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Axion-like particles (ALPs) are typically identified as pseudoscalars whose couplings are shift-
symmetry invariant with the exception of their couplings to gauge bosons and their mass term.
Additionally, the ALP mass m, is usually assumed to be (much) smaller than the ALP decay constant
fa- The latter condition is conservative, at best, and excludes part of the ALP parameter space that is
presently viable. We revisit the criterion of the m, < f, and perform an analysis focusing on leptophilic
ALPs. In particular, we explore regions of the parameter space still uninvestigated, where m, > f,, thus
providing a phenomenological study of the ALP-lepton couplings complementary to the existing literature.
We point out that a leptophilic ALP may explain the —3.8¢ tension in the anomalous magnetic dipole
moment of the electron for the cesium determination in a large region of the m, x f, parameter space,
testable in the near future through studies on y — e conversion in nuclei.
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I. INTRODUCTION

Despite its overwhelming success in describing funda-
mental particles and their interactions, the Standard Model
(SM) of particle physics presents a number of striking
shortcomings. One of the most prominent is the so called
strong CP problem, namely, the absence of CP violating
(CPV) sources in the strong sector of the SM, independent
of the experimentally established CPV sources in the weak
sector, i.e., those encountered in fermion mixing and
embedded in the Cabibbo-Kobayashi-Maskawa (CKM)
and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing
matrices. One of the most accepted solutions to this problem
is the QCD axion model [1-7]. In short, the particle
spectrum is extended beyond the SM to include new scalar
and/or fermionic fields, and the SM symmetry group is
supplemented by a global U(1)pg factor, the so-called
Peccei-Quinn (PQ) symmetry, which by construction shall
be anomalous with respect to QCD. Once the PQ symmetry
is spontaneously broken, a new Nambu-Goldstone boson
(NGB) termed the axion arises. This NGB can absorb any
additional CPV sources beyond the CKM and PMNS ones,
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representing a dynamical solution to the strong CP problem.
In all existing realizations of this solution, the axion turns
out to be a pseudo-NGB (pNGB) due to nonperturbative
QCD effects that give rise to an axion mass m,. This QCD
axion mass satisfies a strict inverse proportionality relation
with its characteristic scale f,, which suppresses all its
interactions:

(1.1)

where m, and f, are the pion mass and its decay constant,
respectively [for a formal derivation, see, for instance,
Ref. [8]; also, recently in Ref. [9], the axion-pion mixing
contribution to the photon coupling has been derived using
lattice methods].

The low-energy phenomenology of the different QCD
axion models can be described in full generality in terms of
an effective field theory (EFT). Following the pioneering
article Ref. [10], the axion is described as a pNGB whose
interactions respect a shift symmetry with the exception of
its couplings to the gauge bosons, known as anomalous
terms, and its mass term that follows the relation in
Eq. (1.1), in accordance with the chiral perturbation theory
(yPT) treatment. The coetaneous idea of a particle with
properties closely resembling those of the QCD axion, with
the crucial exception of the axion mass relation, had already
surfaced in other contexts. Hence, the effective description
of Ref. [10] was assimilated elsewhere too. The axion-like
particle (ALP) emerged to denominate any particle with
interactions described by shift-symmetric couplings,
anomalous terms, and a free mass that specifically does
not need to satisfy the relation in Eq. (1.1).

mafa ~ mﬂfm
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The literature presents a rich variety of ALPs: they show
up in composite Higgs models [11-14], in supersymmet-
ric constructions [15], and in the context of string theory
[16-20], among others. ALPs have also been proposed as
possible dark matter candidates [21-26] and, more gen-
erally, have been thought of as having an impact on
cosmological observables [27-38]. Furthermore, they
have been considered in flavor model building [39-46]
and are known to emerge in mechanisms of neutrino
mass generation, where they go by the name of Majorons
[47-52]. A recent and complete review that includes
models with ALPs is Ref. [53].

In addition to the model building efforts, part of the
community has extensively worked to improve and com-
plete the ALP effective description: the literature ranges
from new theoretical perspectives [54—65] to more exper-
imentally oriented analyses of potential ALP signals at both
colliders [56,66—-88] and low-energy facilities [89—122]. A
very recent review on this topic can be found in Ref. [123].

Contrary to the common understanding that a generic
ALP cannot solve the strong CP problem, recent results
demonstrate [97,124—133] that the inverse proportionality
between the mass m, and the scale f, traditionally touted
for the QCD axion can be relaxed. It follows that the
parameter space accommodating a consistent solution to
the strong CP problem exceeds that of the very constrained
QCD axion band. Specifically, this allows one to consider
ALPs as effective descriptions of axions that indeed solve
the strong CP problem yet whose mass is not described
by Eq. (1.1).

In accordance with the traditional QCD axion perspec-
tive, most of the ALP literature a priori assumes the
hierarchy of scales

my, < f,. (1.2)
This identification of the characteristic scale f, as an
apparent cutoff scale appears naively reasonable on two
fronts. First, ALP EFTs constitute a textbook instance of a
bottom-up EFT approach wherein the connection to the
actual EFT cutoff scale A is not necessarily made manifest.
This occurs because the approach embodied by ALP EFTs
has f,, and not the cutoff A, setting an apparent scale of
validity for the EFT (see Sec. II). Although this may be
viewed as a notational rather than a fundamentally physical
issue, it is relevant to recall that the relation between f, and
A cannot, in general, be established if the EFT approach is
truly ultraviolet (UV) agnostic. Since any sensible ALP EFT
will require f, < A, the assumption in Eq. (1.2) ensures a
physical mass well below the true scale of validity and thus
the consistency of the EFT. Furthermore, Eq. (1.2) also
happens to be an experimentally justified working hypoth-
esis in contexts where the ALP is assumed light with respect
to the Fermi scale. Indeed, the experimental bounds on the
actual EFT cutoff scale A, resulting from both collider and

flavor facilities, turn out to be in the TeV region for O(1)
Wilson coefficients. As we shall later see, f, is not expected
to veer off far below that scale unless an extremely strongly
coupled UV theory is assumed.

However, caution is needed when blindly assuming the
general relation Eq. (1.2) for two reasons. On the one hand,
the scale A can be much smaller than traditionally assumed.
Indeed, if the Wilson coefficients happened to be substan-
tially suppressed, A would approach the scale of a tradi-
tionally light ALP mass. On the other hand, and all
prejudice aside, an ALP may well be very massive when
compared to other scales in the standard ALP EFT
description. There is no fundamental reason why m, should
be strictly constrained by the value of f, before the latter is
set in relation to an EFT cutoff A. Poignantly, particle
physics already showcases a striking example of an EFT
featuring pNGBs with masses m, larger than their asso-
ciated characteristic decay scale f,, namely, pions in yPT.
Another example is the model proposed in Ref. [134],
recently introduced as a solution to the strong CP problem
featuring a GeV-scale axion. The model is currently under
scrutiny by the community [135] and appears to be
excluded. Interestingly, the exclusion arises from its incom-
patibility with experimental data on pion physics, rather
than from a theoretical inconsistency.

This observation alone calls for prudence, and, all things
considered, a fundamental reappraisal of the working
hypothesis m, < f, prevalent in the literature appears
necessary.

In the next sections, we claim that the direct comparison
between m, and f, should be taken with a grain of salt and
we exemplify the consequences of relaxing the m, < f,
condition in a simplified scenario. The study focuses on a
leptophilic ALP whose dominant phenomenology resides
in charged lepton decays and in the magnetic dipole
moment of the electron and the muon. While most of
the studies of ALPs assume the parametric hierarchy
m, < f,, with m, being either very light or even in the
GeV range [56,66—122,136], we will focus on the m, > f,
region, that has hitherto received little attention in phe-
nomenological analyses, thus providing results comple-
mentary to the existing investigations. As a part of this
analysis, we point out the possibility to completely relax the
present —3.80 tension between the cesium determination of
the anomalous magnetic dipole moment of the electron and
its current experimental measurement within the context of
a leptophilic ALP.

The structure of the paper includes in Sec. II a review of
the relations between m,, f,, and A within the naive
dimensional analysis description, followed in Sec. III by
a description of the EFT Lagrangian that represents our
starting point for the analysis. In Sec. IV, we list the physical
processes that will be used in the numerical study, present
the explicit dominant contributions to the expression of their
observables, and identify specific benchmark textures for
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the ALP-lepton couplings. Section V illustrates the results
of our numerical analysis, first focusing on the different
flavor textures and then on the possible explanation of the
(9 —2), anomaly. The ALP-aca code [120] is the main tool
adopted for this analysis, in order to correctly account for
the renormalization group equations (RGE) contributions.
We then conclude in Sec. VI. Additional material on the
RGE analysis can be found in the Appendix, and a
Mathematica file in Supplemental Material [137] provides
the complete expressions for the observables used, includ-
ing a comparison with the available literature.

II. DIMENSIONAL ANALYSIS
AND COUPLING REGIME

In this section, we discuss the m, < f, relation that is
commonly assumed in the ALP effective description. At
first sight, comparing m, with f, seems legitimate as both
quantities have the same mass dimension. However, they
fundamentally embody two different and independent
concepts: m, is a mass parameter, while f, is a decay
constant that governs the ALP couplings. This comparison
of m, vs f, is actually specific of ALP EFTs and not of UV
constructions: considering, for example, the traditional
QCD axion model, the relation in Eq. (1.1) is well-defined
as the same types of quantities appear on both sides of the
equation, i.e., a mass and a decay constant. To clarify the
fundamental relation between these conceptually different
quantities, we need to dive deeper into the details of the
EFT construction.

Independently of the specific high-energy dynamics that
gives rise to the ALP, the low-energy description only deals
with particles lighter than the EFT cutoff A which repre-
sents the scale at which heavier degrees of freedom have
been integrated out. In EFTs, A often coincides with the
mass of the heavier degrees of freedom,' meaning that any
good EFT description cannot describe particles with
masses larger than A. The same general principle also
applies to ALP EFTs: a sensible EFT description requires
an ALP mass below the cutoff. Thus, m, < A is a general
consistency condition for the low-energy description to be
meaningful. Since both quantities refer to mass parameters,
the comparison of m, with A is not only legitimate but also
conceptually valid.

