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Various theories beyond the standard model predict new interactions mediated by new light particles
with very weak couplings to ordinary matter. Interactions between polarized electrons and unpolarized
nucleons proportional to gNV g

e
Aσ⃗ · v⃗ and gNA g

e
Aσ⃗ · v⃗ × r⃗ are two such examples, where σ⃗ is the spin of the

electrons, r⃗ and v⃗ are position and relative velocity between the polarized electrons and nucleons, gNV=g
N
A is

the vector or axial-vector coupling constant of the nucleon, and geA is the axial-vector coupling constant of
the electron. Such interactions involving a vector or axial-vector coupling gNV=g

N
A at one vertex and an

axial-vector coupling geA at the polarized electron vertex can be induced by the exchange of spin-1 bosons.
We report new experimental upper limits on such exotic spin-velocity-dependent interactions of the
electron with nucleons from dedicated experiments based on a recently proposed scheme. We rotationally
modulated two ∼6 Kg source masses at a frequency of 20 Hz. We used four identical atomic
magnetometers in an array form to increase the statistics and cancel the common-mode noise. We
applied a data processing method based on high precision numerical integration for the four harmonic
frequencies of the signal. We reverse the rotation direction of the source masses to flip the signal due to the
new interactions; thus, we can apply the ½þ1;−3;þ3;−1� weighting method to remove possible slow
drifting. Our constraint on the product of vector and axial-vector couplings is jgNV geAj < 2.1 × 10−34 and on
the product of axial-vector and axial-vector couplings is jgNA geAj < 2.4 × 10−22 for an interaction range of
10 m. The new constraints on vector-axial-vector interaction improved by as much as more than 4 orders
of magnitude and on axial-axial interaction by as much as 2 orders of magnitude in the corresponding
interaction range, respectively.
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Introduction.—New interactions mediated by new
particles are solutions to several important questions in
modern physics, such as the strong CP(Charge-conjugation
Parity symmetry) problem [1] and dark matter [2].
Long ago, Peccei and Quinn [3] proposed the PQ
mechanism to solve the strong CP problem. Wilczek [4]
and Weinberg [5] simultaneously noticed the PQ
mechanism would generate new pseudoscalar particles,
which are named axions. In 1984, Moody and Wilczek [6]
pointed out that ALPs (axionlike particles) could
mediate macroscopic spin-dependent interactions. Many
experiments have been performed to search for
and constrain the scalar-pseudoscalar type of interaction
[7–13]. Later on, starting from rotational invariance,
Dobrescu and Mocioiu [14] formed 16 different operator
structures involving the spin and momenta of the inter-
acting particles. ALPs mediated new interactions are a
subset of the new theory. Now the interaction carriers
could also be vector particles such as the paraphoton

(dark, hidden, heavy, or secluded photon) [15,16], Z0

boson [2], graviphoton [17], etc.
For the vector interaction carriers, the interaction can be

deduced from the coupling LX ¼ ψ̄ðgVγμ þ gAγμγ5ÞψXμ

where Xμ is the new vector particle and gV and gA are the
vector and axial coupling constants [18–22]. We can
express the VA (vector-axial-vector) interaction VVAðrÞ
(V12;13 in Ref. [14]’s notation) and AA(axial-axial) inter-
action VAAðrÞ (V4;5 in Ref. [14]’s notation) as

VVAðrÞ ¼
ℏgVgA
4π

exp ð−r=λÞ
r

σ⃗ · v⃗; ð1Þ

VAAðrÞ ¼
ℏ2g2A
16πmc

�
1

λr
þ 1

r2

�
expð−r=λÞσ⃗ · ðv⃗ × r̂Þ; ð2Þ

where v⃗ is the relative velocity between the probe particle
and source particle, λ ¼ ℏ=mXc is the interaction range,mX
is the mass of the new vector boson, m is the mass, and σ⃗
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are the Pauli matrices of the spin-polarized probing particle.
gVgA and gAgA are the interaction coupling constants that
are both dimensionless.
Many experiments have been carried out to scan a

significant amount of parameter space for ALPs, which
have eluded detection. Since these new light bosons can
mediate macroscopic interactions, one method to search for
these new particles is to probe the boson field induced by a
macroscopic body [21–32]. Reference [32] is an extensive
review of recent theoretical and experimental progress of
research on the new interaction search.
Because of its high sensitivity (Subfemtotesla sensitivity

