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We propose a method to reveal axions and axion–like particles based on interferometric measurement of
neutron beams. We consider an interferometer in which the neutron beam is split in two sub–beams propagating
in regions with differently oriented magnetic fields. The beam paths and the strength of the magnetic fields are
set in such a way that all the contributions to the phase difference but the one due to axion–induced interactions
are removed. The resulting phase difference is directly related to the presence of axions. Our results show that
such a phase is in principle detectable with neutron interferometry, possibly proving the existence of axions and
axion–like particles.

PACS numbers:

The need for physics beyond the standard model of parti-
cles [1] is evident in several phenomena, from neutrino mix-
ing [2–5] to the dark sector of the universe [6, 7]. A hint of
new physics also comes from strong interactions, for which
the standard model allows an arbitrary CP symmetry viola-
tion, through the θ term, that is not observed experimentally.
This tension, known as the strong CP problem, can be ele-
gantly reconciled by promoting the θ parameter to a dynam-
ical field, as originally proposed by Peccei and Quinn [8, 9].
The Peccei–Quinn mechanism gives rise to pseudo–scalar par-
ticles known as axions [8–12] which hold a number of inter-
esting properties. In particular, they soon gained attention as
a possible dark matter component [13] in virtue of their tiny
interactions with ordinary particles. Inspired by the Peccei–
Quinn model, a considerable variety of axion–like particles
(ALPs) models has been proposed, including the DSFZ [14–
16] and the KSVZ axions [16–18], with masses ranging ev-
erywhere from the ultralight [19, 20] m ' 10−22eV to the
heavy axions [21] m ' 1 TeV. This proliferation of models
is justified, at least partially, by the primary role that ALPs
would play in cosmology. Indeed, ALPs represent to date one
of the most convincing particle explanation for dark matter
and are actively searched for in several experiments [22–30].
Nonetheless, up to now no evidence for ALPs has been found.

Besides the interaction with the electromagnetic field, on
which the vast majority of the ongoing experiments is based,
ALPs are expected to experience an interaction with fermionic
fields. The latter yields an effective fermion–fermion interac-
tion [31, 32] in which the ALP plays the role of a mediating
boson. For this reason, the detection of ALPs is naturally tied
not only to electrodynamics but also to the possibility of ex-
perimentally probing interactions between fermions [33–36].
On the other hand, in the context of neutron physics, inter-
ferometry has proven to be a formidable tool in investigating
particle interactions and their quantum properties. Neutron in-
terferometry is indeed a subject of study in its own right [37]
and has granted us the chance to verify many theoretical pre-
dictions. These include the Sagnac effect [38], the geometric
phase [39–41], wave–particle duality and the change of sign
in the spin 1/2 wave–function after a 2π rotation [37].

The purpose of this letter is take advantage of the versatil-
ity of neutron interferometry in order to provide an alternative

approach to the detection of ALPs. We show that the axion–
induced interactions between neutrons sum up to give an addi-
tional magnetic term, whose presence affects the phase of the
neutrons and produces an extra phase difference in interfero-
metric experiments. We consider an idealized interferometric
setup in which a collimated neutron beam is split into two
sub–beams that are later let interfere with each other. Each of
the sub–beams is subject to an external magnetic field of equal
strength but different direction. In particular, if one of the two
magnetic fields is set in the direction of propagation of the rel-
ative sub-beam and the other is orthogonal to the propagation,
the neutrons will gain a path-dependent phase factor that can
be easily detected by an interferometer. The experimental pa-
rameters are fixed in such a way that the interference pattern is
only due to the magnetic and axion–induced interactions. We
show how to isolate the axion contribution by appropriately
choosing the neutron path and we set an arm length such that
the contribution to the phase difference given by the dipole-
dipole interaction is an integer multiple of 2π. In this way,
we obtain a phase difference depending only on the axion–
mediated interaction. We discuss how the presence of ALPs
can be tested with a neutron interferometer in a significant
portion of parameter space, thus proposing a new tool for the
search for one of the most elusive particles in the universe.

