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Search of spin-dependent fifth forces with precision magnetometry
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Spin-dependent fifth forces are associated with particles beyond the standard model. In particular, light
pseudoscalar bosons mediate long-range forces, allowing mass to interact with spins. The search of these
interactions can be performed by periodically varying the distance between a source mass and a spin
ensemble, in order to modulate the force intensity and detect it with precision magnetometry techniques. In
our setup the force arises from room temperature lead masses and is detected in a paramagnetic crystal at
4.2 K, whose magnetization is monitored by a superconducting quantum interference device (SQUID)-
based magnetometer with the sensitivity of 53 aT/v/Hz. Our measurement places the most stringent
constraints on spin-mass interactions in the ranges 1 cm to 10 m and 10 to 300 km, with couplings
g;gﬁ,v <5.7x 10732 and gpgs < 1.6 X 10731 at 95% C.L., improving existing limits up to more than 2
orders of magnitude. We show that this experimental technique may be further leveraged to explore a vast
region of the fifth force’s parameter space, with an interaction range longer than a few centimeters.

DOI: 10.1103/PhysRevD.105.022007

I. INTRODUCTION

The known fundamental forces of nature are four:
electromagnetism, weak interaction, strong interaction,
and gravity. The standard model of particle physics is a
remarkably successful theory that unifies the first three, and
explains the forces as the exchange of the respective gauge
bosons, i.e., photons, 79 and W*, and gluons [1,2]. Grand
unification theories, like string theory, also describe the
gravitational interaction as mediated by a graviton [3,4].
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Strong and weak interactions are called short-range forces,
since they act in a typical length below 10715 m = 1 fm,
the size of a nucleus, while electromagnetic and gravita-
tional interactions have infinite range. The mass of the
mediator m determines the force range through the
Compton wavelength,

A=—, (1)

where /£ is the Planck constant and c is the speed of light in
vacuum. The Z° and W* bosons are heavy, so the weak
interaction strength rapidly decreases approximately above
0.001 fm. All the other gauge bosons are massless and
mediate long-range forces, with the peculiarity of the strong
interaction, being effectively short ranged because of color
confinement. Gravity and electromagnetism do not allow
for the coupling between spin and mass in the absence of
relative motion, implying that a long-range spin-mass force
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is necessarily a fifth force, not encompassed by the
standard model.

The existence of ultralight scalar particles is conjectured
by a number of theories beyond the standard model, usually
as a consequence of the Nambu-Goldstone theorem [5].
Among these particles the axion is particularly well
motivated, since it arises from the Peccei and Quinn
solution of the strong CP problem [6,7], and is of
cosmological interest as an acknowledged Dark Matter
candidate [8]. Axions, together with axionlike particles
(ALPs), are the subject of a wide and flourishing research,
which in the past years encountered a conspicuous expan-
sion [9,10]. Along with particle physics, the search of ALP
mediated forces is strongly motivated by astrophysics, as at
long distances they may, for example, affect structure
formation or even overwhelm gravity [8,9]. The search
of new macroscopic forces as a way to detect ALPs was
first suggested by Moody and Wilczek [11], and triggered a
number of experimental efforts [12-24]. These are framed
in the so-called “pure laboratory” searches, as they do not
rely on any source of force outside the experiment itself,
and consist of low-energy precision measurements assess-
ing anomalies of present theories. In the plethora of
exotic interactions, three different potentials arise from
the exchange of a spin-O0 boson [25,26]: dipole-dipole,
monopole-dipole, and monopole-monopole. Hereafter we
focus on the description of monopole-dipole interactions,
which macroscopically can be viewed as spin-mass forces;
for the case of an electron (e~) nucleon (/) interaction an
example Feynman diagram is shown in Fig. 1(a).

Despite seemingly compelling arguments for exotic
phenomena [27], presently, there is no evidence of a
new force of nature. The most stringent limits are essen-
tially obtained with torsion balances [13-15,18,20,24],
comagnetometers [16,21] and magnetic materials coupled
to SQUIDs [12,17,22], or likewise with other experimental
techniques which have been proposed [28—30] or already
applied [19,23]. Moreover, the analysis of combined pure

laboratory and astrophysical limits [31], and the study of
atomic and molecular electric dipole moments [32] gave
outstanding results in toughening the bounds on monopole-
dipole interactions. Pure laboratory searches of fifth forces
remain of absolute importance for the understanding of
fundamental physics, and, with this work, we indicate a
scheme which drastically improves present experimental
constraints, and has the potential to overcome astrophysical
bounds and test present axion models.

