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We report a new limit on a possible short range spin-dependent interaction from the precise 
measurement of the ratio of Larmor precession frequencies of stored ultracold neutrons and 199Hg
atoms confined in the same volume. The measurement was performed in a ∼1 μT vertical magnetic 
holding field with the apparatus searching for a permanent electric dipole moment of the neutron at 
the Paul Scherrer Institute. A possible coupling between freely precessing polarized neutron spins and 
unpolarized nucleons of the wall material can be investigated by searching for a tiny change of the 
precession frequencies of neutron and mercury spins. Such a frequency change can be interpreted as a 
consequence of a short range spin-dependent interaction that could possibly be mediated by axions or 
axion-like particles. The interaction strength is proportional to the CP violating product of scalar and 
pseudoscalar coupling constants gS gP . Our result confirms limits from complementary experiments with 
spin-polarized nuclei in a model-independent way. Limits from other neutron experiments are improved 
by up to two orders of magnitude in the interaction range of 10−6 < λ < 10−4 m.

© 2015 The Authors. 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

We present an interpretation of our recent measurement of the 
ratio γn/γHg of the neutron and 199Hg magnetic moments [1] in 
terms of the strength of a possible short range spin-dependent 
neutron–nucleon interaction. This ratio was inferred from a com-
parison of the simultaneously recorded Larmor precession frequen-
cies of the two species contained in the same storage volume. The 
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measurement was performed using the apparatus dedicated to the 
search for the neutron electric dipole moment (nEDM) [2] by the 
nEDM Collaboration at the source for ultracold neutrons [3] of the 
Paul Scherrer Institute, Switzerland.

In the central storage vessel of the apparatus, the spins of the 
neutrons and mercury atoms are made to precess simultaneously 
in the same volume. The ratio

R = fn

fHg
(1)

constitutes a sensitive tool for the control of systematic effects 
during the measurement of the nEDM. By correcting R properly 
for known differences of the Larmor precession of the two species 
neutrons and 199Hg, respectively, the ratio of magnetic moments 
γn/γHg can be extracted. A data set of R taken in 2012 was in-
dependently analysed in [1] and in [4], where we additionally ex-
amined its sensitivity to hypothetical short range spin-dependent 
interactions. Possible force mediators are axions, or axion-like par-
ticles and the interaction strength is proportional to the product of 
scalar and pseudoscalar coupling constants gS gP . It has been pro-
posed in [5,6] to use an nEDM apparatus for the investigation of 
such a force.

A motivation to search for an interaction involving gS gP is 
given in Section 2. The influence of a short range spin-dependent 
interaction on the observable R is explained and derived in Sec-
tion 3, where additionally some related details about the experi-
ment are shown. Our result is compared to other current limits on 
the product gS gP in Section 4.

2. Motivation

The investigation of CP violating processes is a major line of 
research in particle physics. In contrast to the weak interaction, 
there is so far no evidence that the strong interaction violates CP 
symmetry. The non-observation of an nEDM at current sensitivity 
levels constrains the CP violating term (θ -term) in the Lagrangian 
of the strong interaction to be nine orders of magnitude smaller 
than naturally expected [7]. This fact is known as the strong CP 
problem and a solution to it was proposed in [8], where the spon-
taneously broken Peccei–Quinn symmetry was introduced.

A new pseudoscalar boson emerges from this symmetry, the 
axion [9,10]. An intrinsic feature of the Peccei–Quinn model is a 
fixed relation between mass and interaction strength of the axion. 
The originally assumed symmetry breaking scale (corresponding to 
the electroweak scale) was ruled out, leaving only higher energy 
scales possible. For the axion one thus expects a small mass and 
a feeble interaction with other particles. The possible mass of the 
axion is constrained by cosmology and astro-particle physics mea-
surements to the so-called axion window [11].

