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Abstract Many experiments have been performed to search
for the exotic spin-dependent interactions in ranges from
~ pmto astrophysical range which corresponds to the energy
scale of less than ~10eV. At present, nearly all known experi-
ments searching for these new interactions at the macroscopic
range are for protons, neutrons, and electrons. Constraints
at this range for other fermions such as muons are scarce,
though muons might be the most suspicious particles which
might take part in new interactions, considering their involve-
ment of several well-known puzzles of modern physics. We
use the anomalous magnetic moment and electric dipole
moment (EDM) to study the exotic spin-dependent interac-
tions for muons and electrons. The muon’s magnetic moment
might indicate existing of the pseudo-scalar—pseudo-scalar
(PP) type interaction. We set up a constraint for the scalar—
pseudo-scalar (SP) type interaction at the interested range for
muons. For the PP type interaction of electrons, we obtained
a new constraint at the range of ~ nm to ~ 1 mm. Since
all the present experiments searching for the new forces give
zero results, it is reasonable to consider that these new inter-
actions might only couple to muons. We propose to further
search for the new interactions using the muon spin rotation
techniques.

Introduction

New interactions beyond the Standard Model are possible.
Suggested solutions for several important problems of mod-
ern physics have led to new interactions mediated by new
particles [1]. Exotic macroscopic forces mediated by WISPs
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(weakly-interacting slim particles) is an example. Refer-
ence [2] classified the new interactions into 16 different types
and most of them are spin dependent. These new interactions
have ranges from nanometers to astronomical distance which
corresponds to the mediating-boson mass of ~ 1073 eV to
~ 100 eV. Methods of precision measurement such as the
torsion pendulum [3], co-magnetometer of polarized noble
gases [4,5], SERF magnetometer [6], polarized 3He atom
beam [7], etc are convenient to probe these new interactions
at a much lower energy scale than the high energy physics.

According to Refs. [2,8], new interactions between
fermions can be induced via the coupling:

L =Yg +igpys)Ve. )]

¢ which mediates the new interaction, is the ALP (Axion-
Like Particle). To probe the new force is equivalent to detect
the ALP which leads to solutions of some very important
problems in modern physics. On one hand, axions are possi-
ble candidates for the dark matter which remains to be one
of the most important unsolved problems in both particle
physics and astrophysics [1,9]. On the other hand, axions
have attracted a lot of attention in high energy physics since
they probably provide the most promising solution to pre-
serve the CP-symmetry in strong interactions [10].

Due to L;, there could be the monopole-monopole,
dipole—dipole and monopole—dipole interactions, originated
from the SS (Scalar—Scalar) , PP (Pseudo-scalar—Pseudo-
scalar) and SP (Scalar—Pseudo-scalar) coupling respectively
and the last two are spin dependent. The SP interaction or
the monopole—dipole interaction has attracted much scien-
tific interest recently. At low energy, the interaction between
polarized and unpolarized fermions can be expressed as the
potential [2,8]:

hgsgp (11 -
Vsp(r) = m (ﬁ + ’3> exp (—r/A)o -r )
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where A = /i/mgc is the interaction range, mg the mass
of the new scalar boson, s = 7a /2 the spin of the polar-
ized fermion, m the mass of the polarized fermion and r
the distance between the interacting particles. The spin—spin
dependent potential induced by the PP interaction is:

h’gpgp 1 Iy, .
\% = - 4 .
pp(r) 16 cemimy Ar2 + r3> oL

1 3 Ly - . - .
—(E+m+r—3)(01-r)(02~r)
X exp (—r/A)

In order to detect Vgp, either the source or the probe
fermion has to be spin polarized. While to search for Vpp,
both particles need to be polarized. Furthermore, the source
and probe fermion have to be close enough which is limited
by the force range A. Recently, various experiments have
been performed or proposed to search for these new interac-
tions which could couple to the spin of the neutron/electron
[3-7,11-18]. However, studies of these long-range, spin-
dependent new interactions for other fermions are scarce.
Muons are probably the most suspicious fermion which new
interactions might be involved. The charge radius puzzles of
the muonic hydrogen [19] and deuteron [20] nucleus are well-
known examples [21,22]. Although parity-violating muonic
forces mediated by new massive gauge bosons of MeV-GeV
have been proposed to solve the proton charge radius puz-
zle, to our best knowledge, no studies have been conducted to
search for these new interactions in ranges greater than ~ nm
which corresponds to a mass scale of less than ~ 100 eV yet.

