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Flavor-violating ALPs, electron g —2, and the Electron-Ion Collider
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We revisit the possibility that light axionlike particles (ALPs) with lepton-flavor-violating couplings
could give significant contributions to the electron’s anomalous magnetic moment g, — 2. Unlike flavor
diagonal lepton-ALP couplings, which are exclusively axial, lepton-flavor-violating couplings can have
arbitrary chirality. Focusing on the e-r ALP coupling, we find that the size of the contribution to g, — 2
depends strongly on the chirality of the coupling. A significant part of the parameter space for which such a
coupling can explain experimental anomalies in g, — 2 can be probed at the Electron-Ion Collider, which is
uniquely sensitive to the chirality of the coupling using the polarization of the electron beam.
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I. INTRODUCTION

Axionlike particles (ALPs) are a generic type of new
particle that can occur in a wide variety of scenarios for
physics beyond the Standard Model (BSM). Such particles
commonly arise as pseudo-Nambu-Goldstone bosons asso-
ciated with new physics [1,2]. Their pseudo-Goldstone
nature means that ALPs can naturally be very light
compared to the scale of new physics, with very weak
interactions suppressed by the same large mass scale.

Within the general theory space, an intriguing possibility
is the presence of significant lepton-flavor-violating (LFV)
couplings for an ALP. Lepton flavor is almost perfectly
conserved in the Standard Model (SM), up to neutrino-
flavor mixing, so that lepton-flavor violation is a sensitive
probe of new physics. At the same time, existing anomalies
in precision lepton physics, in particular, in the anomalous
magnetic moments of the electron and muon, motivate the
exploration of new particles coupled to leptons. Previous
studies of the phenomenology of LFV ALPs include
Refs. [3—-13] and searches for ALPs at the Electron-Ion
Collider (EIC) include Refs. [14,15].

While there is significant attention on present tensions
between theory and experiment in the anomalous magnetic
moment of the muon [16], the anomalous magnetic
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moment of the electron g, —2 is also showing possible
tensions with the SM, although the situation is somewhat
less clear. The latest measurement of g, —2 [17] is in
tension with the SM prediction of either +2.2¢ or —3.7¢
[18], depending on whether the fine-structure constant «
obtained from Rb [19] or Cs [20] is used as input.

Contributions from lepton-flavor-violating ALP cou-
plings to g, — 2 have been calculated and studied in the
literature previously [5,6,10]. In this work, we focus on the
interplay between the magnitude of the e-r ALP coupling
and its chirality, which has a significant impact on the g, — 2
contribution. We find a substantial region of parameter space
where a single e-7 coupling with a GeV-scale ALP and the
correct chirality can explain the current experimental anoma-
lies in g, — 2 without being constrained by other experi-
ments, but with discovery potential in future searches at the
EIC [9]. The EIC is also uniquely well equipped to probe
the chiral structure of such a coupling directly by utilizing the
polarization of its electron beam.

II. MODEL SETUP

We will consider an ALP-e-7 interaction of the form
0,a _
‘Cint = TT}/”(VTL’ +Are7/5)€ +H.c., (1)

where V_, and A,, are complex constants in general. We can
decompose this term into a more useful form by defining

¢V = arg er ¢A = arg Are
¢E¢A_¢V7 tan05(|vre|/|Are )7
Cre =/ |Acel” + Ve[ (2)
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Then, the interaction can be written as

iq
C-[ge ,bV

Lo = 0,azy*(sin@ + e'? cos Oys)e + H.e.  (3)

Note that, if the coupling were lepton-flavor diagonal,
Hermiticity would require € = ¢, = ¢py = 0. Hence, the
presence of flavor violation allows for both parity (P)
violation (via #) and charge-parity (CP) violation (via ¢
and ¢y). The overall phase ¢y does not contribute to any of
the physical processes we consider below.

For simplicity, we will study the case in which the only
significant coupling is C,,. As explored in Ref. [8], other
bounds from precision flavor physics are relevant for ALPs
heavier than m, only when lepton-flavor diagonal cou-
plings are also present and sufficiently strong.

