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The weak equivalence principle (WEP) has been tested with extraordinary precision over the past
decades, but invariably with electrically neutral bodies. This leaves a fundamental blind spot: does
gravity feel electric charge? A recent phenomenological analysis introduced a parameter kfen to
quantify this unexplored sector, but lacked a consistent field-theoretic origin. In this work we show
that the simplest mechanism is kinetic mixing between the standard photon and a new massless
vector field X, that mediates a long-range fifth force coupled to the ordinary mass current. The
single gauge-invariant dimension-four operator %F,WX MY preserves causality and unitarity. By
adopting the action in which both fields couple to their respective currents with the same sign
convention, the two-body potential is fully symmetric and exactly satisfies Newton’s third law,
rendering the model free of any mathematical pathology. The fifth force between equal masses is
repulsive, a known property of vector-mediated interactions, but its contribution to the neutral
gravitational acceleration is absorbed into the measured Newtonian constant. For a static, spherically
symmetric source, the mixing induces an electric field proportional to the Newtonian gravitational
field, leading to a charge-dependent acceleration from which we identify ffen = —&po Gx/GnN, where
Gx is the fifth-force coupling strength. The symmetric cross term o gims + gamy in the two-body
potential gives rise to dipole radiation from compact binaries, providing a direct link to pulsar-timing
constraints. We derive explicit constraints from the Cassini bound on the PPN parameter ~, from
lunar laser ranging on a1, and from the Hulse—Taylor pulsar, showing that the model is compatible
with all existing data while providing a clear roadmap for future experimental tests.
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I. INTRODUCTION

The universality of free fall—the weak equivalence prin-
ciple (WEP)—is a cornerstone of general relativity (GR)
and a sensitive probe for physics beyond the Standard
Model [1-3]. Modern torsion-balance and space-based
experiments achieve differential acceleration limits below
10~!% by comparing test masses of different composi-
tion [4, 5.

In all such experiments the net electric charge of the test
bodies is actively minimized to suppress electromagnetic
backgrounds [6, 7]. Consequently, the question whether
gravitational acceleration depends on a body’s electric
charge remains comparatively untested [8—10]. This con-
stitutes a fundamental blind spot: while we test gravity’s
coupling to mass and composition with extraordinary
rigor, we have never systematically tested its coupling to
electric charge.

In a recent companion paper [11], a phenomenological
parameter kg, was introduced to quantify this unexplored

direction:
Aa
— = Kfen A(g) ) (1)
g m

where Aa is the differential acceleration between two
test masses, g the local gravitational field, and A(gq/m)
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their charge-to-mass ratio difference. The parameter Kfe,
has dimensions of mass per charge, [kfen] = kgC™1. A
synthesis of existing experimental data gave the first quan-
titative limit |#fen| < 2.1 x 10™* kg C~1 at 95% confidence
level [11], an uncertainty roughly eleven orders of magni-
tude less stringent than composition-dependent bounds.

In this work we construct the simplest consistent field-
theoretic origin for kg,,. We propose a new massless vector
field X,, that mediates a long-range fifth force coupled to
the ordinary mass current J# . Its dynamics are governed
by a Maxwell-like action with coupling strength Gx. The
key ingredient is kinetic mixing with the photon:

Emix = gFMVXI»W’ (2)
the unique gauge-invariant dimension-four operator con-
necting the two Abelian sectors. Together, these ingredi-
ents define a consistent effective field theory (EFT) for
the charge-dependent sector.

Long-range vector fields coupled to the mass current
have a long history in gravitational physics, from vector-
tensor theories of gravity in the 1970s [12-14] to mod-
ern fifth-force models. Independently, kinetic mixing
between two Abelian gauge fields was introduced by
Holdom [15] and Foot and He [16] as the unique gauge-
invariant dimension-four portal between the visible and
hidden U(1) sectors, and has become a cornerstone of
dark photon phenomenology [17, 18]. In this work we
combine these two ideas: we propose a new massless vec-
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tor field X, that mediates a long-range fifth force coupled
to the ordinary mass current, and connect it to the photon
through the kinetic mixing operator %FWX m,

This mixing preserves gauge invariance, Lorentz in-
variance, causality and unitarity. A consistent choice of
signs in the action ensures that the two-body potential is
symmetric and exactly satisfies Newton’s third law.

In the static, spherically symmetric limit, the mixing
causes a mass distribution to source an electric field pro-
portional to the Newtonian acceleration g;:

— GX
E=—¢no G g. (3)

A test particle of charge ¢ and mass m then experiences
the acceleration

Gx q
a = Zobs — 5#0 GfN E Bobs) (4)

where g.ps is the measured local gravitational acceleration
(which already includes the fifth-force contribution). From
this we identify

Gx

Rfen = _é-MO GfN . (5)

The same parameter combination governs a network of
interrelated predictions, including gravitomagnetic induc-
tion, tests of the inverse-square law, and dipole radiation
from compact binaries. We derive explicit constraints
from solar-system parameterized post-Newtonian (PPN)
tests and pulsar timing, showing that the model is compat-
ible with all existing data while providing a clear falsifiable
roadmap for next-generation experiments.

Relation to existing fifth-force searches

Long-range fifth forces have been extensively studied in
contexts ranging from string-inspired dilaton models [41]
to modern dark-sector portals [17, 18]. A particularly
powerful probe comes from orbital dynamics: any addi-
tional 1/r or Yukawa-like force between massive bodies
modifies the Keplerian motion of planets, satellites, and
binary systems, producing detectable anomalies in perihe-
lion precession, mean anomaly drift, and radial velocity
curves [42, 43, 45-48]. A comprehensive treatment of
post-Newtonian orbital effects from modified gravities,
including exact expressions for Yukawa-induced perihe-
lion and mean anomaly precessions, can be found in the
recent monograph by Iorio [44]. These analyses have
placed stringent limits on the strength a and range A of a
Yukawa-like fifth force using data from Earth’s satellites
(LAGEOS, LARES), Solar System planets, the S2 star
at the Galactic Centre, and exoplanetary transit timing.
All such bounds assume that the fifth force couples uni-
versally to mass (or baryon number) and that the test
bodies are electrically neutral. The model presented here

introduces a qualitatively new feature: kinetic mixing
with the photon generates a charge-dependent component
that is invisible to purely mass-based orbital tests. As
we shall demonstrate in Sec. VIIB, the universal (charge-
independent) part of our fifth force is tightly bounded
by the same orbital data that constrain generic Yukawa
models, forcing Gx /G n < 107°. This saturation of the
universal channel shifts the experimental frontier deci-
sively toward the charge-dependent sector parametrized
by Kten, which remains unconstrained by any existing or-
bital or torsion-balance experiment. With this motivation,
we now construct the minimal Lagrangian that realizes
the charge-dependent WEP violation encoded in Kfep,.

