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We report new experimental results on the search for dark photons based on a near-quantum-limited

haloscope equipped with a superconducting cavity. The loaded quality factor of the superconducting cavity
is 6 x 10°, so that the expected signal from dark-photon dark matter can be enhanced by more than one
order compared to a copper cavity. A Josephson parametric amplifier with a near-quantum-limited noise
temperature has been utilized to minimize the noise during the search. Furthermore, a digital acquisition
card based on field programmable gate arrays has been utilized to maximize data collection efficiency with
a duty cycle being 100%. This work has established the most stringent constraints on dark photons at
around 26.965 peV. In the future, our apparatus can be extended to search for other dark matter candidates,
such as axions and axionlike particles, and scrutinize new physics beyond the Standard Model.
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Dark matter is one of the most enigmatic and salient
topics in modern physics [1-5]. Although there are abun-
dant phenomena that point to dark matter, its existence yet
remains a mystery [6-9]. The dark photon is an important
candidate for dark matter and also a possible portal that
connects the Standard Model sector and the dark sector. It is
claimed to be helpful to explain many unsolved problems in
physics, such as the velocity discrepancy of galaxies [6],
cosmic ray anomaly [10,11], muon anomalous magnetic
moment [12,13], and W-boson mass anomaly [14-16].
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The dark photon is a spin-1 massive boson that rises
from a slight extension of the Standard Model [17-19].
It couples to the ordinary photon via the following
Lagrangian:
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where A, and A}, are the gauge fields of the ordinary photon
and the dark photon, respectively, F,, = d,A, —9d,A, and
V., = 0,A, —d,A; are the corresponding electromagnetic
field tensors, m, is the mass of the dark photon, and y is the
kinetic mixing, through which the dark photon interacts
with the ordinary photon. The dark-photon mass my is a
free parameter that can take a wide range of values, while
the kinetic mixing y can be very small. These two features
render the search for the dark photon an extremely
challenging task.

The haloscope is one of the most widely used methods
for dark-photon searching. It is based on the fact that dark

Published by the American Physical Society
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photons can convert to ordinary photons in a microwave
cavity due to the kinetic mixing term [20-22]. The power of
the dark-photon signal is

Pb(f) _ mA/pA/}(ZVC QLQa ﬁ L

f QL+Qa1+,B (f?fC?QL)’ (2)

where py = 0.45 GeV/cm? is the density of dark matter
[23], and f is the coupling coefficient between the cavity
and the output port; f,., V, C are the resonant frequency,
volume, and filling factor of the cavity, respectively. Q;
and Q, are the quality factor of the cavity and dark photons,
respectively, and L(f. Q1) =[1+4(Q,(f~f.)/ )"
is the Lorentzian line shape. Many groups across the world
have been working on searching for dark photons. Projects
such as ORGAN [24], QUAX [25,26], and ADMX [27] use
cavities to conduct resonant detections. The SQuAD
experiment [28] utilizes qubits to enhance the sensitivity.
Experiments like FUNK [29], BREAD [30], DOSUE [31],
QUALIPHIDE [32], BRASS-p [33], and Dark SRF [34]
utilize the nonresonant methods to achieve large band-
widths. The signal-to-noise ratio (SNR) of a haloscope
system is typically limited by factors such as the quality
factor and volume of the cavity, noise temperature, and data
acquisition (DAQ) efficiency. Plentiful efforts have been
made to improve the SNR of the detection systems. For
example, HAYSTAC employed Josephson parametric
amplifier (JPAs) to minimize the noise [35], while
QUAX used a superconductive cavity with a high quality
factor to increase the potential dark matter signal [36].
Groups like ADMX and CAPP fabricated cavities with
large volumes to enhance the potential signal [27,37]. In
order to further improve the searching ability, it is desirable
to simultaneously push these key parameters to their limits.
However, this is practically challenging due to factors such
as frequency drifts, difficulties in fabrication of the high-Q,
large-volume cavity, dead time of electronic devices, and
compatibility issues.