III. CONTRIBUTIONS TO ELECTRON ELECTRIC
DIPOLE MOMENT AND g-2

LFV ALPs that couple to electrons and 7’s can contribute
to the electric and magnetic dipole moments of the electron.
The electric and magnetic dipole moment can be extracted
from the electron-photon interaction vertex I'#, which can
be decomposed into the general form [21]

Tojud [ Tojnd

i
TH = yHF (g2 Fo(g? - Fa(g?
v 1(61)+2m€qu 2(Q)+2m6qy75 3(4%)

(q" - 2?; 7") vsFa(4?). (4)

+ 2m,

where o = L [y*,y*], ¢ = p — p; is the external photon
momentum, p; is the initial momentum of the electron, and
P> is the final momentum of the electron; for an on-shell
amplitude ¢> = 0. The form factors F; are all real [21].
Each form factor corresponds to a property of the electron:
F, yields the electric charge, F, the magnetic dipole
moment, F5 the electric dipole moment (EDM), and F,
the anapole moment. In particular, the electric and magnetic
moments are given by

982_2=F2(o>; do= =5 —F3(0). (5)

a, =

In the limit m, > m,, the contributions to these dipole
moments from the interaction (3) are

m;C3, m,
Aa, = — 62N (f(xf) + m—eg(xf) cos 29), (6)
e m.m,C2, . .
Ad, = (x,) sin 26 sin ¢, (7)

" 2m, 1622A2 7

where x, = m2/m?2 and f and g are given by

C2x%(2x—1) 5 — 19x + 20x2
A T T
2x? 1 —3x
g(x) = mlogx +m. (9)

These results were obtained using packagex [22] in
Mathematica and are in agreement with Refs. [5,6] in
the appropriate limits. Our result for Ad, reproduces the
formula from Ref. [23] for the contribution from flavor-
violating lepton-ALP couplings.

The first term in the contribution to the magnetic dipole
moment (6) is often neglected for m, > m,, but we
emphasize that this is not the case for chiral interactions,
where 0 = +x/4. In particular, we find that, for chiral or
near-chiral interactions, the form factor F, is suppressed by
m,/m, but is still nonzero. The electric dipole moment, on
the other hand, is proportional to sin 20 sin ¢, so it is only
nonzero when there is CP violation (€ # 0 and ¢ # 0).

For m, =10 GeV, as a representative value for our
study, we find that ¢ <1077 if C,, =1, A =1 TeV, and
is near z/4, in light of the experimental bound |d,| <
4.1 x 1073° ¢ cm [24]. Hence, it is justified to assume ¢ =
0 for our analysis, given the very stringent limit from the
electron EDM. For a more detailed discussion, see
Refs. [10,23,25].

Notably, the sign of Aa, [Eq. (6)] is dependent on the
value of the parity-violating angle 0; the shift is negative for
cos26 2 0 and positive for cos260 <0 (up to factors of
m,/m;). This is interesting in light of the most recent
experimental determination of a,, where the sign of the
discrepancy with the SM depends on which experimental
measurement of the fine-structure constant a is used. In
particular, if one uses the measurement from rubidium
a(RDb) [19], there is a +2.2¢ deviation

a,(Rb) = (34 £ 16) x 10714, (10)

whereas if one uses the measurement from cesium a(Cs)
[20], there is a —3.7¢ deviation

Aa,(Cs) = (—101 £27) x 10714 (11)

from the SM expectation. A flavor-violating ALP inter-
action of the form considered here can explain an anoma-
lous contribution to Aa, of either sign.

IV. RESULTS

It is straightforward to compute the value of C,, that
would explain one of these anomalies for a given angle 0
and ALP mass m,,. The result is shown in Fig. | form, = 1,
10, and 20 GeV and 0 < € < #. Explanations for Aa,(Rb)
(positive) are in the yellow-shaded region, whereas explan-
ations for Aa, (Cs) (negative) are in the pink-shaded region.
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FIG. 1. 20 explanations for Aa,(Cs) (pink-shaded region,
0 < n/4) and for Aa,(Rb) (yellow-shaded region, 6 = z/4) at
m, =1, 10, and 20 GeV. Which anomaly is explained is
dependent on the sign of Aa,, which in turn is dependent on
the parity-violating angle 8. To good approximation, the sign flips
at 0 = /4, but there are O(m,/m,) ~ 10~ corrections. Digi-
tized plot data for this and other figures are available as
Supplemental Material [26].

As the figure shows, explanations for the Aa, anomaly can
be found for O(1) or smaller C,, with A~ 1 TeV over a
wide range of ALP masses and parity-violating (PV)
angles. Notably, the magnitude of the coupling required
to explain either anomaly grows for a near-chiral cou-
pling (|6] - =/4).