II. FIFTH-FORCE FIELD WITH KINETIC
MIXING

A. Action and field equations

We consider the standard photon A, and a new massless
vector field X, with field strengths F,, = 0, A, — 0, A,
and X,, = 0,X, — 0,X,. The total action, including
matter, is taken as

1 1 ¢
S = /d% {—F S X XMW L SR XY
Apo” " dpx ! 27"

_ Z (ql/Adef —+m; /Xud.’l}it> s
(6)

where pg is the vacuum permeability, px the permeability
of the X sector ([ux] = mkg™ '), and ¢ the kinetic mixing
parameter ([§] = Cm™1!). The currents are

JH = Z qivl6® (x—x;), JE = Z mivt' 6B (x—x;),
3 K3
(7)
with v{* = (¢, v;) in the non-relativistic limit. The sign
convention in the matter action is the standard one that
yields the correct Maxwell equations and Lorentz force.
Both fields couple to their respective currents with the
same overall sign, which is essential for the consistency of
the two-body potential and the reciprocity of forces.
Variation with respect to A, and X, yields the coupled
field equations

1

— O, " - £0, X" = JY, (8)
Ho

1
— O XM =0, FM = J,. (9)
Hx

The factor { (without an extra factor of 1/2) follows
directly from the variation of the action, and the source
terms appear with the same positive sign.



B. Static limit and gravitoelectric field

In the static, non-relativistic limit we define
E' = cF, Ey = cX, (10)

which are related to the scalar potentials ¢ and ¢x (with
Ar = ((z)/CvA)a XH = (¢X/Cﬂ X)) by

E = -Vg, Ex = -Vox. (11)
The time components of Egs. (8)—(9) reduce to
V-E—guov-EXZZi, (12)
0

V-Ex —&ux V-E =47Gx pm, (13)

where we introduced the fifth-force coupling constant

2
Gy =X (14)
47

The positive sign of the source term in Eq. (13) implies
V -Ex = 4nGxpm at leading order in &, which has
the opposite sign to the Newtonian gravitational field
V- g = _47TGNpext~

C. Diagonalisation and formal properties

In the Lorenz gauge (0,A4* = 9,X" = 0), the field
equations become

A\ _ (g Vpo —

KO = 5 K= . (15
(£)-(2) ~- (% 75)
The matrix K is symmetric and positive definite for |£| <
1/\/twitx , guaranteeing a ghost-free theory with bounded
Hamiltonian. The diagonalization proceeds by a field
redefinition to canonical fields A,,, X,,; details are given

in Appendix B. The theory is invariant under U(1)gym X
U(1)x gauge transformations and is causal.

III. STATIC SOLUTION AND INDUCED
ELECTRIC FIELD

Consider a static, spherically symmetric mass distribu-
tion pext(r) with no macroscopic electric charge (p. = 0).
Solving Egs. (12)—(13) to first order in & gives

V'EX %47TGXpext7 (16)
V- E ~ 417G x & 1o Pext- (17)
Comparing with the Newtonian field V - g = —47G y pext,

we obtain for a uniform sphere of mass Mg the exterior
solutions

glr) = -0 g,
Ex(r) = — o g(r), (18)

The electric field is sourced by the mass distribution
through kinetic mixing; both Ex and E point radially
outward (repulsive direction), while g points inward.

Electrical shielding by the conducting Earth. Although
Eq. (18) predicts an electric field outside a static mass
distribution, the Earth is a conducting body. Free charges
rearrange to cancel electrostatic fields in equilibrium. In
an isolated neutral conductor the total charge is zero,
and the external electric field far from the Earth will
have a multipolar character. Consequently, the simple
identification E « g is not directly applicable to exper-
iments on the Earth’s surface. This does not invalidate
the theoretical parameter xg,; it implies that terrestrial
WEP tests with charged particles must operate in space,
use artificially charged source masses, or account for the
detailed electrostatic environment.

IV. ACCELERATION OF A TEST PARTICLE

The force on a test particle is obtained from the matter
action in (6). In the non-relativistic limit, the Lagrangian
for a particle with charge ¢ and mass m reads

1
inmUQ_‘_qV.A—ng-i-mV'X_m(ﬁXv (19)

so that the potential energy is V = q¢ + m¢x and the
force is F = —VV = —¢V¢ — mVox = ¢E + mEx.
Hence the total acceleration is

a=g+Ex+ - E. (20)

Substituting the fields (18) gives
Gx q Gx
—g(1-2X) - Ly Xg 21
a g( GN) oG 8 (21)

The universal term g(1—Gx /Gy) is the total acceleration
of a neutral test body and is absorbed into the measured
local gravitational acceleration

G
Sobs = & (1 — Gj\i) . (22)

This absorption is standard in effective field theories; the
measured Newtonian constant is already the renormalized
coupling Geg = Gy — Gx, analogous to how electromag-
netic corrections renormalize the fine-structure constant.
Expressing the acceleration in terms of g yields

G G2
a = Zobs €,LLOCTV]XV:7‘gobs+O<G§> 5 (23)
N

and comparison with the phenomenological definition (1)
gives

G
Rfen = 75”’0 Gij)\([ . (24)

The current limit |rge,| < 2.1 x 107%kg/C [11] bounds
the combination |£|Gx/Gn.



V. TWO-BODY POTENTIAL, RECIPROCITY,
AND DIPOLE RADIATION

A. Symmetric two-body potential

The static potential between two point particles is
obtained from the inverse of the kinetic matrix in Sec. II C.
Solving KO(AY, X¥)T = (J¥,J%)T with point sources
and expanding to leading order in £ gives

g +§/~LOGXma d)X (I‘) = é-MOGX 1 ha me7
or r r
(25)
where we used jxc? = 4rGx and ¢ = 1/(pog0). The
interaction energy of a second particle is V. = g1 +
madx1 (as required by the Lagrangian), yielding the
exact two-body potential

1 0192
‘/in d) =
4 1 —&popx | 4meod
(26)
_|_
+&uoGx N 7 KCA0 Gx mldmﬂ .