The use of a magnetic material as a detector of spin-
dependent forces was pioneered by Vorobyov and Gitarts
[22], followed by Ni and collaborators [17], who held the
best limits on this type of interaction for more than a
decade. More recently, a measurement by our group [12]
improved these constraints with a pilot setup, which
demonstrated the effectiveness of our experimental con-
figuration. In this work we further develop the apparatus,
obtain much improved results, and hence demonstrate the
extraordinary sensitivity that can be attained by searching
for fifth forces with precision magnetometry. Below, we
show how a larger size apparatus may evade the main
fundamental noises of the scheme, allowing the exploration
of a much wider range of the monopole-dipole param-
eter space.

II. FIFTH FORCE SIGNAL

The nonrelativistic monopole-dipole interaction related
to the Yukawa couplings in the diagram of Fig. 1(a) reads

Ry (11
Vv _ pIS ~ of & 4 —r//l’ 2
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where 2 = h/2n, g5, and gV are the pseudoscalar and scalar
couplings of the ALP to electrons and nucleons, m, is the
electron mass and & is its Pauli vector, and r = rf is
the spatial vector connecting the nucleon to the spin. The
potential violates parity and time-reversal and hence it is
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FIG. 1. Feynman diagram, particle description, and schematic drawing of the experiment. (a) The diagram represents the interaction

between a nucleus N and the spin of an electron e¢~, mediated by an ALP a whose scalar nucleon coupling is g and pseudoscalar
electron one is g5. (b) The pink circles are the nuclear masses generating the pseudomagnetic field attracting the spins, which are dark
blue (light blue) arrows for r << 4 (r > 1). (c) A lead block (gray) hosts the monopole masses, and the paramagnetic crystal (blue) is the
spin detector. The drawing is not to scale, see text for further details.

022007-2



SEARCH OF SPIN-DEPENDENT FIFTH FORCES WITH ...

PHYS. REV. D 105, 022007 (2022)

not CP conserving. Equation (2) states that for » < 1 and
positive g4gY, the minimum energy configuration is the
spin pointing towards the mass, condition which is expo-
nentially relaxed when r > A, as shown in Fig. 1(b). In this
sense, using the Bohr magneton yp, the potential may be
recast as a pseudomagnetic field acting on an electron spin
V(r) = —upé - b(r), yielding

ngs gV 1 1
b — _IpIs of & —r/i’ 3
(r) 4rq r(ﬂr + r2) ¢ (3)

where g is the charge of the electron. The field b(r) is not
mediated by photons, so it does not respect Maxwell’s
equations, and is not screened by superconducting shields,
allowing us to place the detector in a magnetically con-
trolled environment without reducing the interaction inten-
sity. Moreover, we can take advantage of its polynomial
and exponential dependence on r to modulate the inter-
action strength, and thus the searched for signal, by varying
the spin-mass distance [see Fig. 1(b)].

A typical apparatus to probe the pseudomagnetic field
b(r) is formed by an ensemble of nuclei in a macroscopic
mass, called source, and a collection of spins composing
the detector. To calculate the pseudomagnetic field gen-
erated by the source mass, one needs to integrate Eq. (3)
over its volume Q. Assuming a uniform nuclear density g,,
the field at the detector position results:

B, = Q,,Lb(r)dﬁ, (4)

whose integration can be performed by numerical or
analytical means [12,17,19]. Microscopically, the field
B, effectively tilts the spins in the direction of the mass,
so macroscopically it changes the detector’s magnetization
[33], which can be detected with a magnetometer, as
displayed in Fig. 1(c). In this sense the magnetic material
turns a pseudomagnetic field into a real one through its
magnetic susceptibility y, and the arising signal is

ﬂOM:ZBp» (5)

which, for simplicity, is expressed in units of Tesla using
the magnetic permeability of vacuum .

III. EXPERIMENTAL SETUP

As the magnetic sensitivity is a key element for this type
of searches, we feature in our apparatus a SQUID-based
magnetometer, which is among the most sensitive sensors
available. State-of-the-art SQUIDs are affected by a flux
noise of about 1 p¢,/+/Hz, where ¢y ~2 x 1071 Wb is a
flux quanta. It is well known [34] that a SQUID magne-
tometer can be configured to optimize the field sensitivity
over the spatial resolution, as was established by
Zimmerman [34,35] and is presently used in different
fundamental and applied physics experiments [36-38].

This improvement is effective as long as the searched
for field is distributed over the whole pickup coil area. In
our case, this means that the magnetometer coils have to be
filled with the magnetic sample, while the B, monopole
source must be provided by sizable masses.