As detailed in Ref. [9], the EIC is in a unique position to
probe the coupling C,,, especially when the diagonal ALP

(ge - 2)05

10?

10!

couplings are relatively small. Chiral new physics is of
particular interest at the EIC due to its polarization
capabilities and is well motivated due to the asymmetry
between left- and right-handed fields already present in the
SM. For an example of a UV BSM setup that has ALPs
with chiral LFV interactions, see Ref. [27].

In Fig. 2, we plot the 90% confidence level projected
exclusions on C,, from the EIC with £ = (100/A) b,
discussed in Ref. [8], and the corresponding explanations to
the cesium anomaly (left, pink-shaded background) and the
rubidium anomaly (right, yellow-shaded background). We
see that the EIC is able to probe near-chiral ALP-lepton
couplings which offer explanations to either ¢, —2
anomaly. With a better 7 efficiency and a dedicated back-
ground analysis to improve on the limits from Ref. [9], the
EIC may be able to probe a wider range of PV couplings.

If the PV angle is near chiral, the EIC’s polarization
control of the electron beam may allow determination of the
angle 6. The EIC is expected to achieve over 70%
polarization of the electron beam [28]. Given production
cross sections dependent on the electron beam polarization
o, and op, and a polarization fraction p, the left-right
asymmetry observable at the EIC is

[poL + (1 = p)og] = [(1 = p)o, + pog]

= 12

TLR op +op ( )
01 — OR

=2p-1 13

p-1) 2t (13)

For this ALP model with PV angle 0, this corresponds to a
left-right asymmetry
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FIG. 2. 20 explanations for Aa,(Cs) anomaly (left, pink-shaded region) and Aa, (Rb) anomaly (right, yellow-shaded region). Limits
placed on C,, at the EIC at 90% from Ref. [8] are shown in blue. When the ALP e-z coupling is chiral or near chiral (8 = z/4), the EIC
can probe an explanation for either the cesium or rubidium anomaly.
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FIG. 3. The masses m, and parity-violating angles @ for which

the EIC can probe a 2¢ explanation to the g, — 2 anomaly using
a(Cs) (pink shaded region) and a(Rb) (yellow shaded region).

rir(0) = (2p — 1) sin 26. (14)

This is extremal at @ = +x/4. If a flavor-violating ALP
signal were to be discovered at the EIC, probing the left-
right asymmetry of the signal to determine the PV angle 6
would give an opportunity to directly verify the connection
between such a signal and its contribution to g, — 2. The
experimental reach of the EIC relevant for probing the g, —
2 anomaly is shown as a function of the PV angle 6
in Fig. 3.

V. CONCLUDING REMARKS

Axionlike particles can arise in a variety of models and
may, on general grounds, have flavor-violating interactions.
In this work, we considered lepton-flavor violation and, in
particular, e — 7 transitions mediated by ALPs. We also
accounted for the possibility that ALPs can have parity-
violating interactions, akin to the electroweak sector of the
SM. With these assumptions, we found that ALPs can
explain present hints for electron g, — 2 deviations whose
sign depends on the choice of the precision value of the
fine-structure constant « that is used as input for the theory
prediction.

It is not yet clear which, if any, of the g, — 2 deviations
would survive once the experimental extraction of « is
disambiguated. However, assuming that the size of the
possible deviation remains at the current levels, we showed
that the EIC can constrain the requisite e — 7 coupling, for
nearly chiral interactions and ALP masses above m, up to
~20 GeV. Probing the smaller e — 7 coupling, which is
needed to explain g, — 2 deviations for PV angles 0 away
from z/4, will require improvements to the EIC search or
complementary searches in other future experiments for
e — 7 flavor-violating ALPs.

In addition, the e-beam polarization capabilities of the
EIC can provide a unique probe of the parity-violating
angle that parametrizes departures from the purely chiral
limit, over the above mass range. We noted that ALP
couplings can also include a CP-violating phase, but the
severe bounds on the electric dipole moment of the electron
imply that such a phase must be extremely tiny, at the level
of O(1077) or less.

Open questions, like the identity of dark matter, make a
compelling case for new physics, yet allow a vast array of
possibilities for where it may reside. This motivates
consideration of a broad set of ideas and the venues where
they could be tested. The capabilities of the EIC can lend
themselves to searches for some of the signals that arise in
well-motivated frameworks, like that of the ALP inter-
actions studied here; hence, further work along this
direction seems warranted.
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