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Abstract We describe the behavior of a beam balance used for the measurement of small forces, in macroscopic samples, in
tens of mHz frequency band. The balance, which works at room temperature, is the prototype of the cryogenic balance of the
Archimedes experiment, aimed at measuring the interaction between electromagnetic vacuum fluctuations and the gravitational
field. The balance described has a 50-cm aluminum arm and suspends an aluminum sample of 0.2 Kg and a lead counterweight. The
read-out is interferometric, and the balance works in closed loop. It is installed in the low seismic noise laboratory of SAR-GRAV
(Sardinia—Italy). Thanks to the low sensing and actuation noise and finally thanks to the low environmental noise, the sensitivity
in torque τ̃n is about τ̃n ≈ 2 ∗ 10−12Nm/

√
Hz at 10 mHz and reaches a minimum of about τ̃n ≈ 7 ∗ 10−13Nm/

√
Hz at tens of

mHz, corresponding to the force sensitivity F̃n of F̃n ≈ 3 ∗ 10−12N/
√

Hz. The achievement of this sensitivity, which turns out to
be compatible with thermal noise estimation, on the one hand, demonstrates the correctness of the optical and mechanical design
and on the other paves the way to the completion of the final balance. Furthermore, since the balance is equipped with weight and
counterweight made of different materials, it is sensitive to the interaction with dark B-L photons. A first very short run made to
evaluate constraints on B-L dark photon coupling shows encouraging results that will be discussed in view of next future scientific
runs.

1 Introduction

One of the deepest problems of contemporary physics is the “cosmological problem” or rather the impossibility of reconciling
the enormous value that quantum mechanics attributes to vacuum energy with the observation that the universe shows a value of
cosmological constant enormously smaller than estimated by inserting this vacuum energy into Einstein’s equations [1–3].

In this context, we recently started the Archimedes experiment aimed at measuring the interaction of vacuum fluctuations with
gravity. The experimental method is the measure of a change in weight due to the change in vacuum energy content at the transition of
a high-Tc superconductor (with a mass of approximately 0.2 kg). The experimental apparatus will be a cryogenic balance, working
at a temperature of about 90 K, modulating it around the transition temperature of the superconductor (GdBCO). The amplitude of
the weight variations is expected to be of the order of few 10−16 N modulated at a frequency of about 10 mHz [4–6].
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Driven by the fact that the balance must be extremely sensitive, we realized a prototype intended above all to identify any
experimental difficulties and develop the experimental techniques necessary for the final balance. The goal of the prototype is to
reach a torque sensitivity τ̃n , on an arm of half a meter, of the order (or better) of 10−12Nm/

√
Hz that could pave the way toward

the final measurement, in which a sensitivity balance better than 10−13Nm/
√

Hz is required, with a balance arm 1.4 m long, so to
detect the signal in an integration time of the order of 106 s (about 2 weeks).

The prototype works at room temperature and shares with the final balance several critical features: the read-out of the arm tilt is
interferometric, the balance works in closed loop, and it is installed in a very seismically quiet site, in the region of Sardinia (Italy).

The initial version of the prototype was presented in previous papers: having not suspended samples at its arm, it was tested, in
particular, as ground tilt sensor, showing a remarkable sensitivity [7, 8]

Currently, the prototype has been equipped with a suspended sample with a mass of 0.2 kg, which mimics the final balance
sample. With respect to previous works, the prototype has been also isolated from almost all possible sources of laboratory noise,
and finally, the loop has been optimized by adding a temperature actuator that improved both the sensitivity and the lock duration.

The set of these improvements, which will be described and discussed in the rest of the article, led to the achievement of a
sensitivity compatible with thermal noise, with a noise torque of the order (or slightly better) of 10−12Nm/

√
Hz in the band of tens

of mHz.
These achievements on the prototype constitute a solid step toward the final Archimedes balance: in particular, they demonstrate

the robustness and sensitivity of the interferometric reading, of the control system, and the usefulness of carrying out the experiment
in a very quiet site from a seismic point of view. Furthermore, we equipped the prototype with a weight and counterweight of
different materials, to check what limits could be reached by this balance in the direct search of dark matter in the form of ultralight
dark photon B-L, i.e., an ultra-light boson mass (ULBM) vector that couples with the B-L charge, being B the number of Baryons
and L the number of Leptons.

