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Introduction

After the long-awaited discovery of the Higgs boson at the Large Hadron Collider (LHC),
no convincing evidence of heavy new physics (NP) has emerged yet. The motivation for

NP at the TeV scale has thus being questioned, and alternative scenarios, with new light

mediators, have received increasing attention from both experimental and theoretical com-



munities over the past several years. A prominent example are Standard Model (SM)
extensions with light pseudoscalar bosons, generically referred to as axion-like-particles
(ALPs) [1-3]. ALPs might be naturally light, in comparison to the NP scale they origi-
nate from, if they are pseudo-Nambu-Goldstone-Bosons (pNGBs) of an underlying broken
symmetry. Such particles can be motivated by a number of fundamental open questions in
particle physics such as the strong CP problem [4-7], the origin of dark matter [8-11], as
well the hierarchy [12, 13] and flavor problems [14-17].

Within specific ultraviolet scenarios, the ALP mass and couplings are typically related.
Alternatively, a more model independent approach is to consider ALPs as a generalization
of the QCD axion, with mass and couplings being free parameters to be probed experimen-
tally. In this context, ALP interactions with SM fermions and gauge bosons are described
via an effective Lagrangian built with operators up to dimension-5 [18], and they can be
probed in a wide range of experimental facilities. Although less predictive, this approach
has the advantage of capturing general features of a broad class of models.

The most stringent limits on ALP couplings arise from cosmological and astrophysical
bounds, which are valid for ALP masses below the MeV scale [1-3, 19]. Less severe but still
significant bounds are set by LEP for masses ranging from the MeV scale up to 90 GeV [20].
The possibility of probing ALPs at the LHC, as well as in future colliders and fixed-
target facilities, has also been extensively explored [21-30]. Furthermore, the rich research
program at flavor factories offers several opportunities to probe ALP parameters in meson
decays [31-33]. In particular, since there is no fundamental reason for the ALP interactions
to respect the SM flavor group, ALPs can induce flavor-changing neutral-currents (FCNC)
already at tree-level [34-40].

The main goal of this paper is to explore the discovery potential of ALPs through
lepton flavor violating (LFV) processes. Since lepton flavor is an accidental symmetry
of the SM, broken by the tiny neutrino masses, its observation would correspond to an
unambiguous manifestation of new physics. This is an extremely promising and timely
subject thanks to the ongoing experimental program at present NA62 [41], LHCb [42] and
Belle-1I [43], as well as at the future Mu2E [44], Mu3E [45] and COMET [46] experiments,
which will improve the current sensitivity by orders of magnitude, see tables 1 and 4. The
main focus in the literature so far has been the on-shell ALP contribution to processes such
as L — ea — eee and u — ea — ey, due to the resonantly enhanced decay rates [47, 48|.
For ALP masses above the kinematical threshold of on-shell production, i.e. m, > m, —m.,
there is a nontrivial interplay with loop-induced processes such as pu — ey which has not
been fully explored yet. Furthermore, LFV meson decays can provide complementary
limits to the ones derived from purely leptonic processes, as they are sensitive to different
combinations of ALP couplings.

In this paper, we provide a comprehensive study of ALP-induced LFV decays, gener-
alizing and complementing previous analyses [47-49]. We consider two distinct classes of
processes: (i) purely leptonic and (ii) hadronic decays. The first class comprises radiative
decays ¢; — l;ry, three-body decays {; — {30, and ¢; — £iyy (with £; = p,7), as well
as pu — e conversion in nuclei, which we consider to be a leptonic process since the only
coherently-enhanced contributions are the ones coming from photon penguins. Hadronic



decays include leptonic meson decays P — ¢;{;, their inverse processes 7 — P/, as well as
semileptonic decays P — P'(V){;{;, where P") and V stand for pseudoscalar and vector
mesons, respectively. We derive general formulae for these processes that can be applied for
any choice of the ALP mass and couplings. We show in detail that the relative importance
of the various processes depends not only on the relative strength of ALP couplings to pho-
ton/gluons and fermions but also on the ALP mass. In particular, the correlations among
observables can change drastically depending on whether ALPs are produced on-shell or
off-shell. This makes it possible to infer the ALP mass indirectly, through their virtual
effects to LF'V processes.

Another observable which is highly sensitive to ALP couplings is the anomalous mag-
netic moment of leptons ay = (g — 2)¢/2 [30, 50]. This quantity received a lot of attention
due to the longstanding ~ 3.60 discrepancy between the experimental measurement and
the SM prediction, Aay, = a® — a3 = (27.1 £7.3) x 107'% [51-53], which might be soon
clarified by the ongoing analysis at the Muon g — 2 experiment (Fermilab) [54]. In a large
class of NP scenarios, contributions to magnetic moment scale with the square of lepton
masses (the so-called “naive scaling”), in such a way that the current discrepancy Aa,
suggests a NP effect in a, at the level of (74 2) x 10714 [55].! Testing NP with (g —2). be-
came possible only very recently thanks to the improved measurement of the fine-structure
constant aey, from atomic physics experiments [63]. Remarkably, the reevaluation of Aa,
employing the latest an, value has shown a 2.40 deviation from the SM prediction, namely
Aa, = (—87 £ 36) x 1014 [64, 65], which departs considerably from the “naive scaling”
expectation and has the opposite sign compared to Aa,. Another goal of this paper is to
assess to which extent ALPs can explain simultaneously both g — 2 deviations, exploring
the potential interplay with LFV observables (see also ref. [49] for a recent discussion).

The paper is organized as follows. In section 2, we recall the effective description
of ALP interactions in terms of dimension-five operators. In section 3, we discuss the
purely leptonic probes of LFV ALP couplings, deriving general expressions for the relevant
observables and extracting constraints from available experimental results. In section 4,
we extend our discussion to LFV processes involving hadrons. Our findings are then
summarized in section 5.

