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The dark (or hidden) photon is a massive U(1) gauge boson theorized as a dark force mediator and as a
dark matter candidate. Dark photons can be detected with axion cavity haloscopes by probing for a power
excess caused by the dark photon’s kinetic mixing with Standard Model photons. Haloscope axion
exclusion limits may therefore be converted into competitive dark photon parameter limits via the
calculation of a corresponding dark photon to photon coupling factor. This calculation allows for an
improvement in sensitivity of around 4 orders of magnitude relative to other dark photon exclusions and
may be attained using existing data. We present how one converts haloscope axion search limits and a
summary of relevant experimental parameters from published searches. In addition, we have included the
code that can be used to generate our dark photon exclusion limits for the cases described in this paper.
Finally, we present limits on the kinetic mixing coefficient between dark photons and the Standard Model
photons based on existing haloscope axion searches.
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I. INTRODUCTION

Astrophysical observations suggest that ∼85% of the
matter in the Universe is dark matter [1]. The nature of dark
matter is still unknown, but the majority of models are
consistent with the following: it is massive, stable, and
manifests itself primarily through its gravitational inter-
action with the observable Universe. Theoretical models
have traditionally characterized dark matter as a single, still
unidentified, particle.
One well-motivated candidate for the elementary dark

matter particle is the axion [2,3]. Cavity-based axion
detectors, known as haloscopes, search for a weak, narrow
band signal at a frequency corresponding to the axion’s
currently unknown rest mass. This signal would manifest as
a slight power excess in the cavity originating from the
axion’s predicted coupling to electromagnetism. In addition
to being sensitive to axions, haloscopes are also sensitive to
another viable dark matter candidate: the massive dark
photon [4,5]. The dark photon may or may not be massive,

and also has a weak coupling to electromagnetism,
allowing massive dark photons to have a parameter space
of mass vs coupling. Only massive dark photons can be
dark matter candidates, though massless dark photons
are also a potential beyond-the-Standard-Model candidate.
The dark photon, as a vector boson, has a polarization that
can be rapidly or slowly varying, and the dark photon
field can be polarized or unpolarized. If the field polari-
zation varies much quicker than the detector integration
time, the detector sees an effective time-averaged signal
rather than any individual polarization, mitigating the issue
of the unknown initial polarization. However, if the
polarization is slowly varying compared to the measure-
ment, the detector will only sample single values of the
potential polarizations. When combined with unknown
initial polarization angle, the measurement benefits from
running the detector over 24 hour periods to cover all
possible polarizations [6].
Here we describe a procedure to convert haloscope

exclusions from axion parameter space into dark photon
parameter space including the probabilistic distribution of
dark photon polarizations in the case of a slowly varying
polarized dark photon field. We summarize the experimen-
tal conditions necessary for this procedure, and provide the
required parameters and conversion factors. In Sec. II, we
discuss the viability of the dark photon as a dark matter
candidate. In Sec. III, we describe the conversion procedure
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and derive the required scaling factor. In Sec. IV, we present
dark photon exclusions in the 1–30 μeV regime using
existing haloscope data. For completeness, we will review
the existing body of knowledge throughout the article.

II. DARK PHOTONS AS DARK MATTER

The dark photon is a vector boson that stems from an
added U(1) symmetry, one of the simplest extensions of the
Standard Model [7]. Multiple production mechanisms such
as misalignment [8,9] and inflation [10,11] allow for dark
photons in the haloscope mass range to naturally produce
the required relic abundance of dark matter. However, the
motivation for dark photons is not contingent on their
comprising all of dark matter. The addition of one or more
additional U(1) symmetries to the SM is favored by many
models of string theory [12–14] for physics beyond the
Standard Model (SM). Each U(1) symmetry would have a
gauge boson and fermion [15,16], akin to the dark photon
and the millicharged particle [17,18], respectively. The
addition of many particles could be consistent with the
existence of an entire hidden sector [19,20] composed of
multiple dark matter particles and self-interactions. The
analysis described in this paper is agnostic to whether dark
matter is one particle or many until Sec. IV, where we
assume that dark photons comprise all or almost all of dark
matter.
The standard dark photon Lagrangian is

