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The dark photon is a well motivated candidate for the dark matter that comprises most of the mass of our
visible Universe, leading to worldwide experimental and observational efforts toward its discovery. A primary
tool in this search is the cavity haloscope, which facilitates resonantly enhanced conversion to photons from
both dark photons and axions. In this context, limits from axion search experiments are often directly
converted into dark photon constraints, without re-analyzing the original data. However, this rescaling may
not fully capture all of the relevant physics due to various reasons. By reexamining data taken by the Taiwan
Axion Search Experiment with Haloscope experiment, we derive a world-leading constraint on the dark
photon parameter space, excluding jϵj ≳ 2 × 10−14 in the 19.46–19.84 μeV mass range, which exceeds the
naïve “rescaling limit” by roughly a factor of two. We emphasize that accounting for the scanning timing
information is crucial for deriving limits for the polarized dark photon case. In the data, we also analyze a
tentative signal excess with a local significance of 4.7σ (mX ≃ 19.5 μeV) that persists in the absence of a
magnetic field. While this excess mimics the behavior of a dark photon signal, it has been excluded by recent
results from the HAYSTAC and ORGAN-Q experiments. This case study, nevertheless, highlights the risk of
discarding valid dark photon signals when relying on axion-specific magnetic field vetoes.
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I. INTRODUCTION

The dark photon is a hypothetical massive vector boson,
commonly occurring in some minimal gauge extensions of the
Standard Model (SM). It provides a naturally light dark matter
(DM) candidate which kinetically mixes with the SM photon,
creating interesting phenomenology and facilitating a wide
variety of detection schemes [1]. As a result, intense experi-
mental efforts are ongoing worldwide in dark photon searches.
A primary tool in such searches is the cavity haloscope

[2–20], originally developed as an experimental technique
to search for the axion [21], another light DM candidate
that can convert to photons. Cavity haloscopes enhance the
sensitivity to certain processes in a narrow frequency range,
at the expense of broadband sensitivity, thereby allowing
weakly interacting DM to potentially be detected in the
laboratory. Axion-photon conversion proceeds via the
Primakoff effect, relying on a background magnetic field.
Conversion of dark photons to photons meanwhile is also
resonantly enhanced by cavity haloscopes, with the benefit
of not requiring a magnetic field.
Many axion constraints have already been reinterpreted to

render novel dark photon constraints [22]. However, care has
to be taken as naïve rescalings may not correctly capture all
the relevant physics. For example, whilst the axion is a
pseudoscalar, the dark photon is a spin-one gauge field and
hence has a polarization, the orientation of which relative to a
detection apparatus can have significant effects on the signal
strength. Since this orientation is in general unknown, with
the precise details of the dark photon polarization dependent
on cosmological history, any derived limit on new physics
must correctly account for this additional uncertainty.
Furthermore, many axion detection schemes rely on a

magnetic field veto to exclude spurious signals, whose power
does not vary in proportion to the magnetic field strength.
Whilst effective in the axion context, dark photon conversion
does not require a magnetic field, and hence such a veto
would have no effect on a dark photon signal. This may
potentially lead to valid candidate signals being discarded.
With these points in mind, in this work we reexamine

data taken by the Taiwan Axion Search Experiment
with Haloscope (TASEH), which provides the strongest
limits on axion DM in the 19.46 to 19.84 μeV mass
range, excluding axion-photon couplings jgaγγj≳ 8.2 ×
10−14 GeV−1 at 95% confidence level (CL) [23,24].
This axion constraint has previously been rescaled to

provide a corresponding dark photon DM limit [25].
However, as we will demonstrate, this “rescaled” bound
is overly conservative in the case of polarized dark photon
DM, due to the lack of timing information and the
assumption of an instantaneous measurement. By incor-
porating timing data recorded by TASEH, we derive a more
precise and stringent bound for polarized dark photon DM.
Our analysis follows the methods outlined in Ref. [22],
providing a practical example of converting axion to dark
photon constraints.

During the TASEH measurement, an excess with a
signal-to-noise ratio (SNR) exceeding 3σ was also
observed in the 4.71017 to 4.71019 GHz range. This
excess persisted after 14 repeated scans and could not be
attributed to any known sources. Since the signal strength
was unaffected by changes in the external magnetic field,
it was not believed to originate from axions, and the
corresponding frequency region was excluded from the
original analysis. However, such an excess behaves phe-
nomenologically like a tentative dark photon signal.
We perform a detailed analysis of this excess to

demonstrate how dark photon signals could be easily
overlooked in standard axion analyses. While the data
collected by TASEH is consistent with a dark photon DM
hypothesis with kinetic mixing of 6.48 × 10−15 at a mass
of 4.710178 GHz (local significance 4.76σ), we note that
this parameter space has been excluded recently by the
HAYSTAC [26] and ORGAN-Q [27] experiments. This
strongly suggests the excess is an instrumental artifact.
Nonetheless, the analysis validates our methodology and
reinforces the importance of dedicated dark photon
searches that do not rely on magnetic field vetoes.

