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% Check for updates Ultralight dark photons constitute a well-motivated candidate for dark matter.

A coherent electromagnetic wave is expected to be induced by dark photons
when coupled with Standard-Model photons through kinetic mixing
mechanism, and should be spatially correlated within the de Broglie wave-
length of dark photons. Here we report the first search for correlated dark-
photon signals using a long-baseline network of 15 atomic magnetometers,
which are situated in two separated meter-scale shield rooms with a distance of
about 1700 km. Both the network’s multiple sensors and the shields large size
significantly enhance the expected dark-photon electromagnetic signals, and
long-baseline measurements confidently reduce many local noise sources.
Using this network, we constrain the kinetic mixing coefficient of dark photon
dark matter over the mass range 4.1 feV-2.1 peV, which represents the most
stringent constraints derived from any terrestrial experiments operating over
the aforementioned mass range. Our prospect indicates that future data
releases may go beyond the astrophysical constraints from the cosmic
microwave background and the plasma heating.

Despite the astrophysical evidence for the existence of dark matter
over the past eight decades, direct detection of its non-gravitational
interactions with Standard-Model particles and fields remains elusive.
To address this, numerous theories have been proposed, many of
which posit the existence of new fundamental particles beyond the
Standard Model that could make up dark matter. Among these can-
didates, a class of ultralight bosons, such as axions' and dark
photons*, stand out as particularly well-motivated. The existence of
these bosons is naturally predicted within fundamental theories

positing extra dimensions®®, When their mass is below O(1) eV, they
behave like coherent waves with a large occupation number within a
given correlation length and time.

Numerous experimental efforts have been undertaken to detect
ultralight bosonic dark matter. To date, previous searches have pri-
marily focused on axion and axion-like particles employing inverse
Primakoff effects, where they convert into photons in a strong mag-
netic field background’™. Examples of such experiments include
ADMX", CAPP“, HAYSTAC®, ORGAN®, DM Radio”, and
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ABRACADABRA'. On the other hand, laboratory searches for kineti-
cally mixed dark photon dark matter (DPDM) do not depend on
electromagnetic background fields. DPDM can generate resonant
cavity modes or magnetic fields in an electromagnetic shielded room
through effective oscillating currents'. Previous constraints on
axion-photon coupling have been reinterpreted into those for DPDM
due to their similarities in detection mechanisms*. Recently, DPDM
has also been searched for using various strategies, including resonant
LC circuits®, dish antennas”, geomagnetic fields”’, atomic
spectroscopy®, and radio telescopes®. Certain experiments, such as
FUNK*, SuperMAG*, and QUALIPHIDE”, have already set experi-
mental constraints on DPDM. Nevertheless, DPDM mass constraints
below neV mostly rely on astrophysical and cosmological observa-
tions, such as anomalous heating up of the plasma** and distortion of
the cosmic microwave background (CMB)*??, both of which are
dependent on astrophysical modeling.

In this article, we demonstrate the first Search for Dark Photons
with synchronized Atomic Magnetometer Arrays in Large Shields
(AMAILS), which consist of 15 atomic magnetometers. Such magnet-
ometers are situated in two separate electromagnetic shielded rooms in
Harbin and Suzhou, China, with a distance of about 1700 km between
the locations (Fig. 1a), and are synchronized with the global positioning
system (GPS). These magnetometers exhibit an exceptionally high level
of sensitivity at the femtotesla level and offer the capability of mea-
suring the magnetic-field radio induced from the DPDM in proximity to
the wall of the shield room. By correlating the readouts of separated
magnetometers in the network, we report the first long-baseline net-
work of quantum sensors searching for DPDM-correlated signals over
1000 km. Our experiments constrain the parameter space describing
the kinetic mixing of dark photons over the mass range from 4.1feV to
2.1peV, which exceeds that of state-of-the-art terrestrial DPDM
searches™ . We would like to emphasize the difference in DM search
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Fig. 1| Quantum sensor network. a A network of 15 atomic magnetometers
situated in two separate shield rooms in Suzhou and Harbin, China, with a distance
of 1692 km between them. Such magnetometers are synchronized with the global
positioning system. The underlying map is from Google Earth. b Schematic for dark
photon dark matter (DPDM) induced radio signal inside a shielded room. Each
room is made of five-layer mu-metal and its innermost layer has the dimension of
2 x 2 x2m>. Amagnetic field can be produced by the DP radio current Teff (dashed
line) along z. Miniaturized atomic magnetometers (QuSpin Inc.) are installed on the
surface of the shield room and detect the DP induced magnetic field (green circle)
along the y direction parallel to the wall. ¢ Schematic illustration of atomic mag-
netometer based on zero-field resonance. Top, operation in zero field; bottom,
operation with a measured field that causes alkali-metal spin precession and
reduces the transmitted light intensity.