L⊃−
1

4
Fμν
1 F1μν −

1

4
Fμν
2 F2μν−

1

2
χFμν

1 F2μνþ
1

2
m2

γ0X
2: ð1Þ

Here, Fμν
1 ¼ ∂μAν − ∂νAμ is the electromagnetic field

tensor and Fμν
2 ¼ ∂μXν − ∂νXμ is the dark photon field

tensor, where A and X are the photon and dark photon
4-vector fields respectively. χ is the kinetic mixing coef-
ficient between the dark photon and the SM photon andmγ0

is the mass of the dark photon.
The kinetic mixing term of Eq. (1), with interaction

strength χ, suggests that dark photons can oscillate into SM
photons, in a similar way to how neutrinos can oscillate
between their interaction eigenstates [41]. This oscillation
allows for two common methods of dark photon detection:
(1) generating and then detecting the dark photon and
(2) detecting a dark photon from the relic abundance in the
Universe. The former uses a “light shining through walls”
(LSW) technique, wherein photons are converted into dark
photons, which then pass through the wall unimpeded, and
then converted back into detectable photons on the far side
of the wall. This is a common technique of searching for
dark photons independent of the local dark photon abun-
dance and has a natural signal/noise veto by turning the
input light source on and off [42]. The second method is
less common in dark photon detection, but was performed
with a superconducting qubit [33] and has been proposed
in other experiments [43–46]. This method gains great

sensitivity in χ far below that bound at the expense of a
more constrained mass range. Because the interesting
masses for the dark photon range from 10 feV to 1 TeV
[5], there is plenty of room for these experiments to make
valuable exclusions or discovery.
Haloscopes originally designed for axion detection

[21–31] are also sensitive to dark photons interacting
via the Lagrangian in Eq. (1) [47]. Unlike axion-photon
coupling, dark photons have no dependence on a magnetic
field, thereby simplifying experiments greatly from halo-
scope axion searches. Experimentally installing a magnet is
nontrivial, and so as a first test several experiments have
carried out dark photon experiments [33,48]. A dark photon
signal from a relic abundance is resonantly enhanced in the
same way as an axion signal, which manifests inside the
haloscope as a power fluctuation. Although the conversion
of an oscillating dark-photon field to a small oscillating
electric field does not require a magnetic field, it is not
harmed by its presence, allowing axion haloscopes to
simultaneously search for both axions and dark photons.
In the haloscope mass region of 1–40 μeV, the dark
photon’s kinetic mixing strength is bounded from above
by experiments and observations from both Coulomb’s law
measurements of the photon mass and distortions in the
cosmic microwave background [37,39,47].

III. SCALING HALOSCOPE EXCLUSIONS FOR
DARK PHOTON SEARCHES

The signal coming out of a haloscope is very narrow in
mass, and therefore requires the cavity frequency to be on
resonance with the mass being searched in order to ensure
maximum signal to noise efficiency. The on-resonance
axion conversion power in the haloscope is given as [49]

P ¼
�
gaγγ
ma

�
2

maρaB2
0VCmnlQL

β

1þ β
: ð2Þ

Here, gaγγ is the axion-photon coupling constant, ma is the
mass of the axion, ρa is the local density of the axion field,
B0 is the magnetic field [50], V is the volume of the cavity,
Cmnl is the mode form factor chosen such that the electric
field is aligned with the uniform external magnetic field
(required by the E · B interaction in the axion’s Primakoff
effect [51]), QL is the loaded quality factor of the cavity,
and β is the cavity coupling.
The signal power in a haloscope from dark photon

conversion follows analogously. The power extracted from
a haloscope due to dark photon conversion on resonance, as
derived in [47], is

P ¼ χ2mγ0ργ0VGQL
β

1þ β
; ð3Þ

where ργ0 is the local density of the dark photon dark matter,
and G is the form factor of the cavity with respect to the
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dark photon field, where the component of the dark photon
vector field parallel to the electric field takes the place of
the B field.
The dark photon form factor G is related to the axion

form factor Cmnl by G ¼ Cmnlcos2θ [47] where θ is the
angle between the axis of the cavity and the polarization of
the dark photon vector field. Note that, because the dark
photon is massive, its wave vector and polarization are
independent. This means that a uniform polarization does
not necessarily imply a coherent field, and therefore the
signal is not enhanced in a polarized field; rather, it may in
fact lower the sensitivity of the haloscope.
It can be seen that the axion and the dark photon on-

resonance signal power expressions have the same linear
dependence on the energy density of the dark matter
candidate. The weighting procedure in [52] also holds
for dark photons as the dark photon signal power differs
from the axion signal power only by a scaling factor, and
the virialized line shape is assumed to be the same. This
means that the postprocessed data can be simply scaled
into the dark photon parameter space. By setting Eqs. (2)
and (3) equal and using mγ0 ¼ ma, it becomes clear that the
conversion on resonance between the axion coupling
constant gaγγ and the dark photon kinetic mixing coefficient
χ is