The magnetic samples used as detectors are two
paramagnetic Gd,SiOs (GSO) crystals [39] with a mag-
netic susceptibility y~0.7 [40], and dimensions
2.5 x2.5x 1.1 cm®. The GSO crystals fill two supercon-
ducting pickup coils wired to a SQUID as shown in
Fig. 2(a). The two inductances are connected in parallel,
to match the input impedance of the SQUID and maximize
the magnetic field sensitivity of the magnetometer [34].
The overall system calibration relies on the measurement of
the flux-to-voltage conversion coefficient of the SQUID
sensor, and on the calculation of the field-to-flux trans-
duction of the pickup coils. See Fig. 2(a) for the circuit
scheme and Appendix B for further details. The source
producing the ALPs signal consists of n, = 12 pairs of
masses mounted on an aluminum disk of about 1 m
diameter. The total 24 masses are lead cylinders of 6 cm
height and 5 cm diameter, whose nucleon density is
0, ~ 6.8 x 10°° m™3. The pairs are evenly spaced over
the disk circumference, and each of the masses composing
the pair is mounted on the same radius, as depicted in
Fig. 2(a). A rotation of the resulting wheel at a frequency
f,, varies the source-detector distance with a frequency
nyf,. An oscillating B, periodically orients the spins
toward the masses, resulting in a modulation of the
GSO’s magnetization detected by the SQUID. The com-
ponent of the SQUID spectrum at the frequency n,f,, could
thus contain the pseudomagnetic field signal. The source of
this setup is at room temperature, while the detector is
placed in a controlled environment, namely, a liquid helium
cryostat at a temperature of 4.2 K. The cryostat is enclosed
in two u-metal shields, while the detector is surrounded by
two additional layers of superconducting NbSn shields with
a screening factor of order 10'°, We achieved a minimum
source-detector distance of 3.5 cm between the GSO’s
center of mass and the lead cylinders surface. The pseu-
domagnetic field is unaffected by the layers screening the
electromagnetic radiation, allowing us to model its ampli-
tude ignoring them, as is reported in Fig. 2(b). Numerically
solving Eq. (4) in the case of our experimental configu-
ration, we obtain the shape and amplitude of the expected
signal generated by the wheel rotation, as shown in
Fig. 2(c).

The wheel rotation is driven by a brushless motor
synchronous with a function generator, guaranteeing a
stable and persistent signal. We use a capacitive sensor
to monitor the sources rotation, and verify that its frequency
does not change more than 20 parts per million in more
than ten hours of measurement, assuring a coherent
integration time which exceeds the run-time determined
by the cold time of the cryostat.
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FIG. 2. Signal modeling and integrated magnetic background. (a) Scheme of the experimental apparatus (not to scale). The
paramagnetic crystals (dark blue), the pickup superconducting coils, and the SQUID are at liquid helium temperature. The room
temperature part of the setup is the lead masses (orange) fixed to the wheel (gray), which, when rotating, modulate the source-detector
distance (see Appendix A sections for more details). (b) Contour plot of the pseudomagnetic field generated by two neighboring source
masses, where the rectangles show the detector and source positioning. At the times #; and 753 the signal is maximum, while at 7, it is
minimum. (c) Time dependence of the pseudomagnetic field for different Compton wavelengths. Different tones of blue show the signal
modulation due to some example wavelengths, which are calculated with the numerical integration of Eq. (4). The times #; ;3
correspond to those of the previous figure. (d) Solid lines are the magnetic field spectra in the frequency band of the signal for integration
times ranging from 4 s (green) to 11 h (blue). The gray dashed line shows the 1/+/% trend of the noise, which is respected throughout the
entire measurement, and the red dashed line is the SQUID background estimation.

A significant advantage of this approach lies in the control
of the signal frequency, which allows us to operate the setup
where the magnetic noise is favorable and, as lower bound,
matches the one of the SQUID. We choose to work at a sweet
spotat n,f,, ~ 6 Hz by rotating the wheel at f,, ~ 0.5 Hz, at
this frequency the magnetic field noise of the SQUID-based
magnetometer reaches the value of 53 aT/Hz, as shown in
the spectra of Fig. 2(d). Within the uncertainties, this
background is compatible with our estimation, primarily
consisting of the SQUID noise, and with a smaller con-
tribution likely due to the crystals’ magnetization noise. The
reader is referred to Appendix C for a detailed noise budget.
We leverage the fact that the pseudomagnetic signal fre-
quency is stable within 1/, the measurement duration, to
keep narrowing the measurement bandwidth and hence
reduce the noise as /7.