All terms are manifestly symmetric under 1 <+ 2. The
force F1o = —V1Viy exactly obeys Fi5 = —F5;, guaran-
teeing momentum conservation. The positive sign of the
mass-mass term produces a repulsive force between equal
masses, as expected for a vector-mediated interaction.

B. Dipole radiation and pulsar timing

The cross term in the potential reveals that a particle’s
charge contributes to its effective mass as seen by the X
field. From the diagonal-basis field equations one finds
the X-field sources the effective current

Jétff = J’II:L + 5”0 JéLa (27)

so the mass dipole moment that couples to the X-radiation
is

deg = Z(m7 +&po i) i |

%

(28)

The power radiated in the dipole channel follows from
the vector-field Lagrangian and is analogous to electric
dipole radiation with the replacement uy — px. For a
dipole moment d.g the orbit-averaged energy loss is

. WX /9 2GX o
Ex = === (dg) = — (dZg), 29
X 67TC< eff> 36‘5 < eff> ( )

where we used pxc? = 4nGx.
For a binary with masses m, mo and charges q1, qo,
deg = MA(%) r, where p = myma/(my1 + ma) is

the reduced mass, r the relative separation, and A the
difference between the two bodies. In the Newtonian limit

4

¥ = —GnMr/r® (M = m; + ms). The ratio of Ex to
the general-relativistic quadrupole loss Egr then scales

as
Ex  Gx (oA’
25 S (S20) o), (30)

with f(e) an eccentricity factor of order unity.

For the Hulse-Taylor pulsar PSR B1913+16, the ob-
served orbital decay matches general relativity to within
~ 0.2% [19]. Attributing any excess to Ex yields the

constraint

2

Gx (5’”0 Aq) <2x1073, (31)
Gn 1z

A pulsar in vacuum can develop a Goldreich—Julian
charge ¢ ~ 102C [20]. Even for this extreme value,
q < mey/eg/Gn, hence Ag/u < 1C/kg. Using the iden-
tification Kfen, = —€uoGx /Gn, the constraint (31) can be

rewritten as
GN (Aq)2 _
2 == <2x 1073 32
Kfon <2 .
f Gx L (32)

This intertwines the laboratory parameter kg, with the
astrophysical coupling ratio Gx /Gy and does not, by
itself, yield a direct bound on either. However, for any
given Gx /Gy consistent with the PPN limits derived
below (Gx /Gy < 107°), Eq. (32) implies

L, (Gx/GN\"? (1C/kg
en| S107% [ ===
il £102 (SE) T (50%). o

which is compatible with the laboratory limit |Kfen| <
2.1 x 107*kg/C for Gx/Gn < 1075 and typical pulsar
charges.

VI. FURTHER PHENOMENOLOGICAL
CONSEQUENCES

A. Effective fifth-force mass and gravitomagnetic
induction

Equation (26) shows that a point charge ¢ acquires an
effective fifth-force mass

dmx = &poq, (34)

which is a direct consequence of the g—m cross term in
the potential. Thus a neutral test particle of mass m;
would feel, in addition to Newtonian gravity, a short-range
fifth-force acceleration toward a nearby charged body of
order

GX 5mX

5 (35)

ax ~
r
For a macroscopic charge of 1C and Gx/Gn ~ 107°,

the acceleration is ~ 10712 rn/s2 at 1m, far below cur-
rent torsion-balance sensitivity [2, 7]. Nevertheless, the



effective-mass concept unifies the phenomenology: every
electric charge carries a tiny “fifth-force weight”.

The stationary limit of Eq. (9) yields the gravitomag-
netic induction law

VxBxy=¢(ux V XB, (36)

where By is the gravitomagnetic field (frame-dragging
analogue of the X sector) and B the ordinary magnetic
field. In integral form,

%BX cdb = §MXfB ~dl = Epx polenc, (37)

so that an electric current directly sources a gravitomag-
netic circulation. This is the exact analogue of the linear
gravitomagnetic effect discussed by Braginsky, Caves and
Thorne [21] and later by Peng [22, 23]. For a typical
laboratory solenoid with I = 10* A and turn density
n =10>m™!, the induced By is of order 107" s~, cor-
responding to an acceleration gradient Va ~ 1071572,
far below current sensitivities [24, 25].

B. Superconductors and anomalous claims

Kinetic mixing modifies the Maxwell-London equations
inside a superconductor, leading to a renormalized London
penetration depth and a small gravitomagnetic Meissner
effect. Through the London moment B = (2m./e)w, a
rotating superconductor generates

2me
Bx =¢ux ? w. (38)

For w ~ 10%rad/s, the induced gravitomagnetic flux
through a 1cm? pickup loop is ®5 ~ 10723 Wb, more
than ten orders of magnitude below SQUID noise
floors [26].

Likewise, high-voltage discharge experiments claiming
anomalous weight reductions [e.g., [52, 53]] can be assessed
within the EFT. The radiated X-wave power from a
discharging capacitor is bounded by E..q < 10736 ] for
typical parameters (using the maximal laboratory value
|Kfen| < 2.1 x 107* kg/C), some forty orders of magnitude
below the discharge energy. This mechanism therefore
cannot explain such anomalies. Any reproducible signal of
macroscopic magnitude would falsify this minimal model,
pointing instead to more exotic physics.

C. Implications for precision tests of the 1/r* law
and short-range gravity

Although the X field is massless in this minimal model,
a tiny mass mx could easily be introduced via a Higgs or
Stueckelberg mechanism [18]. Even for an eV-scale mass,
the fifth force acquires a Yukawa suppression oc e=X" on
laboratory scales. Precision torsion-balance experiments
testing the Newtonian inverse-square law [27, 28] then

bound the product of mixing strength and G x at micron
to millimeter distances. In terms of the parameterization
commonly used for short-range deviations,

mimsa

V(r)= -Gy 1+« 677’/)‘], (39)

r

our model yields & = Gx /Gy (for equal masses) and A =
1/mx. Current constraints a < 1072 for A ~ 1073 m [27]
are automatically satisfied if Gx/Gnx < 107°. More-
over, the charge-dependent component introduces a new
signature: the effective coupling strength between two
bodies depends on their electrical charging state, offering
a unique tool to discriminate a genuine fifth force from
systematic electromagnetic backgrounds.