approaches between this work and other studies. Previous search
experiments on wave-like DM have mostly been limited to searches for
local signals with single detector”™, where it is challenging to con-
fidently distinguish DM signals from local technical noises. Recently,
the use of networked quantum sensors for DM searches has been
proposed®* or demonstrated, including a global network of optical
magnetometers (GNOME)* and networks of atomic and optical
clocks*>*, Such networks consider the situation in which dark-matter
particles interact with each other and generate topological defects
instead of wave-like DM. Previous work® has employed the SuperMAG
network, initially intended for measuring Earth’s magnetic field with
classical magnetometers, to explore DPDM. In contrast, our research
employs quantum magnetometers specialized for dark matter investi-
gations, providing us with enhanced potential for improvement and the
incorporation of novel features within a distinct mass range. Although
the GNOME network has the potential to be applied to wave-like DPDM
searches, their optical magnetometers are placed in the center of the
small-scale shielded rooms, typically with an innermost diameter on the
order of 10 cm. In this case, the DPDM signal is about three orders of
magnitude smaller than that in our experiments (Supplementary Sec-
tion I, Fig. S1). Unlike previous works, our work opens intriguing
opportunities to search for wave-like DM with long-baseline quantum
sensors, and with further optimization, it is promising to reach an
unexplored parameter space beyond the astrophysical constraints
imposed by the anomalous plasma heating®* and CMB distortion®.

Results

The dark photon is a new massive U(1) gauge boson that kinetically
mixes with the electromagnetic photon through an interaction term
eF,, F* /2 °*, Here F*, F* represent the field strength tensor of
electromagnetism and the dark photon, respectively, and € denotes
the kinetic mixing coefficient between the two. When the mass of dark
photon m, is below O(1) eV, the dark photon behaves as a coherent
wave with a frequency nearly equal to m,. Due to the mixing of the
dark photon and electromagnetic photon, the dark photon can induce
harmonic oscillations of electrons inside the wall of the electro-
magnetic shied room (Fig. 1b). As a consequence, this leads to a
monochromatic radio signal that can be described with an effective

current Teff. Specifically, in the interaction basis, the dark photon
produces an effective elctromagnetic current /4 = — em2 A* *°, where
A, is the gauge potential of dark photon. The current strength can be
estimated by the Galactic dark-matter energy density

n
psz‘,u_( |/2=~0.45GeV/cm3 ', Details of dark photon electro-
dynamics are present in Supplementary Section 1.

In order to detect the electromagnetic signal produced by the
effective current, we use meter-scale electromagnetic shields capable
of converting magnetic fields within their confines. Our experimental
setup comprises a network of synchronized atomic magnetometers
that are operated within two separate shield rooms - one located in
Harbin and the other in Suzhou—with a distance of 1692 km between
them (Fig. 1a). Both rooms are made of five-layer mu-metal, and their
innermost layer is cuboid in shape with the dinlgnsion of 2x2x2m?,
The magnetometer captures DPDM-induced J o along the z-axis,
which subsequently produces a radio B-field that runs parallel to the
walls in a horizontal tangential direction. Please refer to Fig. 1b for a
visual depiction of this phenomenon, which is also discussed in Sup-
plementary Section I. We find that the field signal reaches a maximum
on the surface of the wall. The amplitude of such an oscillating mag-
netic field in the vicinity of the shied wall is approximated as

e 1/3,, - My ﬂ
B=|J o V¥3=1.63x10 £<10Hz)<1m T, o
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and becomes smaller when approaching the room center. Importantly,
the strength of the magnetic field induced by DPDM is directly pro-
portional to the length scale 1 of the shield room. This implies that a
larger shield room, analogous to the function of a radar collecting
minuscule radio signals, can remarkably enhance the search for DPDM.

