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1 Introduction

The mystery that is the nature of dark matter (DM) remains unsolved despite many decades
of theoretical and experimental advances. An intriguing possibility is that DM could be at
least partially composed of particles with extremely small fractional charges under electro-
magnetism, commonly referred to as “millicharged particles” (mCPs). Although no mCPs
have been observed, there is strong motivation for their existence, as they naturally arise
in various string theory compactifications and minimal dark sector extensions to the Stan-
dard Model (SM) involving a gauged U(1)′ symmetry [1–10] and could also play a role in
explaining recent experimental anomalies [11–17]. The boson of this U(1)′, referred to as
an A′ or dark photon, may possess a kinetic mixing with the SM photon, parameterized by
a small dimensionless parameter ϵ. In simple field-theoretic models, this arises from loop
diagrams involving fields charged under both the SM and dark sectors, leading to mixings
of ϵ ∼ 10−6−10−3 [1], but much smaller mixings are possible and have been explicitly con-
structed [7, 9, 10, 18, 19]. As a result, particles directly charged in the dark sector under
the A′ appear as effectively millicharged under normal electromagnetism.

Many experiments have been conducted in an attempt to detect mCPs with effective
charge greater than ∼ 10−4 [20]. These have all turned up null results, leading to a number
of proposals to search for mCPs with even smaller charges and heavier masses [21–31].
Despite being very feebly-coupled to normal matter, the long range of the interaction
enhances the mCP-SM scattering cross-section in the non-relativistic limit. As a result,
throughout much of the parameter space, a millicharged DM (mCDM) subcomponent
rapidly thermalizes with the Earth’s environment, cooling down to terrestrial tempera-
tures of 300K∼ 25meV [32, 33]. Terrestrial direct detection experiments with eV−keV
energy thresholds are thus largely insensitive to such DM subcomponents, motivating the
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consideration of other approaches [31–39]. This shedding of kinetic energy also implies a
drastic modification to the mCDM phase space; analogous to a “traffic jam,” conservation
of flux implies that the terrestrial density of thermalized mCDM is drastically enhanced
compared to its average galactic density [32, 33, 40–46].

The large density and small kinetic energy of such particles makes them ideal candi-
dates to search for in direct deflection experiments [47, 48]. As first pointed out in ref. [47],
it is possible to induce collective effects in the background fluid of particle-like DM, which
can be leveraged to improve detection prospects in the low momentum-transfer regime.
In this work, we investigate mCDM signals arising from such collective effects in light-
shining-through-wall (LSW) experiments. As shown in figure 1, such a setup consists of
two identical radio-frequency (RF) cavities separated by electromagnetic (EM) shielding.
One cavity is loaded in a resonant mode at frequency ω ∼ 1GHz. Inside this emitter cav-
ity, the resulting electric field generates a perturbation in the mCDM density that sources
dark electric fields capable of penetrating through the shielding. The dark electric fields
couple to mCPs inside a second detector cavity, causing them to oscillate and source visi-
ble electric fields that are then resonantly detected. This effect relies on the presence of a
kinetically-mixed A′, but unlike direct LSW searches for dark photons, does not decouple
in the massless A′ limit. Although massless dark photons do not directly couple to the
SM in vacuum, mCPs interact with both sectors, giving rise to rich phenomenology even
in the case that the U(1)′ symmetry remains unbroken [49–54]. Furthermore, we find that
for coaxially-aligned cavities in the far-field limit, it is ideal to employ transverse electric
modes, which is suboptimal for typical setups searching for signals arising from massive
dark photons in absence of a mCDM background [55–58]. Regardless, it is still possible
to reinterpret existing limits from experiments performed at CERN and FNAL [55, 57] to
place new bounds on mCDM. In this work, we also compute the projected reach of a future
experiment dedicated to enhancing the sensitivity to mCDM. Our main results are sum-
marized in figures 3 and 4, which show that future runs of the Dark SRF experiment [57]
can probe orders of magnitude of new parameter space.

The remainder of this study is organized as follows. In section 2, we give a brief
overview of mCDM models coupled to massless dark photons. In section 3, we discuss
mCDM signals in LSW experiments. Section 4 presents existing limits and the estimated
sensitivity of current and future LSW experiments. We conclude in section 5.

2 Model overview of millicharged particles

We consider a DM subcomponent consisting of mCPs (denoted as χ), with an effective
charge of qeff ≪ 1 under normal electromagnetism. In this section, we give an overview for
how such interactions can arise. If electric charge is quantized, as expected if U(1)EM origi-
nates from the breaking of a Grand Unified Theory, the simplest realization of mCPs arises
from the kinetic mixing between U(1)EM and an unbroken dark U(1)′. The Lagrangian of
the theory is then

L ⊃ −1
4 FµνF µν − 1

4 F ′
µν F ′µν + ϵ

2 F µν F ′
µν − e Aµ jµ − e′ A′

µ j′µ , (2.1)
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Figure 1. Cartoon of an LSW experiment with an mCP-induced signal. An emitter cavity is
loaded with EM energy in a resonant mode, which causes mCPs in the cavity to oscillate. The
mCP oscillations generate a small dark current j′

em as given in eq. (3.16). The invisible radiation
sourced by this current excites the same mode in a shielded receiver cavity (eq. (3.19)), leading to
a resonantly-enhanced signal power (eq. (3.20)).

