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We study the μ → e conversion process in nuclear targets arising in models of axionlike particles (ALPs)
with hadronic and charged lepton flavor violating (CLFV) interactions. Contributions to this process
generally fall into two categories: spin-independent (SI) and spin-dependent (SD). While the SI
contribution can be generated by a dipole operator through purely leptonic ALP interactions, the SD
contribution can also be present through ALP-quark interactions at tree-level. It is naively anticipated that
the SI contribution would be dominant due to its coherent enhancement. In this paper, we show that is not
generically the case; in particular, for naturally sized ALP couplings to quarks of order ∼mq=fa, the SD

interaction induced by ALP-π0 mixing turns out to be the leading contribution to μ → e conversion.
Intuitively, this stems from the suppressed dipole contribution by the QED one-loop factor which counters
the effect of SI coherent enhancement. Our study highlights the importance of μ → e conversion searches
in exploring the parameter space of generic ALP models, and demonstrates the competitiveness of these
searches in probing the CLFV ALP parameter space in the heavy mass range of ma ≳mμ.
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I. INTRODUCTION

Low energy processes that are either forbidden or highly
suppressed in the Standard Model (SM) can be powerful
probes of physics beyond the Standard Model (BSM). One
example is charged lepton flavor violation (CLFV). While
in the SM with massive neutrinos charged-lepton-flavor is
violated, CLFV amplitudes are so severely suppressed by
powers of mν=mW [1,2] that the observation of any such
process would necessarily imply the existence of BSM.
Currently, the most stringent limit on CLFV comes from
bounds on μ→e transition, BRðμþ→eþγÞ<4.2×10−13 [3].
This bound is expected to be improved by the MEG II
experiment down to BRðμ → eγÞ ∼Oð10−14Þ [4,5].
Concurrently, μ → e conversion searches at Fermilab
(Mu2e) and J-PARC (COMET) aim at improving the current
bound on BRðμ → eÞ by four orders of magnitude, down to
BRðμ → eÞ ∼Oð10−17Þ [6–8].
Several phenomenological studies have approached

the μ → e conversion process in the framework of
effective field theory (EFT) assuming that CLFV sources
originate from ultraviolet physics above the electroweak
scale [9–16]. These studies have focused mainly on

spin-independent (SI) contributions, which are coherently
enhanced by Z2, where Z is the nucleus atomic number. The
subdominant effect of spin-dependent (SD) interactions
have been studied in [14,16–22].
More recently, CLFVoriginating from light new physics

at the GeV scale or below has also been considered. A
particularly well-motivated class of particles with CLFVare
axionlike particles, or ALPs [23–30], which are naturally
light since they originate from the spontaneous breaking
of a global symmetry. In particular, a light enough
ALP a with ma ≲mμ −me can be emitted on-shell in
rare muon decays, μ → ea. This signal is strongly con-
strained by bounds on the branching ratio BRðμ → eaÞ <
Oð10−6Þ [31,32], which translate into an upper bound on
the ALP decay constant of fa ≳Oð109Þ GeV [24]. The
upcoming experiments MEG II and Mu3e are expected to
reach BR ∼Oð10−8Þ [24,33].
In contrast, for heavier ALPs with ma ≳mμ −me,

μ → eγ and μþ N → eþ N become more relevant proc-
esses to probe CLFV ALP interactions. Naturally, these
processes are sensitive to different couplings in the ALP
parameter space. Reference [34] has considered in detail
leptonic ALPs with both flavor-diagonal and flavor-
violating couplings. Here, we turn our attention to ALPs
with additional hadronic couplings and their mediation of
μþ N → eþ N processes. Previous studies in the literature
have estimated the rate for this process by assuming that the
coherently enhanced contribution from the dipole operator
induced at one-loop level (left in Fig. 1) was the dominant
one. In this paper, we consider additional contributions to
the conversion process from flavor-diagonal ALP-quark
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couplings. Our main finding is that amplitudes involving
t-channel exchange of a and π0 (right in Fig. 1) can strongly
dominate the rate for μþ N → eþ N, despite the fact that
these amplitudes are not coherently enhanced. The main
intuition for this is two-fold: (i) the contributions from tree-
level a=π0 exchange benefit from the relatively large axial
coupling to nucleons, gA ¼ 1.27, and (ii) the contribution
from the dipole interaction is suppressed by one electro-
magnetic loop ∼αem=4π. Our study highlights the impor-
tance of μ → e conversion experiments in discriminating
between different ALP models.