Here we focus on a promising region of the dark-photon
mass, which is on the order of tens of peV [38—40]. In order
to improve the SNR, a superconducting cavity with a high
quality factor and a large volume was utilized to maximize
the potential dark-photon signal. To minimize the noise, a
JPA with a near-quantum-limited noise temperature was
installed. Additionally, we employed a homemade DAQ
card based on the field programmable gate array (FPGA) to
achieve a 100% duty cycle [41]. The hitherto highest
sensitivity to y is achieved in a 0.4 neV region around
26.96514 peV. While the constraints on y have never
touched the 107'° line in prior searching efforts, this work
sets an upper limit of y of 6.0 x 10716 at 90% confidence
level at the center of the region.

Figure 1 shows the simplified diagram of the exper-
imental setup (see more details in Sec. I of Supplemental
Material [42]), which consisted of two main parts: the
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FIG. 1. Simplified diagram of the experimental apparatus. The
green box stands for the detection part. It includes a cylindrical
superconducting cavity of a high quality factor and an output line
with an amplifier chain for the measurement of the signal. A’ and
A refer to the dark photon and the photon, respectively. The blue
box stands for the calibration part. It includes three input lines and
a 50 Q load. The inset is a photograph of the cavity. Its inner side
is finely polished for a high-Q factor. MW signals are coupled to
the transmission lines through two coaxial probes. The two
probes are fabricated on the opposite sides of the cavity to avoid
their direct coupling.

detection part for searching dark photons and the calibra-
tion part for calibrating significant parameters of the
detection part. A temperature as low as 21 mK and
extremely stable was achieved with a dilution refrigerator.

The detection part is presented in the green box in Fig. 1.
It includes a superconducting cavity, an amplification
chain, and a DAQ card. The cylindrical superconducting
cavity working at the TMy; mode performed as an antenna
to collect the dark-photon signal. Dark photons inside the
cavity would continuously oscillate into ordinary photons
due to the kinetic mixing and then generate a microwave
(MW) signal. The inset of Fig. 1 presents the picture of the
superconducting cavity. The cavity was made of 6061
aluminum alloy, whose critical temperature is around 1 K.
The inner side of the cavity was finely polished to enhance
the Q factor. The diameter and length are 35.31 and
150.00 mm, respectively. The electric field of the TMy,,
mode is along the cylindrical axis of the cavity, thus the
filling factor can be expressed as
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where 6 stands for the angle between the polarization
direction of the dark-photon field and the electric field.
In the random polarization scenario, (cos®) equals 1/3
[22,43]. The simulation result shows that the filling factor
Cis 0.23. There were two ports in the cavity: the strong one
(port 1) for readout and the weak one (port 2) for injection
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of a simulated dark-photon signal. The coupling from the
cavity to the transmission lines was achieved through
coaxial probes. In order to avoid direct coupling between
the two probes, they were fabricated on the opposite sides
of the cavity. The amplification chain was connected to
port 1. A JPA accompanied by a circulator was taken as the
first-stage amplifier since its noise temperature approaches
the quantum limit 7',, = Aw/ kg [44]. The signal was further
amplified by high-electron-mobility transistor (HEMT)
amplifiers to a level where the electrical noise does not
dominate and read out by a homemade DAQ card based on
FPGAs (see more details in Sec. II of Supplemental
Material [42]). The parallel sampling module and fast-
Fourier-transform modules of the DAQ card allowed for
simultaneous data collection and frequency spectrum
calculation with a 100% duty cycle.

The calibration part is indicated by the blue box in Fig. 1.
It aimed to measure significant parameters of the detection
part, including the resonant frequency of the cavity and the
noise temperature of the HEMTSs. The strong line allowed
for the measurement of the resonant frequency of the
cavity. The 50 Q load and a heater (not shown) played the
role of a temperature-variable black radiation source, and a
low-temperature switch supported convenient shift between
the cavity and the 50 Q load. They were used to measure
the noise temperature of the HEMTs through the Y-factor
method. The bypass line was used to measure the temper-
ature noise and the gain of the JPA. The weak line was used
for injection of a simulated dark-photon signal verification
of the detection system (see more details in Sec. III of
Supplemental Material [42]).