χ

gaγγ
¼ B0

mγ0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hcos2θi

p
ffiffiffiffiffiffi
ρa
ργ0

r
; ð4Þ

where hcos2 θi comes from averaging over the possible
dark photon polarizations during the measurement integra-
tion time. In the case that the dark photon field does not
have a uniform polarization, or for a sufficiently rapidly
varying polarization, the cavity is still only sensitive to
the polarization component along the axis of the cavity;
there are two other orthogonal polarizations, so the halo-
scope only measures 1=3 of the dark photons. Therefore the
form factor can be averaged over the unit sphere to get
G ¼ Cmnl=3. For a uniform fixed polarization, however,
the dot product between the axis of the cavity and the
polarization can vary, which requires a probabilistic analysis.
Here we take the simplest possible approach to preserve the
originally reported axion confidence limits, which are 90%
for ADMX, CAPP, and HAYSTAC [21,22,24–26,29–31],
and 95% for RBF and UF experiments [27,28].

For a spherical symmetry where the axis of the cavity in
the haloscope is aligned with the z axis, j cos θj of the dark
photon polarization is uniformly distributed over [0, 1].
Here we assume the power fluctuations in the haloscope
cavity are Gaussian distributed, with a mean value that is
suppressed by the square of j cos θj, as in Eq. (3) from the
factor of G ¼ Cmnlcos2θ. To make the calculations easier,
we use the square of our uniform random variable, cos2 θ,
which has a probability density function (PDF) of
ð2j cos θjÞ−1, and normalize our power by subtracting the

measured power from it and dividing by the standard
deviation, X ¼ ðP − pÞ=σP, so that X is a normal random
variable. Therefore, our joint PDF between the two random
variables is found by multiplying the PDFs of the two
random variables. To find the confidence limit for a given
value of x0, we integrate this joint PDF over cos2 θ from 0
to 1, then integrate over x from −∞ to 0 because by
definition X has the value of 0:

CL ¼
Z

0

−∞

Z
1

0

1

2 cos θ
1ffiffiffiffiffiffi
2π

p e−
1
2
ðx−x0cos2θÞ2dcos2θdx. ð5Þ

Our desired value of the time averaged hcos2 θiT is then
found by numerically solving for the value of x0 and
dividing it from the known value for the standard Gaussian,
for example 1.645 for 95% and 1.272 for 90%. For
an instantaneous measurement, this results in cos2 θ of
0.076(0.024) for a C.L. of 90%(95%).
For measurements shorter than an hour per run, the effect

of the rotation of the earth plays a role only up to a factor offfiffiffi
2

p
. For longer measurements, however, the rotation of the

earth needs to be taken into account [6] specifically when
calculating the PDF of cos2 θ, keeping the rest of the
analysis the same. For the purposes of this manuscript, this
timing analysis only applies on the deep spike on the CAPP
exclusion around 10 μeV, the run for which was 15 hours
long. For that data, cos2 θ was found to be 0.29.
These calculations along with Eq. (4) were used to scale

published axion exclusions using the published experimen-
tal parameters. These parameters are shown in Table I. For
data where different mass regions used different values of
the magnetic field, exclusions were calculated separately
for each region and then stitched back together.

IV. RESULTS

Figure 1 presents dark photon exclusions in the
1–30 μeV regime to which haloscopes are sensitive,
normalized to a dark matter density of 0.45 GeV cm−3

[54]. The haloscope exclusions were calculated using the
magnetic fields and dark matter densities recorded in those
references for each measured region, tabulated in Table I.
The shaded haloscope exclusions represent the conserva-
tive case where the dark photon field has a single polari-
zation almost perpendicular to the axis of the haloscope,
while the outlined haloscope exclusions represent the case
that the polarization of dark photons is random. Experi-
ments that used magnetic veto to eliminate potential axion
signals, wherein the magnetic field is turned off when a
signal is found in order to eliminate it as an axion
candidate, are hashed out but still reported; the eliminated
candidates could have been the dark photon signal inde-
pendent of a magnetic field. The haloscope exclusions are
shown alongside dedicated dark photon experiments,
where the ADMX dark photon exclusion is shown in dark
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red [32], LSW is in brown [34], UWA is in pink [36],
CROWS is in yellow [35], and single photon detection is
in purple [33]. The remaining regions in various shades of
grey are exclusions calculated from the cosmic microwave
background [37] and Coulomb’s law measurements [39]
where the lightest grey region covers parameter space for
which the dark photon would not be able to comprise all of
the dark matter [38]. Finally, the grey dashed line is the
projected sensitivity of future CMB experiments in this
mass range [38].
In contrast to the technique highlighted in this manu-

script, the experiments in the ADMX dark photon experi-
ment [32] and the LSW experiment [34] use the theory
described in [55]. In this framework, a SM photon kineti-
cally mixes into a dark photon in an emitter cavity, passes
through the cavity walls, and reconverts into a SM photon
in the detector cavity. This technique does not rely on the
relic abundance of dark photons, but rather on two kinetic
mixing interactions. However, if dark photons can be
measured from a relic abundance, a single-cavity detector
is significantly more sensitive in χ, as it only depends on a
single kinetic mixing interaction. For comparison, the
probability that a dark photon is detected in a two-cavity
detector is equal to the ratio of the power measured in the
detector cavity over the power emitted into the emitter
cavity [55],