II. DARK PHOTON CAVITY SEARCHES

The low-energy effective Lagrangian for a dark photon
kinetically mixing with the SM photon can be given by

L ¼ −
1

4
FμνFμν −

1

4
XμνXμν þ sin α

2
Fμν Xμν

þ eJμEMAμ −
m2

Xcos
2α

2
Xμ Xμ; ð1Þ

where Fμν and Xμν are, respectively, the field strength
tensors of the SM photon and the dark photon, JμEM is the
electromagnetic current, sin α is the kinetic mixing param-
eter, and mX is the mass of the dark photon X. The signal
power due to the dark photon DM in a cavity haloscope is
given by

Pdp ¼ ϵ2mXρDMVCX
010QL

β

1þ β
Lðf; fc; QLÞ; ð2Þ

where ϵ ¼ tan α is the coupling strength, ρDM ≃
0.45 GeV=cm3 is the DM density, V is the cavity volume,
QL is the loaded quality factor, and β is the cavity coupling
coefficient. The Lorentzian term [22],

Lðf; fc; QLÞ ¼
1

1þ 4Q2
Lðf=fc − 1Þ2 ð3Þ

is a detuning factor with f being the SM photon frequency
and fc being the cavity resonance frequency. The form
factor CX

010 is the normalized overlap between the dark
photon and the induced electric field mode E010ðx⃗Þ
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CX
010 ¼

ðR dVE010ðx⃗Þ · X̂ðx⃗ÞÞ2
V
R
dVjE010ðx⃗Þj2jX̂ðx⃗Þj2

; ð4Þ

with X̂ being the dark photon polarization orientation.
Following the analysis laid out in Ref. [22], we work in

geocentric equatorial coordinates, where

X̂ ¼ ðsin θX cosϕX; sin θX sinϕX; cos θXÞ; ð5Þ

while the sensitive direction of the cavity (since the cavity
is “zenith-pointing”) is

ẐðtÞ ¼ ðcos λlab cosωt; cos λlab sinωt; sin λlabÞ; ð6Þ

with λlab denoting the latitude and the angular frequency
of the Earth’s rotation ω ¼ 2π=ð1 sidereal dayÞ. Then the
angle of interest is cos θðtÞ ¼ X̂ · ẐðtÞ.
The dark photon DM signal power accumulated over

a measurement time T is proportional to the time-
averaged

hcos2 θðtÞiT ¼ 1

T

Z
T

0

cos2 θðtÞdt ð7Þ

for multiple measurements with start times Tstart
i and

durations Ti (i ¼ 1;…; N). In this case,

hcos2θðtÞiT ¼ 1P
P0
i

�
P0
1

T1

Z
Tstart
1

þT1

Tstart
1

cos2θðtÞdt

þ P0
2

T2

Z
Tstart
2

þT2

Tstart
2

cos2θðtÞdtþ � � �
�
; ð8Þ

where P0
i is the dark photon power given in Eq. (2).

For an unpolarized dark photon DM, ðθX;ϕXÞ are
sampled isotropically across the sky. Given that

1

4π

Z
hcos2θðtÞiTd cos θX dϕX ¼ 1

3
; ð9Þ

regardless of the measurement time, one can conclude that
the conversion factor hcos2 θðtÞiT is always 1=3 for the
unpolarized case.
For a dark photon with an unknown fixed polarization,

assuming an isotropic prior, one can calculate the 95% CL
limit on the signal power via

Z
dPX

Z
dN fðPXÞfðNÞ

¼
Z

1

0

dhcos2θðtÞiT
fðhcos2θðtÞiTÞ

2

×

�
1þ erf

�
−P0

Xhcos2θðtÞiTffiffiffi
2

p
σN

��
¼ 0.05; ð10Þ

where σN is the standard deviation of the noise, and
fðhcos2 θðtÞiTÞ is the probability distribution of the
time-averaged hcos2 θðtÞiT , which is obtained by sampling
ðθX;ϕXÞ in Eqs. (7)–(8) isotropically. As a result, the
conversion factor for a 95% CL limit on signal power can
be expressed as

hcos2 θðtÞiexclT ¼ Φ−1½0.95�σN
P0
X

; ð11Þ

with Φ−1 denoting the inverse cumulative distribution
function of the Gaussian noise.