where A(′) µ are the gauge fields, F
(′)
µν the field strengths, e(′) the gauge couplings, and

j(′) µ the current densities, such that a prime denotes a dark sector quantity. The signals
discussed in this work dominate over existing LSW searches for massive dark photons (see,
e.g., ref. [59] and references within) in the limit that the mass is mA′ ≪ 1/Lexp, where
Lexp is the typical size of the experimental apparatus. Therefore, here and in the following
we take the A′ to be massless. The transformation A′µ → A′µ + ϵAµ brings the kinetic
terms into a canonical form to leading order in ϵ ≪ 1, such that in this new basis eq. (2.1)
becomes

L ⊃ −1
4 FµνF µν − 1

4 F ′
µν F ′µν − Aµ

(
e jµ + ϵ e′ j′µ

)
− e′ A′

µ j′µ . (2.2)

Note that the dark photon field solely couples to the dark sector current. In other words,
massless dark photons do not directly couple to SM sources. As a result, typical LSW
searches are usually thought to lack sensitivity to a massless A′. However, this is not the
case if mCPs are present. This can be seen by noting that the SM photon couples to
both the SM and dark sector current densities, with the latter interaction suppressed by ϵ.
Thus, dark sector particles χ directly charged under the A′ couple to the SM photon with
an effective charge

qeff ≡ ϵ e′/e . (2.3)

Since dark currents couple to both sectors, the invisible mode indirectly couples to SM
currents if it first interacts with an EM-charged mCP background.

This decoupling in the massless limit can also be understood by phrasing the choice of
basis in terms of the (A, A′) plane and the SO(2) symmetry of the kinetic terms. Absent
of mCPs (j′µ = 0), eq. (2.1) implies that the coupling to jµ identifies a preferred direction
in the (A, A′) plane, but since the rest of the Lagrangian is SO(2) symmetric, there is no
physical meaning to this specific direction; we can rotate it at will without changing the
rest of the Lagrangian. An observer will call “the SM photon” any linear combination
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of fields that couples to jµ. This is why the massless invisible mode is unobservable in
vacuum. Alternatively, in this language it is simple to see that the massless invisible mode
is instead observable in the presence of mCPs (j′µ ̸= 0). In this case, there are two preferred
directions in the (A, A′) plane, given by the linear combinations of fields that couple to jµ

or j′µ. A rotation in the (A, A′) plane does not change the scalar product between these two
directions, so one can calculate basis-independent quantities such as the degree to which
the linear combination of fields that couples to jµ also couples to j′µ. Hence, for j′µ = 0 we
have access only to a single vector and will never know if it is embedded in a plane. But if
j′µ ̸= 0, we can perform measurements that reveal the existence of a second vector in the
(A, A′) plane and thus of the plane itself. The same reasoning can also be applied to the
well-studied example of a massive dark photon absent of mCPs; in this case, the massive
A′ is observable even if j′µ = 0 because jµ and mA′ specify two preferred directions in the
(A, A′) plane.

The lightest dark sector particles χ directly charged under the A′ are absolutely stable
and are therefore natural DM candidates. In the simplest of cosmologies, such particles
arise as DM subcomponents in the form of thermal relics. For effective charges larger than
qeff ≳ 10−7 × (mχ/GeV)1/2, electron annihilations ee → χχ thermalize mCPs with the SM
sector in the early universe, where mχ is the mCP mass. Such mCPs generically constitute
a small fraction fDM of the total DM energy density, since freeze-out through χχ → A′A′

easily depletes the thermal mCP abundance to fDM ∼ 10−8 × (mχ/GeV)2 (1/e′)4. Such
cosmologies in which the dark sector efficiently equilibrates with the SM at a tempera-
ture below ∼ 1GeV predict a sizable relativistic density of dark photons, which is tightly
constrained by early universe probes of additional dark radiation [50, 51]. Such bounds
are weakened for heavier mCP masses, since the two sectors decouple at temperatures
T ∼ mχ; if this occurs at early enough times, the multiplicity of SM mass thresholds heats
the SM relative to the dark sector, decreasing the relative density in dark radiation. These
bounds are also evaded in cosmological scenarios predicting exponentially small values of
fDM , where the reheat temperature of the universe TRH is significantly smaller than the
mass mχ. In this case, the dark sector never fully thermalizes with the SM in the early
universe, yielding fDM ∼ (αem qeff)2 e−2mχ/TRH mχmpl/(TRH Teq) ≪ 1 [35], where mpl is the
Planck mass and Teq ∼ 1 eV is the temperature at matter-radiation equality.

As a reference point for the experimental signals considered in this work, we can
consider a model of mCDM with mχ ≳ few × MeV, where χ is a small fraction of DM,
fDM ≪ 1. For such masses, we can invoke a small reheat temperature TRH to evade
cosmological bounds on dark radiation. Small mCDM subcomponents are observable in
the laboratory today because interactions with terrestrial matter can significantly enhance
their local density n⊕

χ compared to their mean number density throughout the galaxy
n

(gal)
χ ∼ O(1) cm−3 × fDM (GeV/mχ). Specifically, for qeff ≫ 10−7 × (mχ/GeV)1/2, galactic

mCPs bombarding the Earth rapidly equilibrate to terrestrial temperatures after scattering
with nuclei in the atmosphere and crust. Various dynamics tied to this process can give
rise to large local overdensities. For instance, “strongly-coupled” mCPs much heavier than
∼ 1GeV accumulate on Earth over geological timescales, since their characteristic thermal
velocity is well below the terrestrial escape velocity. More generally, the large collision
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rate with normal matter increases the residence time spent by mCPs. Therefore, as such
particles diffuse past the surface, eventually escaping the Earth entirely or settling into
hydrostatic equilibrium elsewhere, conservation of flux implies a local enhancement to
their density. Such effects have been studied in refs. [32, 33, 40–46], which have showed
that the terrestrial mCDM density can be as large as n⊕