VII. GRAVITATIONAL TESTS AND
THEORETICAL CONSISTENCY

A. Post-Newtonian constraints

The long-range vector field modifies the parametrized
post-Newtonian (PPN) parameters of the theory. To
derive these constraints, we note that the total Newtonian
potential sourced by a mass M is

GogM

Utot = - r ’

GEHEGN—Gx. (40)

The temporal metric component is sourced by all forms
of energy and acquires the standard post-Newtonian cor-
rection ggg = —1 + 2U;et. The spatial metric, however,
receives contributions only from the tensor sector (general
relativity), since the vector field X, does not couple di-
rectly to the photon in the geometric optics limit (kinetic
mixing is a derivative coupling and does not alter the null
geodesics of light). Thus,

M
gij = 5ij (1 + 2GN7“> . (41)
The PPN parameter « is defined by g;; = ;5 (1 + 27Uot),
hence
GN Gx G%
= =14+ -—=4+0(=. 42
TTar—ax tayt (Gf\, (42)

This result is specific to models where the vector field
does not directly modify the spatial metric; in alternative
constructions where X, couples directly to the matter
stress-energy tensor, the expression for v would differ. The
Cassini measurement |y — 1| < 2.3 x 107° [29] therefore
imposes

Gx <23x107°. (43)
Gn

For vector-tensor theories, the preferred-frame parame-
ter oy is of order Gx /Gy [12]. A detailed match to the
standard PPN formalism yields

g ~ 4%. (44)



Lunar laser ranging gives |ai| < 4 x 107 [30], while
binary pulsar timing provides a similar constraint [31].
These imply

Gx

<107° 45
GN ~ ) ( )

which is compatible with the Cassini bound. Impor-
tantly, none of these PPN constraints forbid a non-
7€T0 Kfen; they only restrict the ratio Gx /Gy, while
Kten = —&1oGx /G N can be enhanced by a large & within

the perturbative regime |£| < 1//moftx-

B. Complementary orbital constraints on Gx /Gy

Before focusing on the charge-dependent observable
Kfen, it 1S necessary to verify that the universal (charge-
independent) sector of the model is consistent with ex-
isting orbital bounds. As we show below, these bounds
confine Gx /Gy to the 107° level, making the universal
force invisible in all present-day experiments. This con-
clusion holds regardless of the value of the kinetic mixing
parameter &£, which drops out of every observable involv-
ing only neutral bodies. The immediate consequence is
that the only window left open by current data is the
charge-dependent channel, to which the rest of this paper
is devoted.

The universal (charge-independent) part of the fifth
force corresponds to a repulsive 1/r potential between two
masses, AV = +Gxmims/r. In the Newtonian limit,
this is equivalent to replacing the Newtonian constant by
Geg = Gy — Gx. A test body orbiting a central mass M
therefore follows a Keplerian orbit with effective gravita-
tional parameter pog = (Gn — Gx)M. This produces a
shift in the perihelion precession per orbit compared to
the general-relativistic prediction. Using the formalism
of [44], for a 1/r correction the extra precession per orbit
is

Aw = —21 — (46)

where the negative sign indicates a reduction relative to
the GR value.

Modern planetary ephemerides constrain anomalous
perihelion precessions with exquisite precision. For Mer-
cury, the residual after subtracting the known GR preces-
sion is |Ac| < 2.4 x 10~ % arcsec/cy [49], which translates
into

GX —6
— < 107°. 4
oy S5 10 (47)

Similar bounds are obtained from the Earth and Mars
ranging data. Satellite laser ranging to LAGEOS and
LARES provides an independent constraint: the measured
precession of the orbital plane (Lense-Thirring effect) and

the pericenter advance are consistent with GR within
1073, yielding Gx/Gxn < 1074 [50].

At the Galactic Centre, the GRAVITY collaboration
has measured the Schwarzschild precession of the S2 star’s
orbit around Sgr A* [51]. The observed precession fsp =
1.10 £ 0.19 times the GR value directly constrains an
additional 1/r potential. Adapting the Yukawa bounds
of [46, 48] to the massless limit, one finds

Gx <3x107°, (48)
Gn
fully consistent with the solar-system limits.

Taken together, these orbital bounds reinforce the PPN
constraints derived in Sec. VII A and confirm that any
long-range fifth force universally coupled to mass must
have Gx /Gy < 1075, This conclusion is robust across
scales spanning from Earth’s satellites to the Galactic
Centre.

Why Kfen remains unconstrained. All the orbital
tests discussed above—and indeed all classical fifth-force
searches with neutral bodies—constrain only the com-
bination Gx /Gy that governs the universal force. The
charge-dependent parameter ko, = —€ug Gx/GN con-
tains the additional factor ug, which drops out of every
neutral-body observable. Even with Gx /Gy ~ 1077,
a mixing parameter &ug of order 10kg/C would give
|Kfen| ~ 10~* kg/C, right at the current laboratory bound.
Larger values of £ (still within the perturbative regime
|€] < 1//mopx) yield even larger kg, without conflicting
with any orbital data. This underscores the necessity of
dedicated experiments using charged test masses, as the
companion paper [11] discusses in detail.

C. DMass of the X field and effective field theory
validity

Throughout this work we have taken the X field to
be exactly massless. However, a small mass mx can be
naturally introduced via a Stueckelberg mechanism or a
Higgs portal without spoiling gauge invariance. In the
presence of a mass term, the static potential acquires a
Yukawa suppression:

MMy

VX (7’) = *GX (49)
For distances r > m;(l, the fifth force is exponentially
suppressed, relaxing the PPN bounds on Gx/Gy. If
mx = 1073 eV, corresponding to a Compton wavelength
Ax < 10~*m, laboratory tests of the inverse-square law
become the dominant constraints [27]. This provides a di-
rect connection between our parameter kg, and tabletop
experiments searching for Yukawa-like deviations.