A spurious effect which mimics the pseudomagnetic
signal is the modulation of a static magnetic field related to
the nonzero magnetic susceptibility of lead y.,q = 107>; in
our setup this ac field is screened. However, exploiting this
effect, we performed a consistency test based on standard
electromagnetism to further enforce our result. A 30 cm-
diameter coil made of a copper wire is used to produce a

static field. It is placed below the rotating wheel and
parallel to it, to immerse the source masses in a field of
~1.3 mT. Without shielding this would generate an ac field
of order 10 nT on the GSO. At the SQUID input, we
resolved a signal at the expected frequency f,,n; with an
amplitude of 3.3 aT, compatible with the shielding factor of
our setup. The magnetic field of the Earth measured at the
lead masses is more than 50 times lower than the applied
one, assuring that its systematic contribution in our
measurement will be below 0.07 aT. See Appendix D
for further details.

IV. FIFTH FORCE SEARCH

A magnetic measurement was performed while the source
wheel of the setup was rotating: this can be directly
translated into a measurement of the oscillating pseudo-
magnetic field generated by the lead masses. In a first
analysis, FFTs of the acquired data are calculated every 72 s,
and then collected into spectrograms: Figs. 3(b) and 3(c)
show the spectrograms for the SQUID signal and the
reference signal in a zoomed region around 6 Hz. It is clear
from panel (c) that the turntable rotation is extremely stable,
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FIG. 3. Resultof the 11 hours run to search for pseudomagnetic forces. Panels (b) and (c) show the spectrograms obtained dividing the

acquired data in 72 seconds blocks: zoomed frequency regions around the frequency of interest are shown. Panel (c) shows the reference
signal contained in a single bin all along the measurement time. The same bin is delimited with red lines in the SQUID signal
spectrogram of panel (b), whose amplitude versus time is shown in panel (a). A single FFT over the entire run for the magnetic field and
reference amplitudes in the frequency region of interest are shown in panels (d) and (e) respectively. Panel (f) shows a histogram of the
corresponding noise spectral amplitudes fitted to a Rayleigh distribution, with indication of the bin containing the value measured at the
frequency of the searched for signal. The boxes at the bottom indicates the cumulative probability for multiples of the scale parameter.

See text for details.

with the reference peak occupying always the same bin
along the entire run. The corresponding bin in the SQUID
signal has been delimited with red lines in panel (b) and its
amplitude is shown in panel (a). From the plots in Figs. 3(a),
3(b) and 3(c) one can see that the magnetic spectra approach
awhite and constant noise in a frequency band close to n, f,,,
and is entirely compatible with stochastic fluctuations at the
pseudomagnetic field frequency. This stimulated us to
perform a single FFT of the entire run: the magnetic field
and reference amplitudes in the frequency region of interest
are shown in Figs. 3(d) and 3(e): indeed the reference is still
contained in a single bin at n, f,, = 5.99 Hz. The frequency
offset with respect to Fig. 6 is due to changes in the locking
point of the feedback controlling the turntable motion. Such
offset has no effects in the signal stability and thus also the

searched for magnetic signal would appear in the single bin
at nyf,,. We now turn to panel (d), showing the magnetic
signal. In order to evaluate the presence of a fifth force
signal, we assumed that in a small region of 0.02 Hz width
around n,f,, the disturbances are of the same type and
origin: we plotted the distribution of the amplitudes in this
frequency window and fitted them with a Rayleigh distri-
bution. Also shown is panel (f), a scale parameter 6 =
0.20 aT is found and since the value of the amplitude at n f,,
is ag = 0.26 aT, well inside the noise distribution, no spin-
mass interaction has been detected. We can consequently put
limits on the corresponding coupling constant by replacing
in Eq. (5) uoM with 2.360; + ag = 0.73 aT, in order to
have a 95% confidence level [see Fig. 3(f)]. For 4 2 10 cm
we found g5gY <5.7x 1072 and g¢5¢¢ < 1.6 x 1077,
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FIG. 4. Limits on spin mass interaction constants g, g~ (upper)
and g5g5 (lower), derived from the present measurement and
compared to the literature [12-24]. In the upper plot, the solid
lines mark the experimentally excluded areas of the parameter
space, and their color depends on the technique used for the
measurement. The black lines are mixed laboratory and astro-
physical constraints calculated by Raffelt [31]. In the lower plot, a
solid blue line represents the result of this work, while the black
line is the previous limits, obtained scaling the ones of the
electron-nucleon interaction under the assumption that A = 2.5Z
for all the source masses.

where we have taken into account that both electrons and
nucleons are monopolar sources and we have calculated
limits for electron-nucleon and electron-electron inter-
actions. The limits for the full range of 4 are presented in
Fig. 4, where they are also compared with previous results on
this type of interactions.