III. THE TASEH EXPERIMENT

TASEH is located at the Department of Physics, National
Central University, Taiwan [23,24]. In the present analysis,
we consider the CD102 dataset, which was collected by
TASEH from October 13, 2021 to November 15, 2021.
The TASEH cavity geometry is a cylinder split into two

halves along the axial direction with an effective volume of
0.234 L, made of oxygen-free high-conductivity (OFHC)
copper and housed within a cryogen-free BlueFors dilution
refrigerator (DR). An 8-Tesla superconducting solenoid
with a bore diameter of 76 mm and a length of 240 mm is
also integrated with the DR.
The resonant frequency of the TM010 mode at cryogenic

temperatures is tuned over the range of 4.70750 to
4.79815 GHz via rotation of an off-axis OFHC copper
tuning rod. Each tuning step is approximately 95 to 115 kHz.
The values of C010, for the axion case, are derived from

the magnetic field map provided by BlueFors and cavity
electric field distributions simulated with Ansys high-
frequency structure simulator.
During data taking, the temperature of the cavity was

Tc ≃ 155 mK. The overall system noise is dominated by
the effective temperature of the noise added by the receiver
chain, Ta ≃ 2 K. The DR temperature typically rose by a few
mK due to the operations of the rotational motor during tuning.
However, by the time data acquisition began, the DR temper-
ature had dropped back to the base temperature Tmx ¼ 27 mK.
Therefore, this temperature rise did not affect data taking.
Table I provides benchmark values for key experimental

parameters, including the intrinsic, unloaded quality factor
Q0 at cryogenic temperatures, the number of tuning steps
Nstep, and the resolution bandwidth used in the data
analysis Δfc. More details regarding measurements of
some of these parameters may be found in Ref. [28].
Each tuning step is referred to as a “scan.” The frequency

span for each scan is 1.6 MHz, and the tuning frequency
steps are ∼100 kHz. Therefore, each frequency within the
range of the experiment was scanned 15–16 times during
the main data-taking run. The integration time of each scan
was about 32–42 minutes, designed to achieve an SNR of
approximately 3.36.
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A Savitzky-Golay (SG) filter is performed on the
averaged spectrum of each frequency scan, using a window
width of 201 frequency bins. In the absence of a signal,
the SG filter output can be considered as the averaged noise
power. The raw averaged power spectrum is divided by
the output of the SG filter, then a unity is subtracted to
get the dimensionless normalized spectrum, called the
Relative Deviation of Power (RDP), denoted by
δnorm ¼ ðRaw PowerÞ=ðSG filterÞ − 1. The normalized
spectrum from each scan is further rescaled such that a
Kim-Shifman-Vainshtein-Zakharov (KSVZ) axion signal
will have a rescaled RDP δresij that is approximately equal to
unity, if the signal power is contained within only one
frequency bin:

δresij ¼Rijδij; σresij ¼Rijσi; for i th scan; j th bin;

whereRij¼
kBTsysΔfbin

PKSVZ
ij Lðfij;fci;QLÞ

; ð12Þ

with fci denoting the cavity frequency of the ith scan. The
system noise temperature Tsys ∼ Ta to a good approxima-
tion, where Ta can be estimated from data fitting.
To combine spectra from different resonant-frequency

scans, thereby obtaining a single overall spectrum, one
needs to apply a weighting algorithm. So, for a given
frequency fn, we define the combined spectrum as

δcomn ¼
Pðδresij ·ωij

n ÞP
ωij
n

; σcomn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðσresij ·ωij

n Þ2
q

P
ωij
n

; ð13Þ

where ωij
n ¼ 1=ðσresij Þ2, and summations are over the ith

scan, jth bin matching the target frequency fn.
Bins in the combined spectrum are then combined to

create the final merged spectrum, from which axion and
dark photon limits are derived. The precise details of this
merging are not essential to our analysis here and are
provided in Appendix A more detailed description of the
analysis procedure can be found in Ref. [24].

IV. DARK PHOTON CONSTRAINTS

We first note that the axion power in a cavity haloscope is

Pa ¼
�
g2aγB2

0

ma

�
ρDMVC010QL

β

1þ β
Lðf; fc; QLÞ; ð14Þ

where gaγ is the axion-photon-photon coupling and B0 is
the nominal strength of the external magnetic field. By
comparison with the dark photon power in Eq. (2), we can
obtain a naive rescaling between the axion coupling and
the dark photon kinetic mixing, ϵ ¼ gaγ

B0

mX j cos θj, where θ is

the angle between the dark photon polarization X̂ and the
external magnetic field.
However, to more correctly incorporate the dark photon

polarization, we need to use the time-averaged hcos2 θðtÞiT .
By requiring the dark photon limit to have the same
significance as the axion limit, we obtain the following
relation for the SNR

1.64ð∼95%CLÞ ¼
�
p0
Xϵ

2mXhcos2 θðtÞiexcl:T

σN

�
DP

¼
�
p0
Xg

2
aγB2

0

maσN

�
Axion

; ð15Þ

where p0
X represents the shared term in the signal powers

for both dark photon and axion, as given in Eqs. (2)
and (14). As a result, the corresponding axion coupling
limit can be translated to a kinetic mixing limit as follows:

TABLE I. Key detector parameters for TASEH.

