
Abstract

The QCD axion is an hypothetical particle introduced to solve the

strong CP problem of standard model of particle physics and is of interest

as a possible component of cold dark matter. In the axion scenario, J.E.

Moody and F. Wilczek showed that a new macroscopic long-range force,

mediated by axion exchange, acts on electron spins, and that such force

can be described in terms of an effective magnetic field. The QUAX-gpgs

experiment, carried out at INFN Laboratori Nazionali di Legnaro, is de-

signed to search for the effects on magnetized samples of the effective field

produced by unpolarized mass sources. As this field is macroscopic, it can

be detected by measuring the change of magnetization of a paramagnetic

Gadolinium silicate (GSO) crystal cooled at liquid helium temperature.

The axion effective field induced magnetization can be detected with a

SQUID magnetometer. By varying the position of the of source masses,

the induced GSO magnetization is modulated at acoustic frequencies. Al-

though the full QUAX-gpgs sensitivity has not been yet exploited, we are

able to measure a magnetization of 10−17 T at few tens of Hz. With this

sensitivity we expect to further improve the upper limit of the coupling

of the predicted long-range force in the 10−3 to 1 m interval.
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1. Introduction

In particle physics, a spontaneously broken symmetry implies the existence

of a Nambu-Goldstone boson [1]. If the symmetry is exact, the resulting bo-

son is always massless, and couples with fermions with a coupling constant of

gp = mf/F , where mf is the mass of the fermion and F is the energy scale of5

the spontaneously broken symmetry. On the other hand, massive bosons are

produced by symmetries which are not exact, like QCD pions for the chiral sym-

metry, and their mass is mb = Λ2/F (where Λ is the explicit symmetry-breaking

scale of the effective Lagrangian).

The search of broken symmetries at extremely high energies can be per-10

formed through the search of such exotic pseudo-Goldstone bosons, which me-

diates long-range ultraweak forces. The detection of a new force will account
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for the presence of a boson and, therefore, of a broken symmetry; the axion is

a pseudo-Goldstone boson arising from the breaking of the Peccei-Quinn sym-

metry [2] and it could mediate forces which are dependent on its coupling.15

The allowed couplings between particles is determined by the vertices of the

spin-0 bosons: the pseudoscalar interaction is always spin-dependent, while, in

the non-relativistic limit, the scalar interaction can be treated as spin-independent

(see Fig. 1). Thus, in a multipole expansion, the two fields are described by

the ”dipole” (pseudo-scalar coupling gp) and ”monopole” (scalar coupling gs)20

moments, respectively.

a

e−

e−

N

N

igepγ5 igNs

Figure 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 gNs ,

whereas e− is polarized and interacts at the pseudoscalar vertex with the coupling constant

gep. The mediator is the axion a and the interaction strength is proportional to gNs g
e
p.

The different axion models ([3–5]) do not provide a unique value for the

coupling constants gp and gs. The axion mass is determined by the values of F ,

the energy scale at which the Peccei-Quinn symmetry is broken. In addiction,

the presence of an axion vacuum angle expectation θ 6= 0 allows for monopole-

dipole coupling. The values of the couplings as a function of the mass of the

axion ma reads

gpgs =
θσ

F 2

mumd

(mu +md)2
ma, (1)

where mu and md are the masses of the up and down quarks [6]. The angle θ

in the conservative Kobayashi-Maskawa model, is expected in the 10−14 range

and the pion-nucleon σ term is taken to be 60 MeV [11]. It is worth noticing

that this value of θ is a limit from below, and that other models suggest much25

higher values, up to θ ' 10−8, increasing the monopole-dipole coupling of several
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orders of magnitude. Cosmological and astrophysical considerations suggest a

preferred value of F ' 1012 GeV [7–10]; in this case axions would account for

the missing mass of the universe. Moreover, F must be < 1013 GeV, otherwise,

axion would overdominate the evolution of the Universe (overclosure problem).30

The values of θ, σ and F set the axion window in the coupling-mass space [12].

The single particle monopole-dipole coupling (e.g. of electronic spin with

nuclei) can be described by the potential

Vmd =
h̄gepg

N
s

8πmec

[
(σ̂ · r̂)

( 1

rλa
+

1

r2

)]
e−

r
λa , (2)

where λa is the Compton wavelength of the axion, gep and gNs are the coupling

constants of the Yukawa interaction, c is the speed of light in vacuum, me is

the mass of the electron, σ̂ is the vector of Pauli spin matrices, and r and r̂ are

the distance and unit vector between the monopole and the dipole, respectively35

[1, 6, 13]. This potential describes the interaction between two single particles

and the axion Compton wavelength determines the range of the interaction.

