
operator induces a position-dependent correction to the
electromagnetic stress energy. For a spherical test body
of charge ¢, radius R, and mass m, the operator con-
tributes an additional term to the body’s gravitational
mass energy of approximately,

2

G q
5y ~ 2 (Gre) (28)

E7
where we have used R, ~ Gnpg and fd3r E  FHP ~
¢/ R, ignoring O(1) geometric factors. The dimensions

are consistent: [c2/A?] = [energy] =2, [Gnpg] = [energy]?,
[¢?/R] = [energy], giving dm, dimensions of energy as
required.

This charge-dependent mass correction leads to a differ-
ential gravitational acceleration between two bodies with
charges ¢; and ¢o (identical m and R),

Aa  dmg1 —dmga 2 @ — ¢

g m AQ( NPGB) mR ( )
Expressing the charge difference in terms of charge-to-
mass ratios, g5 = m(q/m)i, and noting ¢} — ¢3 ~
2m?2(q/m)avgA(g/m), we obtain,

Aa Co 2m

o~ e Gnpe) Frla/masd (1) - (30)

Comparing with the defining relation Aa/g = kA(q/m)
yields the contribution from operator O,

c 2m
Ko, ~ 13 (GNpe) T (a/m)ave. (31)
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.D. Numerical evaluation and phenomenological
insignificance

We now evaluate Eq. with realistic terrestrial pa-
rameters. For laboratory-scale test masses, typical values
are m ~ 0.1 kg and R ~ 0.01 m, giving m/R ~ 10 kg/m.
The average charge-to-mass ratio in precision experiments
is severely limited by discharge systems, with (g/m)avg ~
10~8 C/kg representing a conservative upper bound. Con-
verting Gy pg to SI units and including the necessary unit
conversions (noting that 1 GeV? = 2.43 x 10'° kg/(m - s?)
in appropriate combinations), we obtain the numerical
estimate,

Ko, ~ 1.8 x 10763 % kg C1|, (32)

with A expressed in GeV. The numerical prefactor in
Eq. is an order-of-magnitude estimate; the essential
physics—suppression by the terrestrial curvature scale
Gnpg ~ 107°° GeV*—is independent of O(1) corrections
to this prefactor. This result demonstrates extraordinary
suppression. Even for new physics at the TeV scale (A ~
10® GeV and ¢y ~ 1), we find ko, < 10777 kg C™1,

The other operators O; and O3 yield similar expressions
with the same fundamental suppression factor Gy pg. Dif-
ferences in the geometric prefactors are O(1) to O(10)
and do not alter the conclusion. Comparing with the
current phenomenological limit || < 2.1 x 107% kg C~!
from Eq. , we find that dimension-six curvature cou-
plings would require A < 1073° GeV to be marginally
detectable—a physically meaningless scale far below any
reasonable new physics scenario.

.E. Robustness and implications

The analysis reveals a robust conclusion: direct cou-
plings between spacetime curvature and the electro-
magnetic field strength through dimension-six operators
are suppressed by the minuscule terrestrial curvature
Gnpg ~ 1075% GeV?. This suppression is independent of
the specific operator contraction and persists for any labo-
ratory experiment conducted in Earth’s gravitational field.
The factor G pg represents the actual curvature experi-
enced by test masses, making these geometric couplings
phenomenologically irrelevant for terrestrial searches for
K.

Consequently, a future measurement of x at any accessi-
ble level (e.g., k > 10710 kg C~1) could not be explained
by such minimal EFT operators. Instead, it would nec-
essarily signal physics beyond this framework, such as
interactions mediated by light scalar or vector fields that
are not purely gravitational in origin. This reframes the
experimental search for k: rather than testing geometric
aspects of curvature-EM couplings, it becomes a targeted
probe for nonminimal mechanisms, precisely the class ex-
emplified by the dilaton field in Einstein-Maxwell-dilaton
theory discussed in Appendix A.



APPENDIX C: MONTE CARLO STATISTICAL
ANALYSIS FOR THE « LIMIT

This Appendix details the Monte Carlo statistical anal-
ysis used to derive a probabilistic upper limit on the
magnitude of the charge-gravity coupling parameter |&|
from current experimental constraints. The analysis prop-
agates uncertainties in both the differential acceleration
sensitivity oa, /4 and the maximum differential charge-to-
mass ratio A(g/m)max to obtain a robust distribution for
the phenomenological limit Aiim = 0aa/q/A(q/M)max-

.A. Statistical model for input parameters

The limit on x follows from the defining relation
Aa/g = K A(g/m) and the experimental fact that no vio-
lation has been observed at the sensitivity level. Concep-
tually, the maximum possible x consistent with measure-
ments satisfies || S 0aa/q/|A(¢/™M)|max, Where oaq/g
represents the experimental uncertainty in differential
acceleration and |A(q/m)|max i the maximum differen-
tial charge-to-mass ratio that could have been present
without being detected given the experimental charge
management protocols.

