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The dark photon is a promising candidate for the dark matter which comprises most of the matter in our
visible Universe. Via kinetic mixing with the Standard Model it can also be resonantly converted to photons
in an electromagnetic cavity, offering novel experimental possibilities for the discovery and study of dark
matter. We report the results of a pathfinder dark photon dark matter cavity search experiment performed at
Hunan Normal University and the Institute of Physics, Chinese Academy of Sciences, representing the first
stage of the Axion and dark Photon EXperiment program. Finding no statistically significant excess, we
place an upper limit on the kinetic mixing parameter jχj < 3.7 × 10−13 around mA ≃ 29.5 μeV at
90% confidence level. This result exceeds other constraints on dark photon dark matter in this frequency
range by roughly an order of magnitude.
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Introduction. Overwhelming evidence exists that a large
majority of the matter in our Universe is “dark,” in that it
interacts very feebly or not at all with the Standard Model
(SM) [1–6]. In the ΛCDM model, this dark matter (DM) is
weakly interacting, nonrelativistic, and cosmologically sta-
ble. Beyond this point not much is known about the under-
lying nature of DM, or its interactions with SM particles.
In light of this, the dark photon is a promising DM

candidate. As a spin-1 gauge boson associated to some
additional U(1) symmetry, it is firstly one of the simplest
possible extensions to the SM [7–9]. Having the same
quantum numbers as a SM photon, dark photons can also
convert into SM photons via kinetic mixing [10,11], as
described by the Lagrangian

L ¼ −
1

4
ðFμνFμν þ Fμν

d Fdμν − 2χFμνFdμν − 2m2
AA

2
dÞ; ð1Þ

where Fμν and Fμν
d are the electromagnetic and dark photon

field strength tensors respectively, χ is the kinetic mixing
parameter, mA is the dark photon mass, and Aμ

d is the dark
photon gauge field. If mA and χ are both sufficiently small,
then the dark photon should be stable on cosmological
timescales [12], and hence an attractive DM candidate.
Sufficiently light dark photons are best described as a

coherent wave oscillating at a frequency set by mA, rather
than a collection of distinct particles, leading to interesting
phenomenology and experimental possibilities. The degree
of coherence here is controlled by the DM velocity
distribution, and in particular v2DM ∼ 10−6 [13,14].
Several known mechanisms are capable of producing a

relic population of dark photons, such as displacement of
the dark photon field via quantum fluctuations during
inflation. These fluctuations provide the initial displace-
ment for dark photon field oscillations, which commence
once Hubble friction becomes ineffective [15]. Other
mechanisms are also possible, as described in [9,16].
This type of DM can then be detected via kinetic mixing:

when dark photons convert into SM photons inside a high
Q electromagnetic cavity, they create a weak electromag-
netic signal inside the cavity which can be detected by a
sensitive receiver chain. This type of detector is typically
called a haloscope and was originally developed to search
for axion DM [17], although in recent years it has also
become a powerful tool search for dark photon DM as well
[18–28]. In natural units (ℏ ¼ c ¼ 1) the SM photon
frequency f is connected to the dark photon energy Ed
via the resonance condition 2πf ¼ Ed ≃mA.
The resulting dark photon signal power is [23]

Ps¼P0

β

βþ1
Lðf;f0;QLÞ; P0¼ ηχ2mAρVeffQL; ð2Þ

where β is the cavity coupling coefficient, η is a signal
attenuation factor, ρ ≃ 0.45 GeV=cm3 is the local DM

density, and QL is the cavity loaded quality factor.
The Lorentzian term

Lðf;f0;QLÞ¼ 1=ð1þ4Δ2Þ; Δ≡QLðf−f0Þ=f0 ð3Þ

is a detuning factor dependent on QL, the SM photon
frequency f, and the cavity resonance frequency f0. The
effective volume of the cavity is meanwhile given by

Veff ¼
ðR dVEðx⃗Þ ·Adðx⃗ÞÞ2R
dVjEðx⃗Þj2jAdðx⃗Þj2

; ð4Þ

which can be understood as the overlap between the dark
photon and the corresponding induced electric field Eðx⃗Þ.
We assume that the physical cavity size is much smaller
than the dark photon de Broglie wavelength.
Haloscope experiments typically search for DM as a

narrow spectral power excess above a thermal noise floor.
The noise power Pn arises from the blackbody radiation of
the cavity itself, along with added Johnson noise from the
receiver chain used to extract signal power from the cavity.
In the Rayleigh-Jeans limit (where kBTn ≫ hf), we have

Pn ≃ GkBbTn; ð5Þ

where kB and h are the Boltzmann and Planck constants
respectively, G is the system gain, b is the frequency bin
width, and Tn is the noise temperature.
In practice the measured Pn is typically the average of

N ¼ bΔt power spectra, where N is a large number, and Δt
is the integration time. The corresponding SNR is then
Ps=σPn

¼ ðPs=PnÞ
ffiffiffiffiffiffiffiffi
bΔt

p
, where σPn

≃ Pn=
ffiffiffiffi
N

p
.