The Lagrangian describing the coupling of the neutron field
ψ with the axion φ, is given by LINT = −igpφψ̄γ5ψ where
gp is the (dimensionless) effective axion–neutron coupling,
which depends on the axion (or ALP) model [31, 32]. The
couplings are generally small gp � 1, allowing a perturbative
treatment of the interaction. We shall assume that the neu-
tron velocities are non-relativistic and analyze this interaction
potential within the context of ordinary quantum mechanics.
In the non–relativistic limit LINT yields a two–body poten-
tial for the neutrons [31, 32]. This axion–induced interaction
is not the only one in play. However, the gravitational inter-
action is easily seen to be irrelevant, due to the smallness of
the masses involved. In addition, we shall always assume a
relative distance r > 10−12m among the neutrons, so that
the short–range nuclear interactions can also be ignored. With
this assumption the only other relevant interaction is the mag-
netic one between the neutron dipoles. The two–neutron inter-
action Hamiltonian, comprising the magnetic and the axion–
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mediated interaction can thus be written as

Hij = − A
r3
ij

[(
3− Be−mrijK(a)(rij)

)
σ
rij
i σ

rij
j

−
(

1− Be−mrijK(b)(rij)
)
σσσi · σσσj

]
. (1)

In eq. (1) the two contributions are signaled by the parameters
A = g2α

16M2 , denoting the strength of the magnetic interaction
(g is the neutron g–factor, M is the neutron mass and α is the

fine-structure constant) and B =
4g2p
g2q2e

=
g2p
παg2 , representing

the relative weight of the axion interaction, which vanishes
in absence of the ALP (whose mass is denoted m). The di-
mensionless (in natural units c = 1 = ~) functions K(r) are
defined asK(a)(r) = m2r2+3mr+3, andK(b)(r) = mr+1.
The vector rijrijrij = ririri − rjrjrj denotes the relative position of the
neutrons i and j, rij = |rijrijrij | is their relative distance and the
operators σrijl = σσσl · r̂ijr̂ijr̂ij are defined by the projection of the
pauli operatorsσlσlσl of neutron l on rijrijrij . The notation σriji is used
to remark that while these operators act only upon the space
of the i-th particle, their form depends on the specific pair
i, j considered. Eq.(1) can be recast in a more compact form
by defining the functions C(r) = A

r3

(
1− Be−mrK(b)(r)

)
,

D(r) = A
r3

(
3− Be−mrK(a)(r)

)
and the symmetric matrix

Kuv(rrr) = C(r)δuv − D(r)Ru(rrr)Rv(rrr) for u, v = x, y, z.
The symbol Ru(rrr) = r̂̂r̂r · û̂ûu denotes the projection of the vec-
tor rrr on the u axis. Thus Hij =

∑
u,vK

uv(rrrij)σ
u
i σ

v
j . The

two–neutron interaction can easily be generalized to an arbi-
trary number of neutrons. The total interaction Hamiltonian is
simply the sum over all pairs i, j H = 1

2

∑
i,j Hij , where the

factor 1
2 accounts for double counting.

The evolution of the n–neutron state with a generic n, inter-
acting via H is in principle a complicated many–body prob-
lem, which hardly admits an analytical treatment if no further
assumptions are made. In the present context, however, we
are not interested in correlations and collective effects, and
are concerned only with the evolution of the single neutron
state. For this reason it is convenient to encode the interac-
tion with all the other nucleons in an effective one–particle
potential, by resorting to a mean field approach. Given a
neutron at position rrri and pauli operator σσσi, the instanta-
neous interaction hamiltonian due to the other neutrons is
Hi =

∑
u,v

∑
j 6=iK

uv(rijrijrij)σ
u
j σ

v
i , where the sum runs over

all the other neutrons j. To obtain an effective local potential
for the single neutron, this equation is replaced with its expec-
tation value on the state of the other nucleons. In doing so, the
single particle Hamiltonian H acquires a very neat interpre-
tation in terms of an effective magnetic field due to the other
neutrons. Indeed, setting

µBiBiBi(ririri) = −
∑
u

∑
j

Kuv(rijrijrij)〈σuj 〉 , (2)

we recover the usual term of a spin interacting with a magnetic
field Hi = −µ (BiBiBi(ririri)) ·σσσ . Once the effective magnetic field
is computed for a particular spatial–spin configuration, one
simply plugs the one–particle operator in the Schroedinger

equation in order to study the evolution of the single neutron
state.