We now take a step forward considering the pNGB
nature of the ALP, that is, as already stated in the
Introduction, treating it as a real, CP-odd scalar field,
whose interactions present a shift-symmetry invariance,
except for the anomalous couplings and its mass term. This
aspect allows us to harness the well-known framework of

'If the heavy fields contribute to the effective operators only at
loop level, then the cutoff A should not be directly identified with
their mass. In such cases, A rather parametrizes the suppression
scale of the induced operators, which can differ from the heavy
mass by loop factors (e.g., A ~ 162>M).

naive dimensional analysis (NDA) [138-140] that encodes
the usual A counting rule in EFT combined with the 4z
counting rule,’ altogether providing a systematic way to
normalize EFT operators. The 4z counting rule is very
useful in the ALP description due to its close relation to the
nature of NGBs, as is the case of yPT. We can write the
NDA master formula as follows:

AT [g.p]ms [guA]™ [ g |

e I
where n; is the number of i-element insertions in any
effective operator, with ¢ being any scalar field, A any
gauge boson, and y any fermion. In particular, g, is a
measure of the strength of the underlying dynamics that
gives rise to the low-energy operators: g, = 4z represents
the strongly interacting regime, while g, = 1 stands for the
weakly interacting one, with the intermediate values
interpolating between these two limits and characterizing
couplings of moderate strength.

In the case of yPT and focusing on the simpler case
of pions, the Lagrangian is written in terms of U=
exp2iz/f,, where & is the pion matrix and f, is the pion
decay constant. Expanding U in terms of f, implies that any
meson insertion comes with a 1/f, factor, i.e., an insertion
rule given by [/ f,|"=. We can thus compare with Eq. (2.1)
and identify a relation between A and f,

(2.1)

This has already been pointed out in the pioneering article
by Georgi and Manohar [138] and beautifully makes the
point that the only meaningful scale in the game is the cutoff
A and not f . Focusing, for instance, on pion scattering, the
derivative expansion characteristic of yPT is an expansion in
powers of d/A that is valid for small pion momenta up to
A =4rf,~1 GeV.Ifinstead of A we used f as the cutoff
of the theory and thus as the momentum expansion
parameter, the fact that m, > f, would result in the failure
of yPT for pion scattering already at the threshold p ~ m,.
Evidently, this not the case.

We can easily generalize the previous discussion to the
ALP scenario: although the characteristic scale suppressing
the ALP couplings can be taken to be f,, the scale that
defines the validity of the EFT description is A. As in the
case of the pions, there is no contradiction in the possibility
of m, larger than f, as long as m, remains below A.

Despite the above discussion, we note that the compari-
son between m,, and f, can still provide useful information.
If an ALP signal consistent with a mass larger than f, is
detected, this suggests that the underlying dynamics may be
strongly interacting. Likewise, if the signal points to

*The 47 counting is equivalent to 7 counting in the EFT, as
also discussed previously in Refs. [140-142].
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m, < f., then a weakly interacting UV shall be favored as
the origin of the ALP. We can exemplify this concept
adopting the NDA master formula Eq. (2.1) as applied to a
simple model containing a complex scalar field ¢(x)
transforming under the PQ symmetry. The associated
Lagrangian reads

LD dp—[-No'p+ g (@ ¢)0]. (23
and when g, = 4z the 1-loop corrections to the quartic
couplings are as large as the tree-level parameter, thus
describing a strongly interacting regime.

At the minimum,

< >+p()€) ,ax/fa’ <¢>:A’

#0x) = V2 9.

(2.4)

with p(x) being the radial degree of freedom with mass A
and a being the ALP. Once we focus on the interactions
describing the ALP, canonical kinetic terms imply a
relation between f, and (¢), thatis, f, = (¢). This relation
is equivalent to the one in Eq. (2.2) valid in yPT,

Let us now add a derivative coupling with a generic fermion
y: still according to the NDA master formula,

I 1
— 0,9y = —o,apy,  (2.6)

9 5 iy —

=g, 7
where in the last step we retained only the ALP degree of
freedom.

This minimal and simplified example leads to the idea
that the ALP may arise from either a weakly or a strongly
interacting regime, but the form of the ALP interactions is
insensitive to this aspect. As a consequence, analyses of
ALP couplings are not able to tell anything about the g,
factor of Eq. (2.2) that instead can be investigated with
direct or indirect searches of the radial mode p. In contrast,
if the ALP mass is larger than f ,, this alone signals that the
particle must arise from strong dynamics. It is important to
stress, however, that the reverse implication fails: m, < f,
does not guarantee a weakly interacting ALP.

III. THE EFFECTIVE DESCRIPTION

Our starting point is the effective ALP Lagrangian in the
so-called chirality-preserving or derivative basis, which at

AN=g.fa (2.5) the cutoff scale A can be written as follows:
|
L, (A) =~ (a L2a? q CBB B g i, Wis BC6 Ga G
ﬁa( ) *5( Ma) __ma +fa 16 1672'2 122

da — — — _ —
+——(qLruceqy + ugyucuuly + dgycydy + €1y, cl) + eryuceer),

fa

to first order of the expansion in 1/f,. Here g,, ¢, and ¢
denote the strong, weak, and hypercharge couplings,
respectively; Gy, W;,,,, and B, are the SU(3). x
SU(2), x U(1), field strengths and Xw =Llemrox ., with
€123 = 1, their associated dual fields. The left-handed (LH)
and right-handed (RH) fermions f’ = {q} , uk, dk, ¢}, ek}
are triplets in flavor space, while the corresponding ALP
couplings, c} = {cy.cu. . cp.c,}, are general 3 x3
Hermitian matrices defined in the fermion flavor basis.
No ALP-Higgs operator has been included in the
Lagrangian of Eq. (3.1), being redundant when ALP-
fermion operators are included [10].

Performing unitary transformations on the fermion
fields, beyond affecting the SM Lagrangian, induces a
change in the second line of Eq. (3.1). Denoting the

|

/2

L.(A) = %(a a)? —lm2 24 s <g BB,

7 (G HY dy + g, B iy + 7T HY ¢ + Hec).

a

(3.1)

transformations as w; = V,y; and y% = U,yg, with
V, and U, being unitary 3 x 3 matrices in the flavor
space, the ALP-fermion couplings conserve the same form
but with new coefficients ¢,

c,=UlcLU,
(3.2)

¢, =UiclU,, = UZc;Ud,

cg = Vel v, c,=VielV,.

This will be useful when discussing the change to any
other flavor basis or the fermion mass basis.

It is possible to write the Lagrangian in Eq. (3.1) in the
so-called chirality-flipping or Yukawa-like basis, that has
some advantages in the phenomenological study. By
performing fermion chiral transformations, we can obtain

2 A

W wi i
N7

p W W

DA
9sCq a
Gll Gll./ll/
* 167> " )
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In the previous expression, the ALP-fermion couplings are
proportional to

Vi, =i(Yc, —clYh).

7, = i(Yic - L Y.),

?;4 = l(Y:JC:l - C;Y;¢)7
(3.4)

where Y}, are the Yukawa coupling matrices in the original
flavor basis. On the other hand, the anomalous terms
receive contributions from the fermion chiral transforma-
tions according to the Fujikawa method [143],

g =cp—Kp, Cw = ¢y — Ky,
¢y =cs—Kg, (3.3)
where the Ky are defined as
Kp = Tr[NL-(NLy?, ﬁ, - Vicl, — yiciz)
+ N Y2, — V2], (3.6)
Ky = T¢Tr[N ¢}, + c], (3.7)
KG = TFTI‘[NLCZI - C:{ - C/d}’ (38)

with Tp =1, N, =2, N. = 3, and the hypercharges

1 2 1
= yd——g

(3.9)

The Lagrangians in Egs. (3.1) and (3.3) are defined at the
cutoff scale A. At lower scales, quantum corrections
generically modify the ALP-fermion couplings. The
RGE [60,95,144-146] state that the Wilson coefficients
Cps Cyiy» and cg of the anomalous terms do not receive RGE
corrections at one loop, while the Wilson coefficients c{,, do
receive corrections at this order. Our main focus in this
paper is to explore regions of the parameter space where
m, > f,, keeping a conservative approach to the hierarchy
between the PQ and the electroweak (EW) symmetry
breaking, A > wvgw. For consistency, the condition f, >
vEw/4m must be respected, where vgyw = 246 GeV is the
vacuum expectation value of the Higgs model.

At the end, the RGE running from the cutoff scale A
down to m, is taken into consideration, using the ALPaca
[120] code to implement this part of the analysis. The
relevant Lagrangian to match with depends on whether m,,
is larger or smaller than vgy. In the former case, m, > vgw,
the leading contributions to the fermionic Lagrangian read

) a o _
L5 (mg) D — (qryuchar + gy, clug + dry,cBdg

fa

+7L7/ﬂc§bﬂL +EYI4C§ER)’ (310)

where ¢&R are the running Wilson coefficients defined at
the scale m,,. If, instead, m, < vgy, then the members of
the SU(2), -doublets should be treated differently and the
coefficients undergo a different running under the RGE.
For example, focusing for simplicity on the lepton sector,
the Lagrangian would contain three different terms,

a ,__ o o
£0<av(ma) o (eLyucLeL + eRy#CReR + VL]/”CVUL),

fa
(3.11)

where both & and ¢ derive from c% and differ only for the
RGE contributions.

For the purposes of this work, we restrict ourselves to
leptonic observables, as they offer a cleaner and more
precise ground compared to hadronic ones. We will focus on
leptophilic ALPs, i.e., ALPs that couple predominantly to
leptons, with negligible couplings to quarks. Nevertheless,
running the leptonic couplings from a high scale A down to
the scale of the ALP mass m, will generate couplings to
quarks, especially to the top (¢) and bottom (b) flavors.
Therefore, it is important to gauge the impact this could
have on hadronic observables. For this purpose, we first
perform the RGE running from the scale A down to the ALP
mass m,, where the ALP is integrated out, and we match to
the relevant effective Lagrangian at that scale, constructed
only with SM fields. In the case of m, > vy, the sensible
description is the Standard Model effective field theory
(SMEFT) [147,148] Lagrangian. We integrate out the ALP
in the chirality-flipping basis of Eq. (3.3) to simplify the
procedure and, matching onto the SMEFT Warsaw basis
[148] and applying Fierz redefinitions, we find that the
following d = 6 operators receive contributions:

ﬁi‘l’ =C1e Qe + Csllu) Ql(lll) + Cf;d) led)
+ Cledq Qledq + CE;114>qd Qgglu)qd
8 8 1 1
+ CE[u)quE]u)qd + C;e;u Qgezlu’ (3 12)

where
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Cle = ) (Yle)pt<?g)”
al a
2
1 v A
C‘(iu) = _12m2 2( ;) t(Y:f)”
al a
2
C(l) _ v {7/ \pt Y/T sr
Uz 7/ \pr(y/T\st
ledq 2m2 % (Ye)p (Y )
2
(1) v $/ \sr({ \pt
— VA
qugd lzmg 5( u) ( )
2
c® v NARVAL
wad = gz
(n _ v Y/ pr Y/ st
lequ 222( e) (u)
al a

where T4 are the SU(3), generators and &j is the
2-dimensional Levi-Civita tensor. We made explicit the
flavor contractions in the expressions of the Wilson coef-
ficients and of the operators. To the best of our knowledge,
this has not been presented elsewhere in the literature, where
the general treatment involves m, < vgw-

Observing the Wilson coefficients listed above, we can
notice that most of them are strongly suppressed. On the one
hand, there are suppressing factors of v?/f2 or v?/m2,
depending on whether f, or m, constitutes the larger scale.
On the other hand, the Y’ terms contain, by definition, the
fermion Yukawas and the Lagrangian coefficients c;, of the
ALP-fermion couplings. In particular, as already stated, we
will focus on leptophilic ALPs and therefore ¢y, ¢;,, and c/;
are vanishing at the scale A. Moreover, an explicit compu-
tation including the RGE effects reveals that the largest
entries of the quark ¥’ turn out to be of O(107*) and
associated to the ¢t and b flavors. We will enter more into
details in the next section, after having defined the ALP-
lepton coupling textures.