As can also be seen by the spectra of Fig. 2(d), a v/t
decreasing trend of the system noise is observed, up to the
total integration time of 4.1 x 10* s. This is consistent with
a zero-mean Gaussian fluctuation, as expected for a thermal
noise. The noise average extracted from the Rayleigh
distribution is 1.256, showing that in about 11 hours,
the minimum persistent field detectable by our magnetom-
eter with a unity signal-to-noise ratio results 0.25 aT. We
mention that a phase-dependent regression could improve
the sensitivity of the experiment by a factor ~+/2, but
requires an improved monitoring of the signal phase.

This work places the most stringent upper bounds on
spin-mass interactions over orders of magnitude in the
force range 4, or equivalently in the ALP mediator mass m.
Between 1 cm and 1 m we advance our previous result [12]
and the limit obtained with a *He-K comagnetometer [16]
of roughly 2 orders of magnitude. Above 1 m and below
10 m we improve the result of a torsion pendulum [14]
whose monopole source is the Earth, which exceeds our
measurement’s sensitivity above 10 m. For Compton
wavelengths of more than 10 km the latter experiment,

due to the possible presence of systematic uncertainties,
does not provide constraints, and the limit was set by
stored-ion spectroscopy [23]. The present work improves
this limit up to a range of about 300 km. We do not further
discuss the ranges A < 1 cm and A > 10° km, but mention
that torsion balances [14,20] provide the best limits. We
note that, although the sensitivity reached in this work lies 7
orders of magnitude away from the model-predicted value
of the g4 g coupling [9], we believe that further significant
improvements to the experimental method can be made.

First we consider direct improvements of the present
setup. The employment of a LC pickup coil [41,42] on
resonance with the signal would enable us to suppress the
SQUID background and to be limited by the magnetization
noise. On the other hand, the resonant circuit needs a
quality factor such that its Johnson noise does not exceed
the SQUID noise [43], which at low frequencies becomes a
challenging technical problem. Crystals with a much higher
y may significantly improve the experimental sensitivity by
raising the signal, however, such materials usually have a
much higher magnetization noise. A simpler solution to
enhance the setup is to use a quantum-limited SQUID [42]
to minimize its noise (see Appendix C), or lowering the
working temperature to also reduce the magnetization
fluctuations. While the latter upgrades basically improve
the precision of the magnetometer, we envision an upscal-
ing of the apparatus which simultaneously reduces the
SQUID and magnetization field noises, and increases the
expected signal. The simplicity of the apparatus makes it
easily scalable, and, as GSO is readily available in large
quantities, we can use more than two parallel coils as
pickup and bolster the idea of the present scheme. An
upgraded apparatus would allow us to use a large source
which can increase the signal strength up to 2 orders of
magnitude. For example, a setup with 50 cm-diameter
source and a detector comprising 200 pickup loops of
20 cm diameter, filled with GSO and read by a quantum-
limited magnetometer, could in principle have the sensi-
tivity to detect the model-predicted fifth force [9]. For what
concerns the limitations of the scheme, we expect them to
be related to technical noises rather than to fundamental
issues. Spurious effects may show up when increasing the
sensitivity, as for example the source masses’ y modulating
the Earth magnetic field, and mimicking the signal. We
stress that a good magnetic screening is a key part of this
setup, and of an upgraded one, as it must have the lowest
noise and larger shielding factor.

V. CONCLUSIONS AND OUTLOOK

In conclusion, we have designed and operated an exper-
imental setup to search for spin-mass long-range forces based
on a SQUID magnetometer with state-of-the art sensitivity.
Our search excludes the presence of pseudoscalar particles
within a large region of the coupling-mass parameter space,
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which is of cosmological relevance for the physics case for
axions and ALPs [8].

Thanks to this work, we believe that the combined
advances related to an augmented and enhanced setup may
lead to an unprecedented sensitivity level. Such setup will
exclude or confirm the presence of pseudo-Goldstone
bosons, like axions, predicted by current theories beyond
the standard model, paving the way to a promising
technique to search for the so-called “invisibles™ particles
in an extremely broad mass interval. Different experiments
are searching for ALPs [36,37] by exploiting the excep-
tional magnetic field sensitivity obtainable with SQUID-
based magnetometers, and rapid progress can be foreseen
in approaching problems like the study of magnetic noise
[44] or the optimization of the readout chain [38].