For our purposes, we shall consider neutron beams with
specific requirements. First of all, we deal with collimated
neutron beams. For cold neutrons, collimation and a small
beam width of the order of 10 µm can be obtained by any of
the means described in the reference [42]. Neglecting the an-
gular spread, we can generally consider that the beam is dis-
tributed with cylindrical symmetry around the beam axis ŷ̂ŷy,
and, assuming that it is sufficiently thin, we model the beam
as a monodimensional system. We will also assume that only
neutrons around a given value of the kinetic energy K are se-
lected, for instance by use of a monochromator. The beam
intensity is expected to decay as the neutron beam propagates.
However, as a first instance, we neglect the losses due to the
propagation, and consider the intensity constant.

Given these preliminaries, we now discuss an idealized
setup aimed at revealing the axion–mediated interaction
among neutrons. A beam of cold or ultra–cold neutrons,
whose source SRC might be an appropriate reactor, is con-
veyed to an external apparatus EXT which has the purpose of
rendering the beam as monochromatic as possible (e.g. us-
ing monochromators) and also serves as a collimator, mak-
ing the beam as thin and linear as possible. The beam then
goes through a beam splitter BS which splits the beam into
two sub–beams I and II . Then each of the sub–beams en-
ters a Stern–Gerlach like apparatus that selects two differ-
ent spin polarizations PPP I and PPP II (the upper case indices
J = I, II and roman numerals are used to denote the specific
sub–beam). The average polarizations are maintained by two
constant and uniform magnetic fieldsB0

IB
0
IB
0
I andB0

IIB0
IIB0
II surrounding

the sub–beams I and II of the same strength but with distinct
direction, i.e. B0

JB
0
JB
0
J = B0PJPJPJ .

The setup is schematically pictured in figure (1). The frac-
tional intensities of the subbeams with respect to the initial
beam I0, namely χI = II

I0
and χII = III

I0
should be as

close as possible χI ' χII . They regulate the average dis-
tance between successive neutrons in the two sub–beams dI
and dII as IJ = v̄J

dJ
, with v̄J the average neutron velocity

in the direction of propagation for the J sub–beam. Con-
sidering constant intensities IJ and constant average neutron
velocities v̄J , the average distances themselves dJ are con-
stant, resulting in a time–independent one particle Hamilto-
nian H , and if χI ' χII , dI ' dII . The dJ should be in
any case large enough to neglect the effects of nuclear interac-
tions dJ > 10−12m. For simplicity, from now on, we assume
that all the nearest neighbour distances within sub–beam J are
constant and equal to dJ .

The two polarized sub–beams then go through two optical
paths of the same length to the interference plane IP, where
the interference pattern is observed. We choose PPP I to be or-
thogonal to ŷ̂ŷyI and PPP II parallel to ŷ̂ŷyII . Starting from the to-
tal interaction Hamiltonian, exploiting the assumption that all
the distances between two subsequent neutrons in sub–beam
J are equal to dJ , with simple algebraic steps, one arrives at
the effective magnetic fields. It is easy to show that, within
these assumptions, each neutron in sub–beam J is subject to
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Figure 1: (color online) Schematic diagram of the interferometric
apparatus. The beam from the neutron source SRC is conveyed to
an external apparatus EXT consisting of a collimation device and a
monochromator. The collimated and monochromatic beam is then
conveyed to a beam splitter BS which splits the beam into two sub-
beams with different average spin polarizationsPPP I andPPP II . Finally
the two subbeams interfere at the interference plane IP.

the same effective magnetic field µBJBJBJ = µBJPJPJPJ given by

µBI =−2Aζ(3)

d3
I

+
2AB
d3
I

Li3(e−mdI)+
2ABm
d2
I

Li2(e−mdI)

µBII =
4Aζ(3)

d3
II

− 4AB
d3
II

Li3(e−mdII )− 4ABm
d2
II

Li2(e−mdII )

+
2ABm2

dII
log(1− e−mdII ) (3)

where ζ(s) stands for the Riemann zeta function while
Lis(z) =

∑∞
n=1

zn

ns is the Polylogarythm function [43].
Then the evolution of the single neutron state, in both sub–

beams, is governed by the Schroedinger equation

i∂tψJ =

(
− ∇

2

2M
+M

)
ψJ − σσσ ·

[
µ(BJBJBJ +B0

JB
0
JB
0
J)
]
ψJ (4)

where ψJ is the product of a spatial wave-function (a plane
wave f(t)eikkk·xxx if the beam is perfectly monochromatic) and a
spin function. It is convenient to write the spinor for each sub–
beam in the basis defined by the corresponding polarization,
namely σσσ · PJPJPJ |↑J〉 = |↑J〉 and σσσ · PJPJPJ |↓J〉 = − |↓J〉 . We
assume that as soon as the neutron leaves BS, it is found in
the up state for the corresponding sub–beam; at this instant
we set t = 0.

