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We present a more stringent upper limit on long-range axion-mediated forces obtained by the QUAX-g,gs
experiment, located at the INFN - Laboratori Nazionali di Legnaro. By measuring variations of a param-
agnetic GSO crystal magnetization with a dc-SQUID magnetometer we investigate the possible coupling
between electron spins and unpolarized nucleons in lead disks. The induced magnetization can be inter-
preted as the effect of a long-range spin dependent interaction mediated by axions or Axion Like Particles
(ALPs). The corresponding coupling strength is proportional to the CP violating term g;’,g?’, i.e. the prod-
uct of the pseudoscalar and scalar coupling constants of electron and nucleon, respectively. Our upper
limit is more constraining than previous ones in the interaction range 0.01 m < Aq < 0.2 m, with a best
result on g& gl /(hc) of 4.3 x 1073° at 95% confidence level in the interval 0.1 m < A, < 0.2 m. We even-
tually discuss our plans to improve the QUAX-g,g; sensitivity by a few orders of magnitude, which will
allow us to investigate the ¥ ~ 10710 range of CP-violating parameter and test some QCD axion models.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction e N
The signature of symmetry breaking at extremely high en- ia N

ergies can be highlighted by the presence of long-range ultra- W5 === !9s

weak forces mediated by pseudo-Goldstone bosons [1]. In par-

ticular, the pseudo-boson can be either the QCD axion or an o N

axion-like-particle (ALP), which involves P and T violating forces
with strength proportional to the product of the couplings at
the pseudo-boson vertices [2]. There are two options for cou-
pling pseudo-scalar bosons with fundamental fermions: i) the
spin-dependent pseudoscalar vertex, and ii) the scalar vertex that
becomes spin-independent in the non-relativistic limit. Thus, in a
multipole expansion, the two fields are described by the “dipole”

Fig. 1. Interaction diagram of a scalar-pseudoscalar coupling between a nucleus N
and an electron e~. N is unpolarized and interacts at the scalar vertex with the
coupling constant gg" , whereas e~ is polarized and interacts at the pseudoscalar
vertex with the coupling constant gj. Here the mediator is the axion a and the

interaction strength is proportional to gl gf,.

(pseudo-scalar coupling g,) and “monopole” (scalar coupling gs)
moments, respectively. For instance, exchange of virtual axions
- a possible solution of the strong CP problem - mediates a
monopole-dipole force where gs is proportional to the QCD vac-
uum angle ¥ ~ 10710 = 1014, In Fig. 1 we report the Feynman
diagram of the g, gs interaction between an electron e~ and a nu-
cleus N mediated by an axion or ALPs that we investigate in this
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paper. The monopole-dipole coupling of the spin of a polarized
electron with an unpolarized nucleus mediated by axions is de-
scribed by the potential [2]

e N

Vind (1) = hgp—gs[(a- .f-)(i + l)]e—r//\a’ (1)
8Tmec rhg T2

where ), is the Compton wavelength of the axion (interaction

range), gg and gé\’ are the coupling constants of the interaction,

h is the reduced Plank constant, c is the speed of light in vacuum,

me is the mass of the electron, ¢ is the vector of Pauli spin ma-
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trices, and r and # are the distance and unit vector between the
nucleon and the electron, respectively [1-3]. It is worth noticing
that for the axion the expected values of gl‘;gé\’ coupling strength
as a function of its mass my is [2]

Yo mymy
> T M,
faz (my +md)2

gal = (2)
where m, and my are the masses of the up and down quarks. In
the conservative Kobayashi-Maskawa model, the predicted value
of the vacuum angle is © ~ 10~'4, the pion-nucleon o term
is taken to be 60 MeV [4], f; is the breaking energy scale of
the Peccei-Quinn symmetry, and so the coupling strength should
be g8 gl/(fic) ~ 10737 (mg/1 peV). If the mediator mass is suffi-
ciently small (mg; < 107> eV), A, = h/mgc > 0.1 m is macroscopic
and a long-range force arises. Many attempts have been done to
measure this spin-matter force in laboratory experiments over re-
cent decades. However, only a few experiments for length scales
0.1 =20 cm have placed upper limits on the product coupling be-
tween systems of electron spins and unpolarized nuclei by exploit-
ing different approaches, for instance dc-SQUIDs and paramagnetic
salts [5], high precision torsion balances [6-9], atomic magnetome-
ters [10,11] and stored ion spectroscopy [12]. New experiments
have also been proposed [13,14] that should be able to reach bet-
ter sensitivities.