On the whole, all Wilson coefficients C except for C,, are
extremely suppressed and the corresponding operators turn
out to have a negligible effect in our study. On the contrary,
the operator Q,;, may have a relevant role in the numerical
analysis, depending on the specific ALP-lepton coupling
texture considered. In the next section, we will indeed
provide the explicit expressions for various charged lepton
decays that can be described by this operator.

Regarding the ALP couplings to gauge bosons, and
especially the coupling to photons, we remark that they
play a fundamental role due to their effect on a large variety
of observables, and will therefore be discussed in more
detail in the next section. As mentioned before, the
coefficients cj and ¢y, do not receive any correction through
the RGE running at one-loop (1L) level. Consistently with

Qledq =

Q

_ ’P r Is It
Qlequ = ( LeR> /k<qL”R>

Q. = (J}/ eL) (6_257"6%)

Qo) = (qL” yﬂqL)(uﬁy”u%)

D (T o\ (T
ol = (q'L”V,,rJ’L) (d’RV"d’é)

() )
ot = (E%)gﬂc (q_fd%)
(

r
®) _ q_Z’TA /r)ej (qILsTAd/t)

qugd —

(3.13)

our hypothesis of leptophilic ALPs, where only the coef-
ficients ¢, and ¢/, in Eq. (3.1) are nonvanishing, one may
then conclude that no interactions with photons are then
generated. However, this is not the case even at scales larger
than Aqgcp, the QCD confinement scale, where contribu-
tions are indeed expected due to the nonperturbative effects
described within the chiral perturbation approach. The
explicit computation of the ayy coupling at 1L, described
by the classic triangle Feynman diagram with internal
charged leptons, is nonvanishing [see Ref. [119] for a
complete and updated discussion on this aspect]. In the
end, the effective description of the ALP-photon couplings
at any scale m, > m, can be approximately written as

Q,
f
L5 (mgy) D f_ o EfnymFﬂv
a

(3.14)

with

el = —Z(cﬁ. -k, (3.15)

i

for the case under consideration of a leptophilic ALP. It will
also be useful to specify the effective coupling of the ALP
with one photon and one Z, as it enters in several penguin
diagrams:

a Oy

L5 (mg) > fa2ms,c ngsz 71 (3.16)
with
i, = 188 x 107 (k- e, (3.17)
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TABLE 1.

Summary of leptonic observables used in our analysis, as well as their predictions within the SM context with massive

active neutrinos and current experimental limits and the future prospects (in parentheses).

Observable SM prediction + m,, Experimental limits
(g=2)./2 Cs: 0.00115965218161(23) [150] 0.00115965218062(12) [149]
g ¢ Rb: 0.001159652180252(95) [151]
(g- 2)”/2 0.00116592033(62) [152] 0.00116592059(22) [153]
_55 B <1.5x 10713 [157]
BR(u — ey) <O(107°) [154-156] (<6 x 10714 [157,158])
-12

BR(u+N — e+ N)

<O(1073%) [162]

(Mu3e: < 5x 10710 [161])
BRa, <7 x 1071 [163]
(Mu2e: BRy; < 2.87 x 10717 [164])
(COMET: BR,; < 2 x 1077 [165])

BR(z - ey) <O(107%) [155] <3.3 x 1078 [149]
BR(t — py) <O(107%) [155] <4.2 x 1078 [149]
BR(z - 3e) <0(10—56) [154,159] <2.7x 1078 [149]
BR(z - 3u) <O(1075) [154,159] <1.9 x 1078 [149]
BR(z™ = e putu) <O(10756) [154,159] <2.7x 1078 [149]
BR(z= > u~ete) <O(107%) [154,159] <1.8 x 1078 [149]

for all the ALP mass values considered in our analysis,
where s, and c,, stand for the sine and cosine of the
Weinberg angle, sin® ,, = 0.2312 [149].

Before concluding this section, we comment on shift-
symmetry-breaking terms and their possible effects. Let us
again focus on the minimal scenario illustrated in the
previous section, whose Lagrangian is given by Eq. (2.3).
By definition, any shift-symmetry-breaking dynamics can
only operate below the scale at which the PQ symmetry is
spontaneously broken, namely, A. Naively, this is tradi-
tionally treated by introducing a “small” explicit symmetry
breaking parameter, to which any such contribution is
proportional. The advantage of this approach is that, once
this parameter is set to zero, no explicit symmetry breaking
effect survives. However, this does not imply that the
resulting contributions to shift-symmetry-breaking observ-
ables must be of the same order as the small parameter
itself.

The pion mass again provides a useful example. Even
neglecting electromagnetic interactions, the pion mass is
much larger than the quark masses that explicitly break
chiral symmetry. In this case, the dominant contribution to
the pion mass arises from chromomagnetic interactions,
which would ultimately vanish in the limit of massless
quarks.

Generalizing this discussion, the size of explicit shift-
symmetry-breaking effects is in fact strongly model-
dependent, and the ALP mass term does not necessarily
play any special role beyond constituting the lowest
dimensional operator that explicitly breaks the shift sym-
metry. Therefore, in our high-energy Lagrangian, we shall
not consider any other shift-symmetry-breaking terms
beyond the anomalous couplings and the ALP mass term;

without any specific underlying rationale, the opposite
ansatz would have us dealing with a generic CP-odd scalar
and not with an ALP.

IV. OBSERVABLES

Having established the theoretical discussion, we pro-
ceed with a data-driven approach. We will focus on leptonic
processes to study the viability of the parameter space
within the range m, > f,, although we will also integrate
the complementary window m, < f,. As already stated,
these observables offer a cleaner and more precise ground
compared to hadronic ones. Although the analysis focuses
on specific leptophilic ALP-coupling textures, it allows us
to firmly establish that the m, > f, parameter space is
viable and interesting. Last but not least, this approach is
self-consistent without the need of any ad hoc hypothesis,
besides requiring a leptophilic ALP. In this case, the hadron
phenomenology is negligible because the ALP-quark and
ALP-gluon couplings are extremely suppressed.

The selected processes are as follows:

(i) The anomalous magnetic dipole moments of the

electron and muon, (g—2), and (g —2),.

(i) Charged lepton flavor violating (cLFV) processes:
radiative charged lepton decays, y—e conversion in
nuclei, and 7 decays into lighter charged leptons.

They have a high experimental precision, especially when
the electron and the muon are involved. A summary with
the SM predictions, current experimental values, and future
prospects is given in Table I. A comment is in order: when
dealing with the u—e conversion in nuclei, we consider the
best present bound from SINDRUM II with gold, and the
future prospects with aluminum from COMET.
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For the anomalous magnetic dipole moment of the
electron, we need to distinguish between the two determi-
nations, involving the measurement of a., with cesium
[150] and with rubidium [151], that lead to two different
tensions with the current experimental measure:

5aSs = (=9.9 +2.6) x 10713 (=3.80),

8aR® = (3.7 £ 1.5) x 10713 (+-2.40), (4.1)
where 5a¥ = ab*® — a¥.
Remarkably, the cesium determination shows an

anomaly that, if consolidated, would call for a new physics
contribution to be explained. We will discuss this possibil-
ity in the next section.

For the (g —2),, the situation changed considerably in
recent years. Indeed, the lattice-QCD calculation precision
has increased and allows for a new precise determination of
the hadron vacuum polarization contribution that results in
a major upward shift of the total SM prediction. Compared
against the current experimental determination, this implies
that there is no tension between the SM and experiment at
the current level of precision. Therefore, we will treat it at
the same level as the other constraints, and not as an
anomaly.

Besides the above list of lepton flavor conserving and
violating observables, one may further consider cosmo-
logical and astrophysical bounds, as well as collider
constraints. We do not perform a dedicated analysis of
these observables in this work. Rather, we provide quali-
tative arguments to assess their relevance, while noting that
a dedicated collider study may be required in selected
regions of the parameter space.

Focusing first on astrophysical searches [for a review,
see, for instance, Part III of Ref. [123]] that include, in
particular, studies on the ALP production mechanism in the
Sun, red giants, neutron stars, and supernovae, very strong
constraints can be derived from energy-loss arguments for
ALP masses smaller than m, ~ 0.1 GeV. Our study applies
only to masses larger than this quantity, and therefore, we
can avoid discussing these observables.

On the other hand, for ALP masses in the GeV range or
above, cosmological bounds are typically relevant only for
extremely small ALP-photon couplings [for a review, see,
for instance, Part I of Ref. [123] ]. For larger couplings, the
ALP lifetime becomes very short, so that the particle
decays well before epochs such as big bang nucleosyn-
thesis. In addition, these cosmological limits are intrinsi-
cally model-dependent, as they rely on assumptions about
the thermal history of the Universe, in particular the
reheating temperature and the efficiency of thermal pro-
duction mechanisms. Based on the ALP-photon coupling
considerations in the previous section, the ALP-photon
coupling in our scenarios is at least four orders of
magnitude larger than the region where cosmological

bounds become relevant. Consequently, the corresponding
lifetime is extremely short on cosmological timescales, and
the particle decays long before it could affect standard
cosmological observables, rendering those constraints
irrelevant for the parameter space we will explore.