flow (GHz) fhigh (GHz) Nstep Δfstep (kHz) B0 (T) V (L) C010

4.70750 4.79815 837 95–115 8 0.234 0.6

Q0ð×104Þ β Tmix (mK) Tc (mK) Ta (K) Δfc (kHz) λlab
5.8–6.5 1.9–2.3 27–28 155 1.9–2.2 1 25°

FIG. 1. Constraints on the dark photon parameter space from
TASEH. The green curve corresponds to the AxionLimits con-
straint [25], which follows the analysis strategy presented in [22].
The blue bound corresponds to the random polarization case. The
red, cyan, and orange curves respectively denote the bounds for
polarized dark photon DM without bin merging and with merged
bins using the average or minimal conversion factors; their
overlap indicates the minimal effect of the merging procedure.
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ϵ ¼ gaγ
B0

mX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hcos2θðtÞiexclT

p ; ð16Þ

where the hcos2 θðtÞiexclT is the conversion factor
describing how much the dark photon power threshold
needs to be enhanced over the axion case for a given
exclusion.
Figure 1 presents our resulting bounds on the dark

photon parameter space. Note that in Ref. [22] a very
short measurement time was typically assumed for cavity
haloscopes, which resulted in a value of ∼0.02 for the
conversion factor. Since the true hcos2 θðtÞiexclT ∼ 0.1 at
TASEH, these assumptions weaken the bound on jϵj.
Our result improves upon other limits by around four

orders of magnitude in the mass range of ½19.5; 19.8� μeV.
The limit for the randomly polarized case is a factor of ∼2
times stronger than the fixed polarization case, since
the conversion factor in the former is 1=3 irrespective
of the measurement time. Moreover, compared to the
AxionLimits constraint [25] which uses direct rescaling,
our constraint is stronger by a factor around 2.

V. ANALYSIS OF NONMAGNETIC EXCESS

As discussed previously, axion cavity haloscopes often
rely on a magnetic field veto to exclude spurious signals,
which may result in genuine dark photon signals being
erroneously excluded.
In the CD102 dataset, there were two frequency ranges

with an SNR greater than 3.355 after rescans. The signal
around 4.7473 GHz was judged to have originated
from an instrument control computer in the laboratory,
and so the limit on this frequency is not included in
Fig. 1. Interestingly, a signal in the range of 4.71017–
4.71019 GHz existed only inside the DR, and persisted
even after turning off the magnetic field. Although this
excess is not an axion signal, it could be misinterpreted as a
genuine dark photon signal if one does not cross-check
with other experiments.
Including rescans, the frequency range 4.71017–

4.71019 GHz was scanned 28 times, with measurement
times spread out over the sidereal day. In principle, we
could extract the dark photon polarization by correlating
the signal strength with the detector orientation relative to
the DM halo. However, the SNR is low for each individual
scan, even when the cavity is close to resonance with the
signal frequency. As such, there is only a weak sensitivity
to the dark photon polarization. Since the combined
significance is nonetheless sizeable, we perform the analy-
sis in the random polarization scenario.
The fitting process involves the minimization of Δχ2,

which quantifies the discrepancy between observed data
and model predictions. The Δχ2 is defined as

Δχ2 ¼
X
i

�
δcomi − μ2

R
i Fðf; fXÞdf

σcomi

�
2

; ð17Þ

where the fitting parameters are the signal strength μ
and the dark photon frequency fX, and F is the DM
lineshape (see the Appendix D for details). The integrationR
i Fðf; fXÞdf is performed over the range of the ith
frequency bin. Δχ2 is calculated by summing over 120
frequency bins centered around 4.710180 GHz. Before
including rescan data, the best-fit signal strength is
μ≡ ðϵ=ϵ0Þ2 ¼ 101.68 (corresponding to a kinetic mixing
jϵj ¼ 1.013 × 10−14) at fX ¼ 4.710178 GHz with
Δχ2 ¼ 12.82. After rescans, the best-fit signal strength is
slightly reduced to ðϵ=ϵ0Þ2 ¼ 41.59 (corresponding to a
kinetic mixing jϵj ¼ 6.48 × 10−15) at the same frequency
with Δχ2 ¼ 21.40. However, the standard deviation is also
reduced by a factor of two after rescanning, so the local
signal significance is increased from 3.755 to 4.762. To
estimate the global significance, we follow the approach
taken in Ref. [29] to estimate the trials factor. Due to the
very large number of trial frequencies, we find a global
significance of 1.729σ after rescanning.
We plot the signal lineshape in terms of rescaled RDP

after rescans in Fig. 2, together with the RDP standard
deviation. However, we note that the HAYSTAC and
ORGAN-Q experiments have recently probed this fre-
quency range with superior sensitivity and found no
evidence for a signal. This external information leads us
to conclude that the excess in TASEH data is likely an
instrumental artifact rather than a genuine dark photon
signal. This example clearly illustrates the challenges in
dark photon searches where the magnetic field veto cannot
be used to distinguish signal from noise, and emphasizes

FIG. 2. Rescaled RDP for the combined spectrum after rescans
in the frequency range [4.710120, 4.710240] GHz. Red lines
correspond to the RDP standard deviation, while the dark curve
corresponds to the best-fit dark photon lineshape.
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the need for multiple independent experiments to cross-
check potential candidates.