χ ∼ O(1015) cm−3 × fDM .
A dedicated analysis of the formation of terrestrial mCP densities (required to map

fDM onto n⊕
χ ) is beyond the scope of this work. We calculate limits and projections on the

laboratory density nχ of mCPs instead of fDM , remaining agnostic regarding the forma-
tion of such a population and possible modifications from mCP self-interactions. Beyond
simplifying the study, there are various reasons to remain agnostic. First, we will focus
exclusively on mCP densities many orders of magnitude smaller than the density of nor-
mal matter, in which case the timescale associated with self-interactions is often longer
than the time it takes for such terrestrial densities to develop [32]. Furthermore, pro-
cesses in the early universe or at late times may lead to a sizable mCP asymmetry, such
that some of these interactions are forbidden. For instance, for qeff ≳ me/min (mχ, mN )
negatively-charged mCPs efficiently form bound states with atomic nuclei N , such that
the freely propagating mCP population on Earth consists dominantly of positively-charged
particles [35, 45]. The signal we discuss here remains observable even in the case of an
asymmetric population of mCPs.

3 Light shining through a wall

LSW experiments searching for direct signals of dark photons include ALPS [60–62],
CROWS [55], and Dark SRF [57]. In this work, we show that these same searches are
also sensitive to mCPs, and, furthermore, that this sensitivity can be enhanced with small
modifications to the experimental geometry. We solely focus on LSW setups employing
RF cavities, since this technology has been firmly established by the CROWS experiment,
and will be developed to a much greater degree by the Dark SRF collaboration in the
coming years.

3.1 Review of massive dark photon signals

CROWS and Dark SRF search for massive dark photons by first driving fields of amplitude
Eem ∼ 10MV/m and frequency ω ∼ 1GHz in an emitter cavity. The SM photons source a
dark photon field, which travels unimpeded into a shielded receiver cavity, exciting a small
visible EM field of the same frequency. In ref. [56], it was pointed out that cavities driven
in the TM010 mode in a longitudinal arrangement (where the cavities are aligned along the
polarization axis of the electric field) have optimal sensitivity to ultralight dark photons.

This result will be useful also in our setup. To understand it we can follow ref. [63] and
rewrite the interaction between the dark photon and the ordinary photon in the original
gauge basis such that

L = −1
4 FµνF µν − 1

4 F ′
µν F ′µν − eAµ jµ − ϵ m2

A′ A′
µ Aµ . (3.1)
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Figure 2. Leading diagram for the emission of a massive kinetically-mixed dark photon A′ from a
SM electromagnetic current jµ.

Dark photons are emitted as in figure 2, with an amplitude

Mi→f+A′ = ϵ e m2
A′ (jµ)if ⟨Aµ, Aν⟩ ϵ′ν . (3.2)

Here, (jµ)if is the current matrix element between initial and final states, ⟨Aµ, Aν⟩ is
the photon propagator in the cavity, and ϵ′ν the emitted dark photon polarization. The
cavity walls break translational invariace, giving the photon an effective mass that corre-
sponds to the normal modes (labelled by n) of the EM field in the cavity. In Coulomb
gauge (∇ · A = 0), we have

⟨Ai, Aj⟩ =
∞∑

n=0

δij

ω2 − ω2
n

, ⟨A0, A0⟩ = 0 , (3.3)

where ωn are the wavenumbers of the normal modes of the cavity (eigenvalues of ∇2).
Using the well-known expressions of ϵ′ν for a massive vector, we can conclude that in the
limit of interest (mA′ ≪ 1/Lcav), longitudinal modes A′

L are emitted with a higher rate
than transverse ones A′

T ,

Γi→f+A′
L
∝ ϵ2 m2

A′

ω2 , Γi→f+A′
T
∝ ϵ2 m4

A′

ω4 , (3.4)

where our expressions are valid for ω > ω0, such that ω0 is the lowest-lying mode of the
cavity ω0 ∼ 1/Lcav. This reverses the intuition of emission in vacuum where Γi→f+A′

L
∝

ϵ2m2
A′/ω2 and Γi→f+A′

T
∝ ϵ2. Thus, in the limit that mA′ ≪ ω ∼ 1µeV, the longitudinal

LSW arrangement has optimal sensitivity to massive dark photons. On resonance (ω ≃ ω0),
the finite widths of the modes need to be to included in eq. (3.3), ⟨Ai, Aj⟩ ∼ δij(ω2 −
ω2

0 − iωω0/Q0)−1, but this does not modify the overall scalings of Γi→f+A′
L
∼ ϵ2m2

A′ and
Γi→f+A′

T
∼ ϵ2m4

A′ .

3.2 Massless dark photons in a millicharged plasma

Similar signals arise for massless dark photons provided that there is an ambient density
of mCPs, even though there is no mass splitting between the visible and dark transverse
modes. Qualitatively, this originates from the plasma mass of the dark photon induced by
the mCP density in the cavities. However, this does not constitute a physical mass and care
must be taken when recasting the reach of LSW experiments to mCPs. For simplicity, we
will take the mCDM to be equally dense in the emitter and receiver cavities. In principle,
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this need not be the case if the two cavities are kept in separate environments with different
temperatures, which can alter the local mCDM density in either location. More generally,
our adopted values of nχ should be interpreted as the geometric mean of the mCP density
in the two cavities.