Eventually, we suggest that this kind of apparatus could
be used for other fundamental searches, and may consid-
erably improve existing results. If Dark Matter is constituted
by very low mass ALPs, a persistent pseudomagnetic field at
the frequency of the ALP mass will drive the GSO electrons
[45]. This result already improves by a factor 2 existing
limits [46] above 1 mHz in the noise-free parts of the
spectrum (see Fig. 6), and can be further optimized by
removing the electric motor and increase the measurement
band. The use of polarized sources [47] may extend the
experimental sensitivity to the spin-spin interaction. As it
does not violate parity and time reversal, its coupling
constant is much larger than that for spin and mass, making
it preferred for axion detection [28]. We finally mention that
a closely similar, and possibly simpler, setup could be used
to probe the gravitoelectromagnetic effects of Earth rotation
on the elementary spin [48,49], or the local presence of
moving magnetic monopoles [50,51].
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APPENDIX A: SOURCE AND SIGNAL

The source masses are full lead cylinders enclosed into
thin aluminum capsules, which are attached to the wheel.

To put the masses in motion we use a high torque brushless
motor phase synchronized with a signal generator to
precisely control the wheel rotational frequency. The motor
shaft and the wheel pivot are connected by two pulleys
whose teeth number is such that the harmonics of the motor
rotation does not fall on the signal frequency. The used
gearing ratio is 22/48. This scheme ensures that the wheel’s
rotational, and thus the signal’s frequency, is somewhat
distanced from the motor’s own frequencies. Motor-related
disturbances may be due to the specifics of the drive
mechanism, and we verified that they are present in the
broadband spectrum of the SQUID noise (see Fig. 6) only if
the motor is turned on. Even if relatively large, they are
found not to influence the measurement noise. The masses
are embedded in a low-density foam to avoid the effects of
air currents, and the whole wheel plus motor system was
enclosed in a thin aluminum cage to reduce the air move-
ment around the cryostat. Before starting the data acquis-
ition, we initiate the wheel rotation and wait for some hours
for the pulleys and motor to warm up in order to improve
the frequency stability of the source. We monitor the signal
frequency with a capacitive sensor coupled to the wheel,
from which we record the pseudomagnetic field frequency
for the whole run.

The displacement of the source masses creates the field
modulation by changing r, the source-detector distance.
For 1 < r the potential in Eq. (2) is exponential. If 1 > r it
becomes a 1/r? potential, which produces a signal modu-
lation independent on the mediator mass. This is similar to
what is usually done in experiments testing gravity, which
has a 1/r potential with an infinite wavelength and no
exponential decay. Our wheel and masses were designed to
have a signal modulation of about a factor 2 for A ~ 10 cm
without the need of a much larger apparatus. This choice
makes it easier to screen the external disturbances like
turbulences, vibrations and electromagnetic fields. A larger
source would have been more space consuming, had a
larger inertia and an overall increased control complexity.

In the favored case of the detection of a signal, this may
be tested by lifting the cryostat to vary the source-detector
distance, in order to estimate the range of the fifth force and
hence the mass of the mediator. In our apparatus this
modification is straightforward and does not require addi-
tional work on the setup.

Through a Fourier transform of the simulated signal we
verified that the spectral leakage, i.e., the fraction of signal
lost in the harmonics, is negligible for A > 1 cm, as our
expected signal is much closer to a sine wave (no signal
leakage) than to a square wave (significant signal leakage).

APPENDIX B: DETECTOR AND READOUT

To match the 1.8 pH input impedance of the SQUID we
connect in parallel two pickup inductances of roughly
3.6 uH. The GSOs are housed in 3D-printed plastic
supports, around which the pickup coils are wound.
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Each inductance consists in eight turns of NbTi wire
distributed over the height of the crystal. To design the
pickup, we tested the coil plus support system at liquid
helium temperature, and verify the minimum dimensions
which guarantee an adequate thermal stress resistance. The
presence of the plastic supports increases the area of the
coils with respect to that of the crystals’. We end up with a
single coil surface of about X~ 11 cm? and correct our
limit accordingly. Within the uncertainties, the calculated
values of inductances and impedances are in good agree-
ment with the measured values. The electronics of the
SQUID system is reported in Fig. 5, which is a complete
version of the simplified scheme in Fig. 2(a).