VI. CONCLUSIONS AND DISCUSSIONS

The dark photon is a well-motivated DM candidate, with
ongoing efforts worldwide into its discovery. A primary
technique in this search is the cavity haloscope, which
permits resonantly enhanced conversion to photons from
both dark photons and axions, allowing laboratory searches
for weakly interacting DM. Given certain phenomenologi-
cal similarities between dark photon and axion DM, limits
from axion searches in this context are often directly
converted into dark photon constraints, without reanalyzing
the underlying data. However, due to various reasons
argued above, this naïve rescaling may not fully capture
all of the relevant physics.
By reexamining data taken by the TASEH experiment,

we have derived a world-leading constraint on the dark
photon parameter space, excluding jϵj≳ 2 × 10−14 in the
19.46 − 19.84 μeV mass range, exceeding the “rescaling
limit” by roughly a factor of two. This significant improve-
ment underscores the importance of correctly modeling
the dark photon polarization and incorporating detailed
timing information from the experiment.
In addition, we identified a tentative signal excess with a

local significance of 4.7σ (fX ≃ 4.71 GHz), which per-
sisted in the absence of the magnetic field. While such a
signal would be vetoed in an axion search, it mimics the
signature of a dark photon. However, given that this
candidate region has been excluded by recent results from
HAYSTAC and ORGAN-Q, we attribute this excess to
spurious noise. This analysis serves as a valuable case
study, demonstrating that direct rescaling of axion con-
straints to dark photon may suffer significant inaccuracies,
and that the dedicated reanalyses are essential for robust
dark photon limits. Therefore, other experimental collab-
orations may also wish to perform their own dedicated
reanalyses.
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APPENDIX A: POLARIZED DARK PHOTON
PRODUCTION IN THE EARLY UNIVERSE

Several studies [30–42] have proposed production mech-
anisms for light dark photon DM in the early Universe.
Whilst these mechanisms are all capable of producing
the required DM relic abundance, they do differ in the
characteristics of the dark photon DM they produce.
For example, the polarization can be fixed within the

entire cosmological horizon, the so-called fixed polariza-
tion scenario. Alternatively, it is also possible that the dark
photon field lacks any net polarization. This is the so-called
random polarization scenario, where the polarization varies
randomly over timescales longer than the coherence
time set by the corresponding dark photon de Broglie
wavelength.
Dark photon DM can be produced in the early Universe

via quantum fluctuations during inflation [30–33].
The production of the longitudinal modes requires
0 < mX < HI, where HI is the typical inflationary scale.
The resulting relic density of the longitudinal dark

photon mode can then be given by ΩX=ΩCDM ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mX

6×10−6 eV

q �
HI

1014 GeV

�
2

[30]. The inflationary production

of transverse modes requires an extra coupling of the
inflaton field to the dark photon, along with a relatively
small inflationary scale [43]. Note that these two possibil-
ities are mutually exclusive: for a given choice of dark
photon mass and cosmological parameters, inflationary
production will only result in either longitudinal or trans-
verse dark photon polarization in the DM population.
Similar to axion DM [44–46], dark photon DM can also

be produced via the misalignment mechanism. However, in
contrast to the axion, a minimal coupling to gravity causes
the dark photon to behave like radiation in the early
Universe (i.e., ρ ∝ R−4 for t ≪ m−1

X ), leading to an under-
abundant relic density. A nonminimal coupling to the Ricci
scalar κ

6
RXμXμ with κ ∼Oð1Þ can be introduced to alleviate
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this tension [37,47]. The misalignment production mecha-
nism naturally leads to the fixed polarization scenario.
Another dark photon production scenario is based on

tachyonic instabilities [34–36]. Here the energy density is
initially stored in the zero mode of the axion field, which is
later transferred to the transverse and longitudinal compo-
nents of the dark photon. The relic density of the dark
photon in this case can be written as

ΩA0h2 ≃ 0.2θ2
�
40

β0

��
mX

10−9 eV

�

×

�
10−8 eV

ma

�
1=2

�
Fa

1014 GeV

�
2

; ðA1Þ

where θ denotes the initial misalignment angle of the axion
field a, the parameter β0 quantifies the axion-dark photon
coupling in β0