Before providing a detailed derivation of such signals, we first give a heuristic discussion
of the effect, working in the basis of eq. (2.2) in which χ couples to both visible and
invisible fields. In the emitter cavity, mCPs are accelerated by the driven electric field
Eem, setting up a dark current oscillating at the same frequency with amplitude j′em ∼
(e′nχ/mχ) (eqχEem/ω). This dark current sources a dark EM field of E′

em ∼ j′em/ω, which
penetrates into the receiver cavity, accelerating the mCPs contained there and inducing a
visible current of jrec ∼ (eqχnχ/mχ) (e′E′

em/ω). This visible current thus resonantly excites
the receiver mode to a level of

Esig ∼ Q jrec/ω ∼ Q ϵ2 (ω′
p/ω)4 Eem , (3.5)

where

ω′
p ≡

√
e′ 2 nχ/mχ (3.6)

is the in-medium dark plasma frequency as sourced by the mCP background. Comparing
eq. (3.5) to the signal from massive dark photons in eq. (3.4), we see that the mCP-induced
signal scales similarly to setups measuring the transverse mode of a massive A′, with the
dark plasma frequency ω′

p playing the role of an effective dark photon mass. We now
substantiate this estimate with a detailed calculation.

An effective coarse-grained description of a dense mCP background is that of a fluid.
The equations of motion of this mCP fluid can be derived starting from the non-relativistic
Boltzmann equation,

df±
dt

≃ 1
mχ

C[f±] , (3.7)

where f± is the phase space density for positively- or negatively-charged mCPs and C[f±]
is the collision operator. The l.h.s. of eq. (3.7) models the evolution of phase space elements
arising from density/temperature gradients and background fields, whereas the r.h.s. incor-
porates additional effects from, e.g., collisions between mCPs and nuclei or other mCPs. In
the presence of background visible or invisible electric fields E and E′, the time-derivative
in eq. (3.7) can be expanded as

df±
dt

≃ ∂f±
∂t

+ v± · ∂f±
∂x ± 1

mχ

(
eqeff E + e′E′) · ∂f±

∂v±
, (3.8)

where v± is the χ± particle velocity. In eq. (3.8), we have ignored magnetic fields since
their effect is suppressed in the non-relativistic limit. Using this in eq. (3.7) and taking the
first moment over the mCP phase space yields

∂tV± + (V± · ∇)V± + ∇P±
n± mχ

≃ ± 1
mχ

(
eqeff E + e′E′)+ m2

χ

n±

∫
d3v±
(2π)3 v± C[f±] , (3.9)
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where n±, V±, and P± are the number density, bulk velocity, and pressure of the positively-
or negatively-charged mCP fluid. In general, the collision term C[f±] includes contributions
from scattering processes involving same-charge and opposite-charge mCPs. However,
when integrated over the velocity as in the last term of eq. (3.9), only scattering between
oppositely-charged particles contributes, since interactions between identical particles do
not change the overall bulk velocity V± of either the positively- or negatively-charged fluid.

In evaluating the l.h.s. of eq. (3.9), we have ignored terms arising from higher-order
viscosity moments of the mCP phase space. This is justified in the limit that the mCP
phase space is well-approximated by a boosted Maxwellian, whose only moments are nχ

(the monopole) and V± (the dipole). Indeed, since in the parameter space of interest the
ambient matter efficiently thermalizes the mCPs before they enter the cavity, higher-order
moments (e.g., quadrupole, octupole, etc.) are parametrically suppressed by the large
mCP-atomic scattering rate [64]. Under this same approximation and also taking the bulk
velocity to be small compared to the thermal velocity (V± ∼ eqeff E/(mχω) ≪

√
Tχ/mχ),

the collision term on the r.h.s. of eq. (3.9) has been evaluated in refs. [65–68] within the
context of DM-baryon scattering in the early Universe.1 These results can be easily adapted
to incorporate χ+ − χ− and χ± − atomic scattering to give

∂tV± + (V± ·∇)V±+
∇P±

n± mχ
≃ ± 1

mχ

(
eqeff E + e′E′)− Γχ(V±−V∓)− ΓSM(V±−VSM) .

(3.10)

Above, Γχ and ΓSM are the relevant momentum-exchange rates from mCP self-scattering
and scattering with SM matter, respectively,

Γi ≃
µχi

3mχ v̄2
0

ni ⟨σT v3
rel⟩ , (3.11)

where i = χ or i = SM, vrel is the relative velocity between χ and the target scatterer,
µχi the χ − i reduced mass, and σT the momentum-transfer cross-section. The brackets
correspond to a thermal average over vrel with the distribution

frel(vrel) =
1

(2π)3/2 v̄3
0

e−v2
rel/2v̄2

0 , v̄0 ≡
√

Tχ/mχ + Ti/mi , (3.12)

with species i at temperature Ti.
We reduce eq. (3.10) further still by making several additional simplifying approxima-

tions. First, the low density of normal matter inside the RF cavities implies that Γχ ≫ ΓSM.
Second, we drop the terms involving (V± · ∇)V± and ∇P± since both are higher-order in
the non-relativistic (small temperature) limit. Also note that such gradient terms are ad-
ditionally suppressed if the emitter cavity is driven in its lowest-lying transverse-magnetic
mode, in which case the visible electric field E is spatially uniform and is thus not expected

1Note that for a receiver cavity cooled down to Tcav = 10 mK, the approximation V± ≪
√