If y denotes the coordinate along the propagation axis, with
y = 0 at the beginning of the optical path, thereby setting
t = 0, we have ψJ(t) = f(t)eiky |↑J〉 where f(t) is a func-
tion to be determined. Assuming f(t) = e−iωJ t and substi-
tuting in Eq.(4) gives ωJ = k2

2M + M − µBJ − µB0 . Then
the total phase accumulated in a time t is equal to φJ(t) =

arg (〈ψJ(0)|ψJ(t)〉) = −
(
k2

2M +M − µ(BJ + µB0)
)
t.

The phase difference between the two beams at the interfer-
ence plane is, after a time t, ∆φ(t) = φII(t) − φI(t) =
µ (BII −BI) t which can be computed immediately with the
aid of Eq. (3). Assuming dI = dII = d, the result can be

compactly expressed as ∆φ(t) = [Gm(d) +Ga(d)] t, with
Gm(d) coming from the dipole–dipole interaction and Ga(d)
from the axion–mediated interaction. These are Gm(d) =
6A
d3 ζ(3) and

Ga(d) = −6AB
d3

Li3(e−md)− 6ABm
d2

Li2(e−md)

+
2ABm2

d
log(1− e−md) .

where the n → ∞ limit is understood. To the phase differ-
ence ∆φ(t) one must in principle add a possible phase shift
∆φBS due to the operations conducted in the beam splitter
and in the Stern–Gerlach like apparatus, which for our pur-
poses should be as small as possible. To isolate the axion con-
tribution in the phase difference, one can set the beam path
(and then the evolution time t) in such a way that the first
term, due to dipole-dipole interactions, is an integer multiple
of 2π, since this phase difference is indistinguishable from a
vanishing phase difference. These times, for each integer k,
are clearly given by Tk = 2kπ

Gm(d) = kπd3

3Aζ(3) , and the phase
difference, evaluated at Tk, reads

∆φ(Tk) =

{
kπB
3ζ(3)

[
2m2d2 log(1− e−md)

− 6mdLi2(e−md)− 6Li3(e−md)
]}

mod 2π

. (5)

Notice that this phase is non–zero only in presence of ALPs,
since it vanishes for B = 0. As it is evident from Eq.(5),
the phase difference, evaluated at the k-th recurrence time
Tk, is proportional to the parameter B ∝ g2

p. In the range
of ALP masses m ∈ [10−6 − 1]eV, and inter–neutron dis-
tances d ∈ [10−11 − 106]m, the phase depends only weakly
on the parameters m, d, while keeping a relatively strong de-
pendence on the coupling. In fig. (2) we plot the phase
difference, modulo 2π, evaluated at the minimum recurrence
time T1 for several values of the coupling constant gp in the
mass range [10−3, 1] eV. For m < 0.1eV we see that the
phase difference is essentially the same for d = 10−8m and
d = 10−6m, showing that the dependence on the distance be-
comes relevant only when the product md is quite high (right
tail of the curves in the inset of (2)). This obviously traces
back to the Yukawa damping factor e−md which accompanies
the axion–mediated interaction, and can be clearly seen from
Eq.(5) when md → 0: ∆φ(Tk) '

[
− 2kπB

ζ(3) Li3(1)
]

mod 2π
,

implying that when md� 1, the phase difference essentially
depends only upon the coupling gp (via the parameter B).