Eq. (1) can be conveniently recast as the energy of electron
magnetic moment g = upd in the effective magnetic field

gel 1 1y
Boce(r) = — (_ _) r/ha 3
(M) =~ rec” e " 72)° 3

where wp is Bohr’s magneton and e is the electron charge. Clearly,
this field is not a genuine magnetic field, as the interaction poten-
tial is generated by pseudoscalar exchange rather than by photon
exchange, and so it does not satisfy the Maxwell’s equations. Once
Eq. (3) is integrated over a macroscopic monopole source of vol-
ume Vs with N~ 0(1023) nuclei and py nucleon density, the
resulting total effective magnetic field

e oN
Beg(r) = — % // dx'dy'dz (¢ —#)
Vs

LA
Ir —1'|Aq

P e~ Ir=rl/ra (4)

can have a measurable amplitude. In fact, the macroscopic magne-
tization induced by this field on polarizable electrons of a param-
agnetic material (detector), with magnetic susceptibility x = O (1)
and negligible dimensions with respect to the source volume Vs,
reads (oM = x Begr. The component Beg along the line joining
the center of mass of source and detector is calculated by direct
numerical integration of Eq. (4) and uo is the magnetic perme-
ability of vacuum, as reported in Fig. 2. We will see in Sect. 3 that
magnetizations as low as oM ~ 107 T can be measured with
a dc-SQUID operated as a magnetometer with integration time of
10 s, which is enough to improve current upper limits on g;gé"
of one order of magnitude.

The plan of the paper is as follows. In Section 2 we describe the
QUAX-gpgs apparatus and the effect of the long range, spin depen-
dent interaction on our observable, i.e. the magnetization induced
on the detector by an effective magnetic field source. In Section 3
we discuss our data analysis and the results we obtained with the
present experimental set-up. Conclusions and plans to improve the
QUAX-gpgs sensitivity are presented in Section 4.

z [cm]

0

Fig. 2. Relative amplitude of the z-component of the effective magnetic field Beg
produced by a disk of diameter D =10 cm, thickness d = 2.5 cm (dark gray rectan-
gle) assuming A, =1 cm. The integral defining Beg has been numerically evaluated
in Mathematica 10. The paramagnetic crystal is represented as a green square lo-
cated at the origin of the coordinate system. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Schematic model of the apparatus. L; = 1.8 uH is the input coil of the SQUID,
Lp >~ 1.8 pH is the pick-up coil wound on the GSO crystal. On the right side of the
figure is represented a source mounted on the rotating wheel.

2. The QUAX-g,gs apparatus

The experiment (see Ref. [15] for more details) is performed by
measuring the magnetization of a cubic sample of gadolinium oxy-
orthosilicate Gd,SiOs crystal (GSO) with 1 cm edge length (detec-
tor), induced by Ny =4 disk shaped lead masses (sources). GSO is a
paramagnetic material with a magnetic susceptibility x ~ 0.7 [15]
at cryogenic temperatures. The crystal is housed in the lower part
of a liquid helium cryostat [see Fig. 3] and cooled down to ~ 4 K.
The distance between the center of mass of each Beg source and
the GSO crystal is modulated in time by mounting the masses on
a rotating aluminum wheel as illustrated in Fig. 3. The aluminum
wheel is 70 cm in diameter and rotates at a constant angular ve-
locity. The minimum distance between each source and detector is
3.7 cm.