For the differential acceleration uncertainty oaq/g, we
adopt the best achieved sensitivity from modern experi-
ments as a nominal value pu, = 10715, based on results
from MICROSCOPE [I] and Eét-Wash torsion balances
[2]. We assign a 20% relative standard uncertainty to
account for variations between different experimental con-
figurations and potential systematic effects, modeling
OAa/g @ drawn from a truncated Gaussian distribution,

OAa/g ™ Mrunc(,uaa 0—121)7 Ha = 107157

0o =024 =2 x 10716, (33)
where the distribution is truncated at zero to avoid non-
physical negative values.

For the maximum differential charge-to-mass ratio
A(q/mM)max, we use a log-normal distribution to reflect its
positive-definite nature and the substantial uncertainty
in estimating this parameter from published experimental
reports. High-precision equivalence principle experiments
actively discharge test masses to maintain residual poten-
tials below ~ 1mV. For typical test mass capacitances
(~ 100pF) and masses (m ~ 0.01-1 kg), this implies
individual ¢/m values < 107'3 to 10~'' Ckg™'. The
differential A(g/m) between test masses can be conserva-
tively bounded at A(q/m)max < 107 Ckg™!, but with
considerable uncertainty due to material differences and
imperfect cancellation.

We center the distribution at p, = 10711 Ckg™ ! and
choose a width such that 95% of the probability lies
within a factor of 5 of the median, representing an order-
of-magnitude uncertainty consistent with the system-
atic nature of this bound. For a log-normal variable
where In X ~ N (v,0?), the interval [Xea/f, Xmed X f]
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contains approximately 95% of the probability when
o =1In(f)/1.96. With f =5, we obtain,

~0.820, v=1In(yy) =In(107"). (34)

Thus:

In[A(g/m)max] ~ N (v, 02), v = ln(lOfll), o4 = 0.820.
(35)

We assume statistical independence between gaq/, and

A(q/m)max, which is reasonable as they originate from

different aspects of experimental design (acceleration mea-

surement precision versus charge control systems).

.B. Monte Carlo calculation and resulting
distribution

We draw N = 10° independent samples from the distri-
butions specified in Eqgs. (33]) and . For each sample

i, we compute the corresponding upper limit on x|,
(1)
@ _ _ %Aa/g

lim = R (36)
A(Q/m)l(n)ax

The resulting ensemble {/@'1(121 N | approximates the prob-

ability distribution for the phenomenological upper limit
on |k| implied by current experimental constraints.

From the 10% samples, we calculate key quantiles of

this distribution,

Median:

68% Confidence level:

95% Confidence level:

99.7% Confidence level:

k] < 9.8 x107° kgC™' (37)
k| < 1.5 x107* kg C™! (38)
k| <2.1x107* kgC™ (39)
k| < 3.4x107* kgC™' (40)

The probability density function is plotted in Fig.[T]in the
main text. The 95% confidence level limit, |k < 2.1 X
10~* kg C~!, is reported as our primary phenomenological
constraint in Eq. (8).

It is important to clarify the interpretation of this
result: the distribution represents the range of possible
upper limits on |k| given the uncertainties in the input
parameters. It is not a posterior distribution for x itself
(which would require a full Bayesian analysis with prior
information), but rather characterizes the robustness of
the bound derived from current experimental knowledge.

.C. Sensitivity analysis and robustness verification

To verify that our conclusions are not overly sensitive
to specific distributional assumptions, we performed three
alternative analyses with different input models:

1. Uniform uncertainty for oa,/4: Instead of a Gaus-
sian, we modeled o, /4 With a uniform distribution



Tnasg ~ U0.5 % 107%%,1.5 x 1071), spanning the
same +50% range. This changed the 95% CL limit
by less than 5%, to |k| < 2.2 x 107% kg C~1L.

2. Wider charge uncertainty: Expanding the uncer-
tainty factor f from 5 to 10 [meaning 95% of
A(q/m)max values lie within a factor of 10 of the
median| increased the 95% CL limit to |k| <
3.8 x 107* kg C~1, still within the same order of
magnitude.

3. Uniform distribution in log-space for A(q/m): Us-
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ing a uniform distribution for In[A(q/m)max] from
In(107'2) to In(1071%) (covering two orders of mag-
nitude centered on 107!1) yielded a 95% CL limit
of |k| < 2.4 x107* kgC™L.

All variations produced 95% confidence level limits in
the range (1-4) x 1074 kg C~!, confirming that our pri-
mary result |k| < 2.1 x 107* kg C~! is robust against
reasonable changes in the input distributions. The con-
sistency across these sensitivity tests underscores that
the derived limit reliably captures the order-of-magnitude
constraint implied by existing experiments, even with
conservative assumptions about parameter uncertainties.
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