has been reported in Ref. [33].) based on polarized electron
spins [34], AMs(atomic magnetometers) are convenient
for searching for these exotic new spin-dependent inter-
actions. Chu et al. first proposed to use a commercially
available AM to detect the new interactions [35]. Then
Kim et al. employed a commercial cm-scale AM to search
for the interaction between polarized valence electrons of
Rb in the vapor cell of the magnetometer and nucleons
[25,26]. The commercially available AMs have relatively
low sensitivities but are more compact and can be easily
arranged in an array of 50 units to measure the biomagnetic
field generated by the human brain [36–38]. To the best of
our knowledge, the AMs in the array form have never been
used to search for spin-dependent new interactions.
Inspired by using the compact AM in new interaction

searches [25,26,35] and utilizing an array of AMs to measure
the biomagnetic field [36–38], in Ref. [39], we proposed to
use rotationally modulated source masses and an array of
AMs to search for the exotic spin-dependent interactions.We
follow the previously proposed scheme to search for the VA
and AA type of new interactions in this Letter.
The basic idea.—We first briefly review the basic idea of

the previously proposed experiment scheme [39]. Two
dense, identical source masses are rotationally modulated
at frequency f0. An array consisting of four identical AMs is
placed symmetrically around the source masses. If the exotic
spin-dependent interactions exist, a pseudomagnetic field
can be induced by the source masses. Now the probing
polarized particle is assumed to be the electron since the AM
is using polarized electrons. Taking gVgA ¼ g2A ¼ 1, at the
position of the AM, we can calculate the pseudomagnetic
field B0 induced by VA and AA interactions by integrating
Eqs. (1) and (2), respectively. Theoretically, the pseudomag-
netic field at the point r⃗ can be calculated and expressed as

B⃗0
VAðr⃗Þ ¼

gVgAρN
2πγe

Z
d3r⃗0

exp ð−jr⃗ − r⃗0j=λÞ
jr⃗ − r⃗0j v⃗;

B⃗0
AAðr⃗Þ ¼

ℏg2AρN
8πmecγe

Z
d3r⃗0

�
1

λjr⃗ − r⃗0j þ
1

jr⃗ − r⃗0j2
�

× exp ð−jr⃗ − r⃗0j=λÞ
�
v⃗ ×

r⃗ − r⃗0

jr⃗ − r⃗0j
�
;

where γe is the gyromagnetic ratio of the electron, ρN is the
nucleon number density of the source mass, and d3r⃗0 is a
three-dimensional volume element at r⃗0 of the source
mass. Along the most significant direction, B0 induced by
the rotating source masses can be expanded in a Fourier
series as

B0ðtÞ ¼ c0 þ
X∞
n¼1

cn cosðnω0tþ ϕÞ;

where cn is the Fourier coefficient and ϕ the initial phase
factor. In the experiment, when taking into account the
noise, the detected signal is

BexpðtÞ ¼ αc0 þ α
X∞
n¼1

cn cosðnω0tþ ϕÞ þ nðtÞ;

where α ¼ gVgA for the VA interaction and α ¼ g2A for the
AA interaction respectively, and nðtÞ is the measurement
noise. For each harmonic component, the coupling con-
stant α can be derived as

αjn ¼
2
R
NT
0 cosðnω0tþ ϕÞBexpðtÞdt

cnNT
ð3Þ

where N is an integer, T ¼ 1=f0 is the period of the
modulated signal, ω0 ¼ 2πf0 is the modulating frequency,
and NT is the total observing time. According to the
Fourier expansion of B0ðtÞ, harmonic terms from one to
four using weighted mean can determine α [39]. The noise
contribution can be estimated as [40]

δᾱjnoise ∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SNðnf0Þ

p ffiffiffiffiffiffiffi
2

NT

r
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
4
n¼1 c

2
n

p ; ð4Þ

where SNðnf0Þ is the noise power density at the corre-
sponding harmonic frequency. In this Letter, we found that
SNðnf0Þ for a single AM is approximately at a constant
level of ∼20 fT=

ffiffiffiffiffiffi
Hz

p
for the harmonic frequencies of

interest. The DC term is not used to avoid the 1=f noise of
the AMs. Using the most significant harmonics in the
weighted average could further increase the SNR, as can
be seen from Eq. (4). Furthermore, four identical AMs
arranged in an array are used to improve the statistics and
reduce the common-mode noise.
The experimental setup.—The experimental setup is