We employ atomic magnetometers as DPDM detectors. Atomic
magnetometers are recognized as a type of quantum sensor*’ that
exploits the quantum phenomenon known as the spin-exchange
relaxation-free (SERF) effect****, thereby enhancing atomic coherence
time and improving measurement sensitivity. As shown in Fig. 1c, each
magnetometer we used comprises a vapor cell that contains a droplet
of isotopically enriched %Rb, weighing several milligrams and
approximately 700 torr buffer-gas N,. To optically polarize ¥Rb atoms,
we utilize a circularly polarized laser beam with its frequency tuned to
the center of the buffer-gas broadened and shifted D1 line of ¥Rb. In
the absence of a magnetic field, the spin magnetic moments align with
the pump beam, resulting in the maximization of laser light trans-
mission to the photodiode. However, a magnetic field perpendicular to
the beam causes Larmor precession, which rotates the magnetic
moments away from alignment and, consequently, leads to a detect-
able decrease in light transmission. This effect produces a zero-field
resonance that acts as a highly sensitive magnetic field indicator. Our
network utilizes miniaturized SERF magnetometers made by QuSpin
Inc. that are compacted to a size of just a few centimeters and achieve a
magnetic field sensitivity of approximately 15 fT/Hz"2.

At the heart of our approach lies an array of atomic magnet-
ometers that are installed in two separate observation stations. Based
on the DP mass range in our search, the correlation length of DPDM
(=10~® eV/m, km) is larger than the baseline (-1700 km) between the
aforementioned two stations. As a result, DPDM would produce a
correlated common-mode magnetic field in all spatially separated
sensors. While a single atomic magnetometer could in principle, detect

the radio signal from DPDM, under realistic experimental conditions, it
would be challenging to confidently distinguish the DPDM signal from
many sources of noise. To tackle this problem, we simultaneously
monitor multiple magnetometers, with 13 magnetometers installed in
Suzhou station and 2 magnetometers in Harbin station, in order to
extract potential events from their correlated signals. The magnetic
field data from these magnetometers are recorded using custom data-
acquisition systems that are synchronized to GPS time. We calculate
the cross-correlation spectra for every magnetometer pair shown in
Fig. 2a, where the cross-correlations between magnetometers in the
same shield room or in separate shield rooms are calculated. For
example, Fig. 2b displays the cross-correlation spectrum of two mag-
netometers, where some sharp technical noise appears in only one of
the sensors and thus can be easily distinguished. The details of the
quantum sensor network are present in Supplementary Section IIl.

The sensitivity of our search for dark photon dark matter increa-
ses with the number of quantum sensors in the network. There are
C% =105 correlators in total, which enable us to obtain the cross-
correlation spectrum for each pair of synchronized magnetometers.
We depict the average spectrum of all cross-correlations as a function
of the correlator number A (Fig. 2c). The results demonstrate a sig-
nificant improvement in magnetic field sensitivity at different fre-
quencies, namely, increasing from approximately 15 fT/Hz"2 to almost
a few fT/Hz"2 To clearly illustrate this, we plot the sensitivity at 10.1 Hz
as a function of the correlator number A in Fig. 2d. The corresponding
sensitivity data can be well fitted with the function of A'~%, where
a=0.25. Finally, the network sensitivity approaches approximately
4.2 fT/Hz"? at 10.1 Hz. As shown in Fig. 2c, this level of network sensi-
tivity is attained at most other frequencies.

We further analyze the signal-to-noise ratio (SNR) distribution for
all data points in the real part of the cross-correlation spectrum ran-
ging from 1-500 Hz (Supplementary Section IV). Specifically, we plot
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Fig. 2 | Cross-correlation of sensor network. a Diagram of the cross-correlation
between the atomic magnetometers located in station A (Suzhou) and station B
(Harbin). The blue dots and red dots represent the cross-correlation from the
magnetometers in the same station and different stations, respectively. b Two-
dimensional cross-correlation spectrum of two sensors. ¢, d The network sensitivity
as a function of correlators number N. As an example, The magnetic sensitivity of
network at 10.1 Hz increases with increasing correlators number and can be fitted