In this paper, we describe a cavity haloscope experiment
based at Hunan Normal University and the Institute of
Physics, Chinese Academy of Sciences, designed to serve
as a pathfinder for the Axion and dark Photon EXperiment
(APEX) program. We present the underlying experimental
methodology, followed by an analysis of a dataset taken in
2023. From this analysis, we place an upper limit on the
dark photon kinetic mixing parameter jχj < 3.7 × 10−13

around m ≃ 29.5 μeV to the 90% confidence level, which
exceeds other constraints on dark photon dark matter in this
frequency range by roughly an order of magnitude.
Discussion and conclusions are presented in closing.

Experimental methodology. As indicated in Fig. 1, mea-
surements are carried out in a Bluefors LD 400 dilution
refrigerator with a base temperature of about 22 mK. The
signal from the cavity is first amplified by a cryogenic
HEMTamplifier (ZW-LNA2.4-9A). At around 7.139 GHz,
the amplifier noise temperature is 5.5 K, and the gain is
about 36 dB, per manufacturer calibration data.
Between the HEMT and the cavity, there are four

cryogenic microwave circulators (CIRG00811A005).
Three circulators are terminated with 50Ω terminators
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and work as isolators. These isolators and circulators
prevent the HEMT amplifiers from injecting noise into
the cavity. The nominal total losses between the cavity and
the HEMT are around 3 dB, which corresponds to an η of
about 0.5.
The signal is further amplified at room temperature using

twoWQF0118-30-15 amplifiers, each with a gain of 36 dB.
The signal is then injected into the appropriate measure-
ment equipment. The main measuring equipment used in
our experiment is a spectrum analyzer (Keysight N9020B)
and a network analyzer (Keysight N5231B).
We measure the transmission spectrum and reflection

spectrum through the two ports of this cavity by using a
four-port network analyzer. The total attenuation due to
cables in the low and room temperature sections is about
20 dB; in the room temperature stage we also mount two
20 dB attenuators in each of the two output ports of the
network analyzer. The scanning frequency range is set to
15 MHz, and the probe power reaching the cavity is about
−142 dBmwhich corresponds to an average photon number
hni ¼ P=2ℏωrκ inside the cavity of less than 1. Taking the
maximum value of the measured reflection data as back-
ground, we normalize the reflection spectrum and trans-
mission spectrum. We find that the cavity has a dissipation
rate κ ¼ 2π × 0.6 MHz, aQL value of 11006, reflection and
transmission coefficients of R2 ¼ 0.758 and T2 ¼ 0.175,
and a coupling β ¼ 0.9539 at 7.139 GHz.
For the dark photon search, emission power from the

cavity is measured using the Keysight N9020B Spectrum

Analyzer. In this case, we set the frequency range of our
scan to 7.1389 GHz� 75 kHz, with a step size between
points of 750 Hz. Each frequency point is scanned 105

times continuously. We repeated this procedure 103 times
to give 108 measurements per frequency point. The scan
time is set to automatic: given our chosen parameters, the
time to automatically scan 105 times is 22.1 ms. By
repeating this 103 times, we arrive at a total integration
time per point of 22.1 s.
The effective volume Veff cannot be directly measured,

and so needs to be computed via simulation. In practice we
expect the dark photon field to be spatially uniform over
scales much larger than the cavity size, so that the field
orientation can be specified via a constant unit vector n̂.
With AdðxÞ ∝ n̂, Eq. (4) then becomes

Veff ¼
ðR dVEðx⃗Þ · n̂Þ2
ðR dVjEðx⃗Þj2Þ ¼ ðR dVEðx⃗ÞÞ2

ðR dVjEðx⃗Þj2Þ hcos
2θiT; ð6Þ

where θ is the (unknown) angle between EðxÞ and AdðxÞ
during a typical measurement integration time. Assuming
the dark photon is randomly polarized, hcos2 θiT ¼ 1=3 for
a cavity haloscope of this type [16].
The electric field distribution of the cavity operating in

the TM010 mode was simulated using CST Microwave
Studio, as illustrated in Fig. 2. The simulated Veffhcos2θi−1T
was 51.3 cm3, with a cylindrical cavity radius of 16.2 mm,
and height of 90 mm. The electromagnetic field distribution
was obtained from the intrinsic mode simulation, so no
input/output ports were added. However, simulations with
an excitation port were also performed; it was found in this
case that the resonance frequency increased and the loaded
quality factor decreased; meanwhile other aspects of the
cavity performance were not significantly impacted.
The relevant experimental parameters are summarized in

Table I.

FIG. 1. Experimental diagram. Different boxes represent differ-
ent temperature layers, with the cavity located in the coldest
region. The four-port vector network analyser measurement
consists of attenuators for each temperature layer, three circula-
tors, an isolator, a HEMT, and two room-temperature amplifiers.
A spectrum analyzer is used to measure spectrum power.

FIG. 2. Electric field distribution of the TM010 cavity mode,
simulated for a cylindrical cavity of radius 16.2 mm, and
height 90 mm.