Finally, turning our attention to collider searches, the
most relevant constraints are on the ALP—photon coupling
and arise from channels with final states containing two or
more photons [56,73,76]. In particular, the dominant bounds
are driven by large electron positron searches for associated
ALP production of the type ete™ — ya — 3y, by limits
from exotic decays of on-shell Z bosons, such as Z —
ya — 3y, and by LHC analyses targeting diphoton reso-
nances or photon-fusion production of ALPs subsequently
decaying into photon pairs. The present data constrain the
region of the parameter space for ALP masses in 1 GeV <
m, < 1 TeV and ALP-photon couplings that can be trans-
lated in our notation to be f,/|c,,,| Z 30 GeV. While this
estimate suggests that the corresponding condition is
fulfilled over much of the parameter space considered
below, it identifies selected low-f, regions as potentially
testable by dedicated collider searches. We return to this
possibility in the phenomenological discussion.

Furthermore, when focusing on the future experimental
facilities [76], the sensitivity to ALP-photon couplings
increases through dedicated searches. Promising channels
include associated production with photons, Z or Higgs
bosons at future eTe™ colliders such as FCC-ee, CEPC,
ILC and CLIC, as well as diphoton resonance searches,
photon-fusion production, and exotic Higgs or Z decays at
the HL-LHC and possible future hadron colliders.
Dedicated analyses of these signatures could therefore
provide sensitivity to regions of our parameter space.

Moreover, additional constraints may arise from collider
probes of ALP couplings to top quarks. Searches for
heavy pseudoscalars decaying into f7 pairs, as well as
production in association with top quarks, provide bounds
on the effective top coupling. For m, = 400 GeV, current
analyses translate into limits of the order |c,|/f.<
0O(1072-107%) GeV~!, under specific assumptions on
the ALP-gluon coupling and the ALP total decay rate
[166-169]. In the scenario considered here, the induced
top coupling obtained after matching to the Yukawa basis
satisfies (¥7,)** < O(107%), as discussed in the Appendix,
which lies well below the current experimental sensitivity.
Consequently, collider observables involving top quarks
do not impose relevant constraints on the parameter space
explored in this work.

We will consider two different scenarios: (i) an ALP that
couples only to the first two generations and (ii) an ALP
that couples to the three families. Indeed, since the
ALP—fermion couplings are proportional to the fermion
masses, an ALP that has a tree-level coupling to 7z leads to a
noticeably different phenomenology compared to a
7-phobic ALP. Besides this, we adopt specific benchmark
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flavor structures to analyze how the results depend on the underlying scenarios.

In what follows, in order to simplify the notation, we will redefine the coefficients cZ and ¥ in Eq. (3.10) as ¢© and ck
respectively. We recall that they account for the running RGE effects from the cutoff scale A down to the ALP mass m,, We
will better clarify the relation between these coefficients and the Lagrangian ones in the next section, after spec1fy1ng the
ALP-lepton coupling textures.

A. e —pu framework

We first consider the simplified scenario of an ALP coupling only to the first two families, e, y. The leading-order
contributions to the relevant observables, computed for an off-shell ALP in the limit m, > m,,, are given by

1 m,m, m2 3 m2 o M, 3 A?
AP ~ea 2 {ml‘Re[ L ck ] <_§+log<?>> + . m—(cée—cfe)cflfyfy <—§+log(ﬁ>>}, (4.2)
a u u a

1 m2 (m2 11 m2 1
7 g e { el = (g +108(22) ) + G UckP + e

u
m, . 13 m? e (3 A?
+ m—ﬂRe[c/’;ecﬁe ] <_Z + log (m_§> >] + . (ck, —ck)eeth (— 5 + log (m_§>> }, (4.3)

ey M m? 5 m2
R — )~ s el P+ ) [ ey = ) (=5 oe(22) )

u

_ Tem eff _E 1 A_2 ’ 4.4
. cm< 2+ og(m% . (4.4)

11 m;,
BR(u — 3e) ~ Jem (22 1 log| — | |BR(u — ey), (4.5)
3z 4 m2
_ S m, 2
BR(/J N — e N) ~5127z: E(|Cﬂ€| + |Cye| )
2

2m? 11 m2 Qe of 3 A?
X Lm’; (ck,—cR) <_€ + log <m )) - celt <—§ + log (W)) , (4.6)
a u a

where I, is the total muon decay rate and the prefactor ¢ is defined as

B 8agmm, ZewZF?
D

capt

(4.7)

with ", being the total muon capture rate, Z (Z.) the (effective) atomic charge, and F, the nuclear form factor. Explicit
values for Au and Al are [94]

Eaam52%x1012, £y ~3.5x% 102 (4.8)

Notice that, in all these expressions, log stands for the natural logarithm.

A careful reader may notice that these expressions only contain ALP couplings with the charged leptons and with
photons, but not with a photon and a Z. The reason resides again in the fact that only the dominant contributions are shown
in the expressions (and also in those for the three-family scenario reported below). In particular, when focusing on masses
m, > m,, the form factors associated with the contributions involving ceff are extremely suppressed (see Mathematica file

The additional evolution down to the mass scale of the relevant charged lepton, the scale at which the various observables are
computed, is simply the purely SM RGE running and thus negligible.
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in Supplemental Material), and therefore, we have not
shown them explicitly in the above formulas, but never-
theless we will consider them in our numerical analysis.

B. Three-family framework

In the case of an ALP coupling to three generations, the
ALP couplings to 7 play a dominant role. Not only should

ALP

the 7 phenomenology be considered, but also the expres-
sions for the u and electron processes introduced above
become substantially modified. All in all, ignoring the
specific hierarchies among the ALP-lepton couplings, the
expressions of the relevant observables simplify as follows:
for an off-shell ALP in the limit m, > m,,

1 m,m, (m? L R 3 m2
a) " R — — Relcp.cr || =z +log| —
o ettt -5+ o (3

2
Mo \Qem 1 Ry eff (_3 ’
Me | Gem oL _ ~Ziog(S) )] 4 4.9
# 2| ot e (-5 +1oe (5 ) )| (49)
1 mym, (m? . 3 m?2
g (et (3 ()
My |Gem  f_ my et (3 A2
m, |: T ( up C/m)ca}/y< 2+10g<m3 s (410)
3,2 (4 2\ \ 2
a mym; (m 3 m
BR: = er) s e {2 (e i+ e Pty ) (~3 + o (73 )
10247 f;‘r,, mé " " 2 m?2
Tem M5 it \2| L 12 R |2 3 A\\?
em "y 2 log( 2 411
T Pkl + ) (=5 + 1o (52) ) |- @.1)
5 2 2
Aem Mz L2 Ri2\|™ (L R 5 g
~ Me (el — Ry (=2 4 10g(Ma
BRI = o) gt L (e + e ) [ 2 ek - ) (=3 10g(22))
e e (30 (MY ] 4.12
T CQW( 2+ 0g<m3 ’ ( . )
(legu* + e
BR(t = uy) zmlﬂz(r - ey), (4.13)
26 T
BR(u~N — ¢™N) z—g—”BR(M - ey), (4.14)
e 1M,
11 ?
BR(u — 3e) N(?—;n <_Z + log <%>>BR(;¢ - ey), (4.15)
aem m%
BR(T—)Be)z3 (—I+log(—2>>BR(1—>ey), (4.16)
T e
11 z
BR(z = 3u) ~ aL;‘ <_Z + log <%>>BR(T - uy), (4.17)
"

095002-10



CROSSING INTO THE m, > f, REGION FOR ...

PHYS. REV. D 114, 095002 (2026)

" Tem M3

30727° £,

BR(t— = u"ete” (IS >+ 1R %)

g Sl

5 m2\ \ 2 m2
+<—§+log<m—%>> ( 3+log(—g

2 5
dem mz

30727 fT,

BR(t=—eutu )~ (IcE >+ & ?)

4
x{m—z<ca—c£>2[ “( (
ma
5 m2 2 2
— i oe| Ze 34 loe| —%
e (5ree()) ()

In the above expressions, I'; stands for the total z decay
rate. The attributes of the ALP couplings mentioned in the
two-family case also apply here.

A few more comments are in order. The expressions in
Egs. (4.18) and (4.19) only show the one-loop contribu-
tions proportional to aZ,. These are indeed the dominant
contributions especially for large m, values. Nevertheless,
the tree-level contributions and the interference ones are in
general not negligible and are taken into consideration in
our numerical analysis. On the other hand, our analysis
does not include the processes t~ — pute”e” and 7 —
eTu p~ since a dedicated analytical study beyond the
present literature would be necessary, a task which we leave
for a separate work. Nevertheless, their impact in our
numerical results is expected to be negligible given the
present and future experimental sensitivities.

Last but not least, we point out that, for certain flavor
textures for which the ALP-z couplings are not negligible
yet still small relative to other ALP-lepton couplings, the
complete expressions for the above observables should be
used. Indeed, due to the enhancement of the z-mass, it may
occur that contributions proportional to “small” ALP-7
couplings are as important as those involving “large”
ALP-u couplings. These expressions can be found in the
Mathematica file in Supplemental Material.

C. Benchmark flavor textures

In order to explore the richness of the parameter space,
we focus on a set of flavor textures for the ALP-lepton
couplings that allow us to extract relevant information for
each case. We will first focus on the two-family case and
then move to the full three-family one. There are two
competing ingredients that determine the expected results
in each case: the dominant couplings present in the different
observables and the present (and/or future) experimental

eff
aY}’

P(rewe(n)) (owel())

D)
| B (oo()

sensitivities of these observables. The discussion that
follows will be driven by both in order to identify flavor
structures that lead to different phenomenological regions
in the parameter space.

Before going into details of the different textures, it is
necessary to specify the scale at which they are defined and
the connection with the Lagrangian coefficients c,,. The
working hypothesis is that the high-energy Lagrangian in
Eq. (3.1) at the scale A is defined in the minimal lepton
flavor violation (MLFV) [170-178] flavor basis with the
charged lepton Yukawa diagonal® or any other flavor model
where the three lepton generations are ruled by a single
symmetry group [e.g., [179—182]]. The neutrino sector
discussion depends on the specific mechanism assumed to
generate masses for the active neutrinos. For example,
within the minimal extension of the SM involving the
Weinberg operator [183], a consistent MLFV treatment
would be to consider the PMNS matrix fully contained in
the Wilson coefficient of the Weinberg operator. It follows
that the relation between the coefficients ¢, and c}, is
instead highly simplified and ¢, = ¢, and ¢, = c},.