Pdetector

Pemitter
¼ χ4ðQLð1þ βÞÞ2

�
mγ0

ω0

�
8

jGj2; ð6Þ

for two identical cavities. The advantages of this technique
are that it does not require that dark photons be the dark
matter and that it is a broadband search which allows for
improved scanning across a larger range of frequencies than
a single cavity experiment. When we take the approxima-
tion that dark photons dominate the composition of the dark
matter, however, a single detection will be more sensitive
than a production-detection pair.
Haloscope searches cover a relatively narrow frequency

window but are extremely sensitive within that narrow
range, enabling them to make exclusions in yet unexplored
regions of parameter space. As efforts to improve the
frequency scan rate of haloscope experiments continue,
they will likely be able to make further contributions to the
dark photon search in the future.

V. CONCLUSIONS

Haloscopes are sensitive to and competitive in dark
photon parameter space in the mass region of 1–40 μeV,
setting limits on χ as low as 10−16. Both the conservative
(uniformly polarized) and the nonconservative cases for the
dark photon field were considered. The method outlined
in this work for using a single cavity haloscope as a dark
photon detector may be applicable to any haloscope
that employs a similar analysis procedure. Our calculated

TABLE I. Values used in Eq. (4) to calculate the dark photon
exclusions from the reported axion exclusions values in the cited
papers. Data was lifted from the reported exclusions using
WEBPLOTDIGITIZER [53].

ma (μeV) B (T) ρa ðGeVcm3 Þ Publication

ADMX 1.90–3.69 7.9 0.45 [24] 2018
2.67–3.32 7.6 0.45 [25] 2020

17.38–17.57 3.11 0.45 [26] 2018
21.03–23.98 2.55 0.45 � � �
29.67–29.79 3.11 0.45 � � �

RBF 4.35–5.60 5.8 0.3 [27] 1989
5.62–7.97 7.5 0.3 � � �
8.00–9.97 7.0 0.3 � � �

11.13–11.56 5.8 0.3 � � �
11.59–16.13 7.5 0.3 � � �

UF 5.46–7.60 7.6 0.2805 [28] 1990
CAPP 6.62–6.82 7.3 0.45 [29] 2020

10.16–10.34 7.9 0.45 [30] 2021
10.34–11.37 7.2 0.45 � � �
12.99–13.88 7.8 0.45 [31] 2020

HAYSTAC 16.96–17.28 8.0 0.45 [21] 2021
23.15–24.0 8.0 0.45 [22] 2018

FIG. 1. Dark photon exclusions in the haloscope mass range vs
the dimensionless kinetic mixing coefficient χ. Haloscope experi-
ments shown are HAYSTAC [21–23], ADMX [24–26], Brook-
haven [27], the University of Florida [28], and CAPP [29–31].
Outlines for the haloscopes are the exclusions in the case that
dark photons have random polarizations; filled in patches are the
slowly varying polarized case with confidence limits calculated to
match the recorded axion C.L. Experiments using magnetic veto
are hashed out due to unknown gaps in the data. Also shown are
ADMX’s dark photon experiment [32], single photon detection
[33], LSW [34], CROWS [35], and UWA [36]. Exclusions made
from calculations on cosmic microwave background measure-
ments [37], projections of future CMB experiments [38], and
Coulomb’s law [39] are also shown. Our sensitivity limits
presented here as well as the code to calculate cos2θ are publicly
available here [40].

GHOSH, RUDDY, JEWELL, LEDER, and MARUYAMA PHYS. REV. D 104, 092016 (2021)

092016-4



exclusion limits in Fig. 1 as well as code to calculate cos2 θ
for each limit are available at [40]. Future work will include
potential improvements in signal strength by including
off-resonant contributions [56]. The dark photon limits
in the polarized case can be enhanced by tailoring
the method of conversion to each haloscope experiment’s
analysis method, particularly by exploiting the overlap
between subsequent measurements. Similarly to axion
searches, this technique will be greatly enhanced by single
photon detection [33,57], as well as future improvements in
squeezed-state receivers [58,59].
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