Since λa = h/mac is macroscopic, we have a long-range force.

Thanks to the presence of the Pauli matrices vector term, this interaction

can be written in the form of an effective magnetic field. We can estimate the

amplitude of this field using the formula of the potential energy of an electron

in an external magnetic field B

U = µeσ̂ ·B, (3)

where µe = eh̄/2me is the Bohr’s magneton and µeσ is the spin magnetic mo-

ment of an electron. By recasting Eq.(2) as Eq.(3) we get the explicit expression

of this field

Beff,md = −
gepg

N
s

4πec
r̂
( 1

rλa
+

1

r2

)
e−

r
λa . (4)

Even if the coupling between single particles is weak, a macroscopic sample,

with the order of 1023 atoms, could produce a light coherent bosonic field that40

can be measured. From the integration of this equation over the volume of the

source, we can calculate the amplitude of the equivalent measurable field. How-

ever, this field is not an ordinary magnetic field, since it couples to the spin of
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the fermion, and is independent of fermion magnetic moment, electric charges,

moving charges and angular momentum. As the interaction potential is gen-45

erated by pseudoscalar exchange rather than by vector gauge boson exchange,

this field does not satisfy the Maxwell’s equations.

The plan of the paper is as follows. In section 2 we describe the experimental

apparatus, consisting of source, detector and readout. Section 3 is devoted to the

magnetic properties of the GSO sample, section 4 reports noise measurements,50

and the expected sensitivity of the experiment is calculated in section 5 in

terms of the measured sensitivity of our SQUID magnetometer. Conclusions

are eventually drawn in section 6.

2. Experimental Apparatus

The effective field in Eq.2 interacts with electron spins of matter, and it can55

be detected by measuring the induced changes of matter magnetization. First

efforts to measure spin-dependent forces using ferromagnets and SQUIDs are

reported in ref. [14]. Our approach is similar but we substitute the ferromagnet

sample with a paramagnetic crystal, in order to avoid domain wall noise. Aim

of the experiment is to detect a magnetization signal which is not produced60

by a magnetic field but by a material with high nuclear density. The periodic

modulation of the signal is achieved by varying the source-detector distance.

Figure 2 shows a schematic of the main components of the QUAX-gpgs (QUest

for AXion) experiment. A rotating toothed wheel allows for a source mass

with a variable distance, while a cryostat houses the detector, placed as close65

as possible to the moving source. Hereafter we give some details about the

experimental setup.
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Figure 2: A schematic showing the QUAX-gp-gs apparatus for measuring the strength of

gpgs interaction. The cryostat houses the GSO crystal (detector). The rotating toothed

wheel (unpolarized source) modulates in time the monopole-dipole interaction.

Source. - The source consists of large unpolarized masses that provides

the monopole part of the interaction. Each mass is a lead disk, 2.5 cm thick,

9.5 cm in diameter and 1.95 kg in weight. In the first experimental setup, 470

masses evenly spaced are placed on a rotating wheel having controllable angular

velocity; this configuration allows us to modulate the interaction at a given

frequency. A higher frequency signal modulation is suitable to improve the

apparatus sensitivity. To this aim, a measurement with 24 masses on the wheel

is planned.75

Detector. - The paramagnetic sample is a cubic crystal of gadolinium oxy-

orthosilicate Gd2SiO5 (GSO) of volume V = 1 cm3 [15]. The monopole-dipole

interaction, acting on the electron spins in the crystal, causes a change in the

magnetization of the sample and induces a change of the magnetic flux collected
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by a coil surrounding the GSO. To reduce thermal fluctuations, the crystal is80

cooled down to cryogenic temperature (T ' 4K). The distance between source

and detector is 3.7 cm.

SQUID readout. - To measure the GSO magnetization induced by the source

we use a Magnicon C6XXL1W dc-SQUID based magnetometer. With reference

to Fig. 3, the coil Lp picks up the magnetic flux generated by GSO magnetiza-85

tion; Lp is connected to the SQUID input coil Li. Optimal work conditions of

the SQUID require Lp ' Li.