shown in Fig. 1. Two identical BGO (Bi4Ge3O12) crystal
cylinders with both a diameter and length of 10.16 cm are
attached to the rotating shaft of a high-power servo motor.
The BGO crystals containing impurities of less than 1 ppm
have a high mass density (7.13 g=cm−3), thus a high
number density of nucleons (4.26 × 1024 cm−3) and very
low magnetic susceptibility (−19.0 × 10−6) [41]. All these
features make the crystal a good choice as the source masses
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for searching for the exotic spin-dependent interactions
[25,26,42]. The 4-inch diameter BGO crystals are the
largest we could find [43]. The mass of a single BGO
crystal is 5.87 Kg which is the largest crystal ever used in
the new interaction searching experiment, to the best of our
knowledge. In comparision, Refs. [25,26,42,44] used BGO
crystals with masses of∼100 g. The shaft material is chosen
to be an aluminum alloy of 7475, which is strong and has a
lower magnetic susceptibility than the common 6xxx series
alloys. We also carefully chose the ceramic bearings to
support the rotating shaft. The servo motor rotates the two
crystals at a frequency of ∼10 Hz; thus, the source masses
are rotationally modulated at a frequency of ∼20 Hz. A
fiber-optic encoder is applied to monitor the precise rotating
angle and frequency in real time.
An array of four identical, high sensitivity, commercially

available AMs is used to detect the new interactions. The
AMs of model QZFM Gen-3, made by QuSpin Inc., are
compact in size (sensor dimensions: 12.4×16.6×24.4mm)
and have typical sensitivity of 7–10 fT=

ffiffiffiffiffiffi
Hz

p
[45]. Each AM

is placed inside a magnetic shielding which has an outer
diameter of 12 cm and length of 28 cm and is made of 3
layers of permalloy. The magnetic shielding provides a
magnetic environment with a residual field level of
< ∼5 nT; thus, the AMs can work at their best sensitivities.
In practice, Johnson noise from the shielding metal will
make extra contributions, worsening the sensitivity. We
observed 20 fT=

ffiffiffiffiffiffi
Hz

p
using the magnetic shielding in this

work. The magnetic shielding can screen possible magnetic
noise, which will disturb the polarized electron spin inside
the shielding. At the same time, the exotic spin-dependent
interactions will not be affected since the pseudomagnetic
field it induced is not subject to Maxwell’s equations [7,46].

The AMs have a bandwidth of 200 Hz, which is good
enough since the highest harmonic frequency under con-
sideration is ∼80 Hz.
The exotic spin-dependent interactions due to the source

masses, if they exist, can induce pseudomagnetic field
signals for the polarized electron spin of the surrounding
AMs. The AMs are dual axis and can be set to be sensitive
to either the x̂ or ŷ direction in our setup as shown in Fig. 1.
To detect the VA type of interaction, the AMs are set to
measure along the ŷ direction, and the signal due to the new
interaction can be extracted as

Bexp ¼
1

4
ð−B1 − B2 þ B3 þ B4Þ; ð5Þ

where Bi is the magnetic field sensed by sensor AMi. When
the source masses are rotating clockwise, obviously, any
common noises that get added to the signals can be
canceled. In practice, the performance difference of the
magnetic shieldings, which can induce different responses
of the AMs, has to be taken into account. In this case, we
could cancel more common-mode noise by carefully
arranging shieldings, e.g., we could use the best and the
worst shieldings for AM1 and AM2, and the other two for
the rest of the AMs; thus, the nonuniformity effects can be
mostly canceled. We performed tests applying a common ac
field to the AMs inside the magnetic shieldings and found
more than 90% of the common-mode noise can be canceled
by this method. A data-taking example of this configuration
is shown in Fig. 2. When searching for the AA type of new
interaction, the AMs are set to be sensitive in the x̂ direction,
and the new interaction signal can be extracted as

FIG. 1. Schematic of the experimental setup. (a),(b) The top and end views of the setup, respectively. The servo motor rotates the two
BGO cylinders as source masses which have a modulating frequency of 20 Hz, inducing pseudomagnetic field signals to the surrounding
AMs if exotic spin- and velocity-dependent interactions exist. The AMs are magnetically shielded and placed on a platform sitting on
pneumatic vibration isolators. A 1 cm thick aluminum plate shielding is applied to prevent possible air vibration caused by the rotating
source masses. The encoder monitors the rotating angle and frequency in real time.
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Bexp ¼
1

4
ð−B1 þ B2 − B3 þ B4Þ ð6Þ

when rotating clockwise.
Since two heavy source masses are rotating at a speed of

600 RPM, one of the main challenges of the experiment is to
isolate the vibrations effectively. The AMs, cables, elec-
tronics, and other necessary parts are placed on a pneumatic
vibration-isolation platform (Newport S-2000AN nonmag-
netic pneumatic vibration isolators and the M-RPR-N
nonmagnetic optical table) with a vertical resonance fre-
quency of 1 Hz and horizontal resonance frequency of
1.5 Hz.Although the 10 Hz vibration can still be seen on
some AMs as in Fig. 2, it shows no presence on the
harmonic frequencies of interest of 20, 40, 60, and 80 Hz.
Furthermore, shielding made of aluminum plate with 1-cm
thickness is implemented to prevent possible air vibration
[44], which is also caused by the rotations of the heavy
masses and might disturb the AMs. Closed cable trunking is
used to shield all the necessary parts of the connecting
cables. To further reduce the noise, the AMs are powered by
a UPS, and the 50 Hz peak of the line power is not seen as in
our previous measurement (Fig. 2 of Ref. [39]).
A digital, multichannel data acquisition card (DAQ)

with a maximum sampling rate of 2 MHz is used to read
the output signals of the encoder and AMs synchronously.