4Fa
aF0

μνF̃0μν,mX andma represent, respectively,
the masses of the dark photon and axion, and Fa is the axion
decay constant. Any production mechanism involving
tachyonic instabilities predominantly produces a specific
dark photon helicity, depending on model parameters.
Other production mechanisms also include dark Higgs

dynamics [48,49], and cosmic strings associated with the
spontaneous breaking of the dark gauge symmetry [38,50].
While dark photons can be produced through various

mechanisms with a particular polarization within the
cosmological horizon, the influence of DM halo formation
as well as structure formation on the distribution of dark
photon polarizations at megaparsec scales remains uncer-
tain. It is conceivable that the process of structure for-
mation, where inhomogeneities in the gravitational
potential can affect the dark photon equation of motion
in the expanding Universe, may change the dark photon
polarization [47].
Aside from this, it is expected that the polarization of the

dark photon field can remain unchanged over cosmological
time scales. An estimate in Ref. [22], taking into account
gravitational effects on the dark photon polarization, shows
that the dark photon DM can preserve some degree of its
initial polarization over the lifetime of a galaxy. While more
dedicated studies will be needed to resolve this issue, the
dark photon DM with a fixed polarization over typical
experimental timescales seems quite plausible.
In this work, we consider two limiting scenarios for dark

photons comprising the entire DM abundance: random
polarization and fixed polarization. Any realistic scenario
will presumably lie between these two extremes.

APPENDIX B: DATA ANALYSIS PROCEDURE

The TASEH experimental data are processed in the
following way:

(i) The signal from the cavity is amplified and directed
to the vector signal transceiver (VST) input for data
acquisition, in-phase/quadrature demodulation, and

sampling, and the sampled in-phase/quadrature
quadrature time trace data are sent to a network
attached storage. A fast Fourier transform (FFT) is
performed offline in real time to retrieve the fre-
quency-domain power spectrum. The evaluated FFT
signal power spectrum has a 2-MHz frequency
bandwidth with a spectral resolution bandwidth
Δfc ¼ 1 kHz, sufficiently small to resolve an ex-
pected axion signal of 5 kHz width. To avoid
aliasing effects, the VST rolls off the intermediate
frequency signal via a bandpass filter, imposing a
useful frequency span of 1.6 MHz.

(ii) ASG filter is applied to the averaged spectrumof each
frequencyscanby fittingadjacentpointsof successive
sub-sets of data with a 4th-order polynomial, using a
window width of 201 frequency bins. In the absence
of a signal, the SG filter output can be considered as
the averaged noise power. The raw averaged power
spectrum is divided by the output of the SG filter,
then a unity is subtracted from the ratio to get the
dimensionless normalized spectrum, called the
Relative Deviation of Power (RDP), denoted by
δnorm ¼ ðRaw PowerÞ=ðSG filterÞ − 1. The normal-
ized spectrum from each scan is further rescaled such
that aKSVZaxionsignalwill havea rescaledRDPδresij

that is approximately equal to unity, if the signal
power is contained within only one frequency bin:

δresij ¼ Rijδij;

σresij ¼ Rijσi; for i th scan; j th bin; ðB1Þ
where

Rij ¼
kBTsysΔfbin

PKSVZ
ij Lðfij; fci; QLÞ

; ðB2Þ

with fci being the cavity frequency of ith scan.
The system-noise temperature Tsys ∼ Ta to a good
approximation,where theamplifiernoise temperature
Ta, which is a function of frequency, can be estimated
from data fitting.

(iii) During data taking, each frequency is scanned
15 ∼ 16 times. To combine spectra from different
resonant-frequency scans, in order to obtain a single
overall spectrum, one needs to apply a weighting
algorithm. So, for a given frequency fn, we define
the combined spectrum as

δcomn ¼
Pðδresij ·ωij

n ÞP
ωij
n

; σcomn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðσresij ·ωij

n Þ2
q

P
ωij
n

;

ðB3Þ

where the weight ωij
n ¼ 1

ðσresij Þ2
, and the summations

are over the ith scan and jth bin that match the target
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frequency fn. In practice, the summation over i runs
from 1 to 8391 (steps), the summation over j runs
from 1 to 1600 (bins), and the summation over n
runs from 1 to 92243 (bins). Note that the uncer-
tainty of the averaged power in the overlapped
regions of frequency space is reduced due to this
combination.
Figure 3 shows the SNR of the combined spec-

trum before and after rescans. In total, 75 rescans
were performed on frequencies whose merged SNR
[defined by δmerge=σmerge using the following
Eq. (B6)] exceeded 3.355, to assess if it was a real
signal or a statistical fluctuation. As a result, we can
observe that the two spectra in Fig. 3 are similar to
each other, except that the postrescan data have
fewer frequencies with large SNR excesses.