In fact, among all possible dark matter candidates, recent attention has been posed in the search for bosonic ultralight fields with
masses presently bounded in lower limits m ≥ 10−22 eV and extending up to order of the eV [9–13].

Relevant in recent years has been the experimental research in the region of extremely low masses, on the order of m ≈ 10−11

eV or less. Important constraints on the coupling of dark photons are reached through equivalent principle tests with EOT-WASH
and MICROSCOPE experiments [14–17].

On the other hand, new constraints on dark photon coupling have been reached through direct search: the background of ultralight
dark photons is expected to generate time-dependent forces on bodies, almost monochromatic, which in principle can be detected
by measuring the spectrum of the position of a suspended body and searching for an almost monochromatic noise at the frequency
f � mAc2/h of the dark photon field. This has prompted the dark photon direct search with very high-precision interferometry,
particularly with gravitational-wave interferometers, such as LIGO, Virgo, GEO, and Kagra [18–23].

LIGO and Virgo, although not detecting any signal attributable to dark photons, have imposed remarkably stringent limits on the
value of the coupling constant (both B coupled and B-L coupled dark photons) in the frequency region from a few kHz down to 10
Hz, corresponding to the mass region of O(10−14 − 10−11) eV [20], under the hypothesis that the whole dark matter mass is due to
this particle. In a lower part of the frequency spectrum, the mHz, corresponding to the masses around f ≈ 10−18 eV, direct search
with torsion pendulums has led to new limits in B-L coupled dark photons [24]. With respect to these experiments, our balance
can cover a frequency bandwidth not yet explored in direct search, in particular in the region from 20 mHz < f < 200 mHz (and
above with lower sensitivity), corresponding to a mass decade above mA ≈ 10−16 eV. In the last part of the paper, we will show
and discuss limits on the B-L dark photon coupling obtained with a short measurement run carried out with the present prototype.
These limits are not yet more stringent than those obtained with the free fall experiments, but with a few months of integration time,
a data taking with the prototype could close the gap and lead to a first direct search.

2 The experimental apparatus

The experimental apparatus consists of a beam balance suspended with thin metallic joints, in a similar way to a rotation sensor
originally realized by Venkateswara et al. [25]. Unlike the rotation sensor of Venkateswara (which has no additional suspended
elements), our balance has a suspended element at one end of the arm, corresponding to the element in blue in Fig. 1. The length
of the suspension wires is approximately 8 cm, compatible with the available space, and the wires are attached at the top in the
vertical center of mass of the arm and at the bottom in the center of mass of the sample. This element mimics the similar suspended
element of the final balance and is inserted to verify mainly the stability of the control loops and the sensitivity of the balance in this
condition: the mass is 180 gr, very similar to the mass planned for the superconducting sample in the final experiment. On the same
side of the arm balance, other aluminum weights for equilibrium tuning are installed. On the other side of the arm, a counterweight
of lead is installed, sketched in yellow in Fig. 1, with its center of mass near the edge of the arm, actually at a distance of 0.24 m from
the rotation center, with a mass of 0.210 kg. The balance arm is 0.5 m long, made of aluminum, and the total moment of inertia I �
2.6 ∗ 10−2 kgm2. The resonance frequency is f0 � 26 mHz in this measurement. The angular read-out is interferometric, through
an equal-arms Michelson interferometer read in DC on the middle fringe, according to the scheme shown in Fig. 1 and also in the
picture of Fig. 2 and described in detail in [8]. The apparatus is located in the site of Sos Enattos (Sardinia-Italy) to benefit from the
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Fig. 1 Scheme of the balance
prototype including the optical
read-out and the aluminum
suspended sample (in blue) and
the brass counterweight (in
orange)