The effective field theory remains valid as long as the
dimensionless mixing parameter

e =&\ Hopx (50)

satisfies |¢|] < 1 (see Appendix B). This ensures the ki-
netic matrix is positive definite and the Hamiltonian is



bounded from below. For values of ¢ required to produce
a detectable kg, while respecting Gx /Gy < 1075, one

has ¢ ~ 5/140\/ Gx/(GN) < 1 for Eug ~ IifenGN/GX ~
1074 x 10° ~ 10, safely within the perturbative regime.

A natural question is whether the large hierarchy
Gx < Gy is technically natural. In the context of ef-
fective field theory, a small dimensionless parameter is
technically natural if the theory acquires an enhanced
symmetry when that parameter is set to zero [32]. Here,
in the limit px — 0 (equivalently Gx — 0), the X field
decouples from the mass current and the free sector en-
joys a shift symmetry X,, — X, + c,, which leaves the
field strength invariant. This symmetry protects Gx
against large quantum corrections: any radiative contri-
bution to Gx must be proportional to G x itself, ensuring
0Gx ~ Gx x (loop factor). The hierarchy Gx /Gy < 1
is therefore radiatively stable, much like the smallness
of the electron Yukawa coupling in the Standard Model
is protected by chiral symmetry. Additional protection
can arise if the X field is embedded in a Stueckelberg
mechanism, which preserves a softly broken U(1)x gauge
symmetry and guarantees that corrections to mx and Gx
remain under control even in the presence of ultraviolet
physics [33].

D. Implications for dark matter

Although the present work focuses on the implications
of the X field for equivalence principle tests, any massive
particle—including dark matter candidates—would also
experience the fifth force mediated by X,,. If dark matter
is composed of massive particles, the X field provides
an additional attractive or repulsive interaction in the
dark sector, effectively acting as a self-interaction channel.
Models of self-interacting dark matter (SIDM) mediated
by light vector bosons have been extensively studied as
a solution to the small-scale structure problems of col-
lisionless cold dark matter, such as the core-cusp and
missing-satellite tensions [34]. The present model shares
key structural features with these SIDM frameworks, with
the coupling strength Gx setting the self-interaction cross
section. Furthermore, the kinetic mixing portal provides
a natural bridge between the visible and dark sectors: if
dark matter particles carry a charge under a new U(1)p
gauge symmetry, the X field (or the photon through
mixing) can mediate interactions between ordinary and
dark matter [15, 18]. This connection opens the possibil-
ity that the same parameter combination G x /Gy that
governs charge-dependent WEP violation also controls
the strength of visible-dark interactions, offering a unified
framework for laboratory tests of the equivalence principle
and dark matter phenomenology.

VIII. DISCUSSION

A. Effective field theory and the double-counting
problem

The model presented in this work is a consistent effec-
tive field theory (EFT) of a long-range vector fifth force
coupled to the ordinary mass current, with the unique
gauge-invariant dimension-four kinetic mixing to the pho-
ton as the portal between the two Abelian sectors. As
such, it respects all fundamental requirements: Lorentz
invariance, unitarity, causality and a stable vacuum (the
kinetic matrix is positive definite for [£] < 1/,/mopx). In
this respect it contrasts sharply with earlier attempts to
identify a new massless vector field with the “graviphoton”
that appears in N = 2 supergravity [35, 36]. In those
constructions the vector field is part of the metric mul-
tiplet and its effects are already included in the tensor
gravitational interaction; coupling it directly to matter
leads to the well-known “double-counting problem”—an
overcounting of the Newtonian force [12]. Here, X, is an
independent degree of freedom, not a component of the
spacetime metric, and its long-range force is simply an
additional interaction superimposed on general relativity.

The absorption of the neutral-body fifth-force acceler-
ation into the renormalized local gravitational field gqps
formalizes the fact that laboratory measurements of G
are, in reality, measurements of an effective coupling

Geg = Gy — Gy, (51)

where Gx is the strength of the X interaction. The
Newtonian constant extracted from torsion-balance ex-
periments [37] is therefore Gg, not the bare G of the
Einstein—Hilbert action. The charge-dependent term pro-
portional to K, survives this renormalization and consti-
tutes a genuinely new observable, free from the double-
counting ambiguity that plagued earlier “vector gravity”
proposals [13, 14].

B. Experimental prospects

The charge-dependent acceleration anomaly quantified
by Kfen defines a clear experimental target. A detailed dis-
cussion of experimental strategies, sensitivity projections,
and the challenges posed by the Schiff-Barnhill effect
and electrostatic shielding is presented in the companion
paper [11]. In brief, the optimal approach is to maxi-
mize the charge-to-mass ratio difference A(g/m) rather
than minimize it, using platforms such as optically levi-
tated nanoparticles [38, 39], repurposed drop-tower facili-
ties [10], or atom interferometry with charged species [40].
The theoretical identification ke, = —E{uoGx/Gn de-
rived here provides the quantitative link between such
laboratory searches and the fundamental parameters £ and
Gx, and is complementary to the astrophysical bounds
from pulsar timing discussed in Sec. VB. A dedicated



analysis of the double pulsar PSR J0737-3039 may al-
ready be sensitive to kg, values well below the current
laboratory limit.

In summary, the model is fully predictive and falsifiable
across an unusually wide range of scales: from laboratory
Eo6tvos-type experiments, through gravitomagnetic induc-
tion and superconductor tests, to binary pulsar timing.
The identification ke, = —&p0Gx /G N transforms a phe-
nomenological parameter into a measurable combination
of fundamental couplings.

IX. CONCLUSION

In this work we have constructed the minimal and math-
ematically consistent field-theoretic origin for the charge-
dependent equivalence principle violation parametrized
by Kfen. The mechanism is kinetic mixing between the
standard photon and a new massless vector field X, that
mediates a long-range fifth force coupled to the ordinary
mass current J. By adopting the action in which both
gauge fields couple to their respective currents with iden-
tical sign conventions, the two-body potential is fully
symmetric and Newton’s third law is exactly satisfied,
eliminating any concern of self-acceleration or momentum
non-conservation. This consistent sign convention is what
distinguishes our construction from earlier inconsistent
vector-gravity proposals. The central identification is

Gx
Kfen = —fﬂo GfN 5

(52)

linking the phenomenological parameter directly to the
kinetic mixing strength £ and the fifth-force coupling G x.