TABLE I. Key experimental parameters.

β f0 QL Veff G η b tint

0.9539 7.139 GHz 11006 17.1 ml 88 dB 0.5 20 Hz 22.1 s
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Data analysis. To analyze the resulting data we broadly
follow the prescription outlined in other dark photon cavity
haloscope searches, such as Ref. [23]. That said, as a
pathfinder experiment our approach is simpler in that we
do not tune the cavity, and analyze only a single power
spectrum.
This being the case, various steps in the standard analysis

prescription are not required, such as the combination of
various power spectra measured at different resonant
frequencies. Furthermore, the frequency range under con-
sideration is sufficiently narrow that gain frequency
dependence is also negligible, so we do not need to employ,
e.g., the Savitzky-Golay filtering common to other halo-
scope data analyses.
Subtracting firstly the mean power hPi ≃ 3.5 × 10−21 W

from the measured power spectrum power we find the

power excess Pe ¼ P − hPi, shown in Fig. 3 in units of the
corresponding standard deviation σP. We can see that the
data are compatible with the null hypothesis.
This being the case, we can place limits on the

contribution of dark photon dark matter to the observed
signal power. For each mass under consideration, we
construct reference spectra with χ ¼ 1 and the assumed
form of the lab-frame DM frequency distribution

FðfÞ ≃ 2

�
f − fDM

π

�
1=2

�
3

1.7fDMv2DM

�
3=2

× exp

�
−
3ðf − fDMÞ
1.7fDMv2DM

�
; ð7Þ

which satisfies
R
dfFðfÞ ¼ 1, where fDM ¼ mA=2π and

vDM ≃ 9 × 10−4c is the DM virial velocity [23].
Convolution of the dark photon signal power in (2) with
this line shape then yields the reference power Pref in each
bin, with the corresponding likelihood given (up to an
irrelevant overall normalization factor) in terms of the
product of different bins via

pðPejmA; χÞ ¼
Y
i

1ffiffiffiffiffiffiffiffiffiffi
2πσ2P

p exp

�
−
ðPe − Prefχ

2Þ2
2σ2P

�
; ð8Þ

where the factor of χ2 corrects for our original choice of
χ ¼ 1. In principle the product runs over all frequency bins;
however due to the finite DM linewidth we use only the ten
bins beginning at fDM. From here we then find the
90% confidence limit jχj < 3.3 × 10−13 shown in Fig. 4.
The uncertainty in our analysis is primarily statistical in

nature, driven by the 1.7% relative uncertainty in Pe, whilst
systematic uncertainties in the experimental parameters

FIG. 3. Spectral power excess, in units of the standard
deviation. As can be seen, all data points lie within 3 standard
deviations of the mean.

FIG. 4. Final dark photon constraint, shown both in close up (left) and within the wider context of other dark photon constraints (right).
We constrain the kinetic mixing parameter jχj < 3.7 × 10−13 around mA ≃ 29.5 μeV (7.139 GHz) (90% confidence level). Other
constraints shown are from Refs. [27,29–32]. Figure production utilizes the AxionLimits code [33].
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such as β (relative uncertainty 0.7%) and QL (relative
uncertainty 0.3%) are subleading.
We can compare this result with theoretical expectation

derived from the Dicke radiometer equation SNR ¼
Ps=Pn ×

ffiffiffiffiffiffiffiffi
btint

p
, although care is required here in that this

equation assumes all of the signal power falls within the
bandwidth b, whilst in our case b for this pathfinder data
taking run is chosen to be much smaller than the assumed
DM linewidth. Correcting for this modification to Ps and
rearranging we find

χ ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β þ 1

β

SNRTn

ηmAρAVeffQL

�
ΔA

b

�s �
b
tint

�
1=4

; ð9Þ

where Tn ≃ 5.5 K is the noise temperature and ΔA ≃
mAv2DM=ð2πÞ is the DM linewidth. Using the values in
Table I we find χ ≃ 4.8 × 10−13 in approximate agreement
with our derived limit.

Conclusions/discussion. The dark photon is a promising
candidate for the DM which comprises most of the matter
in our visible Universe. It is also an attractive experimental
target, since via kinetic mixing with the Standard Model it
can resonantly convert to photons in an electromagnetic
cavity.
We have performed a search for this type of DM using a

pathfinder cavity experiment, representing the first stage of
the APEX program. Finding no statistically significant
excess, we constrain the dark photon kinetic mixing

parameter jχj < 3.7 × 10−13 around mA ≃ 29.5 eV
(7.139 GHz) (90% confidence level). This result exceeds
other constraints ondark photondarkmatter in this frequency
range by roughly an order of magnitude.
Having established the initial experimental operation,

data taking, and analysis, going forward we plan to
implement mechanical scanning of the cavity to greatly
increase the available frequency range, in line with the
approach taken by other haloscope experiments. The future
addition of a magnetic field will also enable this experiment
to search for axion DM, via the Primakoff effect. Methods
to improve detection sensitivity, such as the dual-path
interferometry scheme explored in Ref. [34], are also of
particular interest.
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