In this work, we discuss the possibility that the anoma-
lous magnetic moment of the muon might indicate existing
of the new SS or PP interaction mediated by ALPs lighter
than ~ 100 eV. By using the muon’s EDM (Electric Dipole
Moment), we could establish a constraint for the parity-
violating monopole—dipole interaction mediated by ALPs
lighter than ~ 100 eV for muons. When applying the method
to the electrons, constraints of g¢g§ and g% g% are obtained
for the range between ~1 and ~1 mm.

1 The anomalous magnetic moment and EDM induced
by new interactions

The leading order contribution to the electromagnetic vertex
from the new interactions is shown in Fig. 1. The new boson
line could induce SS, SP and PP type vertexes.

The new interactions, if exist, would not only change the
anomalous magnetic moment of the fundamental fermion
but also induce the EDM which has been measured for many
particles [1]. According to Refs. [23-25], the general formula
corresponding to the Feynman diagram shown in Fig. 1 can
be expressed as:
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Fig. 1 The electromagnetic
vertex correction contributed by
new interactions

a(p YA u(p)
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P (q?)

v

+y502—mq”F3(q2)+7/5(q2V“ —2m7/5q“)F4(q2)] u(p)
where ¢ = p’ — p. Here eF;(0) gives the renormalized
charge, and F4(0) which is called the anapole moment [25],
is the possible axial current induced by the new interactions
which do not necessarily conserve the parity. These two terms
are irrelevant to this work. e /> (0)/2m is the anomalous mag-
netic moment, and —e F3(0)/2m the EDM.

Using the well known Gordon decomposition formula and
techniques presented in Ref. [26], one can derive the anoma-
lous magnetic moment induced by the SS and PP interaction
as [27]

F2(0) = ~25355(x) 3)

T

F20) = S5 PP() @)
T

where SS(x) and P P(x) are defined as:

3
SS(x) = 3 224x2(x? =3) Inx+x(x> —1)vV/x2 -4

2 _
X |:tanh_l <L> —tanh™! <u>:|
VxZ—4 xvx2—4
33 —x2)

1
PP(x):§+x2—x2(x2—l)lnx+ —
2

o (=)o ()
X | tan ——— ] —tan — ).
xZ —4 xvxt—4
with x =mgy/m.
EDM can be induced by the possible new interactions. In

this case, implementing similar techniques as before, for the
SP type new interaction, we obtain [27]

8s8pP

F3(0) = 12

SP(x) )

where
x(x2=2)

SP(x)=1—xInx — T

2 —
2-2
x | tanh~! (L>—tanhl <x—):|
|: Vx2—4 xvx2—4
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Fig. 2 A constraint to the coupling constant product | g’SL g‘;, | as a func-
tion of the interaction range A (ALP mass). The (red) dashed line is the
result of this work for the muon. The dark grey area is excluded from
this work

2 Applications to the muon and electron

There is a ~ 3.70 [1,28,29] difference between the experi-
mental measurement and the theoretical prediction from the
Standard Model for the anomalous magnetic moment a,, of
the muon. According to Ref. [30], this difference is explicitly
given by

as? —a$M =274 £0.73 x 107° ©)

where a;;” is the experimentally measured value and af;M
the Standard Model prediction. If the contribution from the
long-range new interaction of Vpp is considered, then the
difference might be explained as a nonzero g§g§ or ghgh
of:

lgkgk| =1.44£0.38 x 1077, (7
lghelhl =432+ 1.16 x 107, ®)

withmg <100 eV(A >1nm).
Plugging in the best known muon EDM [31],

d,| < 1.8 x 107 %e.cm,95%C.L. 9)

a constraint for g? gﬁ can be established as shown in Fig. 2.
It is interesting to notice that ggg’;, is not zero while gg gg
is, all ata ~ 1077 level.