To detect the variation of magnetization we use the most sen-
sitive magnetometer available, namely a dc-SQUID operated at
~ 4 K. As shown in Fig. 3, the superconducting input coil of the
SQUID L; ~ 1.8 pH is connected to a superconducting pick-up
coil Ly, which is wound around the GSO crystal. To satisfy the op-
timal matching condition L, = L; of the SQUID, the pick-up coil
is made of 8 turns of a NbTi wire. The two coils L; and L, are
connected in series forming a superconducting transformer which
transfers the magnetic flux from the pick-up coil to the SQUID
loop. As Befs is not a true magnetic field, we can reduce the en-
vironmental magnetic disturbances around the GSO with magnetic
shields. In particular, we make use of two concentric Bi-2223 cylin-
drical superconducting shields at liquid helium temperature, and a
p-metal external shield at room temperature to reduce the field
trapped in the inner shields. The overall rejection factor of the two
superconducting shields is expected to be ~ 10'2 [24], which is
sufficient to make environmental magnetic disturbances negligible.
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Fig. 4. (a) Power spectrum density of the equivalent magnetic field noise at the
GSO pick-up coil in the frequency band 0.1 = 25 Hz, estimated by averaging 5 pe-
riodograms of 8 s. The peaks at low frequencies are probably due to mechanical
resonances and does not affect the measurement. (b) 15000 samples gaussian dis-
tribution of the digital lock-in output with respect to the rotating wheel for the
in-phase (blue) and out-of-phase (red) components, using a low-pass filter cutoff
of 1 s. The black curve represents the in-phase lock-in output with the lead disks
removed. The averages + standard deviations read (5.4 x 107* £ 6.8 x 1072) mV
(blue), (4.8 x107%+6.8x1072) mV (red) and (5.0 x 1074 46.8 x 1072) mV (black).
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

We calibrated the apparatus using a solenoid with a diameter
of 5 cm, coaxial to the pick-up coil, providing a uniform magnetic
field over L,. The resulting conversion factor between the output
voltage of the SQUID electronics and the magnetic field at the pick-
up is 4.25 x 10~11 T/V. More details about the SQUID readout can
be found in Ref. [15]. The SQUID output is fed to a band-pass filter
having lower and upper cutoff frequencies of 0.1 Hz and 25 Hz.
Measurements are taken at 10 Hz, well above the 1/f noise knee
of the SQUID [16]. In our experimental setup, the dominant noise
source is the additive flux noise of the SQUID, which therefore rep-
resents the sensitivity limit of the magnetometer.

3. Data analysis and results
In Fig. 4 we report the measured noise, which is compatible

with the additive flux noise of the SQUID. Currently this fixes the
sensitivity limit of the magnetometer [15]. We tested the hypoth-
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Fig. 5. Allan standard deviation of the in-phase component of the digital lock-in
output; the fitting function (red) is o (t) = oot ~'/2, showing a long term stability of
the apparatus of the order of 10% s (see text for further details). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

esis whether the wheel rotation may introduce an excess noise by
comparing measurements obtained with rotating or non-rotating
wheel. We found no modification of the magnetic noise level in the
frequency band of the measurement. In addition, multiple mea-
surements were taken and no time dependence of the output has
been found.

To obtain an optimal estimate of the amplitude of the mod-
ulated effective magnetic field, we performed a phase sensitive
detection with a digital lock-in and the reference phase of the
rotating wheel. To estimate this phase, we drilled 64 holes of
millimeter size evenly spaced on the circumference of the wheel.
A passing-through laser illuminates a hole and a photodiode mea-
sures the intensity of the passing-through light. From the acquired
intensity, we were able to estimate the rotation frequency f, of
the wheel and the phase of the sources.

The SQUID output signal and the phase of the sources were
acquired simultaneously with a high definition oscilloscope. Then
we performed a phase sensitive detection using a digital lock-in
that provides amplitude and phase of the output with respect to
the signal frequency given by fs =4f, = 10 Hz. The presence of
a signal due to changes of GSO magnetization in phase with the
reference can be detected looking at the statistical distribution of
the lock-in output amplitudes, see Fig. 4(b). In Fig. 5 we report the
Allan standard deviation of the in-phase lock-in output with refer-
ence frequency f;. The long term stability of our apparatus allows
us to integrate the lock-in output for 1.5 x 10% s estimating the
corresponding mean (Begr) = 1.8 x 1017 T and standard deviation
OBy =2.9 x 10717 T, expressed in equivalent magnetic field at the
pickup coil. The mean value is compatible with zero within one
standard deviation, and so we conclude that we have observed no
induced magnetization in the GSO crystal due to monopole-dipole
interaction mediated by axions or ALPs.