Tχ/mχ

does not hold for sufficiently large couplings. In this case, the exact form of the collision term is modified
compared to eqs. (3.10) and (3.11). However, this does not affect our results since collisions have a negligible
impact on the signal within the entirety of our parameter space, as discussed below eq. (3.15).
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to lead to significant spatial gradients in the mCP phase space. With these simplifications,
eq. (3.10) reduces to

∂tV± ≃ ± 1
mχ

(
eqeff E + e′E′)− Γχ (V± − V∓) . (3.13)

The electric fields in eq. (3.13) are sourced by the oscillating driven modes of the
emitter cavity. Taking these to be oscillating with frequency ω, eq. (3.13) can be solved
for the dark mCP current,

j′ = e′ (n+V+ − n−V−) ≃ − i

ω

(e′/eqeff)ω2
p E + ω′ 2

p E′

1− 2iΓχ/ω
, (3.14)

where we took n+ = n− = nχ/2 and defined the mCP contribution to the SM plasma
frequency

ωp ≡
√
(eqeff)2 nχ/mχ . (3.15)

Note that eq. (3.14) implies that j′ is suppressed in the strong-coupling limit, Γχ ≫ ω.
Numerically, we find that this is not the case and that Γχ/ω ≪ 1 in all of the parameter
space of interest. Thus, we set Γχ → 0 in eq. (3.14). In this case, the dark electric field
sourced by j′ is E′ ∼ j′/ω. For sufficiently large dark coupling, this dark electric field can
backreact on the mCPs, inhibiting growth of the current j′. To see when this occurs, take
the mCP current to be initially excited by the visible field of the emitter cavity, i.e., j′ ∼
(e′/eqeff)ω2

p E/ω. Thus, the dark field sourced by this current is E′ ∼ (e′/eqeff) (ωp/ω)2E.
From eq. (3.14), we see that this contribution dominates over that of the visible field if
ω′

p ≳ ω. Note that this agrees with the intuition that if the timescale for the mCP fluid
to screen the emitter cavity, ∼ 1/ω′

p, is longer than the oscillation timescale ∼ 1/ω of the
driven cavity, then backreactions can be ignored. We have checked that ω′

p ≲ ω for all of
the parameter space of interest, in which case we can ignore such processes.

Eq. (3.14) can also be used to determine the corresponding dark charge density ρ′,
which is related via continuity ρ′ = (i/ω)∇·j′. Hence, at the level of these approximations,
the dark current and charge induced in the emitter cavity are

j′
em ≃ − i

ω

(
eqeff e′ nχ

mχ
Eem + ω′ 2

p E′
em

)
, ρ′em ≃ eqeff e′ nχ

mχ

∇ · Eem
ω2 − ω′ 2

p

, (3.16)

where we used that ∇ · E′
em = ρ′em. Note that since ∇ · Eem = ρ + O(ϵ) vanishes in the

interior vacuum of the cavity to leading order in ϵ ≪ 1, non-zero dark charge density ρ′em
can only be induced in the cavity walls. The dark charge and current densities in eq. (3.16)
source an oscillating invisible EM field emanating from the emitter cavity. In particular,
using eq. (3.16) in the standard form of the wave equation, (∇2 +ω2)E′

em = ∂tj
′
em +∇ρ′em,

this field is

E′
em(x, t) = −eqeff e′ nχ

4π mχ
eiωt

∫
em

d3x′ e−ik|x−x′|

|x − x′|

[
Eem(x′) + 1

ω2 − ω′ 2
p

∇∇ · Eem(x′)
]

, (3.17)
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where the integral is performed over the volume of the emitter cavity and we defined the
wavenumber

k =


√

ω2 − ω′ 2
p (ω′

p < ω)

−i
√

ω′ 2
p − ω2 (ω′

p > ω) .
(3.18)

Note that for ω′
p ≫ ω, E′

em is exponentially suppressed, as expected from the heuristic
discussion above.

This invisible field propagates unattenuated into the receiver cavity where it drives a
corresponding visible mCP current density, which is determined analogously to eqs. (3.14)
and (3.16),

jrec = eqeff (n+V+ − n−V−) ≃ −i
eqeff e′ nχ

ω mχ
E′

em . (3.19)

This visible mCP current jrec acts as a source of SM EM fields, and thus can resonantly
excite the receiver cavity tuned to the same frequency, depositing a total signal power
of [69]

Psig ≃ Q

ω

∣∣ ∫
rec d3x E∗

rec · jrec
∣∣2∫

rec d3x |Erec|2
, (3.20)

where Erec(x) is the spatial profile of the excited receiver cavity mode and the integrals are
performed over the volume of the receiver cavity. Note that we have not included the effect
of an associated mCP visible charge density ρrec in eq. (3.20); although it can produce
small irrotational electric fields, it cannot excite resonant cavity modes, which are purely
solenoidal [70–72].