II. μ → e CONVERSION

The interactions of an ALP a with decay constant fa can
be quite general and include couplings to gauge bosons as
well as couplings to fermions, that can be both flavor-
conserving and flavor-violating:

La ⊃−
a
fa

� X
X¼F;Z;W;G

cXXX̃

þ
X
f;i;j

f̄i½iðmfj −mfiÞvfijþ iðmfj þmfiÞafijγ5�fj
�

ð1Þ

where the sum over f runs over all quarks and leptons, i, j
are family indices, and the matrices vfij, a

f
ij are Hermitian.

Due to the plethora of parameters in (1), the dependence of
BSM processes on the most general ALP parameter space
can be quite complicated, and the individual contributions of
different ALP couplings can be easily obscured. Therefore,
in order to facilitate the comparison between tree-levela=π0-
exchange vs dipole contributions to μþ N → eþ N, we
shall focus on a simplified model of an ALP that has only
pseudoscalar isovector couplings to light quarks, a flavor-
diagonal coupling to muons, and flavor-violating couplings
to μ and e1:

La ⊃ −i
a
fa

ðmuūγ5u −mdd̄γ5dþ 2aμμmμμ̄γ5μÞ ð2aÞ

−i
a
fa

mμ½ēðveμ þ aeμγ5Þμ� ð2bÞ

All other couplings vfij, a
f
ij not explicitly featured in (2a) and

(2b), as well as gauge boson couplings are set to zero.
The ALP coupling to light quarks in (2a) generates

effectiveALP couplings to hadrons below theQCDconfine-
ment scale. The most important parameter controlling these
couplings is the a − π0 mixing, which can be straightfor-
wardly obtained by mapping (2a) into chiral perturbation
theory (χPT) and diagonalizing the lightmesonmassmatrix.
The physical states ap and π0p are given in terms of the
original states a and π0 by:

ap ¼ cαa − sαπ0 ð3aÞ
π0p ¼ sαaþ cαπ0; ð3bÞ

wherecα and sα are short-handednotation for cosα and sin α,
respectively, and α is the a − π0 mixing angle. We can then
reexpress theCLFVandnucleon couplings of the low energy
physical states as23:

Lphys ⊃−gA
mN

fπ
ðcαπ0p− sαapÞN̄iγ5τ3N

− i
mμ

fa
ðcαapþ sαπ0pÞ½2aμμμ̄γ5μþ ēðveμþaeμγ5Þμ�:

ð4Þ
Above, N ¼ ðp; nÞT is the nucleon isospin doublet, τ3 is a
Pauli matrix, gA ¼ 1.27 is the nucleon axial coupling,mN is
the nucleon mass, and fπ ¼ 92.2 MeV is the pion decay
constant. For notation simplicity, from now onwe shall drop
the subscript pwhen denoting the physical ALP and neutral
pion states.Note thatwhilegπ0NN in (4) ismodified relative to
gπ�NN by a factor of cα, we are interested in the regime of
fa ≫ fπ and jmπ0 −maj≳ 10 MeV, where4:

sα ≈
fπ
fa

m2
π0

m2
π0
−m2

a
; cα ≈ 1þOðs2αÞ: ð5Þ

Existing limits on jgπ�NN − gπ0NN j (see, e.g., [37,38]) put
only a very mild constraint on the ALP decay constant of
fa ≳Oð10Þ GeV for jmπ0 −maj ∼ 10 MeV.
The interactions in (4) induce both SI and SD amplitudes

for μþ N → eþ N. The corresponding one-body opera-
tors are given by:

FIG. 1. Contributions to μ → e conversion in nuclei from the
LFV 1-loop dipole operator (left), and t-channel exchange of the
ALP a and π0 (right).

1For representative models of ALPs with LFV μe couplings
while suppressed quark FV couplings, see Sec. 7 in [24] and
references therein.