(iv) The expected axion bandwidth is about 5 kHz at the
frequency of ∼5 GHz. In order to maximize the
SNR, a running window of five consecutive bins
in the combined spectrum is applied, and the five
bins within each window are merged to construct a
final spectrum. According to the signal lineshape
F ðf; fXÞ [as defined in the following Eq. (D3)], the
contributing bins need to be rescaled to have the
same RDP, of which the standard deviation is used to
define the maximum likelihood weight for merging.
The rescaling factor can be calculated as

Lk ¼
Z

fXþkΔfc

fXþðk−1ÞΔfc
F ðf; fXÞdf; for k ¼ 1;…; 5;

ðB4Þ

where fX is the dark photon frequency. In practice,
instead of using an Lk that depends on the frequency
fX, the average (L̄k) over the range of fX is used,

L̄k ¼ 0.23; 0.33; 0.21; 0.11; 0.06 for k ¼ 1;…; 5:

ðB5Þ

Note that the relative variation of fX is at most
90 MHz=5 GHz ≃ 2% and the lineshape of
F ðf; fXÞ can be considered constant for the full
range of the operational frequency. Therefore, the
value of Lk has only a weak dependence on fX. The
RDP and the standard deviation of the merged
spectrum can then be calculated from the combined
spectrum via

δmerge
g ¼

P
k
δcomgþk−1
L̄k

·
�

L̄k
σcomgþk−1

�
2

P
k

�
L̄k

σcomgþk−1

�
2

;

σmerge
g ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

k

�
L̄k

σcomgþk−1

�
2

r : ðB6Þ

Figure 4 shows the SNR of the merged spectrum
before (left panel) and after (right panel) the rescan.
During the main scan, 22 candidates with an SNR
greater than 3.355 were found. Among them, 20
candidates disappeared after rescanning, and two
candidates remained. The signal in the 4.74730–
4.74738 GHz frequency range was detected via a
portable antenna outside the DR and judged to have
originated from the instrument control computer
in the laboratory. The signal in the 4.71017–
4.71019 GHz frequency range was not detected
outside the DR, but was still present after turning
off the external magnetic field, implying that it did
not arise from the axion DM.

(v) Aside from these two frequency ranges, no candi-
dates were found after rescanning. An upper limit on

FIG. 3. SNR for the combined spectrum before (left panel) and after (right panel) rescanning.

1There are 75 extra scans during the rescan stage.
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the signal power Ps is derived by setting P equal
to 5σmerged

g × PKSVZ
g , where PKSVZ

g is the expected
signal power for the KSVZ axion for a certain
frequency bin g in the merged spectrum.

APPENDIX C: CONVERSION FACTORS FOR
POLARIZED DARK PHOTON DM

Based on the details of the scanning strategy, we can
calculate the conversion factor as defined in Eq. (11) for the
TASEH experiment.
We illustrate the calculation procedure at an arbitrarily

chosen frequency f ¼ 4.712705 GHz, which was scanned
15 times during data taking. The period and some of the
detector parameters for each scan are presented in Table II.
We can see that the signal power was highest during the
seventh and eighth scans, when the cavity resonance was

closest to 4.712705 GHz. Meanwhile, the signal power was
highly suppressed by the Lorentzian cavity response (as
indicated in the last column) during the first and last
few scans.
Using the measurement timing information as well as the

signal power, we can infer the distribution of hcos2 θðtÞiT
via isotropic sampling of ðθX;ϕXÞ in Eq. (8). For the
frequency f ¼ 4.712705 GHz, this distribution is given in
the left panel of Fig. 5.
The distribution of hcos2 θðtÞiT is used in Eq. (10) to

calculate the 95% CL for the conversion factor. As multiple
measurements not only increase the statistics but also
permit the sensitivity to a wider range of dark photon
polarization directions, one would expect that the conver-
sion factor will increase with more scans. This can be seen
in the right panel of Fig. 5, where we plot the evolution
of the conversion factor for f ¼ 4.712705 GHz with an

FIG. 4. Signal-to-noise ratio calculated for the merged spectrum before (left panel) and after (right panel) the rescan.

TABLE II. Scanning periods, cavity frequencies, unloaded quality factors, and the corresponding Lorentzian responses for 15 scans at
f ¼ 4.712705 GHz.