3.3 Calculation of the millicharged DM signal for a pair of cylindrical cavities

Eqs. (3.17), (3.19), and (3.20) can be evaluated for any choice of cavity geometry and
emitter mode. Here, we evaluate these expressions for two different representative mode
choices in a setup involving coaxially-aligned cylindrical cavities of radius R and length
L separated by a distance d ≫ R, L. In particular, we calculate the signal power in the
case that both cavities are operated in either the TM010 or TE011 mode. In cylindrical
coordinates, the electric fields profiles in either configuration are given by

Eem,rec(x) = Eem,rec ×

J0(α0ρ/R)Θ(z)Θ(L − z) ẑ (TM010)
J1(α1ρ/R) sin (πz/L) ϕ̂ (TE011) ,

(3.21)

where ρ ∈ [0, R], z ∈ [0, L], Eem,rec controls the normalization of the respective field, and
α0 ≃ 2.40, α1 ≃ 3.83 are the first zeroes of J0, J1, respectively. In the first line of eq. (3.21),
we have included the Heaviside step functions Θ enforcing that the EM fields are confined
to z ∈ [0, L] in order to account for the discontinuity in the electric field at the cavity
endcaps located at z = 0 and z = L. The corresponding resonant frequency of either mode
is given by ω = α0/R and ω =

√
(α1/R)2 + (π/L)2 for TM010 and TE011, respectively.
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Let us begin by evaluating the invisible field generated by mCPs in an emitter cavity
driven in the TM010 mode. Taking the emitter cavity to span z′ ∈ [0, L], the relevant factor
in the integrand of eq. (3.17) is

Eem(x′) + 1
ω2−ω′ 2

p

∇∇ · Eem(x′) = Eem J0(α0ρ′/R) ẑ

(
1+ 1

ω2−ω′ 2
p

∂z′
[
δ(z′)− δ(z′−L)

])
,

(3.22)

where the factor involving delta functions in the expression above arises from the step
functions in eq. (3.21) and effectively incorporates the presence of the mCP density ρ′

generated in the emitter cavity near the endcaps. Using this in eq. (3.17), the invisible
field sourced by mCPs in the emitter cavity is approximately

E′
em(x, t) ≃ eqeff e′ nχ

α0 mχ

e−ikz (1− eikL)
(kz)2 Ēem R2 eiωt ẑ , (3.23)

in the far-field limit z ≫ R, L, where Ēem = EemJ1(α0) is the RMS volume-averaged
emitter field and we assumed that k > 0 (corresponding to ω′

p < ω). Using the above
expression in eqs. (3.19) and (3.20) yields the signal power deposited into the receiver
cavity placed a distance d ≫ R, L away,

Psig(TM010) ≃ 64π

(
eqeff e′ nχ

α0 mχ

)4 Q Ē2
em R6

d4 L ω3 k6 sin4 (kL/2) . (3.24)

Instead, for cavities operated in the TE011 mode, ∇ · Eem = 0, such that the second
term in the integrand of eq. (3.17) can be dropped. In the far-field limit, we find that the
invisible field sourced by mCPs in the emitter cavity is approximately

E′
em(x, t) ≃ π2 H1(α1)

2
√
2α1

eqeff e′ nχ

mχ

e−ikz (1 + eikL)
z

Ēem
R2 L

π2 − k2 L2 eiωt ϕ̂ , (3.25)

where Ēem = Eem |J0(α1)| /
√
2 is the TE011 RMS volume-averaged emitter field. Compar-

ing eqs. (3.23) and (3.25), we see that the TE011 configuration leads to enhanced fields in
the far-field limit, since E′

em ∝ 1/z, instead of E′
em ∝ 1/z2 as in the TM010 configuration.

For the TE011 driven mode, the corresponding signal is then evaluated to be

Psig(TE011) ≃ 4π9
(

eqeff e′ nχ

α1 mχ

)4 Q Ē2
em R6 L3

d2 ω3 (π2 − k2 L2)4 H4
1 (α1) cos4 (kL/2) . (3.26)

The enhancement of the TE011 configuration in the far-field limit is to be expected. Just
as in normal electromagnetism, if the dark photon is massless then E′

em is dominantly
emitted in directions transverse to the direction of the oscillating dark current j′

em, which
in turn is aligned with the polarization of the driven emitter’s electric field Eem. Thus,
the “longitudinal” TM010 configuration has suppressed sensitivity in the far-field limit.
However, as we show below, since d ∼ 1/ω in typical RF LSW experiments, this amounts
to only a small penalty in sensitivity, and as a result both setups have comparable sensitivity
to the mCDM coupling qeff.
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In our estimates above, we have only investigated coaxially-aligned cavities, finding
that the signal in a TE configuration is enhanced compared to that of a TM setup in the
far-field limit. We expect similar conclusions to hold for different choices of the cavity
alignment. For instance, in the alternative case that the cavities are instead kept parallel
and separated in the radial direction, then TM modes involve electric fields which are
purely transverse (with respect to the axis connecting the two cavities), while TE modes
possess both transverse and longitudinal components. Hence, applying the lessons learned
from the above examples, we would expect both mode choices to possess optimal scaling
in the far-field limit. Indeed, an explicit calculation confirms this intuition, although we
do not present the detailed analysis here.

As discussed near eq. (3.5), the signal power scales as Psig ∝ (eqeff e′ nχ/mχ)4 = ϵ4 ω′ 8
p .

Interpreting the dark plasma frequency ω′
p as an effective dark photon mass, we see that

this result is analogous to direct signals of transverse massive dark photons in the absence
of an mCP background, shown in eq. (3.4). In such searches, the unoptimized “transverse
configuration” scales as Psig ∝ ϵ4 m8

A′ , whereas the optimized “longitudinal configuration”
scales instead as Psig ∝ ϵ4 m4

A′ . However, this analogy is imperfect, as ω′
p does not constitute

a true mass for the dark photon. Indeed, neither of the mCP signals scales as Psig ∝ ϵ4ω′ 4
p .

The origin of this difference is that the plasma frequency and a true mass both modify
the dispersion relation of the transverse mode in a similar manner, i.e., (ω2 − k2)A′

T =
(m2

A′ + ω′ 2
p )A′

T , whereas the modifications are entirely different for the longitudinal mode
when k ̸= 0, (ω2 − k2)A′

L =
[
m2

A′ + (1− k2/ω2)ω′ 2
p

]
A′

L.