The SQUID output is filtered and amplified before being
split between two channels. The first is used as a monitor
using a signal analyzer, while the second is further filtered
and amplified before being acquired by an analog-to-digital
converter. The system is calibrated by the injection of a
known current in a calibration coil (see Fig. 5), whose
contribution to the inductance of the input coil is small.
Subsequently, the field sensitivity of the detector is
obtained considering the geometric features of the pickup
coil. The procedure’s accuracy was tested in a previous
work [12] with an additional calibration, namely the use of

(@)
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Z| |
. .
Z NbSn supercondijctlng shields |4
%
|
Cryostat,
e Foam Lead masses~,
H-metal |
shields 1
(b) _ , .
SQUID electronics Input coil Pick-up coil
Low-pass SQub
Spectrum
analyser
10 MHz
Band-pass V
[T 1] GSO
” h T 1]
EEEEN
ADC Calibrati il
3T -5 Hz alibration coi
FIG. 5. Section of the apparatus and detection circuit. (a) Ver-

tical section of the wheel, cryostat, and magnetic screens
surrounding the detector. The drawing is not to scale. (b) Circuital
scheme of the detector. The blue circuits are printed on a board,
while the black ones are external wires and electronics. The input
and pickup coils are framed in different colors as they are
considered two single condensed elements in the main text, and
longer coil symbols correspond to larger inductances. The GSO
crystals are shown as yellow rectangles, Amp. are the amplifiers,
and ADC is an analog-to-digital converter.

a large solenoid to provide a controlled and uniform ac field
over the pickup coil. The two independent calibrations
matched within experimental uncertainties, so for this work
we relied on the reported one, and avoided the addition of
other coils to the setup.

APPENDIX C: BACKGROUND ESTIMATION
AND SIGNAL ANALYSIS

The SQUID noise at the pickup depends on the induc-
tances of the input coil, of the pickup coil and on the mutual
inductance between the input coil and the SQUID loop M.
The flux power spectral density of the intrinsic detector
noise at L, can be calculated as [34]

(L,+L;)*
M?

1

(C1)

S (w) = Sy(@).

The magnetic field noise can be calculated from Eq. (C1) as
SP ()12 = S;P)(w>1/2/anp2’ where N, =2 is the
number of pickup coils and n,, = 8 is the number of turns
of area X forming each coil. Our sensor has a flux noise per
unit of bandwidth S, (@)"/? ~ 1 ug,/Hz, input and pickup
inductances L;~L,~1.8 yH, and SQUID-L; mutual
inductance M; ~ 8.8 nH, leading to an expected field noise
SP ()!/2 = 46 aT/Hz, which is in agreement with the
measured background. The energy resolution of our system
may be calculated as

€= %LiSq,g(a))/M,2 = 443n (C2)
meaning that a quantum limited SQUID sensor, with 17
energy resolution, could improve the present magnetic field
sensitivity of a factor \/¢/h ~ 20.

The magnetization noise is expected to contribute to the
noise budget of the experiment, and its magnitude can be
quantified using the fluctuation-dissipation theorem as

2kpT gt

S (@) = [Z

(C3)

where V ~ 14 cm? is the crystals’ volume, and 7 =~ 70 ps is
the spin relaxation time of the GSO, measured at 80 K
through an electron paramagnetic resonance [39,40]. With
our experimental parameters the magnetization noise
results 12 aT/Hz, which is compatible with the added
noise present in our spectra. We tested the system with and
without GSO crystals inserted. However, to satisfy the
matching condition L, ~ L; in the two configurations, the
number of turns of the coils have to be changed in order to
compensate the higher inductance related to the crystals’
magnetic susceptibility. This adds a systematic uncertainty
in the comparison of the two measurements, which is
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difficult to take into account, and prevents us from
reporting a differential result. Referring to Fig. 2(d), we
consider a frequency interval close to the pseudomagnetic
signal frequency, to estimate the uncertainty of the mea-
sured noise level. The noise related to the y-metal shielding
is of the order of 10 fT/Hz [52] and, being a magnetic
noise, it is screened by the superconducting shields of
several orders of magnitude. Given the screening factor of
the employed NbSn shields, we do not expect this noise to
constitute a limit in this or in future upgrades of the
apparatus.

In a complementary way, the noise spectra presented in
Fig. 2(d) and in Fig. 3 demonstrate the absence of a
persistent signal in our dataset. The former shows that with
the minimum bandwidth allowed by the experimental
integration time there is no trace of a signal, while the
latter ensures the stability of the measurement throughout
the run. The small field excess in Fig. 2(d) at 6.05 Hz is
justified by the data in Fig. 3(b), which also displays that
this increase is not persistent, is not at the pseudomagnetic
field frequency, and is not contained within one frequency
bin. We conclude that it cannot be confused with a signal.

APPENDIX D: SPURIOUS NOISE REDUCTION

In this experimental scheme the working frequency can
be precisely managed by varying f,, which is a major
advantage in the control and reduction of the external
noises. The nature of these disturbances is usually electro-
magnetic or mechanical; hereafter we list the different
measures we took to reduce such effects.