The data-taking cycles are as follows. The source masses
were first rotated clockwise for 660 s, then counterclock-
wise for the same amount of time. Each 660 s cycle is
further divided into 60 segments of length 11 s to avoid
overstacking the DAQ card. When reversing the rotation
direction, the signal due to the new interaction changes its
sign, while noises that do not change can be rejected. For the
VA type of interaction searching, the total data integration
time is 130 h, and for AA, 243 h.
Data processing and results.—The data processing

procedure is as follows. For each data segment of 11 s,
the rotating or the modulating frequency f0 is obtained
with a typical error of ∼1.5 × 10−4 Hz by fitting the time
series from the Phase A signal of the encoder. Then the
period T of the modulated signal can be calculated. The
11 s data segment can be truncated to be an integer
number of the period to avoid unnecessary uncertainties
for performing the integrations. The initial phase of the
system can be determined with a typical error of 0.024°
using the Phase C signal from the encoder. With the
known ω0 and ϕ, B0ðtÞ can be calculated using
Monte Carlo techniques as in Refs. [25–27]. Then cn
can be obtained by numerically integrating. Once cn is
obtained, α, or gVgA and gAgA can be calculated by the
integration of Eq. (4) using the BexpðtÞ time series
measured by the AMs. Simpson’s method, which is a
numerical integration technique with high precision [47],
is applied throughout the work. Once α and −α are
obtained for each clockwise and counterclockwise cycle,
the ½þ1;−3;þ3;−1� weighting method [25,26,48] is
applied to remove possible slow drifting of the system
further [49]. Furthermore, by flipping the signal of interest
at a specific frequency, the method could also cancel noise
significantly [50].
Errors due to uncertainties of f0, ϕ, rotation radius, the

distance between AMs and the source masses, contribu-
tions from the rotating aluminum parts, etc., were care-
fully analyzed. The systematic errors were only a few
percent of the statistics. Our main results are shown in
Figs. 3 and 4. For λ ¼ 10 m, we obtained

gNVg
e
A ¼ 0.07� 2.06ðstatÞ � 0.07ðsystÞ × 10−34; ð7Þ

gNAg
e
A ¼ −0.06� 2.36ðstatÞ � 0.08ðsystÞ × 10−22: ð8Þ

Conclusion and discussion.—The experimental scheme
proposed previously in Ref. [39] for searching for VA and
AA types of new interactions was realized in this Letter. As
shown in Figs. 3 and 4, in the interaction range from
∼0.2 m to 10 m, the present results improve the limits on
jgNVgeAj by ∼20 000 times and on jgNAgeAj by ∼140 times. The
major source of systematic errors for the experiment would
come from the vibrations caused by the high-speed rotation
of the heavy source masses. We successfully circumvented
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FIG. 2. Noise-power-density measurement examples of the
VA searching setup. Bi is the magnetic field sensed by sensor
AMi. Bexp ¼ ð−B1 − B2 þ B3 þ B4Þ=4 is plotted for the VA
setup. The bottom plot is the Fourier transformation of the
simulated signal B0

VA.

PHYSICAL REVIEW LETTERS 129, 051802 (2022)

051802-4



it by using the pneumatic vibration isolation techniques.
To further improve the sensitivity of the experiment method
described in this Letter, one way is to reduce the noise of
the AMs. ∼20 fT=

ffiffiffiffiffiffi
Hz

p
noise level was measured in this

Letter when placing a single AM inside the small magnetic
shielding (inner diameter of 60 mm and length of 208 mm)
used in this work. ∼10 fT=

ffiffiffiffiffiffi
Hz

p
noise level has been

observed [39] when using a much larger magnetic shielding
(with an inner diameter of 400 mm and length of 800 mm).

It would not be easy to arrange the experiment with source
masses and AMs inside the shielding to avoid systematics
caused by the vibrations and air currents, especially the
latter. However, it is possible to put the whole system inside
a rough vacuum to solve the problem. Thus, firstly, we can
avoid the systematics caused by the air vibrations; sec-
ondly, we can improve the AMs’ sensitivity; thirdly, we can
reduce the distance between the AMs and the source mass
surfaces to the mm scale. These possible improvements can
result in better sensitivity, but it is more challenging to carry
out the experiment.
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