This single parameter combination governs a remark-
ably broad network of interrelated predictions. In the
laboratory, it dictates the acceleration anomaly of charged
test masses relative to neutral ones, providing a direct tar-
get for next-generation WEP experiments with levitated
nanoparticles [38, 39], cold ions [40], and space-based plat-
forms [10]. In superconductors, it governs the strength
of the gravitomagnetic Meissner effect and the induced
magnetic flux in pickup loops—effects that are unmea-
surably small with current SQUID technology [26] but
sharply defined for future magnetometers. In compact bi-
naries, the same combination controls the dipole radiation
rate of X-waves, enabling a complementary astrophys-
ical bound from pulsar timing [19] that we derived as
€|Gx/Gn $107°.

The model is fully compatible with general relativity
once Gx /Gy is constrained by PPN and orbital tests.
Cassini ranging [29], planetary ephemerides [49], and the
S2 star at the Galactic Centre [51] all constrain Gx /Gy
to the 1075 level, a bound that is further tightened by
lunar laser ranging [30] and binary pulsar limits [31] on
a1, effectively saturating the experimental sensitivity to
the universal fifth force. These bounds leave the charge-
dependent observable kg, as the sole unconstrained win-
dow into the X-sector at low energies. They do not forbid

a detectable kfen; they merely require the mixing & to be
sufficiently large, a condition easily satisfied within the
perturbative regime |§| < 1/,/fofix-

The charge-dependent equivalence principle thus
emerges not as a speculative addendum to gravitational
physics, but as a well-posed EFT prediction that can
be tested with existing and near-term technology. The
parameter kg, unifies laboratory torsion-balance experi-
ments, gravitomagnetic induction, superconductor magne-
tometry, and binary pulsar timing into a single quantita-
tive, falsifiable framework. We conclude that the question
“does gravity feel electric charge?” is both physically mean-
ingful and experimentally decidable. The dedicated ex-
perimental program outlined in the companion paper [11]
provides a roadmap to explore this largely uncharted
sector of fundamental physics.
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Appendix A: Dimensions and unit conversions

The model employs SI units throughout, which is the
natural choice when connecting to laboratory experiments
that measure forces in newtons and charges in coulombs.
For reference we collect here the dimensions of all funda-
mental quantities.

1. Dimensions of fields and couplings

In SI, the electric field has dimensions [E] = NC™! =
kgm C~'s72. The electromagnetic field strength F,
has components Fy, = E;/c and F;; = €;;1Bg. Since
[E/c] =kgC~'s™!, the dimension of F},, is

[F,]=kgCls™ ! =T. (A1)
The vector potential A, defined through F,,
0, A, therefore has [4,] = kgm C~1s™1.

The new field X, couples to the mass current via the
matter action term Y, m; [ X, dz!'. In SI the action S
has dimensions of Js = kgm?s~!. For a point particle
the interaction term is —m [ X, dz* = —m [ X, 0" dt,
where v* = (¢, v) has dimensions of velocity (ms~!). Di-
mensional consistency requires [mX,v"] = J (kgm?s™?),
hence

= 9,4, —

kgrr125_2 1
=ms .

[Xu] =

kg xms~! (A2)

Thus X,, has dimensions of velocity. Its field strength
Xuw = 0,X, — 0,X, therefore has dimensions of fre-



quency:

[X;w} =

=s . (A3)

The gravitoelectric field Ex = ¢X™ inherits dimensions
of acceleration, [Ex] = ms™2, consistent with its inter-
pretation as a fifth-force acceleration.

The kinetic mixing parameter £ appears in the La-
grangian density through the term %FWX # - The action
S = [d*z £ has [S] = kgm?s~! and the four-volume
element [d*2] = m3s (since dz® = cdt). Therefore the
Lagrangian density has [£] = kgem~!s™2. The kinetic
mixing term must have the same dimension, yielding

€] [Fuw] (X = kg m~ g2

kgm~'s?2 . (A4)
— [ﬂ_ kgC*ls* % g—1 =Cm™".
Equivalently, £up has dimensions
Gl =Cm ™' xHm™' =kgC™',  (A5)

which matches the dimensions of the phenomenological
parameter Kfep-

2. Fifth-force coupling

The permeability pux of the X sector is defined through
the kinetic term —%X v X*. Dimensional analysis of
1954
the Lagrangian density gives

1

w [XMV] = [‘C] = [x] s =kgm s,
(A6)
hence
[ux] = mkg ™. (A7)

This agrees with the dimension quoted in the main text
([ux] = mkg™"') and differs from the dimensions of 1
(o) = Hm & = kgm C~2),

The coupling strength Gx is defined by the Poisson-
like equation V - Ex = 47Gx py,, which mirrors V- g =
—4nGpN pp for Newtonian gravity. Using Ex = —Vo¢x
and the static limit of the X-field equation VZ¢yx =
—pxc?py (in Lorenz gauge), we obtain

2
Hxc

Gx = .
X 47

(A8)

Dimensional check: [pxc?] = mkg™ ' x m?s 2 =
m® kg ! s72, the same as the Newtonian constant [G ] =

M-ILAT2.

3. Dimensionless mixing parameter

In the dark-photon literature the mixing is often
parametrized by the dimensionless quantity

£ = £ \/Tiofix. (A9)

Using [ug] = Hm™' = kgmC~2 and [ux] = mkg™ !,
one finds [€2poux] = C?m2 x kgmC~2 x mkg™* =1,
confirming that ¢ is dimensionless. The perturbative
condition || < 1 (ghost-free theory) translates to |£| <

1/\/Aolix.

4. Summary table

TABLE I. Dimensions of main quantities in SI units. Mass
(M), length (L), time (T), electric current (I).

Quantity Symbol Dimensions
Photon field strength F,, ~ MT'I™!
X field strength X T

X potential X, LT !
Kinetic mixing I3 TIL™!
Vacuum permeability 1o MLT 2172
X permeability X ML
Fifth-force coupling Gx ML3T 2
o M1~

Kfen MIt

€ dimensionless

5. Connection to natural units

In natural units (h = ¢ = 1) one sets o = 1/(g9c®) — 1,
so that the photon kinetic term becomes —%FWF‘“’. The
X Kkinetic term is then —ﬁXWXW7 with the dimension-

X

less gauge coupling gx = v4mGx. The kinetic mixing
is written as —5F,, X*”. In this convention our results
read

€9x

\/471'GN7

which is equivalent to Eq. (52) upon restoring po and
Gx. This translation facilitates comparison with the
high-energy literature on dark photons and extra U(1)
gauge bosons [15, 18§].