A similar conclusion can be drawn from figure (3). Here
the damping is evident for d = 10−6m (lower panel). Figure
(3) also shows clearly the g2

p dependence of the phase differ-
ence and an extremely weak dependence on the ALP mass in
the ranges considered. It should be remarked that when the
inter–neutron distance d is small enough, one can evaluate the
phase difference at the k-th recurrence time with a high k,
while keeping the propagation time reasonable. This has the
effect of bringing along a multiplicative k factor in the phase
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Figure 2: (color online) Logarithmic scale plot of the phase dif-
ference |∆φ(T1)| (Eq. (5)) modulo 2π for several values of the
coupling constant in the ALP mass range [10−3, 1] eV for an inter–
neutron distance d = 10−8m (d = 10−6m in the inset). In partic-
ular: (black dot–dashed line) gp = gCP , where gCP is the thresh-
old from effective Casimir pressure measurements [33] and sam-
ple values are gCP = 0.0327 for m = 10−3eV, gCP = 0.0348
for m = 0.05eV, gCP = 0.0674 for m = 1eV; (red solid
line) gp = gCF , where gCF is the threshold from measurements
of the difference of Casimir forces [34] and sample values are
gCF = 0.007 for m = 10−3eV, gCF = 0.012 for m = 0.05eV,
gCF = 0.066 for m = 1eV; (blue dashed line) gp = gIE , where
gIE is the threshold from isoelectronic experiments [35], and sam-
ple values are gIE = 0.0036 for m = 10−3eV, gIE = 0.006 for
m = 0.05eV, gIE = 0.07 for m = 1eV.

difference (Eq. (5)), which in principle may render it observ-
able at lower values of the coupling constant. For instance,
at d = 10−9m one can choose k ' 4000 while still keeping
Tk < 1s. The observability of the phase difference is limited
by the finite precision achievable in the experiment, and from
the elements over which one has only a poor control. The first
obvious limitation comes from the need for a recurrence time
T in order to isolate the axion contribution to the phase dif-
ference. This time cannot be arbitrarily long, because of the
finite neutron lifetime τn ' 880s and especially because of a
finite coherence length (and therefore a finite coherence time)
which may be the result of unwanted interactions with the en-
vironment. Recurrence times of the order of the second can be
obtained for d ' 10−8 m. At the opposite end stands the issue
of time resolution. A recurrence time too small would imply
an extremely fast oscillation of the phase difference, render-
ing its analysis uneasy. This is not really a problem, unless
very small inter–neutron distances d < 10−11m are consid-
ered. The minimum recurrence time T also has an obvious
impact on the size of the interferometric apparatus needed. If
v denotes the average neutron velocity, the arm length must
be at least L = vT . If T ' s and L must be of the order
of meters, the average neutron velocity cannot exceed a few
m/s. For this reason ultra cold neutrons are to be preferred,
as they can have velocities as small as 5 m/s [44]. The second
important limitation comes from the total neutron flux avail-
able, and therefore the available beam intensity I . Because
of the several devices involved in the preparation of the beam
(collimator, monochromator and so on) the flux loss may be
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Figure 3: (color online) Contour plots of the phase difference
|∆φ(T1)| in the mass–coupling plane for d = 10−9m (upper panel)
and d = 10−6m (lower panel) in the range (m, gp) ∈ [10−6, 1]eV×
[10−6, 10−1]. The Yukawa damping is visible in the lower panel at
the right end of the plot, where curves corresponding to lower values
of the phase difference are pushed up vertically.

significant. A relatively high intensity of the beam, on the
other hand, is essential for a sufficiently small inter–neutron
distance. In turn, a small d guarantees a reasonable recurrence
time. If the neutron velocity is of the order of v ' 1 m/s, a
distance d ' 10−8m is obtained in correspondence with an
intensity I ' 108n/s. This is reasonable, given that pulsed
neutron beams can reach intensities of the order I ' 1010n/s
[45].

In conclusion, we have shown that the fermion-fermion in-
teraction mediated by axions produces a non trivial contribu-
tion to the total phase due to the time evolution of neutrons.
Then, we have considered a neutron interferometer with paths
such that the interference between the two beams depends
only on the magnetic and axion–mediated interactions. We
have shown that one can have a contribution to the phase dif-
ference for the dipole-dipole interaction which is an integer
multiple of 2π and then obtain a phase difference entirely due
to the neutron-neutron interaction induced by axions. By con-
sidering ultra cold neutrons, we derived values of phase dif-
ferences which are in principle experimentally detectable for
a wide range of ALP parameters. Future experiments on neu-
tron interferometry could be used to analyze the interaction
induced by axions and to verify the existence of some types
of ALPs. In our treatment, for simplicity, we have modelled
the collimated cold neutron beam as a 1–dimensional chain
of neutrons which translates rigidly. We neglected the losses
due to the propagation, and considered the beam intensity as
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a constant. These approximations shall be improved upon in
future works.
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