The RGE running introduces corrections to these cou-
plings moving from A to the scale of the ALP mass m,,.
These effects have been studied at length in the literature
[59,60,95], and we avoid reporting here the explicit
expressions of the relevant f-functions. Instead, we use
the ALPaca tool [120] in order to correctly take into account
the RGE effects and conclude that the following textures

*Without attempting to identify and construct an explicit UV
completion that yields this condition, one may envisage a
scenario consistent with the MLFV framework in which the
flavor symmetry is broken at a scale A’ > A. In such a setup, a
nontrivial ALP-lepton flavor structure can emerge from the action
of heavy mediators that remain dynamical down to the scale A,
where the PQ symmetry is subsequently broken.
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are stable under the running; i.e., the quantum corrections
turn out smaller or at most of the same order of the present
entries. This is due to a combination of two main factors:
(1) tree-level couplings with gluons or quarks are vanishing
by construction at the scale A; (ii) the suppression of the
electron and muon masses with respect to the tau mass. It
follows that the tau-sector receives the largest corrections,
but they have no impact in our analysis. We will come back
to this aspect with a more numerical estimate at the end of
each section.

1. e—p framework

When the ALP only couples to the first two generations,
the formulas in Eqs. (4.2)—(4.6) may provide some insights
into simplifying the multidimensional parameter space. A
warning message is in order: these expressions only show
the leading contributions, while subleading ones may
contain other dependencies on the ALP—lepton couplings.
The discussion that follows mainly refers to the dominant
contributions, and we will comment on the subleading ones
when necessary.

First of all, the RH and LH couplings, c¢® and cF,
typically enter expressions for the observables through
combinations that are (anti)symmetric under the exchange
of c® and c’. Consequently, switching off one of the two
chiralities or introducing a strong hierarchy between them
leads to the same qualitative behavior as assuming identical
flavor structures for both. For this reason, we restrict our
analysis to the latter scenario.

There are, however, notable exceptions. The magnetic
dipole moments of the electron and the muon, as well as the
U~ N — e~ N decay, contain terms proportional to the
product cRcl and, therefore, are sensitive to the relative
size of the two chiralities. Nevertheless, assuming a similar
flavor structure for ¢® and ¢’ does not limit the generality
of our conclusions: a large hierarchy between the two can in
general be reabsorbed into a redefinition of the scale f,,
yielding a phenomenologically equivalent setup to the case
with c® and ¢’ of comparable magnitude.

Focusing now on the internal flavor structure of the
couplings, we can discuss the impact of the diagonal and
off-diagonal entries. Most expressions present the product
of the two kinds of entries in some combination, that is,

l.Ll./ R x ciL/ R The magnetic dipole moments of both the

electron and muon show other types of dependencies: they
depend on either a product of only off-diagonal entries or
alternatively a combination of only diagonal entries,
explicitly or through the effective ALP coupling with
photons that is tantamount to saying the difference between
the flavor conserving chiral couplings. The simultaneous
presence of different combinations may translate into a
more difficult understanding of the numerical results with
respect to the analytical dependence of the observables
from the ALP couplings.

Cc

All in all, we can identify three flavor structures that
present different phenomenologies. The first is a fully
diagonal structure, which would imply that any flavor
changing process is extremely suppressed, as indeed the
expressions in Egs. (4.4)—(4.6) identically vanish. The only
relevant observables are the magnetic dipole moments of
the electron and muon that receive contributions from the
photon penguin diagram.

If, instead, we consider a texture with only off-diagonal
entries, or with off-diagonal entries very much dominant
with respect to the diagonal ones, one may expect a
completely different phenomenological scenario. How-
ever, this is not the case as the leading contributions of
the flavor changing processes are suppressed with respect
to those of the magnetic dipole moments. All in all, these
two extreme scenarios give rise to very similar constraints
on the parameter space. We thus consider the following
texture as a benchmark case:

(4.20)

Texture 2(a): cX/R ~ ( 0 O(l))

o) 0

A more democratic texture with all the entries of the
same order of magnitude leads, instead, to a much richer
phenomenology, where the flavor changing processes play
a relevant role considering the present constraints and the
future expected sensitivities:

o) o)
o) o) > '
These two textures are stable under the running between
the scales we consider in our analysis. To illustrate this point,
we show in the Appendix the explicit result of assuming these
textures at the high-scale A = 10 TeV and applying the RGE
running down to any scale of the ALP mass down to
m, = 50 GeV, using ALPaca. In the e — u sector, there is
no relevant correction that modifies these initial structures:
the running contributes to the flavor conserving z-entry with
avalue of ~107° in the best scenario. The latter may represent
a dangerous outcome as the z-contributions are generically
enhanced by m./m, or m./m, to some powers, but a closer
look at the expressions in Eqgs. (4.9)—(4.19) for the three-
family framework reveals that the cER couplings always

appear proportional to the flavor violating z-entries, cER or
c,I;;R, which receive contributions from the running that are
even more suppressed.5 As a consequence, these contribu-
tions are safely subleading with respect to those in Egs. (4.2)—
(4.6) involving exclusively the ALP-lepton couplings with

the first two generations.

Texture 2(b): /R ~ < (4.21)

>The one-loop contributions to these flavor violating entries
are suppressed by the neutrino masses and are thus negligible.
The subsequent contributions appear at two-loop level and thus
also very much suppressed.
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TABLEIL e — u framework. Dominant contribution to ¥’(m,),
performing the RGE running from A =10 TeV down to
m, €[100,400] GeV, using ALPaca. The initial values of the
couplings assume the LH and RH couplings to have opposite
(equal) signs (positive for LH, negative for RH) for the diagonal
(off-diagonal) terms.

Dominant ¥(m,)

(fﬂd) =0, (f/;) =0, (f’;)lz ~ (?’6)21 ~ 10~
(V)% ~ 1078, (71) ~ 10, (7)? ~ 107

Texture 2(a)
Texture 2(b)

In the Appendix, we also report the dominant contribu-
tions to the low-energy hadronic couplings. These corre-
spond to the flavor-conserving interactions of the ALP with
the top and bottom quarks and are sufficiently suppressed
to produce no appreciable impact on hadronic observables.
This can be verified by combining the effective analysis of
Eq. (3.12) with the numerical results presented in Table II
and implementing them in FLAVIO [184]. While this
discussion does not provide an exhaustive treatment of
hadronic phenomenology, as, for instance, it does not
include observables induced at one loop, it nonetheless
offers a sound justification for neglecting hadronic con-
straints when considering these textures.

2. Three-family framework

Once the ALP couples to the three lepton generations,
more observables can be considered and the relevant

expressions are Egs. (4.9)—(4.19). As for the previous case,
the couplings c® and ¢’ are both present, and the case of
hierarchies among them provides the same qualitative
phenomenology as the case with similar magnitudes for
many observables. Indeed, although considering the
extreme case where either ¢® =0 or ¢/ = 0, leading to
several contributions to vanish, the presence of the photon
penguin terms implies just a ~1072 suppression with
respect to the case with both sizable couplings. This
suppression is generically easily reabsorbed into a redefi-

nition of the scale f,.
If we now focus on the flavor structure of these textures,

the flavor diagonal couplings enter either explicitly or
through the effective ALP-photon coupling. Although the
latter are suppressed by powers of a.,,, they turn out to be
dominant for large m, values. The reason can be easily
appreciated, for example, looking closer at Eq. (4.9). The
purely axion-mediated contribution in the first line is
proportional to m2/m2, while the photon penguin in the
second line is proportional to a.y,m,/(zm,) with the m,-
dependence entering only in the logarithm: the latter
contribution mildly varies with m,, while the first scales
quadratically with m,,.

It is then interesting to analyze to which extent the off-
diagonal entries provide specific phenomenological signa-
tures. Therefore, in the following, we will consider the next
textures.

o) o) o(1)

Texture 3(a): /R~ | O(1) O(1) 0O(1) (4.22)
o) o(1) o(1)
o) o)  <o(107)
Texture 3(b): cH/R ~ o(1) o)  <O(1073) (4.23)
<O(107%)  £O(107%)  <O(107%)
<O(107%)  £0(107)  <O(107%)
Texture3(c): /R~ | <O(107) O(1) o(1) (4.24)
<O(107)  O(1) o(1)
o) o0 o)
Texture3(d): /R~ | <O(107*) <O(107%) <O(10™) (4.25)
o) o0 o)

Texture 3(a) [Eq. (4.22)] represents a completely democratic scenario. The elements in the diagonal are taken as O(1),
but smaller values would lead to the same phenomenological results, according to the previous discussion.
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Modifying the previous texture to suppress the couplings
with 7 would converge toward texture 2(b), as expected.
Textures of the type of 3(b) [Eq. (4.23)] will then be
discussed together with texture 2(b) and referred to as z-
phobic cases.

A third type of flavor benchmark texture that may be
considered is the e-phobic case or texture 3(c) [Eq. (4.24)],
where the p — 7 sector has the largest couplings with the
ALP. In this case, all contributions to the observables that
involve an electron are then extremely suppressed, and the
only observables relevant to the analysis are expected to be
aif and the 7 — py, 7 — 3u, and 7 — p~eTe” decays.
These observables have however lower sensitivities, and
therefore, the analysis is less constraining.

The last trivial modification of texture 3(a) is when the
muon sector is suppressed, that is, a u-phobic scenario,
corresponding to texture 3(d) [Eq. (4.25)]. This is com-
plementary to the previous case, where contributions to
observables involving a muon are extremely suppressed,
and the relevant processes are expected to be a2 and the
7 — ey, T — 3e, and v~ — e~ puTu~ decays. Besides the
muon magnetic dipole moment, the other observables are
not well known and their impact on the numerical analysis
should be weak.

Anticipating the results from the numerical analysis for
textures 3(c) and 3(d), the expected subleading contribu-
tions to 4 — ey and u~N — e~ N are not so negligible and
have an impact in the plots, although in many cases not so
evident.

As for the two-family case, these coupling matrices are
assumed at the high-scale A and one should carefully check
their stability under the RGE running from that scale down
to the ALP mass. By adopting the ALPaca code, we have
done this exercise and found out that the largest contribu-
tions are smaller or at most equal to the present entries.
Moreover, once again, we see that the induced ALP
couplings to third-generation quarks are tiny, thus leading
to a negligible hadron phenomenology. Appendix contains
the corresponding discussion and shows the explicit results
with A = 10 TeV and m, € [50,400] GeV.