We also apply this method to the electron. Theoretically,
the anomalous magnetic moment and EDM of the electron
can be predicted by the Standard Model [32-34]. Combined
with the best known experimental measurement given in Ref.
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Fig. 3 Constraints to the coupling constant product |g§g$| a function
of the interaction range A (ALP mass). The (red) dashed line is the result
of this work
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Fig. 4 Constraints to the coupling constant product |g§ g% | a function
of the interaction range A (ALP mass). The (red) dashed line is the result
of this work. The (blue) solid line is the result of Ref. [3]. The dark grey
area is excluded by this work and grey area is excluded by Ref. [3]

[35], the possible contributions due to new physics beyond
the standard model are

lag™” — a3M| < 2.66 x 10712, 95%C.L. (10
Id,| < 1.2 x 107e.cm, 95%C.L. (1)

By using the anomalous magnetic moment, constraints of
lg5g5l and [g5 g% | for electrons can be established as shown
in Figs. 3 and 4, respectively. One can see that this method

@ Springer



971 Page 4 of 5

Eur. Phys. J. C (2019) 79:971

Fig. 5 Schematic of the Muon
experimental setup to probe the pt counter
new spin-dependent interactions
for muons. The incoming muon
beam which is spin-polarized
triggers the clock which defines
time zero. A sample is placed
close to the muon beam and its
polarization can be rotated if
new spin-dependent interactions
exist. The rotation angle of the
muon polarization can be
measured from the positron
counter

~~o
-~

Start signal

could derive a new constraint for Vp p in the range between
~nm to ~mm. When using the electron EDM, the derived
constraint for g5 g% at the interested force range is at a level of
~ 10717 It gives a constraint ~3 orders more stringent than
a recent experimental work [36] in the range near ~ um.
At long interaction ranges(mg <~ keV), using data from
atomic and molecular EDM experiments [37], Ref. [38] gives
aconstraint on g5g% ~3 times more stringent than this work.
At very short ranges(img >~MeV), the loop induced EDM
dominates thus the method presented in this work might
work better [39]. For the new boson heavier than ~MeV,
it is more convenient to be detected by the method of high
energy physics and obviously out of the scope of this work.

3 Conclusion and discussion

The 3.70 difference between the theoretical prediction and
the experimental measurement of the anomalous magnetic
moment of muons might indicate nonzero new interactions of
SS or PP type with a range larger than ~1 nm. We constrain
the monopole—dipole type interaction (originated from the
SP) for muons, as shown in Fig. 2. Previously, many exper-
iments and studies have been performed for spin-dependent
new interactions associated with electrons, protons, and neu-
trons only. Although short-range muonic forces with an
energy scale larger than ~ MeV have been proposed to solve
the proton radius puzzle, studies considering macroscopic
range muonic interactions mediated by ALPs have not been
conducted yet, according to our best knowledge. The charge
radius puzzles of the muonic hydrogen and deuteron and
the anomalous magnetic moment of muons suggest that new
physics or new interactions might exist for muons.

It would be fascinating to include muons into the search-
ing business for the macroscopic new spin dependent interac-
tions which are mediated by ALPs or other new light bosons.
Low energy muon beams with 100% polarization are fre-

@ Springer

Sample

Positron
counter

Electronics Stop signal

quently used in condensed matter physics [40] and funda-
mental physics [29]. If a nonmagnetic mass-source can be
put in the region close to muon beams as in Fig. 5 [7], con-
straintson gg gﬁ atlong distances can be obtained by measur-
ing changes of the muon polarization. Furthermore, if polar-
ized electron spin-density sources, as the p-metal shielded
SmCos [3,41], are used in experiments, then constraints on
g% g’,ﬁ can be established. It is not hard to imagine that the
muonic new interactions mediated by light vector particles
can also be searched for using experimental schemes as in
Ref. [7].

Using the same method, we can also give constraints of
gsgs and g% g% for electrons. This method works at small
distances from ~ nm to ~ mm. Moreover, it can give pure
constraints only between the electrons, while many other
methods cannot easily isolate the contributions from other
fermions like protons or neutrons. Our results for the elec-
tron are consistent with zero.

The fact that no new interactions have been detected for
electrons, neutrons and protons indicates the muon might be
an interesting target for these new forces at long ranges. It is
possible that these new interactions might be muonic which
means they only couple to the muons. Though studies have
performed for muonic new interactions at very short ranges
(new boson mass heavier than ~ MeV), to the best of our
knowledge, no experiments have ever been done to search
for these spin-dependent new interactions at long ranges (new
boson mass lighter than ~100 eV).
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