Fig. 2 Picture of the balance. The
red line shows the interferometer
light path; the suspended sample
is visible on the right end of the
balance arm. The counterweight is
not visible because it is embedded
in the balance arm

Fig. 3 Scheme of the control
feedback. The low-passed control
signal of the interferometer is sent
to thermal actuators

extremely low seismic noise [8, 26]. The beam balance works in closed loop to keep the interferometer at the working point. Data are
acquired, filtered, and sent to the actuators by a National Instruments C-RIO ADC/CPU/DAC system, acquiring data at 25 kHz and
re-sampling them at 1 kHz before the filtering operations. The feedback loop corrects drifts in very low frequency, on the time scale
of hours, mainly due to temperature drifts, and corrects the small angular fluctuations above the mHz. The feedback is a nested loop,
also shown in Fig. 3: the control signal is sent to thermal actuators that act on the temperature of the chamber (covering the very
low frequency range) and to electrostatic actuators that act directly on the beam balance arm and cover the frequency range above
the mHz. In this way, the DC voltage sent to electrostatic actuators is reduced and the noise re-injected by electrostatic actuators in
the interesting measurement band above 10 mHz, which is proportional to the DC voltage [7], is reduced to a negligible level.

The control signal, sent to electrostatic actuators, is calibrated with a 3-Hz injected line (more than one decade above the unity
gain): the coupling constant α of applied voltage to torque on the balance is α � 3.4 ∗ 10−8 Nm/V. The open-loop transfer function
is reported in Fig. 4. The unity gain of the loop is set at 140 mHz. At 1.65 Hz and 2.3 Hz, two notches are visible, used to limit
the resonant oscillations of the suspended sample. The torque sensitivity τn is evaluated by acquiring the control signal sent to
electrostatic actuators and corrected by the closed-loop transfer function τn � τcorr

1+GH
GH where H is the plant transfer function and

G the correction filter transfer function. The signal τcorr is the voltage applied to electrostatic actuators multiplied by the constant α.
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Fig. 4 Bode plot of the control
loop

3 Results on the sensitivity and perspective for the Archimedes experiment

The results we report correspond to an initial run. The total science mode time is 21000 s, selected in the night time. The reason for
not having longer data taking is that the prototype balance is located in a section of the laboratory that is not thermally stabilized
(fans thermalization is not usable in science mode because it is noisy due to the fans) and located in a peripheral part of the building
so that there are considerable temperature fluctuations that cannot all be compensated for by the balance’s thermalization system. In
addition, the hall is shared with the workshop operations still in place at the mine, and this severely limits the possibility of taking
data during the day. In the immediate future, as will be discussed later, we plan to make other runs to study and eventually increase
the sensitivity during working holiday periods of the mine workers. Nonetheless, even in a limited data-taking period, the results are
very encouraging, especially as a demonstration of the sensitivity. Within the data taking, the 21000-s period is selected because it
does not present high seismic or anthropogenic noise. In Fig. 5, we show the amplitude spectral density (ASD), i.e., the square root
of the power spectral density (PSD) mediated over the selected period. The integration time of each pwelch is 5200 s. It has also
been checked that the result is not affected by changing the integration time of the pwelch. In Fig. 5, referring to the left-hand scale,
we read the amplitude spectral noise, reported to indicate the torque residual noise τn of the measuring apparatus. In the region
between about 20 mHz and 100 mHz, the spectrum is indeed compatible with thermal noise, whose equation is given by [27, 28]:

τ̃tn �
√

4KBT k

Q2π f
(1)

Here τ̃tn is the amplitude spectral density of the thermal noise, KB is the Bolzman constant, T is the temperature, the mechanical
quality factor Q � 90 measured during balance free oscillations, and k � I (2π f0)2 is the restoring constant. The lower limit is
reached at about 60 mHz, and the value is 7 ∗ 10−13Nm/

√
Hz. Indeed, the amplitude spectral density τ̃ of torque still depends on

environmental conditions. In particular, during the quieter night hours, the spectrum is compatible with the thermal noise spectrum
while in the evening and morning hours, the noise tends to rise above this level.