2Direct couplings of the pseudoscalar density, and thus of the
axion, to the nucleon arise at next-to-next-to-leading order in
chiral perturbation theory [35], and therefore we neglect them.

3We express the pion-nucleon coupling in a pseudoscalar form.
At the order we are working, this is equivalent to the axial form
dictated by chiral symmetry [36], and it allows for a more easy
relation to the calculation of the nuclear response functions of
Refs. [14,16].

4In Eq. (5), mπ0 and ma denote the Lagrangian mass param-
eters before diagonalization. For fa ≫ fπ and mπ0 ≠ ma, they
provide a very good approximation to the physical ALP and
neutral pion masses, and we will use them interchangeably.
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OSIðqÞ¼−
i
f2a

2

mμ
ēðCDLðqÞσμνPRþCDRðqÞσμνPLÞμqμN̄γν

×

�
1þ τ3

2

�
N; ð6Þ

OSDðqÞ ¼ −
i
f2a

ēðCSðqÞ þ CPðqÞγ5Þμ
mN

mμ
N̄iγ5τ3N; ð7Þ

where OSI is induced by the CLFV dipole operator (left in
Fig. 1); OSD is the contribution from t-channel a=π0

exchange (right in Fig. 1); and q ¼ pμ − pe is the momen-
tum transfer. At q2 ¼ −m2

μ, the couplings appearing in (6)
are given by

CDLðDRÞ ¼−
αem
8π

ðaeμ�veμÞaμμ½c2αg1ðxaÞþ s2αg1ðxπ0Þ�; ð8Þ

with þð−Þ for CDLðCDRÞ, and xX ≡m2
X=m

2
μ. The loop

function g1ðxÞ is given in Ref. [34], and it has asymptotic
limits g1ðxÞ → 1 when x → 0, and g1ðxÞ → 0 when
x → ∞. At the pion mass, gðxπ0Þ ¼ 0.55. On the other
hand, those in (7) are expressed by

CS ¼ gAsαcα
fa
fπ

m2
μðm2

π0
−m2

aÞ
ðm2

μ þm2
aÞðm2

μ þm2
π0
Þ veμ; ð9Þ

CP ¼ gAsαcα
fa
fπ

m2
μðm2

π0
−m2

aÞ
ðm2

μ þm2
aÞðm2

μ þm2
π0
Þ aeμ: ð10Þ

Before discussing the rates of μ → e conversion in
greater detail, we can easily see the dominance of the
a=π0 exchange contribution over the dipole contribution by
looking at the ratio of the squared-magnitudes of their
respective Wilson coefficients,

jCS=Pj2
jCDj2

¼ t2α
f2a
f2π

g2Am
4
μðm2

π0
−m2

aÞ2
α2em
64π2

g21ðxaÞðm2
μþm2

aÞ2ðm2
μþm2

π0
Þ2
; ð11Þ

where we took aμμ ¼ veμ ¼ aeμ and neglected the sub-
leading π0-loop contribution to CD. In the light ALP mass
region (ma ≪ mπ0) for which tα ∼ fπ=fa, we have

jCS=Pj2
jCDj2

∼
g2A
α2em
64π2

∼Oð107Þ: ð12Þ

This simple ratio indicates the main intuition alluded to in
the introduction: while the a=π0 exchange amplitude
originates from the tree-level process with a relatively
large coupling gA, the dipole-mediated amplitude suffers
from the QED one-loop suppression.
We now turn to the μ→e conversion rate generated by the

dipole and a=π0 exchange contributions. Following [16],
we have

Γ ≃
m5

μ

f4a

ðZeffαemÞ3
2π2

�
WMMðjCðþÞ

D j2 þ jCð−Þ
D j2Þ

þ 1

4
W11

Σ00Σ00 ðjCSj2 þ jCPj2Þ
�
; ð13Þ

with Cð�Þ
D ≡ CDL � CDR. The first and second lines

correspond to the SI and SD contributions, respectively.
WMM andW11

Σ00Σ00 are the nuclear response functions and Zeff

is an effective atomic number.5 The above decay rate is
approximated by replacing the momentum transfer and
effective electron momentum with mμ in the complete
expression [16]. In particular, for 27