4 Existing constraints and future sensitivity

The expression for the signal power in eqs. (3.24) and (3.26) can be used to estimate existing
limits and future sensitivity of LSW experiments to a terrestrial density of mCDM. We
begin by recasting the result of the Dark SRF experiment, which set its first limits in
a recent pathfinder run [57]. Dark SRF employs two coaxial elliptical cavities operated
in the TM010 mode. In our calculation, we approximate these cavities as cylinders with
radius R ≃ 10 cm and length L ≃ 5 cm, separated by a distance of d ≃ 50 cm, with the
emitter cavity driven with an RMS-averaged field of Ēem ≃ 6MV/m, and the receiver
cavity possessing a loaded quality factor of Q ≃ 3 × 1010. This pathfinder run placed a
limit on the signal power in the receiver cavity of Psig ≃ 2.5 × 10−16 W. From eq. (3.24),
we estimate that this places an existing limit of

qeff ≲ 0.1×
( 1

e′

)(
mχ

1GeV

)(106 cm−3

nχ

)
. (4.1)

Future runs of the Dark SRF experiment will strengthen this sensitivity. The most
notable planned improvements are increased frequency matching between the emitter and
receiver cavities (a mismatched frequency in the pathfinder run limited the attainable signal
power by roughly five orders of magnitude), larger quality factors, and reduced noise. To
estimate the reach of a future experiment, we take the same experimental parameters as
assumed above, except we assume an average field of Ēem ≃ 25MV/m, a quality factor of
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Q = 1012, and take the limiting noise to be arising from thermal occupation of the EM
modes. In this case, if the emitter field’s phase is actively monitored, an optimized signal
analysis leads to an effective noise power of Pnoise ≃ T/tint [56], where T = 10mK is the
temperature of the receiver cavity, and tint = 1 yr is the total experimental integration
time. Setting Psig = Pnoise, we estimate a future sensitivity of

qeff ≲
( 1

e′

)(
mχ

1GeV

)(106 cm−3

nχ

)
×

2× 10−6 (TM010)
6× 10−7 (TE011) .

(4.2)

In the first and second lines in the expression above, we have assumed that the cavities are
operated in the TM010 or TE011 mode, respectively, which shows that a TE configuration
results in an O(1) enhanced sensitivity to the mCP coupling. We also note that the CROWS
experiment operated in the optimized configuration, employing coaxially-aligned cavities
in the TE011 mode [55]. However, this does not result in a competitive limit compared to
that derived from Dark SRF in eq. (4.1), since the mild enhancement due to the TE mode
is not sufficient to overcome the penalty of the smaller quality factor and field strength.

The projected sensitivity of Dark SRF is shown as solid (dashed) blue lines in figures 3
and 4, assuming an experimental setup consistent with the second (first) line of eq. (4.2).
In figure 3, we illustrate the reach in qeff as a function of the mCP mass mχ, fixing the
dark gauge coupling to e′ = 1 and the ambient mCP density within the cavities to either
nχ = 103 cm−3 (left panel) or nχ = 106 cm−3 (right panel). As discussed in section 2,
this density can be parametrically different from the galactic density and average mCP
density near Earth’s surface, since nχ depends both on the density and temperature of
the surrounding environment [33]. We discuss this in more detail below. Note that in
our projections, we have adopted a noise temperature of T = 10mK, which corresponds
to the temperature of the receiver cavity; the emitter cavity, which contains large driven
fields, can only be feasibly cooled to T ∼ 1K. Hence, our adopted values of nχ should be
interpreted as the geometric mean of the mCP density in both cavities. Also shown in solid
gray are existing limits from accelerators [21, 22, 29, 74, 75], observations of SN1987A [27],
and anomalous heating in ion traps [31].2 In figure 4, we instead show the mCP parameter
space spanned by the charge qeff and laboratory density nχ, fixing e′ = 1 and mχ = 10MeV
(left panel) or mχ = 10GeV (right panel). From figures 3 and 4, we see that LSW signals
of mCPs have a more favorable scaling than other techniques for smaller masses.

Model-dependent cosmological limits are shown as either solid or dotted gray lines in
figure 3. Additional dark radiation in the form of mCPs and dark photons may unac-
ceptably alter the expansion rate in the early Universe. This is usually parametrized as
an increased effective number of neutrino species Neff. Within parameter space bounded
by the contour labelled “Neff(χ),” mCPs efficiently thermalize in the early universe and
directly modify the expansion rate during the time of nucleosynthesis [76]. Within the
dotted contour labelled “Neff(A′),” mCPs can indirectly lead to observable modifications

2We have chosen to show ion trap limits assuming a comparable fixed density within the trap itself.
We thank Hari Ramani for providing the corresponding limits for us here, which have been appropriately
modified from those presented in ref. [31].
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Figure 3. The future sensitivity (blue lines), as in eq. (4.2), of Dark SRF to mCPs with a
laboratory number density of nχ = 103 cm−3 (left) or nχ = 106 cm−3 (right), fixing e′ = 1 and
taking the cavities to be operated in the optimal TE011 (solid) or the sub-optimal TM010 (dashed)
mode-configuration. Limits from collider searches and SN1987A are shown as shaded grey regions.
Model-dependent bounds from modifications to the cosmological expansion rate are shown as solid
and dotted gray lines. Limits from ion traps [31] for nχ = 103 cm−3 (106 cm−3) are also shown in
the left (right) panel. Note that ion traps and Dark SRF are not sensitive to qeff ≳ 0.1, since in this
case mCPs are not able to penetrate typical laboratory devices [31]. Above the dotted dark red
line, mCP relics rapidly thermalize in Earth’s atmosphere and crust before encountering terrestrial
direct detection experiments. Below the solid light red line, qeff is not sufficiently large for mCPs
to thermalize within any region of the Earth.