Looking ahead to the Archimedes experiment, these results are promising. The sensitivity necessary for the final experiment is
of the order of τn < 10−13Nm/

√
Hz, at the frequency region around 10 mHz. The final design sensitivity is reported in Fig. 6: the

horizontal blue line is the expected signal value. We point out that the signal is not present at all frequencies, but rather the blue line
represents the value that the signal will have once the single modulation frequency has been chosen. From the figure, it is seen that
the design sensitivity is limited by thermal noise and seismic noise. The thermal noise is evaluated using Eq. 1 with the expected
parameters for the final balance: resonance frequency f 0 f � 5 mHz, moment of inertia I f � 0.3 kgm2, losses of the order of
φ f � 1/Q f � 10−5, and working temperature T f � 77 K. The seismic noise is assessed using the main formula that describes
the coupling of the horizontal seism with the rotation of the suspended arm [7, 25]:

τ̃sn � Mt ẍδ (2)

where Mt is the total suspended mass, ẍ is the ground acceleration, and δ is the distance between the center of mass and the rotation
point. The final balance will have a total suspended mass (arm and samples) Mt � 1 kg and an expected δ ≈ 5µm. This value is
rather conservative, because we have already demonstrated a value of δ � 15 µm in the initial prototype used during the O3 Virgo
run [7] and balance arm will be equipped for remote tuning. The seismic noise used to calculate the expected torque noise due to
seism is measured in the Sos Enattos mine, and the period is the month of August 2023. The mine, although no longer used for
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Fig. 5 Prototype sensitivity and
thermal noise

Fig. 6 Design sensitivity and
expected signal in the final
Archimedes experiment

mining, nevertheless sees the entry of miners for maintenance and safety work, except for a two-week holiday. For this reason, the
estimation of noise due to the seism is reasonably conservative. In a future laboratory, access and work would be regulated according
to the needs of the data taking.

The fact that the prototype has reached thermal noise is an excellent viaticum toward the final balance, in which the reduction in
torque noise compared to the current thermal noise contribution is expected to be determined both by the cryogenic operation of the
balance, 77 K compared to 300 K, and by the lower resonance frequency, designed to be 5 mHz. The suspension quality factor Q
also needs to be much improved. The lowering of the temperature is expected to enhance it and various studies are underway within
the Archimedes collaboration, which will be conducted both considering the Cu-Be joints themselves and possibly other materials
with lower losses.

At frequencies below 20 mHz, the prototype is limited by ambient noise. Although the site is extremely quiet [8, 26], several
factors must be considered. First of all, the prototype is installed in a peripheral room of the central building, so it is particularly
exposed to wind and variations in ambient temperature. Furthermore, at the moment, for contingent reasons, not all instruments
that generate seismic noise (typically through cooling fans) have been removed from the scale. In the next sensitivity studies of the
prototype, these instruments will be removed and an improvement in sensitivity is expected even below 20 mHz. Finally, we point
out that the final balance is installed in the central part of the building, protected from environmental noise and, in the latest version,
it will be installed in the underground laboratory which is planned.

4 Dark photon field and torque on the beam balance

The beam balance used in the measurement is equipped with masses of different materials. Being more sensitive to dark photons
coupled with B-L current Jμ

D , we restrict the analysis to this case. Here we use the units � � c � √
ε0 � 1 and we will recover the

SI at the end of the section. The Lagrangian is given by [18]:

L ≡ −1

4
FμνFμν +

1

2
m2

A A
μAμ − εDeJ

μ
D Aμ (3)
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Fig. 7 Limits on coupling εB−L
of the present experiment (blue
curve) and expected limits with 2
weeks (red dashed) or one year
(green dashed) integration time.
The horizontal lines are the
present limits from Eot-Wash
(red) and MICROSCOPE (black)
with free fall experiments and at
low frequency limits from torsion
balance direct search

where FμνFμν is the field strength,mA is the mass of the vector field, JD is the B-L current, and εD is the coupling constant normalized
to the electromagnetic coupling constant e. The dark photon field is considered nonrelativistic so that At can be neglected with
respect to A when evaluating the force on a charge qD . Following in the particular the analysis of [18, 19], the vector dark matter
field at location x is given by