Signal-to-noise ratio

Signal-to-noise ratio

with the function of N~ (a = 0.25). Distribution of the signal-to-noise ratio (SNR) of
the cross-correlation spectrum between two sensors: e two sensors in Suzhou
station; f two sensors in Harbin; g one sensor in Suzhou station and the other in
Harbin station. The SNR distributions in e and f are asymmetrical due to the
common-mode magnetic noise (=5 fT/Hz"?) of the shield room that only con-
tributes to the positive part of the SNR. In contrast, the SNR distribution of two
sensors from different stations is symmetrical without common-mode noise.
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the SNR distribution for two magnetometers located in the same shield
room, for example, at Suzhou station (Fig. 2e) or Harbin station
(Fig. 2f). Both show an unexpected asymmetric distribution, with the
right side slightly exceeding the left, deviating from the theoretical
prediction (see the blue shaded regions). By performing numerical
simulation, we reveal that this occurs due to the common-mode
magnetic field of the shield room (Supplementary Section V). The
common-mode noise is approximately estimated to 5 fT/Hz"2 which
agrees with the direct calculation of the magnetic noise within the
shield room. In contrast, the SNR distribution of the long-baseline
cross correlation between magnetometers in Harbin and Suzhou is
symmetric (Fig. 2g) because their noise is uncorrelated between two
separate shields. This demonstrates the unique ability to distinguish
common-mode noise with distributed sensors. For instance, there are
21628 data points that lie outside the theoretical prediction region in
Fig. 2e. In contrast, in Fig. 2g, there are only 1349 points in outside the
region, indicating a significant 16-fold noise suppression. Based on the
results of the numerical simulation, the dominant common-mode
noise is due to the shield room. However, there exist large-scale noises
potentially impacting the experiment, such as the solar wind, geo-
magnetic storm, and Schumann resonances, and separating these two
sites at a long distance can effectively reduce these noises.

Having established the network technique, we perform the
broadband search for dark photon dark matter in the frequency
range from 1 to 500 Hz, corresponding to dark photon masses
ranging from 4.1feV to 2.1 peV. Throughout the experiment, we
ensure that all quantum sensors are accurately synchronized with
GPS time and record 2000 seconds of signal data; further, we cal-
culate all pairs of cross-correlation spectra and their average spec-
trum and produce the SNR distribution of the average spectrum,
present in Fig. 3a. In order to determine the detection threshold, we
carry out Monte Carlo simulation to estimate the 95% confidence
level (C.L.) for SNR linked to the measured kinetic mixing coefficient
¢ (Fig. 3a). Our analysis procedure yields 318863 potential DPDM
candidates that exceed the 95% C.L. We validate the possibility of
true DPDM signals and exclude all candidates. We check the viability
of our data analysis procedure by inserting simulated DPDM signals
into our data and confirm that the analysis method can recover

these signals with their correct kinetic mixing coefficients. The
detailed procedures of data processing, exclusion, and testing are
presented in Supplementary Sections VI and VII.

Figure 3b presents our new constraints on the kinetic mixing
coefficient € with 95% C.L. The present work explores a mass range
from 4.1feV to 2.1peV, overlapping with the Earth® and Jupiter®
experiments and Cavendish-Coulomb experiment® and sub-
stantially improves previous limits. For example, our experiment
places a constraint £=5x107 at 2.1 peV, surpassing the previous
limits from Cavendish-Coulomb experiments by about three orders
of magnitude. We also show the comparison with astrophysical
constraints in Fig. 3b, for example, the cosmic microwave back-
ground photon’s transition to dark photon®’, the DM-induced
heating on the plasma®, the intergalactic medium®, and the dwarf
galaxy Leo T°°. These constraints strongly rely on the cooling rates
of these systems and the understanding of their cooling mechan-
isms. Furthermore, we note that stringent limits are obtained by
imposing an upper limit on the energy deposition during the epoch
of He-Il reionization through Lyman-a observations®**. However,
these constraints are subject to the influence of significant astro-
physical uncertainties, resulting in varying results depending on
several key factors: (i) the probability density functions of plasma
mass at early times, particularly pertaining to the tail distribution;
(ii) the maximum cutoff on density perturbation scales; and (iii) the
transportation of energy injection, which relates to the selection of
sensitivity functions and thresholds. Given the aforementioned
uncertainties, it is important to conduct a terrestrial experiment to
investigate the comparable mass range.