Number

Start End

Cavity frequency (GHz) Q0 Lorentzian responseDate Time Data Time

1 2021.11.13 19∶24.49 2021.11.13 20∶06.58 4.713403 64662 0.02395049
2 2021.11.13 20∶10.45 2021.11.13 20∶52.54 4.713293 64863 0.03322079
3 2021.11.13 21∶00.27 2021.11.13 21∶42.37 4.713188 64963 0.04831467
4 2021.11.13 21∶45.38 2021.11.13 22∶27.48 4.713079 64846 0.07831831
5 2021.11.13 22∶30.56 2021.11.13 23∶13.06 4.712975 64778 0.14043321
6 2021.11.13 23∶17.56 2021.11.14 00∶00.05 4.712874 65002 0.29284697
7 2021.11.14 00∶04.25 2021.11.14 00∶46.36 4.712771 64858 0.73170354
8 2021.11.14 00∶49.28 2021.11.14 01∶31.38 4.712664 64654 0.87671718
9 2021.11.14 01∶34.39 2021.11.14 02∶16.48 4.712561 65078 0.3626465
10 2021.11.14 02∶19.19 2021.11.14 03∶01.29 4.712459 65090 0.16309954
11 2021.11.14 03∶03.43 2021.11.14 03∶45.53 4.712352 64976 0.08673592
12 2021.11.14 03∶48.02 2021.11.14 04∶30.11 4.712249 64886 0.05398879
13 2021.11.14 04∶32.47 2021.11.14 05∶14.57 4.712140 65058 0.03565758
14 2021.11.14 05∶18.40 2021.11.14 06∶00.51 4.712038 64994 0.02589452
15 2021.11.14 06∶04.33 2021.11.14 06∶46.43 4.711938 64922 0.01974897
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increasing numbers of scans. As the signal power is highly
suppressed by the Lorentzian response factor for the first
and last few scans, their contribution to the conversion
factor is mild. The dominant contribution comes from the
sixth through tenth scans.
The above procedure is applied to all frequencies to

calculate the full conversion factor. As presented in Fig. 6,
the typical value of the conversion factor is mainly
attributed to the latitude of TASEH detector at 25° as well
as the total measurement time of a few hours. There were
some cases in which the time intervals among scans were
much longer than a few minutes, creating peaks in the
conversion factor, such as at f ∼ 4.787 GHz. There were

also other scans with integration times much longer than
40 minutes, which also had improved conversion factors.
In principle, the merging procedure for merging adjacent

bins that may have been measured at different times can
have some effects on the conversion factor. However, since
the measurement times of frequencies in a single scan are
the same, merging these frequencies will not lead to any
modifications. Therefore, we only need to consider the
change in conversion factors for the frequencies at the
edges of each scan.
In this case, we can compute the conversion factor for

the post-merge data by calculating the weighted sum
of the conversion factors of five consecutive bins. To
illustrate the effects of this, we present in Fig. 6 the
conversion factors before and after merging by taking
either the average or the minimal conversion factor among
the five consecutive bins, respectively. We can observe
that the effects of the merging procedure are small over the
full frequency range.

APPENDIX D: FITTING PROCEDURE ON THE
SIGNAL EXCESS

In Fig. 7, we present the SNR for the merged spectrum
before and after the addition of rescan data in the frequency
range of [4.710120, 4.710240] GHz. The SNR is highest at
f ¼ 4.710179 GHz, and it increases from 3.801 to 4.593
after rescans. The frequency width of the signal is a few
kHz, consistent with what would be expected from a dark
photon signal.
The lineshape of the signal can be more easily seen in the

RDP before applying the merging procedure. Here we
adopt the rescaled RDP as defined in Eq. (B3) for the signal
shape analysis. Note that one unit in δres for each frequency
bin refers to a KSVZ axion signal with power contained
entirely in that bin. As a result, the dark photon signal
power [assuming random polarization hcos2 θðtÞiT ¼ 1=3]

FIG. 5. Left panel: Distribution of hcos2 θðtÞiT for the frequency f ¼ 4.712705 GHz with the TASEH scanning strategy. Right panel:
The evolution of the conversion factor for f ¼ 4.712705 GHz with increasing numbers of scans.

FIG. 6. Conversion factor for the full frequency range at the
TASEH experiment. The blue, green, and red curves correspond,
respectively, to the conversion factor prior to bin merging, and the
conversion factors post bin merging by taking either the average
or minimum conversion factor among five adjacent bins.
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is normalized to the KSVZ axion signal power with a
scaling factor

PX ¼
�
ϵ

ϵ0

�
2

PKSVZ

¼
�
ϵ

ϵ0

�
2

×

�
g2aγγ

ρa
m2

a
ωcB2

0VC010QL
β

1þ β

�
; ðD1Þ

where the normalized kinetic mixing is

ϵ0 ¼
gKSVZaγγ B0

ma cos θ
∼ 1.005 × 10−15: ðD2Þ

Moreover, the spectral shape of a haloscope signal is
proportional to the dark photon kinetic energy distribution.

Assuming that the dark photon DM velocity distribution
follows a Maxwell-Boltzmann distribution in the galactic
rest frame, with the local density ρ ¼ 0.45 GeV=cm3 and
the local circular velocity vc ¼ 220 km=s, the kinetic
energy distribution is given by

FðfÞ ¼ 2

�
f − fX

π

�
1=2

�
3

fXβ2DM

�
3=2

exp

�
−
3ðf − fXÞ
fXβ2DM

�
;

ðD3Þ

with β2DM ¼ hv2i=c2 ¼ ð270 km=sÞ2=ð3 × 105 km=sÞ2. In
the lab frame, accounting for the orbital velocity of the Sun,
the spectrum of dark photon DM can be well approximated
by replacing β2DM with 1.7β2DM in the equation above [51].
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