Figure 3: Lumped element model of the apparatus. Li = 1.8 µH is the input coil of the

SQUID, Lp ' 1.8 µH is the pick-up coil around the GSO crystal.

To further increase the sensitivity of the apparatus, the signal can be ampli-

fied with a resonant RLC circuit, tuned at the signal frequency. In the resonant

readout configuration, the signal is increased by the Q-factor of the resonant90

circuit.

It is worth noticing that Beff is not subjected to Maxwell’s equations. There-

fore we can shield the apparatus from electromagnetic noise sources without

affecting the signal. We use two MgB2 superconductive shield, that remove ex-

ternal noise of an expected factor 1012. In addition, the apparatus is placed in95

a µ-metal cylinder that reduces the magnetic fields of an expected factor of the

order of 102.

3. GSO magnetic properties

We are interested in properties of GSO crystals that affect signal and noise,

i.e. magnetic susceptibility χ and spin relaxation time τM . If kBT >> gµBH,
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where H is the external magnetic field, the susceptibility of a set of identical

ions of angular momentum J = L + S is given by Curie law. When the free

ions are part of a lattice in a solid structure, e.g. ions with partially filled elec-

tronic f -shells in insulating crystals, the generalized Curie law of paramagnetic

susceptibility reads [16]

χ0(T ) = µ0
N

V

µ2
B

3

p2
eff

kBT
, (5)

where µ0 is the vacuum magnetic permeability, kB is Boltzman’s constant, T is

the temperature, N/V is the number of ions for unit of volume, µB is Bohr’s100

magneton and peff is the effective number of Bohr magnetons. Here peff =

g
√
J(J + 1), where g is the Landé factor g(J, L, S) = 3

2 + 1
2

(
S(S+1)−L(L+1)

J(J+1)

)
taking the electron g0-factor to be exactly 2. Referring to [15], the reported

value of the effective Bohr magnetons number for a GSO crystal is peff = 8.02.

This parameter, together with the values in table 1, gives χ
0
(4K) = 0.72 in good105

agreement with reference [15].

To calculate the thermodynamic fluctuation of the magnetization, we resort

to the fluctuation-dissipation theorem [17], which reads

SM (ω) =
2kBT

µ0ωV
Im(χ(ω)), (6)

where SM (ω) is the spectrum of the magnetization noise, and Im(χ(ω)) is the

imaginary part of the Fourier transform of the susceptibility. In the Debye

approximation [18], and assuming ωτM << 1 we have

Im(χ(ω)) = Im
( χ0

1 + iωτM

)
' χ0ωτM . (7)

Hence, the mean square fluctuation of the magnetization, integrated over a

frequency band ∆ν, is

σ2
M =

∫
∆ν

SM (ν)dν =
4kBTχ0τM (∆ν)

µ0V
. (8)

To evaluate this quantity, the spin relaxation time τM of GSO was measured

through an EPR spectrum, obtained with a ELEXSYS 580 Bruker instrument,

equipped with a dielectric cavity at 80 K. The measurement gives a linewidth
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∆Hpp = 0.48 T. Considering the gyromagnetic ratio of the electron γe, we get110

δν = γe∆Hpp = 13.5 GHz. Since γe/2π = 28.0 GHz/T and τM = 1/(πδν), the

spin relaxation time is 7.4× 10−11 s.

Volume V = 1 cm3

Density ρ = 6.71 g/cm3

Molar weight ρmol = 422.58 g/mol

Number of moles Nmol = 0.015 mol

Spin relaxation time τM = 7.4 · 10−11 s

Effective number of µB peff = 8.02

Table 1: Summarized features of the used GSO crystal.

Assuming no variation of τM from 80K to 4K the value of the noise depends

only on the temperature; in our case T ' 4K, and using the previously calculated

χ
0
(4K), the level of magnetization noise is S

1/2
B (ω) = 1.2× 10−16 T/

√
Hz.115

4. Magnetic noise measurements

Referring to figure 3, the spectral density of the equivalent flux noise at the

pickup coil of the SQUID is given by

S
(p)
B (ω) =

1

(nπr2)2

(Li + Lp)
2

M2
i

Sφ(ω), (9)

where n and r are the number of turns and the radius of the pick-up coil re-

spectively, Lp is the pick-up coil inductance, Li is the internal inductance of

the SQUID, and Mi = k
√
LsLi is the mutual inductance between Li and the

loop inductance of the SQUID Ls. The intrinsic SQUID flux noise level is120

S
1/2
φ (ω) ' 0.81µφ0/

√
Hz [19], since Mi = 8.8 nH and φ0 ' 2 × 1015 Wb, using

Eq.9 and calibrating the magnetic flux through our pick-up coil, the calculation

yields S
(p)
B (ω)1/2 ' 7.3× 10−16 T/

√
Hz.