Electromagnetic disturbances are related to the environ-
ment and to the instruments used in the experiment, like the
motor driving the wheel. As shown in Fig. 5(a), the design
of our apparatus was optimized to get the minimum source-
detector distance while preserving a satisfactory screening
of the magnetometer. The details of the magnetic shields
are as follows. Two p-metal shields are placed around the
cryostat at room temperature, and consist in thin sheets of
u-metal shaped in situ and not rebaked or soldered. Two
superconducting shields are immersed in liquid helium, one
comprises a large volume around the detector and the
second only contains the crystals and pickup coils. These
cryogenic shields are made of single lead-tin sheets, with
no soldered joints. The shielding factor of the same material
batch which constitutes our shields was measured in a
dedicated experiment, and for two layers the screening
factor results of the order of 107'°. A third shield is
dedicated to the SQUID chip, and is made of niobium.

The p-metal response to a weak electromagnetic field
was treated for both the detection and screening of exotic
interactions [17,22,53,54]. It was discussed whether such a
faint force could orient the magnetic domains of a ferro-
magnet, and initial proposals were rejected on the basis that
it cannot, driving the field toward the use of paramagnets
[17]. In this work, and in particular in the consistency test

described in Sec. III, we found that the magnetic screening
in our apparatus at 6 Hz is essentially due to the super-
conducting shields. Since the p-metal does not seem to play
a significant role, we argue that a weak magnetic field is not
orienting the domain of the shield. We stress that this
finding holds in our apparatus, whose shield consists in y-
metal foils formed on-site, and might differ from results
obtained with thicker shields like to ones typically used in
comagnetometers [54]. Furthermore, we argue that the
cancellation of an exotic interaction due to g-metal is not
straightforward in the presence of superconducting shields,
and for fifth forces with a potential not proportional to 1/r.
This will be detailed in a future work. In the present setup,
the p-metal is useful to allow the superconducting transition
of the screens to occur in a reduced static magnetic field,
improving their rejection factor and reducing the trapped
field. Therefore, the presence of u-metal between the
source and the detector can be avoided by enclosing both
of them in a single magnetic shield, or working in a
magnetically shielded room.

Considerable effort was made to eliminate possible
electromagnetic cross talk between the power electronics
of the motor and the magnetometer, and for the same reason
the square wave reference signal given by the capacitive
sensor of the source is smoothed with a low-pass filter.
Some other techniques that we used to avoid the presence
of spurious signals at the pseudomagnetic field frequency
were presented in the description of the source system.

Mechanical vibrations are driven by the wheel rotation,
and by the external environment, so, to reduce them, we
isolate the cryostat from the source and from the

20 T T T T T T

A
o
T
[aT]
v o NN

6 6.056.1
[Hz]

Magnetic field [aT]
o

o
T

0 1 2 3 4 5 6 7
Frequency [Hz]

FIG. 6. Magnetic noise and signal spectrum of a run where an
electromagnetic signal was injected on purpose in the apparatus.
The actual frequency for the reference signal (orange curve) can
be derived by dividing the x-axis values by n; = 12. The SQUID
magnetic noise spectrum (blue) is affected by several noise peaks.
Although the ones with higher amplitudes are known to be related
to the electric engine, not all the other spurious peaks’ origins
were clearly identified. The signal is at 6.05 Hz, in band free of
magnetic disturbances, and shows no other harmonics down to
0 Hz. The inset shows the same spectra in a reduced band. For
further details, see the main text and Appendix B.
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surroundings. The cryostat was decoupled from the ground
with four legs resting on alternate layers of lead and
Sylodamp® SP1000, a polyurethane elastomer which
damps vibrations. Turbulences and acoustic disturbances
related to the masses rotation are diminished thanks to the
geometry of the source, which is made as uniform as
possible, and by enclosing the motor plus wheel system in a
thin aluminum cage. A relative movement between the
detector and the static field trapped in the superconducting
shields is particularly problematic, as it leads to a magnetic
flux in the pickup coils. To drastically reduce this issue we
fill the chamber containing the screens and the coils with

glycerin, which freezes at low temperature and blocks all
the relative vibrations.

Moreover, the result of a run where this synthetic fifth
force for added is reported in Fig. 6, where the reference
signal spectrum was overlapped with the magnetic one. The
former is not affected by significant subharmonics, and
shows the bin where the signal is detected. In the latter,
several noise peaks are present, and the low frequency cutoff
is due to the bandpass filter. The main noise peaks are related
to the engine, while the minor ones were not studied as their
frequencies are much different than the one of the signal.
Overall, none of these disturbances affects the signal bin.
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