Discussion

A further improvement in experimental sensitivity to dark photon dark
matter is anticipated. Increasing the number of spatially separated
magnetometers up to 1000 could improve the DPDM search sensi-
tivity by a factor of about 10; another potential factor to consider is the
length scale of the shield room, which can be expanded up to 20 m in
size to maximize the potential dark photon signal. In fact, numerous
large-scale mu-metal shielded rooms already exist in the fields of
magnetoencephalography for the brain and magnetocardiography for
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Fig. 3 | Results of dark photon dark matter search. a Distribution of the signal-to-
noise ratio of the network-averaged cross-correlation spectrum. The 95% con-

fidence level (C.L.) is determined with Monte Carlo simulation. b Limits on kinetic
mixing € of dark photon dark matter in the mass range from 4.1feV to 2.1 peV. The

Dark photon mass, m,,(eV)

terrestrial experiments, including observing the magnetic fields of Earth® and
Jupiter*, measurements with a network of magnetometers in quiet magnetic
environments (SNIPE)*, and Cavendish-Coulomb experiments®. The dashed lines
show the limits from cosmological and astrophysical observations, including cos-

blue-shaded region is excluded from our network measurement at 95% C.L. The mic microwave background (CMB) photon’s transition to dark photon®*, and
black line shows our future projection of an upgraded magnetometer network. The ~ DPDM heating the plasma?~°,

light-blue shaded regions show other constraints derived from terrestrial or extra-

Nature Communications | (2024)15:3331 4



Article

https://doi.org/10.1038/s41467-024-47566-0

the heart***’. These rooms possess over 1000 miniaturized magnet-
ometers in aggregate and could potentially be repurposed during their
unoccupied periods to create a DPDM search network. Moreover, an
additional efficient approach would involve optimizing the magnetic
sensitivity of atomic magnetometers, which are currently considerably
far from reaching their standard quantum limits. With the develop-
ment of quantum technology, it could potentially approach the stan-
dard quantum limit of 0.01fT/Hz'2. To enhance sensitivity even
further, a promising strategy involves the installation of magnet-
ometers at various positions or orientations within each shielded
room. The information collected by these magnetometers can then be
combined in an array to effectively reduce local common-mode noise
(see Supplementary Information Section I). By utilizing these promis-
ing magnetometers and investing in one year of integration, we can
significantly enhance our search sensitivity, attaining an improvement
of up to 6 orders of magnitude beyond our present limits, as depicted
by the solid line in Fig. 3b. This would open avenues to explore
unexplored parameter space beyond the astrophysical constraints
imposed by CMB distortion**? and plasma heating?*~°.

Including other types of magnetometers can lead to the extension
of dark-photon search masses. As demonstrated in Ref. 48, radio-
frequency atomic magnetometers have exhibited a level of sensitivity
below 1fT/Hz"? and can search for dark photons at a mass range of
10 kHz to 10 MHz. For example, recent studies have demonstrated a
noise floor of 0.5fT/Hz"? at 300 kHz*, resulting in a dark-photon
search sensitivity of €¢=107° for 100s of integration. This notable
sensitivity is at least three orders of magnitude better than the con-
straints from the Cosmic Microwave Background®~2. Promising sen-
sors for dark photon detection in the higher frequency regime can be
realized using nitrogen-vacancy center-based magnetometers that
have recently shown -~10pT/Hz? sensitivity in GHz microwave
detection**°. For uncovering lower masses within the range of mHz to
Hz, one can use noble-gas spin masers®~ that have high sensitivity in
the Hz range or install magnetometers on a stable rotating table, which
up-converts the low-frequency DPDM-induced field to a higher
frequency.

In summary, we demonstrate a network of synchronized atomic
magnetometers in large shields to search for dark photon dark
matter. Here, we assume a standard halo model for the momentum
distribution of DPDM that forms after virialization. However, it is
essential to note that other types of dark matter distributions, such
as anisotropic ones, like a local cold stream due to the merger of the
galaxy, have been considered™ . Moreover, dark photon fluxes
from black holes’® or other cosmological sources may exist without
being the dominant form of dark matter. Our network has the
potential to play an important role in determining the nature of
these sources®**’. Excellent localization is expected through the use
of directional detection inside each shield room and the long
baselines that separate various shield rooms. Consequently, such a
network of synchronized quantum sensors can associate multi-
messenger astronomy observations together with gravitational
wave detectors and electromagnetic observatories™.

Data availability
The source data and code that support the plots in this paper are
available from the corresponding author upon request.
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