(A10)

Rfen = —

Appendix B: Diagonalisation of the kinetic mixing

The kinetic Lagrangian

1 1 £
Lign = ——F, F* — — X, X" + 2F,, X" (Bl
: 4,[1,0 ! 4IU/X H + 2 ; ( )
is first rescaled by defining
A X
= —= X =k (B2)

u o’ 1 fix
with field strengths F}, = 0,4; — 0,A), and X, =

v pv

9u X, — 0,X,,. The kinetic Lagrangian becomes

1 1
Liin = _ZF;WF/;W _ ZXIIWXWV + ;FI/WX/MV7 (B3)



with the dimensionless mixing parameter

e =&/ opix- (B4)
In the (A’, X’) basis the kinetic matrix is
, (1 —e
e(L ) -

Because the diagonal entries are equal, the orthogonal
matrix that diagonalizes K’ is a rotation by exactly § =

/4
(2)-%0 7))

(B6)
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In the (A, X) basis the kinetic Lagrangian reads

1+¢ 1—¢

Ekin - 7TF~‘/“,FHV - X/“/XMV' (B?)
A final rescaling
A, . X,
, — BS
" T " T (B8)

brings the kinetic terms to the canonical form 7%152 -
iX 2, The theory is free of ghosts and tachyons as long

as le] < 1, 1e. |¢] <1//fokx-

[1] P. Touboul et al., MICROSCOPE Mission: First Results
of a Space Test of the Equivalence Principle, Phys. Rev.
Lett. 119, 231101 (2017).

[2] T.A. Wagner, S. Schlamminger, J. H. Gundlach, and
E. G. Adelberger, Torsion-balance tests of the weak equiv-
alence principle, Class. Quantum Grav. 29, 184002 (2012).

[3] C.M. Will, The Confrontation between General Relativity
and Ezperiment, Living Rev. Relativ. 17, 4 (2014).

[4] S. Schlamminger, K.-Y. Choi, T. A. Wagner, J. H. Gund-
lach, and E. G. Adelberger, Test of the Equivalence Prin-
ciple Using a Rotating Torsion Balance, Phys. Rev. Lett.
100, 041101 (2008).

[5] P. Touboul et al., MICROSCOPE Mission: Final Results
of the Test of the Equivalence Principle, Phys. Rev. Lett.
129, 121102 (2022).

[6] G.L. Smith et al., Short-range tests of the equivalence
principle, Phys. Rev. D 61, 022001 (1999).

[7] E.G. Adelberger, J. H. Gundlach, B. R. Heckel, S. Hoed]l,
and S. Schlamminger, Torsion balance experiments: A
low-energy frontier of particle physics, Prog. Part. Nucl.
Phys. 62, 102 (2009).

[8] H. Dittus and C. Lammerzahl, Tests of the weak equiva-
lence principle for charged particles in space, Adv. Space
Res. 39, 244 (2007).

[9] T.W. Darling, F. Rossi, G.1. Opat, and G.F. Moorhead,
The fall of charged particles under gravity: A study of
experimental problems, Rev. Mod. Phys. 64, 237 (1992).

[10] A. Sondag and H. Dittus, Electrostatic Positioning System
for a free fall test at drop tower Bremen and an overview
of tests for the Weak Equivalence Principle in past, present
and future, Adv. Space Res. 58, 644 (2016).

[11] R.V. dos Santos, Toward charge-dependent tests of the
equivalence principle: A phenomenological parameter and
an unezxplored frontier, Phys. Rev. D 114, 024013 (2026).

[12] C.M. Will, Theory and Experiment in Gravitational
Physics, 2nd ed. (Cambridge University Press, Cambridge,
1993).

[13] K. Nordtvedt, Fquivalence principle for massive bodies.
II. Theory, Phys. Rev. 169, 1017 (1968).

[14] R. W. Hellings and K. Nordtvedt, Vector-metric theory
of gravitation, Phys. Rev. D 7, 3593 (1973).

[15] B. Holdom, Two U(1)’s and € charge shifts, Phys. Lett.
B 166, 196 (1986).

[16] R. Foot and X.-G. He, Comment on Z-Z' mizing in

extended gauge theories, Phys. Lett. B 267, 509 (1991).

[17] J. Jaeckel and A. Ringwald, The Low-Energy Frontier
of Particle Physics, Annu. Rev. Nucl. Part. Sci. 60, 405
(2010).

[18] M. Fabbrichesi, E. Gabrielli, and G. Lanfranchi, The
Dark Photon, SpringerBriefs in Physics (Springer, 2020);
arXiv:2005.01515.

[19] J.M. Weisberg, D.J. Nice, and J.H. Taylor, Timing
Measurements of the Relativistic Binary Pulsar PSR
B1913+16, Astrophys. J. 722, 1030 (2010).

[20] P. Goldreich and W. H. Julian, Pulsar Electrodynamics,
Astrophys. J. 157, 869 (1969).

[21] V.B. Braginsky, C. M. Caves, and K.S. Thorne, Labora-
tory experiments to test relativistic gravity, Phys. Rev. D
15, 2047 (1977).

[22] H. Peng, On calculation of magnetic-type gravitation and
experiments, Gen. Relativ. Gravit. 15, 725 (1983).

[23] H. Peng and D. G. Torr, The electric field induced by a
time-varying gravitomagnetic field, Gen. Relativ. Gravit.
22, 53 (1990).

[24] J.M. Goodkind, The superconducting gravimeter, Rev.
Sci. Instrum. 70, 4131 (1999).

[25] M. V. Moody, H.J. Paik, and E.R. Canavan, A super-
conducting gravity gradiometer for space and terrestrial
applications, Class. Quantum Grav. 18, 2397 (2001).

[26] J. Clarke and A.I. Braginski, The SQUID Handbook
(Wiley-VCH, Weinheim, 2004).

[27] D.J. Kapner et al., Tests of the gravitational inverse-
square law below the dark-energy length scale, Phys. Rev.
Lett. 98, 021101 (2007).