A(t , x) � A0eA cos(mAt − kx + φ(t)) (4)

where e is polarization vector. The phase factor φ(t) and the amplitude A0 can be regarded as constant within the coherent time
scale τ � 2π/(mAv2

0) (τ � O(106) s for mA � 10−15 eV), and the force can be written as:

F(t , x) � εeqD
∂A
∂t

� A0εeqDmAe cos(mAt − kx + φ(t)) (5)

Here qD is the B-L total charge, which is equal to the number of neutron of the mass M. The amplitude of the field A0 is related to

the dark photon energy density ρDM by: A0 �
√

2ρDM
mA

By substituting and performing the mean over the direction of polarization,
the standard deviation of the force along the X axis is [18]:√

< Fx
2 > � 1√

3

εeqD√
ε0

√
ρDM (6)

The evaluation of torque on the balance can be performed considering that for equal aluminum and lead mass MAl � MPb � M ,
difference ΔqD of neutron numbers is given by

ΔqD � M

mb
[(1 − ZPb/APb) − (1 − ZAl/AAl)] � 0.0863

M

mb
(7)

Thus, calling q � M
mb the total number of barion on each mass, the torque τq acting on the balance is√

< τq2 > � 8.6 · 10−2 1√
3

εeq√
ε0

√
ρDM Lb � 6.7 ∗ 108ε (8)

where Lb � 0.24 m is the force arm. The factor 8.6 · 10−2 is the fraction of force produced by the photon field which is converted
in useful signal in the detector.

The limit value of εB−L is shown in Fig. 7. To obtain the coupling constant from the torque signal, first we perform a pwelch on
the whole data set (with time length T), and we obtain the spectrum of the torque mean square deviation < τ 2 >, we then divide
the ASD by the square root of T (

√
τ 2 � ASD/

√
T to obtain the value of amplitude of the deviation in each frequency bin, and

we multiply by 2 to obtain the 95% confidence value [29]; finally, we invert Eq. 8 to obtain the corresponding value of the coupling
constant: (the simple division by

√
T is allowed by the coherence time of the dark photon wave that is longer than the measurement

time [29]).
Finally, in Fig. 8 the spectrogram of the correction signal over an entire night is reported. It can be appreciated again that no lines

are visible and no glitches or other particular events.
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Fig. 8 Spectrogram of the correction signal, showing no lines at frequencies of interest

5 Discussion and future developments

In this work, the sensitivity of a prototype balance was presented, useful for defining the last critical parameters of the Archimedes
balance and for designing a balance for the direct search of the ultralight dark photon B-L in the mass band around 10−16eV .
Particularities of the balance are the interferometric reading, the closed-loop work, and the fact that it is installed in an extremely
quiet site from a seismic point of view. The sensitivity of the prototype, in the tens of mHz band, is compatible with the thermal
noise of the suspension. This result constitutes a first viaticum for the final Archimedes balance, which will have to achieve a
torque sensitivity approximately 10 times higher, benefitting both from lowering the temperature and a necessary improvement in
the quality factor of the suspension, currently under study. The prototype balance is equipped with a weight and counterweight of
different materials, so as to be suitable for a direct search for the B-L dark photon. The sensitivity achieved made it possible to
reach, even in a very limited run in time, a limit on the coupling close to the currently known limits and demonstrated that with a
data taking of the order of months, it would be possible to undertake a direct search for dark photons with sensitivity to the best
coupling of the current known limits. Motivated by these results, the next few months will be dedicated to the first scientific runs,
in particular, for the direct search for the dark photon in the mass band of about a decade around 10−16 eV.
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