To locate the resonant frequency f. of the cavity,
the reflection coefficient of port 1 of the cavity was
measured, as presented in Fig. 2(a). The result is fitted
to the equation [45]

2B /(L4 pr)et?
1+2lQL<f/fc_ 1) ,

where a and y are the power loss and the phase shift during
transmission, respectively, and the parameter ¢ describes

Sll = ae“” 1

(4)

the impedance mismatch, which makes the spectrum
asymmetric. The fitting gives f. = 6.52014 GHz.

During the calibration of the HEMTs, the pumping of the
JPA was off, and the switch was thrown to the 50 Q load.
The thermal noise power of the system can be expressed as

1 1
P = GuB |:hfc (m‘f'i) + kBTﬁ]v (5)

where Gy is the gain of the HEMT chain, kg is the
Boltzmann constant, B is the bin width of the spectrum, T%,
is the noise temperature of the HEMT chain, and T, is the
physical temperature of the 50 Q load. By varying T}, and
fitting the temperature dependence of P,, as plotted in
Fig. 2(b), Gy =769+ 0.3dB and T, = 1.9 £ 0.1 K are
obtained.

The transmission coefficients from the bypass line to the
output line as the pumping of the JPA was on and off are
shown as the red and yellow lines in Fig. 2(c), respectively.
The blue line refers to their difference, i.e., the gain of the
JPA, which is 20 dB at the resonant frequency of the cavity.
The noise temperature of the JPA T, is calculated to be
297 + 22 mK from the formula

1P
Th=c52Th (6)
GJ PJ_off

where Gj is the gain of the JPA, and Py , and P; . are the
thermal noise power measured from the output line with
the JPA on and off, respectively. Since the bandwidth of the
JPA is much broader than that of the cavity, its gain
and noise temperature can be considered uniform in the
detection region.

During the detection of dark photons, all the inputs
except the pumping of the JPA were off. The data collection
lasted for 6 h. Forty thousand raw spectra have been
obtained. The frequency bin width B of each spectrum
was 0.48 kHz. These raw spectra were divided into 100
subruns, each containing 400 raw spectra. The average of
the first subrun is shown as the blue dots in Fig. 3(a). The
line shape is right the resonant dip of the cavity.
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FIG. 2. Calibration results. (a) Reflection coefficients of port 1 of the cavity. The resonant frequency of the cavity f. is 6.52014 GHz.
(b) The relation between the noise power and the temperature of the 50 Q load. The noise temperature of the HEMT chain 77, is 1.9 K.
(c) Calibration result of the gain of the JPA. The red and yellow lines refer to the transmission coefficients S, from the bypass line to the
output line when the JPA is on and off, respectively. Their difference is plotted as the blue line. The gain of the JPA at f. is Gy = 20 dB.
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FIG. 3. (a) The power spectrum of the first subrun. The blue
dots are the measured powers averaged from 400 raw spectra.
Two consecutive fittings were used to remove the baseline due to
the cavity and the MW devices. The product of the fitting results
is shown as the orange line. (b) The normalized residuals A and
their distribution. The normalized residuals obtained from subrun
1 and subruns 2-100 are plotted as the blue and gray dots,
respectively. The red bars are the counts of data, while the red line
is the fitting result, which is pretty close to the unit Gaussian
distribution.