13Al, Zeff ¼ 11.8036,
WMM ¼ 61.67, and W11

Σ00Σ00 ¼ 9.2 × 10−2,6 and one finds

ΓS=P

ΓD
≃ 4 × 10−4

jCS=Pj2
jCDj2

: ð14Þ

Figure 2 shows the ratio ΓS=P=ΓD in 27
13Al, assuming

veμ ¼ aeμ ¼ aμμ. Forma ranging from the ultralight regime
up to OðGeVÞ, the ratio ranges from Oð10Þ to Oð103Þ,
clearly indicating that the μ → e conversion process is
dominated by the contribution from a=π0 exchange in this
mass range. However, as ma becomes heavier, this con-
tribution quickly drops off compared to the dipole one due
to log dependence in the loop function.

III. RESULTS

The branching ratio for μ → e conversion normalized to
the muon capture rate is given by

BRðμ → eÞ ¼ Γconvðμþ ðA; ZÞ → eþ ðA; ZÞÞ
Γcaptðμþ ðA; ZÞ → νμðA; Z − 1ÞÞ : ð15Þ

FIG. 2. Ratio of μþ N → eþ N transition rates, ΓS=P=ΓD, as a
function of the ALP mass, ma, assuming 27

13Al as the nuclear
target.

5In [16], the dipole operator corresponds to d9;17, and the
pseudoscalar exchange operator to d2;4.

6We calculated response functions using the Mathematica
script: https://github.com/Berkeley-Electroweak-Physics/Mu2e.
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The capture rate is experimentally determined to be [39]

ΓcaptðTiÞ ¼ 1.71 × 10−15 MeV; ð16Þ
ΓcaptðAlÞ ¼ 4.63 × 10−16 MeV: ð17Þ

The current experimental bound for Ti is [40]

BRðμ → e;TiÞ < 6.1 × 10−13: ð18Þ
In Fig. 3 we show existing constraints from μ → e

conversion in titanium (fixing veμ ¼ aeμ ¼ aμμ ¼ 1) in
the parameter space of ALP mass ma vs ALP decay
constant fa. We also present the future reach of μ → e
conversion in aluminum assuming a projected sensitivity of
future measurements of BRðμ → e;AlÞ ¼ 8.0 × 10−17.
While these limits (solid lines) are obtained by including
both the SI and SD processes, the two dashed lines
correspond to the bounds only from the SI interaction.
For the expected limit, the inclusion of SD gives a factor of
5 (2) larger limit than the SI-only case in the light (heavy)
ma region due to Γ ∝ 1=f4a.
Several other constraints in the ALP parameter space can

be competitive with or dominant relative to the μþ N →
eþ N reach. In particular, for ma < mμ −me, existing
constraints from μ → ea decays are quite severe, excluding
fa ≳Oð109Þ GeV [24,33,41]. Furthermore, future searches
for μ → ea are projected to reach fa ∼Oð1010Þ GeV, far
beyond any future reach of μ → e conversion searches.7

Hence, in Fig. 4, we focus on the region of ma ¼
ð200–1000Þ MeV, where the projected sensitivity of

μþ Al → eþ Al searches will be able to probe unexplored
parameter space of ALP models with CLFV and hadronic
couplings.
In particular, in Fig. 4 we show additional exclusions in

our ALP model from bounds on μ → eγ and LFV meson
decays. The branching ratio for μ → eγ has a current upper
bound of BRðμþ → eþγÞ < 4.2 × 10−13 [3], which trans-
lates into a marginally stronger limit on fa compared to
current limits from μþ N → eþ N.8 However, the future
reach of μ → eγ searches on fa are expected to improve
only mildly by a factor of ∼2, [4,5], whereas upcoming
μþ N → eþ N searches will improve the reach on fa
by over an order of magnitude. It should be noted that the
SI-only case can only reach the same level as the future
μ → eγ search.
In the meson sector, a − π0 mixing induces rare LFV

meson decays such as Kþ → πþða → μeÞ, KL → μe and
π0 → μe, whose current experimental upper bounds are
given by [43–45]:

BRðπ0 → μeÞ < 3.6 × 10−10; ð19aÞ
BRðKL → μeÞ < 4.7 × 10−12; ð19bÞ

BRðKþ → πþμþe−Þ < 1.3 × 10−11: ð19cÞ
Using the χPT method in [46], the upper bounds listed in
(19a)–(19c) can be straightforwardly translated into limits
on ma vs fa, and are shown in Fig. 4.
Other bounds not shown in Fig. 4 come from rare lepton

flavor-conserving (LFC) kaon decays such as Kþ →
πþða → μμÞ and KL → μμ. These processes are induced
by the LFC ALP coupling to muons in (2a) combined with
a − π0 mixing. Constraints on fa from these LFC decays

FIG. 4. Similar to Fig. 3, but focusing on the region of
ma > 200 MeV, and showing additional limits from searches
for rare CLFV decays (shaded regions delimited by dashed lines):
μ → eγ (light gray),Kþ → πþμþe− (green),KL → μe (blue), and
π0 → μe (purple). Weaker bounds from LFC Kaon decays, such
as Kþ → πþμμ, KL → μμ, are not shown.

FIG. 3. Current (shaded region) and projected (orange line)
exclusion limits from μ → e conversion searches on the ALP
parameter space of ma vs fa. The dashed lines correspond to the
limits coming only from the SI process. The region of
jmπ0 −maj < 10 MeV, for which the approximation in Eq. (5)
is not valid, has been masked out. Note that μ → ea gives a quite
strong limit for ma ≲mμ, excluding fa ≳Oð109Þ GeV.

7There could be tighter limits from Kþ → πþa and τ → e=μa
if tree-level quark FV and/or LFV τ couplings are present. For
those bounds, see [24,42].

8The mixing sα corresponds to Oð10−ð6–8ÞÞ in the currently
allowed region.
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are weaker than their LFV counterparts by about an order of
magnitude [47,48], and therefore we omit their exclusions
from Fig. 4. The bound from B → Ka is also neglected as
the process is much suppressed by a factor of m2

u=m2
W [49].

While the fa constraints in Figs. 3 and 4 assumed
aeμ ¼ veμ ¼ 1, they can be easily recast as limits on aeμ and
veμ at fixed fa by noting that the μ → e conversion rate
scales as ΓðμN → eNÞ ∝ ðjaeμj2 þ jveμj2Þ=f4a. For in-
stance, fixing fa ¼ 1 TeV, the upper limits are
jveμj; jaeμj≲Oð10−2–10−3Þ for ma ¼ ð200–1000Þ MeV,
and are expected to improve by two orders of magnitude
with future μ → e conversion searches.
Finally, as discussed in [16,18], the use of different

nuclear targets in μ → e conversion searches could help to
disentangle the underlying ALP interactions. In particular,
a finite nuclear spin is sensitive to both SI and SD
interactions. The Mu2e and COMET experiments will
use an aluminum target, which has a 100% natural
abundance of the isotope 27Al with a nuclear spin
J ¼ 5=2. On the other hand, natural titanium is predomi-
nantly composed of the 48Ti isotope (∼74% natural
abundance), which has J ¼ 0. Hence, the SD contribution
to μ → e conversion in a titanium target is relatively
suppressed compared to 27Al. Targets with J ¼ 0 nuclear
isotopes, such as O and Ca, would be suitable to isolate the
dipole contribution.

IV. CONCLUSIONS

We have studied μ → e conversion process arising from
one-loop dipole and tree-level interactions induced by

CLFV ALP interactions. While the dipole operator origi-
nates from purely leptonic ALP interactions, a=π0

exchange interactions can also exist if ALP interacts with
the SM light quarks. Assuming ALP couplings are Oð1Þ,
we find that the tree-level interaction dominates the con-
version process over the dipole one due to the QED one-
loop suppression factor. The current experimental limit
indicates fa ≳Oð1Þ TeV for ma > mμ, which is relatively
strong compared to other existing bounds from CLFV
meson decays. The next-generation searches are expected
to reach fa ∼Oð100Þ TeV in the heavy ma region, which
exhibits the highest potential to probe CLFV ALP inter-
actions. Although the current study considered an ALP
model with exclusively isovector couplings to light quarks,
we expect that our qualitative conclusions would hold even
if heavy quark and/or gluon couplings are also present.
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