3.1. Results

Using numerical integration of Eq. (4) over the volume of the
sources and taking into account the geometry of the apparatus, we
can convert our measurements of the effective magnetic field in
a upper limit on gf,g?’ . Since the modulation and intensity of the
signal both depend on A4, a correction curve g(iA,) was estimated
to obtain the actual measured limit. Using this procedure we get
our best upper limit on the coupling g5gd/(fic) < 4.3 x 10730 at
95% C.L. in the range 1 cm < Aq < 20 cm. Above the upper end of
this range, the effective magnetic field no longer depends on A4
and so the sensitivity of our experiment to axion or ALP media-



on permanent magnets are reported in the literature [23]. These
and other related issues will be the subject of a forthcoming pa-
per.
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Fig. 6. Exclusion plots of monopole-dipole coupling vs. A,. The upper limit on the
gf,gy coupling is lowered of more than one order of magnitude in respect to the
previous measurements for A, ~ 10 cm (red line). We also show in transparent gray
the gf,g?’ limit derived from Eq. (2) with ® <10~10 resulting from neutron EDM
[20,21], and upper limits already reported in the literature: Hammond [7], Youdin
[10], Ni [17] and Adelberger [18]. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

tors decreases. At the lower end the sensitivity is limited by the
exponential decay e/« of the monopole-dipole interaction.

Fig. 6 compares our result to upper limits from other experi-
ments reported in the literature [7,17,10,8,11,18] in terms of the
strength of the monopole-dipole interaction. It is worth noticing
that the g%gN coupling can be also strongly constrained by star

p
cooling processes [19].

4. Conclusions and perspectives

We have reported on a measurement of the gf, gg’ coupling ob-
tained with the QUAX-g,gs experiment that places an upper limit
for this type of interaction. Currently, our limit is the best for spin-
dependent forces mediated by axions or ALPs, as we obtained an
enhancement of magnetic field sensitivity of one order of magni-
tude with respect to other experiments reported in the literature.
Despite the experimental approach in this paper is similar to that
of Ref. [5], we succeeded in improving the sensitivity by using a
SQUID with an intrinsic lower noise and a paramagnetic crystal
with a higher susceptibility.

The sensitivity of the QUAX-g,gs experiment can be further im-
proved by using a resonant electrical LC circuit with a high quality
factor Q [22]. In fact, we can add a coil of inductance L ~ 100 mH
wound around the GSO and connected to a low loss capacitor
with C >~ 20 pF, to form an LC circuit with resonance frequency
fic >~ 110 Hz. The pickup coil Ly is also wound on the crystal and
connected to the SQUID input coil L; as described in this paper.
The coupling with the SQUID reduces the value of L and, when
L and L, are perfectly coupled, the resonance frequency increases
up to the maximum value +/2 fic ~ 160 Hz. By increasing f, to
6.5 Hz and N; to 24, the signal frequency will coincide with the
LC resonance frequency. In this case, the SNR at the SQUID input
coil could increase up to a factor of Q with respect to the present
configuration. Such sensitivity improvement is effective as long as
the Johnson and crystal magnetization noises exceed the additive
noise of the SQUID.

Our improved experimental apparatus could eventually invade
the gray exclusion region in the gpgs—Aq plane of Fig. 6, which
has been established by the limit of the anomalous neutron EDM
dp <3 x10726¢ cm [20,21]. As a final remark, we mention that
QUAX-gpgs can also explore the dipole-dipole coupling gf,gg’. To
this aim, it is sufficient to replace the unpolarized sources of ef-
fective magnetic field mounted on the wheel with spin-polarized
sources. Conceptually new designs for spin-polarized masses based
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