Noise spectra has been measured at frequencies f > 0.1 Hz (i.e. above the

1/f noise knee of the SQUID [19]), and are reported in figure 4. As can be125

9



seen, there exist frequency bands where the background is compatible with the

SQUID noise.

The spectra are shown in the frequency bands of planned gepg
N
s measurements,

i.e. around 10 Hz and 500 Hz.
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Figure 4: Square root of magnetic noise power density in the frequency bands of gepg
N
s mea-

surements.

5. Sensitivity calculations130

The signal that we want to measure is a change of the GSO magnetization.

For a paramagnet, the change of magnetization M due to an external field H is

given by M = χ
0
H ≡ χ

0
B/µ0, where χ

0
is the magnetic susceptibility. Likewise,

the axion effective magnetic field will induce a change in the magnetization

µ0M = χ0Beff , that will be collected by the pick-up coil. The noise sources are135

the magnetization noise and the SQUID noise; however, in our experimental

apparatus the dominant noise is due to the SQUID as discussed in sections 3

and 4.

Non-resonant readout - The signal to noise ratio of the magnetization mea-

sure is SNR = χ0Beff/σB , where σ2
B = S

(p)
B (ω)/t is the variance of the mea-140
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sure and t is the integration time. The minimum detectable magnetization

at unitary signal to noise ratio corresponds to an equivalent field Beff,min =

S
(p)
B (ω)1/2/(χ

0

√
t). Substituting for the measured values of χ

0
and S

(p)
B (ω),

and assuming an integration time t ' 5 h, we get Beff,min ' 10−17 T. The

present configuration of QUAX-gpgs should be able to improve the upper limit145

reported in reference [20] of one order of magnitude.

Resonant readout - To further improve the sensitivity, we exploit a resonant

pick-up circuit.

Figure 5: Lumped model of the pick-up circuits coupled with the SQUID. The resistance R

is an equivalent resistance accounting for all circuit losses, L is the inductance of the coil, C

is the capacity, Li is the internal inductance of the SQUID, Lp is the pick-up coil, and Mp is

the mutual inductance between Lp and L.

Calculations show that the SNR is increased by 2Q, with Q is the quality

factor of the resonant circuit. Using the measured values of the non-resonant150

readout and Q ' 104, we get Beff,min ' 10−22 T.

We summarize in figure 6 the expected sensitivity of our apparatus in terms

of the strength of the monopole-dipole interaction, compared with the upper

limits already reached by other experiments. The measurements of other authors

are reported in references [20–30]. It is worth mentioning that some experiments155

has been proposed [31, 32] that should be able to reach sensitivities of the same

order of magnitude of our experiment.
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Figure 6: Expected sensitivity of QUAX-gpgs with an integration time of 5 h. As can be

seen the limit on the gepg
N
s coupling can be lowered of 1 or 5 orders of magnitude in the non-

resonant or resonant(RLC) configuration, respectively. We also show the gepg
N
s upper limit

already reported in the literature (see text).

6. Conclusions

We proposed a method to measure the gepg
N
s interaction and reported some

preliminary results on the magnetic noise of the apparatus.160

Assuming an integration time of 5 h, the minimum detectable signal is

expected to be Beff,min < 10−17 T, with a resultant limit on the coupling

gepg
N
s /h̄c < 10−29. Using a resonant circuit we should improve this upper limit

of 5 orders of magnitude.

In order to reach a higher sensitivity it is possible to increase the volume of165

the detector. This can be done using a number Nc of GSO crystals in series,

read by the same SQUID with a resonant pick-up. In this configuration, to reach

optimal working conditions of the SQUID one can use a superconducting low-

losses matching transformer [33] that allows us to optimally couple Nc pick-up
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coils to the SQUID input coil. Compared to the single crystal optimally coupled170

to the SQUID, this configuration would improve the SNR of N
3/2
c .
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