to Neff, since upon thermalizing with the SM bath they generate an appreciable density in
dark photon radiation via χχ → A′A′ [50, 51]. Such bounds are weakened for mχ ≳ 1GeV,
in which case the relative contribution of the A′ density is reduced once the SM decouples
from the dark sector at temperatures T ≲ mχ, before numerous mass thresholds in the SM
heat the visible sector compared to the dark radiation. However, these limits are alleviated
in non-standard cosmologies. For instance, reheat temperatures of the universe as small as
Treheat ∼ 5MeV are compatible with standard nucleosynthesis [77–79], yet can be invoked
to prevent the thermalization of mCPs heavier than this scale. In this case, non-thermal
mechanisms can give rise to a substantial density of mCPs with mχ ≳ 10MeV, allevi-
ating the bounds labelled as “Neff(A′).” While low reheat temperatures do not prevent
the thermalization of sub-MeV mCPs, alleviating the bounds labelled “Neff(χ)” is possible
for models in which the millicharge sector’s coupling to SM matter is suppressed at large
densities and early cosmological times (see, e.g., refs. [80, 81]).

Above the dotted dark red line labelled “D.D. ceiling” in figure 3, mCP relics rapidly
thermalize in Earth’s atmosphere and crust before encountering terrestrial direct detection
experiments searching for DM-SM scattering [34]. Hence, above this contour, scattering-
based direct detection searches are not sensitive to such strongly-coupled DM subcom-
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Figure 4. As in figure 3, but fixing mχ = 10MeV (left panel) or mχ = 10GeV (right panel) in the
parameter space spanned by nχ and qeff. Dark SRF projections are shown as blue lines. Compared
to figure 3, we also show existing limits recast from the recent Dark SRF pathfinder run (light
blue) [57] as well as optically-levitated nanospheres [73].

ponents, since the particles present in such detectors do not have sufficient energy to
scatter and deposit signals above threshold. Below this line, the sensitivity of these ex-
periments depends on the particular value of the galactic mCP density n

(gal)
χ , which can

be orders of magnitude smaller than the fixed laboratory density nχ. For instance, for
1GeV ≲ mχ ≲ 100GeV, laboratory overdensities in cryogenic detectors can be as large
as nχ/n

(gal)
χ ∼ 1018 [33]. Using the formalism developed in ref. [33] to translate between

nχ and n
(gal)
χ and the various direct detection limits presented in ref. [34], we find that

direct detection experiments can place limits on minimal models in the parameter space
below the red dotted line in figure 3 for mχ ≲ 1GeV and mχ ≳ 100GeV, corresponding
to where n

(gal)
χ is typically only a few orders of magnitude smaller than nχ. However, we

note that such bounds are alleviated for mχ ≲ 1GeV in non-minimal models where mCPs
weakly couple to an additional long-ranged force, resulting in larger terrestrial overden-
sities for sub-GeV masses [82]. Finally, below the solid light red line labelled “inefficient
thermalization” in figure 3, qeff is not sufficiently large for mCPs to thermalize within any
region of the Earth [33]; thus, in assuming large terrestrial overdensities, we are restricted
to consider couplings above this contour.

In figure 4 we only show the constraints/projections for Dark SRF up to values of
nχ where ω′

p ∼ ω/10. From the discussion in section 3.2, it is evident that when ω′
p

approaches ω, some of the simplifications we have made no longer apply. We also see from
eq. (3.17) that when ω′

p ≳ ω, the invisible dark field produced in the emitter cavity will be
exponentially suppressed at distances d ≳ 1/ω′

p. As a result, the Dark SRF sensitivity will
rapidly deteriorate for higher values of nχ inside either cavity.
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5 Conclusion

Additional U(1)′ gauge groups that are kinetically-mixed with the visible photon are mo-
tivated both by ultraviolet completions of the Standard Model as well as by their ability
to provide a natural dark matter candidate. Dark states that are directly charged under
this additional gauge group would appear as millicharged particles (mCPs) under electro-
magnetism. It has previously been shown that if their effective charge is sufficiently large,
the thermalized terrestrial abundance of such mCPs can be far greater than the average
galactic density, but would have gone undetected by standard direct detection experiments,
motivating alternative experimental techniques.

Although direct signals of dark photons decouple in the massless limit, indirect signals
may still arise in an mCP background. In particular, we have shown that the light-shining-
through-wall (LSW) Dark SRF experiment at FNAL [57], operated to search for massive
dark photons, also has sensitivity to similar signals of massless dark photons arising from
EM-induced disturbances of mCP dark matter subcomponents. Owing to the nature of
the signal, the optimal geometry for the fields in the emitter and receiver cavities is one
in which the electric fields in both cavities are transverse. This is unlike typical LSW
searches for massive dark photons in which case the longitudinal arrangement is optimal.
However, although the longitudinal configuration has suppressed sensitivity to mCPs in
the far-field limit, the typical separation of the cavities in LSW experiments is such that
this only results in an O(1) penalty in sensitivity to the mCP charge qeff. The scaling of
the experimental sensitivity is such that future runs of the Dark SRF experiment can set
the best limits on mCPs in certain regions of parameter space, particularly at low masses
and small terrestrial abundances.
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