V. PHENOMENOLOGICAL ANALYSIS

We have performed a y? analysis of all relevant observ-
ables at the 3¢ level for the different coupling textures,
taking into account the observables listed in the previous
section. Given that the two determinations of (g —2), are
not mutually consistent, we begin with a conservative
approach based on the rubidium determination, and sub-
sequently address the anomaly implied by the cesium result.

Considering the number of parameters involved, m,, A,
I-L]-’R, we assume real Wilson coefficients to simplify the
analysis, and moreover, we do not present our results in
terms of a global fit. Instead, we marginalize with respect to
two parameters at a time, fixing the others to specific

C

values. The aim is to illustrate specific features of the
textures with two-dimensional plots where the allowed
parameter space accounts for the present experimental
constraints and the future prospects.

In doing that, we avoid ad hoc cancellations among
different contributions, by assigning specific values and
signs to the fixed parameters in each plot. For example, the
flavor conserving couplings enter most of the time as a
difference between the LH and RH ones, (ck —cR): to
prevent these terms from vanishing, we generically assume
these coefficients to be equal in modulus but with opposite
sign, ¢k = —ck.

Moreover, as is common in an EFT analysis, bounds do
not apply individually on the Lagrangian coefficients or on
the scale, that is, ¢“® and f, or m, in our case, but on their
ratios, namely, ¢R/f, or ¢/R/m,. This is why most
analyses are done by fixing the value of the scale and
investigating the coefficient parameter space, or, on the
contrary, by fixing the coefficients to specific values and
studying the bounds on the scale. We will follow both
approaches.

Before proceeding with the discussion of the textures, we
present a study of the m, x f, parameter space, fixing all
the coefficients as discussed above. The result can be seen
in Fig. 1. The plot on the left is obtained in the specific case
of texture 3(a), by fixing the coefficients as ¢& = —ck =1
for both the flavor conserving and violating entries. The
darker blue region is excluded at 3¢ considering the present
experimental bounds, while the lighter one also includes
future prospects. The gray region instead is excluded due to
a theoretical consistency condition: m, < 4zf,, assuming
in this case the cutoff to be A = 4z f,, which would reflect
a strongly interacting theory. The red line refers to the
condition m, = f, and only serves to divide the two
regions of the parameter space, where m, is larger or
smaller than f,.

The processes that dominate the fit are u — ey for the
present available data, and uN — eN for future prospects.
As expected from the previous expressions of these observ-
ables, we can appreciate the effect of two competing
tendencies. On the one hand, the contributions to the photon
penguin are dominant over almost the entire parameter
space except for the spike, where they (partially) vanish.
Their dependence on the ALP mass appears exclusively in
the logarithmic terms and is suppressed by (aey/f2)". On
the other hand, the direct charged lepton contributions,
which are proportional to 1/(m,f,)*", are relevant only in
the spike region and for low values of m,. All in all, the
unconstrained parameter space is very large and there is no
experimental preference for the allowed white regions with
my, < f, or with m, > f,. The latter is only further
constrained by the theoretical consistency limit that starts
to dominate for m, 2 130 TeV (m, = 280 TeV) for current
(future) prospects. The viability of this region of the
parameter space is typically overlooked by the prejudice
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m, x f, parameter space for texture 3(a), having fixed all the Lagrangian coefficients to ¢© = —c® =1 (left) and to c& =

—c®=1and ciLj = —cl’fi = 0.1 (right). The darker (lighter) blue region denotes the parameter space excluded by present experimental
constraints (future prospects), at 3c. The red line represents the condition m, = f,. The gray region is excluded by the theoretical

consistency condition m, < 4zf,.

of assuming an ALP with the same hierarchical relation
between its mass and the scale f, as for the traditional QCD
axion, i.e., m, < f,.
The plot on the right closely resembles the one on the
left, with the only difference being the choice of flavor
L

violating couplings, which are now fixed to c¢;; =

—c{} = 0.1. Although this setup no longer corresponds
to texture 3(a), it is nevertheless useful to illustrate how the
exclusion region depends on the overall magnitude of the
flavor violating entries. Since the dominant observables

L12| 2 . LR .
scale as |c3|*|cf5|*, lowering ¢;?" by one order of magni-

tude suppresses the exclusion bounds by a factor of 3. More
importantly, this modification does not alter the shape of
the excluded region; it simply produces a uniform rescaling
in the m, x f, plane. However, for textures with even
smaller off-diagonal entries, the relative relevance among
the observables may completely change. Indeed, observ-
ables with a stronger dependence on the flavor conserving
charged lepton couplings may provide the strongest con-
straints. For example, certain tau-lepton decay modes may
also become relevant through their dependence on c%¥,
although their constraints remain systematically weaker
than those from u — ey, which continues to provide the
dominant bound. At the same time, such a strong sup-
pression would push the exclusion limit of both f, and m,
to very low scales, entering the region where our descrip-
tion breaks down and thus no conclusion can be deduced.

All in all, in view of the above considerations, we refrain
from performing a systematic scan over the coupling
values. Instead, we concentrate on textures with genuinely

distinct internal structures that cannot be mapped onto each
other through a mere rescaling of their entries.

Figure 2 illustrates the same parameter space as in Fig. 1,
but for textures 2(a) (left) and 2(b) (right). First of all,
comparing the four plots, we can notice that the exper-
imental bounds are much weaker in the case of texture 2(a),

presenting even a different profile shape. The difference in

eff
ary?

absent in texture 2(a). Textures 2(b) and 3(a) present a
similar scale, with the relevant difference being only the
contribution from ¢, inside ¢¢If . In the regime of the spike
where the explicit charged lepton contribution is relevant,
we can appreciate the effect of the 7 mass enhancement:
when 7 couplings are active, the corresponding contribu-
tions are enhanced by m,/m, terms and, correspondingly,
the values of m, and f, have to be larger in order to saturate
the 4 — ey and y~N — e~ N constraints that dominates the
experimental bounds.

More into details, in the plot on the left for texture
2(a), the present bounds are mainly given by the anomalous
g — 2 of the muon and the future prospects from charged
lepton decays are not visible as they are weaker. For this
texture, the induced ALP-photon coupling is extremely
suppressed and thus the photon penguin does not provide
interesting contributions. We remain with the pure charged
lepton contributions and their 1/(m,f,)* dependence.
Instead, in the plot on the right for texture 2(b), the present
constraints arise from y — ey decay and the future pros-
pects from y~N — e~ N, and in particular the effective

scales arises from the contributions of ¢ which are
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FIG. 2. m, x f, parameter space for textures 2(a) on the left and 2(b) on the right, having fixed all the Lagrangian coefficients to

L

¢ = —c® = 1. The darker (lighter) blue region denotes the parameter space excluded by present experimental constraints (future

prospects) at 3¢. The red line represents the condition m, = f,. The gray and purple regions are excluded by the theoretical consistency

conditions m, < 4zf, and f, < vpw/4x, respectively.

photon coupling is sizable and consequently the photon
penguin contribution is dominant.

For texture 2(a), there are values of the ALP mass for
which the values of f, already fall below the scale of
validity of our description, f, ~ 30 GeV. Although this
plot strictly holds for ¢%, =1 = —c&,, slight changes to
these values do not lead to different results, and therefore,
we expect it to be unbounded from the lepton observables
considered. Texture 2(b), instead, is perfectly consistent
with our EFT treatment. As for the previously discussed
texture 3(a), there is no experimental preference for any of
the two regions separated by the red line.

In what follows, for each texture, we will include plots
that illustrate the possible existing correlations between
different ALP-lepton couplings: in most of the cases, the
behavior that we can naively infer from the formulas
associated with the most relevant observables can be easily
identified in the plots. However, in some cases, the
expected leading contributions are not so dominant and/
or observables with weak sensitivities also play a relevant
role in the y? analysis, and consequently the understanding
of the parameter space is more involved. Moreover, we will
always focus on comparing m, < f, and m, > f, to
underline that both regions deserve to be equally studied.

A. Analysis of the textures

1. Texture 2(a)

Texture 2(a) only presents flavor violating entries, and the
relevant observables are g — 2 of the electron and muon.

Indeed, the muon decays and the 4~ N — e~ N conversion are
suppressed, as they depend on the product of flavor conserv-
ing and violating couplings. As the plot on the left of Fig. 2
shows, the scales of m, and f, corresponding to the present
experimental bounds are extremely low and in part violate the
consistency limit of our description, f, > vpw/4r7.

To better examine the low scales allowed by this texture,
Fig. 3 showcases three plots for the parameter space cﬁe’R ,
assuming an extreme value for f, =30 GeV and pro-
gressively increasing values of m,. The relevant aspect to
be underlined refers to the values of the coefficients: the
region for |ck®| <1 is always unconstrained, for both
present data and future prospects. Larger coefficient values,
R > 1, would simply correspond to a redefinition of f,
to even smaller values, and thus, it would not represent a
qualitatively different setup. We can therefore conclude that
the suppression of the ALP-lepton couplings in this case,
due to their proportionality to m, and m,, leads to an
undetectable ALP in any of the leptonic observables
considered, even in the near future.

2. Texture 2(b)

This texture presents a democratic structure in the e — p
sectors, while the z-couplings are suppressed. The only
relevant observables are g — 2 of the electron and muon,
and the decays of the muon. The most present experimental
constraint is due to u — ey, while the dominant future
prospect is from u~N — e~ N. Indeed, this is reflected in
the parameter space of the plots in Fig. 4. In order to
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bounds. The gray region corresponds to |cpX| > 1.

understand the contours of the darker (lighter) blue regions,
we can focus on Eq. (4.4) [Eq. (4.6)]. In particular, in the
plots in the top panel, we can identify the circular profile of
the blue regions corresponding to the (|cL|* + [cR|?)
combination within the BR (u — ey) and BR(u~N — ¢~ N)
expressions.

The profiles in the plots in the middle and bottom panels
can be explained by focusing on the flavor conserving
couplings in Egs. (4.4) and (4.6), namely, the two relevant
observables for the present constraints and future prospects,
respectively. Recalling the definition of the effective photon
coupling, the focus is on the combination (cf, — cf,)*:
fixing ¢}, = 1 implies the possibility of a partial cancella-
tion of this combination upon variation of cff”. The value of
the observables Egs. (4.4) and (4.6) becomes suppressed,
thus reducing the constraints on the corresponding param-
eter space. This behavior is obtained when cf,
however, when it turns negative, no cancellation is in
action and the parameter space becomes excluded by both
the present bounds and the future prospects.