A short range spin-dependent interaction which could be me-
diated by an axion was proposed in [12]. There, three classes 
of interactions were presented, involving either g2

S -, gS gP -, or 
g2

P -couplings, whereas gS gP -couplings are considered of particular 
interest, since they violate CP symmetry. A gS gP -coupling diagram 
is shown in Fig. 1(a) and takes place between an unpolarized par-
ticle � (where unpolarized means randomly polarized with respect 
to any quantization axis) and a polarized particle �� . The sym-
bol � is used to denote properties of the particle interacting at 
the pseudoscalar vertex with a strength proportional to the cou-
pling constant g�

P of the particle �� . The potential caused by such 
a gS g�

P -coupling between an unpolarized particle and a polarized 
particle with mass m� and spin σ � is derived as [12]:

V (r) = gS g�
P

(h̄c)2

8πm�c2
(σ̂ � · r̂)

(
1

rλ
+ 1

r2

)
e−r/λ, (2)

Fig. 1. (a) Interaction diagram of a scalar-pseudoscalar coupling between particles �
and �� . � is unpolarized and interacts at the scalar vertex with the coupling con-
stant gS , whereas �� is polarized and interacts at the pseudoscalar vertex with the 
coupling constant g�

P . The total interaction strength is proportional to the product 
gS g�

P . (b) A polarized neutron n with spin σ interacts with an unpolarized nucleon 
N at distance r within bulk matter shaped as a plate of thickness d. A view of the 
�–z plane in a cylindrical coordinate system (�, φ, z) is shown.

where σ̂ � is the unit vector of the spin, r̂ is the unit vector along 
the distance r between the particles, and λ the interaction range. 
The product (σ̂ � · r̂) also violates parity P and time reversal sym-
metry T.

gS gP -couplings can also be mediated by other hypothetical 
spin-zero particles which are generic to the axion and usually re-
ferred to as axion-like particles. However, for these generic bosons 
no relation between mass and interaction strength is given, as 
compared to the genuine axion. The origin of such particles can 
be symmetries other than Peccei–Quinn symmetry, which are bro-
ken at very high energies and often postulated in theories beyond 
the Standard Model of particle physics, such as e.g. String Theory. 
Thus, both axions and axion-like particles, are intriguing dark mat-
ter candidates and beyond Standard Model physics probes [13–15].

However, due to the non-observation of the nEDM a short range 
spin-dependent interaction mediated by an axion is constrained 
to gS gP < 10−40 . . . 10−34 [16]. On the other hand, if the force is 
mediated by an axion-like particle, gS and gP are not related to 
a specific symmetry breaking scale. Thus, no significant constraint 
(i.e. comparable to experimental sensitivity ranges) on gS gP can 
be deduced from current EDM limits [16] for the case of a generic 
boson being the interaction mediator.

Our measurement with ultracold neutrons is particularly sen-
sitive to axion-like particles with a mass in the range of roughly 
10 meV to 100 meV coupling to fermions. It also matches the mass 
range targeted by helioscopes such as CAST [17] which would be 
sensitive to axion-like particles coupling to photons.

3. The measurement with the nEDM apparatus

The experiment is performed by confining ultracold neutrons 
(UCN) of energies below 160 neV [18,19] in a cylindrical storage 
chamber with vertical axis at the center of the nEDM apparatus. 
The dimensions of the storage chamber and some specific features 
are shown in Fig. 2. A homogeneous vertical magnetic holding field 
of ∼1 μT is applied with a cos θ -coil wound around the horizon-
tally cylindrical vacuum tank. This vacuum tank is enclosed by a 
four-layer magnetic shielding [20] and an active magnetic field sta-
bilisation system for the external magnetic field [21].

Spin-polarized UCN are filled into the storage chamber approx-
imately every 340 s where they precess freely for 180 s during the 
described measurements. The precession frequency is inferred us-
ing Ramsey’s method [2]. The spins of polarized 199Hg atoms pre-
cess simultaneously in the same volume allowing to correct the 
Larmor precession frequency of the neutrons for potential, small 
magnetic field fluctuations which can occur inside the four-layer 
magnetic shielding made of μ-metal.

We search for a signature of a spin-dependent interaction be-
tween polarized particles inside the storage chamber and the un-
polarized wall of this chamber. This interaction can be described 
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