[28] J.G. Lee et al., New test of the gravitational 1/r* law at
separations down to 52 um, Phys. Rev. Lett. 124, 101101
(2020).

[29] B. Bertotti, L. Iess, and P. Tortora, A test of general
relativity using radio links with the Cassini spacecraft,
Nature 425, 374 (2003).

[30] J.G. Williams, S.G. Turyshev, and D. H. Boggs, Progress
in lunar laser ranging tests of relativistic gravity, Phys.
Rev. Lett. 93, 261101 (2004).

[31] L. Shao and N. Wex, New tests of local Lorentz invariance
of gravity with binary pulsars, Class. Quantum Grav. 29,
215018 (2012).

[32] G. 't Hooft, Naturalness, chiral symmetry, and sponta-
neous chiral symmetry breaking, NATO Sci. Ser. B 59,



135 (1980).

[33] N. Arkani-Hamed, H.-C. Cheng, M. A. Luty, and S. Muko-
hyama, Ghost condensation and a consistent infrared
modification of gravity, JHEP 05, 074 (2004), arXiv:hep-
th/0312099.

[34] S. Tulin and H.-B. Yu, Dark matter self-interactions and
small scale structure, Phys. Rep. 730, 1 (2018).

[35] J. Scherk, Antigravity: A crazy idea?, Phys. Lett. B 88,
265 (1979).

[36] I. Bars and M. Visser, On the Goldstone fermion and the
graviphoton, Phys. Lett. B 121, 68 (1983).

[37] T.J. Quinn, C. C. Speake, H. V. Parks, and R.S. Davis,
The BIPM measurements of the Newtonian constant of
gravitation, G, Phil. Trans. R. Soc. A 372, 20140032
(2014).

[38] F. Monteiro, G. Afek, D. Carney, G. Krnjaic, and
D.C. Moore, Search for nmew physics with atoms and
molecules, Rev. Mod. Phys. 92, 045001 (2020).

[39] M. Frimmer, K. Luszcz, S. Ferreiro, V. Jain, E. Hebe-
streit, and L. Novotny, Controlling the net charge on a
nanoparticle optically levitated in vacuum, Phys. Rev. A
95, 061801(R) (2017).

[40] G.M. Tino, L. Cacciapuoti, S. Capozziello, G. Lambiase,
and F. Sorrentino, Precision gravity tests and the Einstein
equivalence principle, Prog. Part. Nucl. Phys. 112, 103772
(2020).

[41] E. Fischbach and C. Talmadge, The Search for Non-
Newtonian Gravity (Springer, New York, 1999).

[42] L. Iorio, First preliminary tests of the general relativistic
gravitomagnetic field of the Sun and new constraints on a
Yukawa-like fifth force from planetary data, Planet. Space
Sci. 55, 1290 (2007).

[43] L. Iorio, Constraints from orbital motions around the
Earth of the environmental fifth-force hypothesis for the
OPERA superluminal neutrino phenomenology, J. High
Energy Phys. 2012, 73 (2012).

11

[44] L. Iorio, General Post-Newtonian Orbital Effects: From
Earth’s Satellites to the Galactic Centre (Cambridge Uni-
versity Press, Cambridge, 2024).

[45] S. Harikumar, Moffat Modified Gravity (MOG), Universe
8(5), 259 (2022).

[46] D. Borka, V. Borka Jovanovi¢, S. Capozziello, A.F. Za-
kharov, and P. Jovanovi¢, Estimating the Parameters of
Extended Gravity Theories with the Schwarzschild Preces-
ston of S2 Star, Universe 7(11), 407 (2021).

[47] N. Abo Hasan, N. Joudieh, and N. Chamoun, Dynam-
ics and Stability of the Two-Body Problem with Yukawa
Correction to Newton’s Gravity, Revisited and Applied Nu-
merically to the Solar System, Universe 9(1), 45 (2023).

[48] P. Jovanovi¢, D. Borka, and V. Borka Jovanovié¢, Con-
straints on a Fifth Force from the Stellar Orbits Around
the Central Supermassive Black Hole of the Milky Way,
Symmetry 18(4), 557 (2026).

[49] E. V. Pitjeva, Relativistic effects and solar oblateness from
radar observations of planets and spacecraft, Astron. Lett.
31, 340 (2005).

[50] D. M. Lucchesi, L. Anselmo, M. Bassan, et al., Testing
the gravitational interaction in the field of the Farth via
satellite laser ranging, Galaxies 7(3), 68 (2019).

[61] GRAVITY Collaboration, R. Abuter et al., Detection
of the Schwarzschild precession in the orbit of the star
S2 near the Galactic centre massive black hole, Astron.
Astrophys. 636, L5 (2020).

[62] E. Podkletnov and R. Nieminen, A possibility of gravita-
tional force shielding by bulk YBag Cuz O7—5 superconduc-
tor, Physica C 203, 441 (1992).

[63] M. Tajmar, C. J. de Matos, and G. Schmid, Ezperimental
detection of the gravitomagnetic London moment, AIP
Conf. Proc. 880, 1071 (2007) [originally reported in Phys-
ica C 432, 1 (2005)].



	Charge-dependent equivalence principle violation from kinetic mixing of the photon with a new long-range vector field
	Abstract
	Introduction
	Relation to existing fifth-force searches

	Fifth-force field with kinetic mixing
	Action and field equations
	Static limit and gravitoelectric field
	Diagonalisation and formal properties

	Static solution and induced electric field
	Acceleration of a test particle
	Two-body potential, reciprocity, and dipole radiation
	Symmetric two-body potential
	Dipole radiation and pulsar timing

	Further phenomenological consequences
	Effective fifth-force mass and gravitomagnetic induction
	Superconductors and anomalous claims
	Implications for precision tests of the 1/r2 law and short-range gravity

	Gravitational Tests and Theoretical Consistency
	Post-Newtonian constraints
	Complementary orbital constraints on GX/GN
	Mass of the X field and effective field theory validity
	Implications for dark matter

	Discussion
	Effective field theory and the double-counting problem
	Experimental prospects

	Conclusion
	Acknowledgments
	Dimensions and unit conversions
	Dimensions of fields and couplings
	Fifth-force coupling
	Dimensionless mixing parameter
	Summary table
	Connection to natural units

	Diagonalisation of the kinetic mixing
	References