The plots are presented for a specific value of f, chosen
based on the plot in Fig. 2 in order to be close to the region
where experimental bounds are relevant. Three values of
m, are showcased in order to illustrate the variation of the
parameter space for the given couplings as a function of m,,.
While in the plots in the top row this dependence is trivial,
in the others it is more involved: we observe how
progressively increasing the masses (from left to right)
opens up the available parameter space. The scaling of the
bounds agrees with the expected behavior dominated by the
photonic penguin diagram contribution.

- 1;

3. Texture 3(a)

This texture is a natural generalization of the previous
texture to the case of three generations and presents a
completely democratic structure among its entries. Since

the 7 contribution is switched on, 7-decays can have a
nonvanishing contribution, which is enhanced by m./m,
with respect to the muon observables, although the former
has lower precision than the latter. Performing our numeri-
cal analysis, the processes that yield the strongest present
and future bounds are, respectively, 4 — ey and uN — eN.

Therefore, as in texture 2(b), the dominant contributions
arise from the couplings c5;* as well as the diagonal ones,
due to the enhancement of the photon penguin terms. In
Fig. 5, we provide the same plots as in Fig. 4, noticing the
difference in the scale as a result of the contribution of ¢,
through cf,t;fy as already stated before.

For this texture, we also consider the case where all the
couplings of one chirality vanish. In this case, the only
surviving contributions are those proportional to products
of couplings with the same chirality, such as those in the
second line of Eq. (4.11) for BR(u — ey). The plots in
Fig. 6 explicitly show how the parameter space varies
switching off the c¢® coupling: in the higher panel,
c® = —1, while in the lower one c® = 0. The complemen-
tary case with c& = 0 is equivalent. The top panel is shown
at the same scale as Fig. 5, f, = 14 TeV, whereas the
chiral bottom panel uses f,, = 7 TeV. The latter reflects the
weaker bounds after the opposite-chirality contributions are
removed.

4. Texture 3(b)

Adopting the same coupling structure as in the previous
texture 3(a), a suppression of O(107%) in the tau sector
effectively reduces the theory to a two-lepton scenario
where only ALP couplings with electrons and muons are
relevant. The processes that provide the strongest con-
straints on the parameter space remain the same as in the
previous textures 2(b) and 3(a), and the plots in Fig. 4 also
apply to the texture 3(b) case.

095002-17



MARTA F. ZAMORO et al.

PHYS. REV. D 114, 095002 (2026)

mg = 8 TeV mg = 12 TeV
1.0 . . . 1.0 1.0 . . .
0.5t 0.5F
=
(]
© © =
Q:Ui 0.0 Q%i 0.0 S
Il
<
-0.5¢ -0.5¢ =
-1.0 n n n -1.0 n n n "
1.0 -05 0.0 0.5 1.0 1.0 -05 0.0 0.5 1.0 .
L L L
Cue Cue e
mg =7 TeV mg = 10 TeV mg = 13 TeV
1.0 . . . 1.0 . . . 1.0 . . .
0.5F 0.5F 8 0.5
T =
[}
< - - =
5T 00 5T 00 {1 =T oo} =
Il
A\ <
-0.5} -0.5 . -0.5¢ \ -
-1.0 : : : -1.0 . : : -1.0 . : :
S0 -05 0.0 0.5 1.0 1.0 -05 0.0 0.5 1.0 1.0 -05 00 0.5 0
L L L
Cpe C;Le e
mg = 34 TeV m, = 38 TeV m, = 42 TeV
1.0 < . — 1.0 . . 1.0 . .
g e \,
T \
/
0.5+ 0.5+ // 0.5¢
\\\ / \ / =
g \ &)
i ) N i ) =
>3 3 3 L N\ 4
5T 00 5T 00 5T 00F N\ =)
\ I
\ y
3
-0.5¢ -0.5¢ -0.5¢ \\\ =
\“’m
-1.0 : : : -1.0 : : : -1.0 : : :
1.0 -05 0.0 0.5 1.0 1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
L L L
cue Cue C/tfz
FIG.4. Texture 2(b). Top row: ¢k, x ¢, parameter space for fixed c;; = 1 = —cK. Middle and bottom rows: c5, x ¢k, parameter space
for fixed ¢k = 1 = —cle. In all three cases, the chosen values of m, (on top of the plots) increase from left to right. f, = 10 TeV in all

the plots. The plots showcase the 3¢ exclusion regions for the current (future) experimental bounds in darker (lighter) blue.

(~O(107*)), the corresponding texture would receive
contributions from the RGE running, effectively leading
at low-energy to the original texture 3(b).

The contribution from diagonal ALP-z couplings repre-
sents no major impact on cf,g;fy, making this texture
essentially equivalent to texture 2(b). On that line, it is
useful to comment that if the z-entries were ~O(107!), the
nyfy would be able to represent an increment
in the scale with respect to texture 2(b). On the contrary, if

these entries were an order of magnitude smaller

5. Texture 3(c)

This analysis also focuses on a two-family framework,
suppressing all terms related to the electron by four orders

contribution to ¢
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of magnitude compared to the other terms. This choice is
made intentionally, as the process y — ey is no longer the
most constraining, having been surpassed by z — uy for
present bounds. For future prospects, the process y~N —
e~ N improves significantly with respect to the current
situation, but still cannot provide the strongest bound,

although it competes with 7 — puy.

L.R
CTi

™
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The dominant contributions arise from the couplings
and c,, due to the enhancement of the photon penguin
terms. However, due to the suppression of the muon
observables and the lesser precision in the 7 ones, the
scale is expected to be lower than the analog texture 3(b).

In the plots in Fig. 7, we illustrate the parameter space
ck, x ¢X on the higher panel, and c%, x c® on the lower



MARTA F. ZAMORO et al.

PHYS. REV. D 114, 095002 (2026)

mg = 12 TeV mg = 14 TeV mg = 16 TeV
1.0 : : : 1.0 . ‘ . 1.0 ‘
.
0.5} 0.5} 0.5}
%
- - - &
qoi 0.0 QUQ 0.0 ﬂwi 0.0 j
Il
0.5} -0.5h 0.5} =
-1.0 ‘ ‘ ‘ -1.0 ‘ ‘ ‘ 1.0 ‘ ‘ ‘
210 -05 00 0.5 1.0 10 -05 0.0 0.5 1.0 10 -05 00 0.5 1.0
L L L
Cre Cre Cre
mg =5 TeV mg =7 TeV mg =9 TeV
1.0 : : : 1.0 : : 1.0 — :
/ [ \ 7 T I [
[ | | | | |
[ [ | | |
| | | | [
0.5} [ | ] 0.5} [ 1 0.5} [
1 | | | |
| | | | | \
[ | [ z
=X 00 || < ool [ < ool [ '
S [ 2o | 'e = o '\\ | =
[ \ | \ | \ I
| | | \ | \ S
[ [ ;‘ \ 3
0.5} | 0.5} | \ 0.5} \
-1.0 kL -1.0 d : -1.0 = T
10 05 0.0 0.5 1.0 10 05 0.0 0.5 1.0 10  -05 0.0 0.5 1.0
L L L
Clie Cle Clie
FIG. 6. Texture 3(a). ¢k, x ck, parameter space (for fixed c%; = 1 = —c&). Top row: ¢® = —1 and f, = 14 TeV. Bottom row: ¢k = 0

and f, = 7 TeV. In all three cases, the chosen values of m, (on top of the plots) increase from left to right. The plots showcase the 3¢
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one. The shape of the different plots is equivalent to the
ones provided in Fig. 4, only changing the scale, as stated
previously. Since the future prospects of g~ N — e~ N can
at best compete with ¢ — py, the change in shape and scale
in both plots is minimal.

The ALP-e couplings have negligible effects in the y?,
and as a result no meaningful conclusion can be deduced
from plots focusing on the % x ¢f parameter space.

As commented for the previous texture, smaller values of
the flavor-violating entries would lead to quantum correc-
tions running from the high-energy scale down to m,, while
texture 3(c) is stable under RGE running. Increasing the
suppressed entries by an order of magnitude would recover
the processes p — ey and y~N — e”N as the more
constraining ones for present bounds and future sensitiv-

ities, respectively.

6. Texture 3(d)

In this texture, all the couplings associated with the
muon are O(107*), representing the complementary frame-
work with respect to textures 3(b) and 3(c).

The discussion of this texture becomes equivalent to the
previous one, but replacing 7 — uy by 7 — ey as the
process that yields the strongest constraints. For future
prospects, the process u~N — ¢”N can compete with
7 — ey but becomes less stringent than for 7 — py in the
previous texture.

The dominant contributions arise from the couplings

ckR and ¢, but are not necessary from the photon penguin
terms. In fact, a remarkable contribution for this texture
arises from the (g — 2), observable, as the scales involved
make the photonic contribution no longer relevant com-
pared with the nonphotonic ones. That contribution, being
Re[cL,c®]in Eq. (4.9), is responsible for altering the shape
of the plots in Fig. 8§ compared to the ones in Fig. 7. For
future prospects, the lesser constraints of y~N — e~ N can
slightly change the shape and scale in both plots.

The ALP-u couplings have negligible effects in the y?,

. . I
and therefore, plots illustrating the parameter space c,; X

C;lfi would not provide insightful results.
This texture is also stable under RGE running effects,
while entries smaller than ~10™* would be affected by
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T
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fa =320 GeV in all the plots and m, = 220(320)[420] GeV in the left (middle) [right] column. The plots showcase the 3¢ exclusion
regions for the current (future) experimental bounds in darker (lighter) blue.

quantum corrections. As for texture 3(c), increasing the
suppressed entries by an order of magnitude would recover
the processes p — ey and y~N — e¢”N as the more
constraining ones for present bounds and future sensitiv-
ities, respectively.

B. The a%* anomaly

In the previous analysis, we considered the rubidium
determination for (g — 2), that presents a tension with the
present experimental measurement of +2.4¢. This is a
more conservative approach, while if we adopt the cesium
determination the tension increases up to —3.8¢ and thus
represents an anomaly. In this section, we discuss whether
and under which conditions a leptophilic ALP can explain
this tension. As already mentioned in our analysis, which
rests on the consistency requirement that f, > vgw/47, we
particularly focus on the m, > f, parameter space. This is
complementary to other studies that instead focus on the
opposite regime; see, for example, Refs. [93,94].

The expression for the dominant ALP contribution to
(9—2), is Eq. (4.2) in the e — u family case and Eq. (4.9)

for the three-family framework. Both flavor violating and
conserving ALP-lepton couplings enter these expressions.
The first ones have a chiral enhancement that is m,, /m, and
m,/m,, respectively, due to the pure lepton-mediated
diagram. This does not occur for the flavor conserving
ones, associated to the photon penguin contributions. On
the other hand, the latter have a milder m, dependence and
turn out to be dominant at large ALP masses.