The spectra are first fitted to Eq. (4) (Fit;) to remove the
baseline due to the cavity. Then, the fluctuations in the
transmission efficiency of the devices are removed by
applying a sum-of-sines fitting (Fit,). Meanwhile, the
values of the coupling coefficient #; and the quality factor
of the cavity Q; during each subrun are obtained from the
fitting results. The product of the two fitting results of the
first subrun is shown as the orange line in Fig. 3(a), with
p1 =04 and Q; = 6.1 x 10°. The blue dots in Fig. 3(b)
depict the standardized power residuals A of subrun 1,

A==2 (7)

where A is the normalized power excess obtained from
the baseline removing operation, and o, is the standard
deviation of the normalized power excess (see more details

in Sec. IV of Supplemental Material [42]). The gray dots
depict the standardized residuals of subruns 2—100.

A power excess over 5 times the standard deviation is
required for a data point to be claimed as a candidate signal.
To check the presence of any candidate signal in our results,
the standardized power residuals are counted, as illustrated
by the red bars in Fig. 3(b). The red line is the fitting result
with the Gaussian distribution N(u,6?), where p is the
mean value of the data and ¢’ is the standard deviation.
The distribution of the standardized power residuals
fits well with the unit Gaussian distribution, with y =
0.009 £+ 0.010 and ¢’ = 1.009 £ 0.010. No power excess
over 50 is observed. Therefore, our results provide an
exclusion of dark photons in the detection bandwidth.

The data analysis that provides the constraints of the
kinetic mixing y follows the method developed in the
ADMX experiment [46] (see more details in Secs. IV
and V of Supplemental Material [42]). Figure 4 shows the
upper bounds on the kinetic mixing in the range of dark-
photon masses from 26.96493 to 26.96534 peV with a
confidence level of 90%. The red line refers to the upper
bounds of the kinetic mixing in the random polarization
scenario. An upper bound of y < 6.0 x 10716 is achieved at
26.96514 peV, which is more than 3 orders of magnitude
more stringent than the bound established by the
QUALIPHIDE experiment. For a linear polarization sce-
nario, the constraints depend on the angle between the
polarization direction of the dark-photon field and the
electric field [22]. Although the polarization of dark photons
1s unknown, the best and worst constraints can be obtained
by going over all the possible polarization directions, as the
blue, shallow green, and deep green regions in Fig. 4 show.
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FIG. 4. Upper limits on the kinetic mixing between dark photons
and ordinary photons. The red line refers to the upper bounds of
the kinetic mixing in the random polarization scenario set by this
work. The shallow and dark pink region refer to the excluded
parameter space in the linear polarization scenario in the best and
the worst condition, respectively. The tick marks at the top are the
frequency biases from the central value, 6.52014 GHz, while the
tick marks at the bottom are the corresponding dark-photon
masses. The blue, shallow green, and deep green regions refer
to the previous results of cosmological observations [38], the
SHUKET [47] and the QUALIPHIDE [32] experiments, respec-
tively. Data are adapted from [48].
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In summary, we report an experimental search for dark
photons, which is a possible candidate for dark matter. Our
results improve the constraints of the kinetic mixing by more
than 3 orders of magnitude. This work has shown an

outstanding QQLLJFQQ“ VC% that is comparable with existing

resonant haloscopes. For example, we have achieved an
improvement of around 2 times compared with QUAX
[26] and HAYSTAC [35]. However, this work is at a
preliminary stage because of the lack of a tuning system.
2
(1f/;)2’
which is more concerned with terms of scan rate. For future
dark matter search experiments, new tunable cavities with
larger mode volume are under construction. The sensitivity of
our apparatus can be further improved by taking advantage of
the single MW photon counting technique [49-51]. The
searching efficiency can be multiplied by combining a series
of cavities with different resonant frequencies. The exper-
imental setup can also be used to test other predictions arising
from new physics beyond the Standard Model, such as the
existence of axions and axionlike particles, etc., with further
upgrades [52,53]. In the future, it is practicable to examine the

There is large room for improvement of QQLL+Q§ vic?

Kim-Shifman-Vainshtein-Zakharov model with the present
setup, a superconducting cavity with through holes and 6 T
magnet [54,55]. The sensitivity required by the Dine-Fischler-
Srednicki-Zhitnitsky model is also within reach [56,57].
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