The plots in Fig. 9 show our results for texture 2(a)
within the e—u framework (left) and for texture 3(d) within
the three-family setup (right). In all panels, the orange
region denotes the values of the parameter space m, X f,
that resolve the cesium tension at 30, assuming cf, = 1 =
—cR inthe ey plotand ¢£, = 1 = —c&, in the three-family
one. Present experimental bounds and future sensitivities
are shown in blue—notice the barely visible blue region on
the lower left corner of the plot on the left.

Starting with the e—u scenario, an ALP obeying texture
2(a) can indeed account for the cesium anomaly while
remaining fully compatible with current and projected
constraints. The only additional requirement to keep in
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mind is f, > vgw/47, which implies that only the region
with m, < f, is consistent with our effective description.
The analogous analysis for texture 2(b) excludes an ALP
explanation of the anomaly, as the 4 — ey limits impose a
much stronger lower bound on both m, and f,.

Turning now to the three-family case with texture 3(d),
we find that present data, dominated by 7 — ey, exclude
this solution over a large portion of the parameter space,
though not entirely. The point with m, ~ 500 GeV and
fa =100 GeV evades the leptonic constraints and lies close
to the sensitivity suggested by the current collider estimate;
it is therefore a promising target for a dedicated collider
search. The alternative with m, ~50 GeV and f, 2
700 GeV reduces the (g —2), tension to the 1o level. In
the region m, > f,, the allowed parameter space arises
from the cancellation between the pure lepton mediated
contribution and the photon penguin one.

Considering now the other three-generation textures, this
ALP solution becomes strongly excluded. Indeed, once the
e—p couplings are switched on, then the y — ey and
u~N — e~ N bounds are much more relevant, thus exclud-
ing the region of the parameter space m, X f, interesting
for this anomaly.

VI. FINAL REMARKS

In this work, we have revisited one of the most widely
used assumptions in the ALP literature, namely, the para-
metric hierarchy m, < f,. While this relation is often taken
as a defining feature of ALP effective descriptions, it is not
a fundamental consistency requirement of the EFT frame-
work. The meaningful theoretical constraint is instead
m, <A, where A denotes the true EFT cutoff. The
comparison between m, and f, is therefore model-depen-
dent and, in general, does not carry intrinsic physical
significance. Moreover, using NDA, the region m, > f,
is naturally interpreted as pointing toward a strongly
coupled ultraviolet completion.

Motivated by this theoretical reassessment, we have
performed a dedicated phenomenological analysis of lep-
tophilic ALPs in the regime m, > f,, a region that has
received little attention in previous studies. Additionally, we
have implemented the full RGE from the cutoff scale down
to m,. Integrating out the considered leptophilic ALP and
matching onto the SMEFT Warsaw basis, we could con-
clude that all induced quark operators are strongly sup-
pressed, both by Yukawa insertions and by loop effects.
This establishes that the hadronic sector does not play a
significant role in the phenomenology under consideration,
thereby justifying our focus on purely leptonic observables.
On the other hand, we have rederived the one-loop
expressions for the anomalous magnetic dipole moments
of the electron and muon, as well as for radiative and three-
body charged lepton flavor violating decays and p—e
conversion in nuclei, for both the two-family and three-
family frameworks. In the latter case, we have shown

explicitly how z-induced contributions can dominate due
to the m, enhancement, even when the corresponding flavor
couplings are comparatively small. The interplay between
tree-level, one-loop, and interference terms has been care-
fully assessed for large ALP mass, resulting in a study
complementary to existing literature.

From the phenomenological perspective, our analysis
demonstrates that sizable regions of parameter space with
m, > f, remain viable under current experimental con-
straints. Moreover, this region can lead to distinctive
patterns in charged lepton flavor violation and in the
anomalous magnetic moments. In particular, if no specific
hierarchy is considered in the ALP-lepton couplings and
they are taken as (1), then the present experimental
constraints, dominated in general by the y — ey process,
imply the condition m,f, = (17 TeV)?. Otherwise, if the
flavor violating couplings in any of the flavor sectors are
suppressed by one order of magnitude, this bound is relaxed
to m,f, = (6 TeV)?2. Considering future prospects, domi-
nated by the u~N — e~ N conversion, these conditions
become m,f, > (35 TeV)? and m,f, 2 (11 TeV)?. We
have also considered specific benchmark scenarios for the
ALP-lepton couplings to investigate the dependence of the
parameter space on the flavor violating ALP couplings.
Specifically, we focused on electron-phobic, muon-phobic,
and tau-phobic frameworks, assessing the stability of the
assumed textures under RGE running and clearly conclud-
ing that the region of parameter space with m, > f, is very
much unconstrained under both present experimental data
and future prospects.

Furthermore, we have identified the conditions under
which the existence of an ALP can accommodate the
cesium determination of (g — 2),, which currently presents
a —3.80 tension with the corresponding experimental
measure. In the two-family case of a tau-phobic ALP,
we found that only by suppressing the flavor conserving
ALP coupling to the muon can the ALP hypothesis explain
the present tension, as in this way it is possible to evade the
u— ey and yN — e~ N limits. The values of the ALP
mass and decay constant f, have to satisfy the relation
(10 GeV)? <m,f, < (30 GeV)?, together with the con-
sistency condition f, > vgw/4x. In the three-family sce-
nario, we highlighted the fundamental role played by the
flavor violating couplings ¢%¥, and by the relative chiral
structure of the ALP-lepton interactions with their propor-
tionality to the lepton masses. We concluded that a
leptophilic ALP can indeed solve the anomaly in the
cesium determination of (g — 2), if its couplings to muons
are suppressed with respect to those with taus and electrons.
The low-f, point at m, ~ 500 GeV and f, ~ 100 GeV is a
promising target for a dedicated collider search, while the
solution with m, =~ 50 GeV and f, Z 700 GeV provides a
complementary high-f,, possibility.

Overall, our results show that the region m, > f, is not
only theoretically consistent but also phenomenologically
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rich and experimentally testable. The widespread identi-
fication of f, with the EFT cutoff has led to an overly
restrictive exploration of ALP parameter space. Relaxing
this prejudice opens new avenues both for model building
and for experimental searches, particularly in precision
leptonic observables.

Abandoning the leptophilic scenario considered here, one
has to take into consideration collider bounds associated
with the ALP-gauge field couplings and ALP-top inter-
actions, and the various constraints arising from the hadronic
sector. These studies are complementary with respect to our
analysis and are deferred to a future investigation.
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The Wolfram Mathematica notebook containing the
analytical expressions for the observables used in this
work, together with the assumptions employed in their
derivation, is available in Supplemental Material [137].

APPENDIX: RUNNING AND MATCHING
OF THE ALP COUPLINGS

In Sec. IV C, we discuss the different coupling textures
[see Egs. (4.20)—(4.25)] used in our phenomenological
analysis. A question one might have is whether the running
would noticeably impact the couplings, thus completely
altering the coupling texture at low energies, at which the
processes of our analysis are computed and compared with
experiment. Here we will show that this is not the case. For
this, we run the couplings from a set scale A = 10 TeV,
corresponding to the highest scale present in our analysis,
down to the mass of the ALP, m, € [50,400] GeV, using
ALPaca [ 120]. For energy scales below the ALP mass, where
the ALP is already integrated out, we do not account for
the EW running, since its contributions are negligible.
In the following, we report the order of magnitude of the
couplings associated with the different textures. As initial
values, we assume that the diagonal elements of ¢’ and c®
have opposite signs, while for the off-diagonal elements we
assume them to be equal.

010 0 O() 0
Texture2(a): /= |1 0 0 [SZ /A~ 001) 0 o0 (A1)
00 0 0 0 0
0 o(1) o) o
Texture 2(b 0 [ etk ~ | 01) 01) 0 (A2)
0 0 0 010
1 o(1) o) o1
Texture 3(a 1|2 R~ | o) o) o (A3)
+1 o) o) o
1073 o(1) o)  0(1073)
Texture 3(b +1 100 [ZBier~ | o) oa) 010 (A4)
1073 1073 £1073 O(107%)  O(1073) O(1073)
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+10™* 107* 107

Texture3(c): /R =1 107*  +1 1
1074 1 +1

+1 1074 1
Texture 3(d): /R~ | 107 +10* 10
1 107 +1

TABLE III. Three-family framework. Dominant contributions
to ¥'(m,), performing the RGE running from A = 10 TeV down
to m, € [100,400] GeV, using ALPaca. The initial values of the
couplings assume the LH and RH couplings to have opposite
(equal) signs (positive for LH, negative for RH) for the diagonal
(off-diagonal) terms.

Dominant ¥(m,)
Texture 3(a) (V) ~107° (17;)33 ~107*,(7.)33 ~ 1072
Texture 3(b) (V)3 ~ 1076, (1) ~ 1074, (7.)2 ~ 1073
Texture 3(c) (V)33 ~ 1075, (17,)33 ~ 1074, (£2)33 ~ 1072
Texture 3(d) (V)33 ~ 1075, (17,)33 ~ 1074, (£)33 ~ 1072

Notice that after RGE the couplings alter their exact
values but not the overall order of magnitude. Additionally,
in the derivative basis, the ALP coupling to gauge bosons is
scale-invariant. Therefore, they will not be generated via
running.

010 O10%) 0104
EE1etR ~ |l 010 o) o) (AS)
0104 o) o(1)
o) 010 o(1)
ER bR~ | 0107 010%) 0107 (A6)
o) 010 o(1)

Another relevant point we briefly discussed was the fact
that we do not need to consider observables with quarks
since the Wilson coefficients associated with the integration
out of the ALP, Eq. (3.13), are all suppressed with the
exception of C;,. Such smallness is related to the fact that
the quark ¥’ is suppressed by the Yukawa and the ALP—
quark couplings generated via running. Indeed, an explicit
calculation shows that the biggest contributions to the
quark ¥ are related to the 7 and b quarks, as could be
expected. The dominant contribution to this quantity for the
different textures can be seen in Table II in the two-family
case, and Table III for the three-family case. For these
calculations, we fix the input parameters A = 10 TeV
and m, € [100,400] GeV.

In Eq. (3.13), we demonstrate that these quantities enter
the Wilson coefficients in pairs and are additionally sup-
pressed by v?/(m2f2). Therefore, all operators involving
quarks will be suppressed at least by a factor

10700/ (m3f2).
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