2 Effective field theory description

At low energies, the most general dimension-5 effective Lagrangian describing ALP inter-
actions with fermions and photons/gluons reads [18]

1 m2a?
d<5
L35 = 2 (0ua)(0"a) — "o
2.1)
a ~ v a ~ Ly 8 a = (
+ €2 C’WXFHVFM + g2 ngKGWGM - % Z fz"yu(vifj - azfj%)fj 5
JEN

1See refs. [55—62] for examples of new physics scenarios that violate the “naive scaling” rule, thus allowing
for larger effects in Aae than in Aay.



where the invariance under the gauge symmetry SU(3). X U(1)em has been imposed. In
this equation, f € {u,d,¢} denotes SM fermions in the mass basis, i,j stand for flavor

indices and the dual field strengths are defined as X = %e‘“’o‘ﬂXag, with €0123 = 41.
f

The effective couplings to photons and gluons are denoted by ¢, and ¢4y, while ;5 and azfj
stand for the vector and axial-vector ALP couplings to SM fermions, and A for the EFT
cutoff.2 The matrices v/ and af are taken to be hermitian and real to avoid CP violating

effects. By using the equations of motion, the last term in eq. (2.1) can be recast as

d<s .a 3
Lg’ D _ZK Zfi[(mfj —mfi)v{;—i-(mfj +mfi)a{j’y5]fj. (2.2)
fii,g

The anomaly equation for the axial-vector current divergence also entails a modification of

cyy and cq4q couplings, see e.g. discussion in ref. [30]. In the following, we will denote the

eff eff
Y 99"

contributes to flavor-violating observables only, as expected

effective couplings accounting for the full one-loop contributions as ¢y, = ¢
f
]
from the vector-current conservation, while azfj enters both flavor-conserving and violating

0
4]

and cgg = ¢

From eq. (2.2), we see that v

observables. For future convenience, we define the effective couplings s
l £ 12 l 12
Sij = |aij| + |vij| , (2.3)

which appears in the expressions of most LFV processes, as shown below.

Before studying the phenomenological implications of the effective Lagrangian defined
above, we discuss the theoretical bounds on the ALP couplings arising from perturbative
unitarity [66, 67]. Indeed, for sufficiently large values of the energy /s, the EFT descrip-
tion is expected to break down. We estimate these constraints by computing the partial
wave unitarity bounds on vy — v, gg — gg and ff — ff amplitudes mediated by a
pseudoscalar boson in the limit of high-energies (1/s > m,). By requiring partial waves of
total angular momentum J = 0 to satisfy |Reap| < 1/2, we obtain the following conditions

A A
V< =, V< ——,
VAT Oem | €| V32T |cgg]

Kl A 81 A
ol <o, < [T (2.5)
(mfj _mfi) (mfj +mfi)

As an example, if A = 1TeV and ¢y (cyy) = 1, from eq. (2.4) we learn that our EFT

(2.4)

remains unitary up to energies /s < 10(40) TeV. On the other hand, bounds on the
Yukawa couplings vifj, and a{j do not depend on +/s. For instance, for A = 1TeV, eq. (2.5)
yields |vl,], |ad;] < 2000 (with i < 3).

We now proceed to examine several LF'V observables sensitive to the couplings defined
above, starting with purely leptonic processes.

*We factor out the gauge couplings in eq. (2.1) in such a way that the Wilson coefficients ¢, and cgyq
become scale invariant at one-loop order [30].



Figure 1. Diagrams illustrating the ALP contributions to ¢; — ¢;v at linear (left panel) and
quadratic (right panel) order in the Yukawa couplings.

3 Purely leptonic processes

The most promising decay channels in this category are the radiative decays ¢; — ¢;,
and the three-body decays ¢; — £;(¢), and €; — £;yy (with @ < j). In the following, we
provide the general expressions for each of these processes and discuss their potential in
constraining ALP couplings.

3.1 Ej — Ly
The amplitude for the process £; — £;v can be generically parameterized as
iMI (L — biy) = deui(p — q)%1;(0)u;(p) (3.1)

where p and ¢ denote the momentum of the heavy lepton and the photon, respectively.
Since the photon is on-shell in this process, gauge invariance implies that the most general
Dirac structure is given by

¥ (0) = aat (féj (0) + G5 (0)75) : (3.2)

mzj
where ]-";j (0) and Q;j (0) are dimensionless form-factors. The above expression allows us to
write the decay rate as

my. .. 2
F(gj — Ez’)/) = i62 <)}—;J(0)‘ +

- g0 33)

where me; > my, has been used. The leading contributions to the dipole form-factors
F5'(0) and G5'(0) come from the diagrams illustrated in figure 1, which depend either
linearly (left diagram) or quadratically (right diagram) on the lepton Yukawas, cf. eq. (2.2).

Linear diagrams, which mimic the so-called Barr-Zee contributions [50, 68|, are typi-
cally dominant due to the logarithmic dependence on the ultraviolet cut-off.> Their con-
tribution to the dipole form factors reads

.. m2

Fo? (0)gin, = —ezwejp afj Cyy Gy (), (3.4)
.. m2

G5 (0)in. = —€* 55 01y ¢ 95 (), (3.5)

3In ultraviolet complete models, the c~ arises only at loop-level, in such a way that this diagram would
correspond to a two-loop contribution.



where z; = mg/mfj —in (with n — 07) and g,(z) ~ 2log A?/m2. The complete loop
function is reported in appendix A.1l.

By contrast, the quadratic contributions are finite, once self-energies are included, and
depend on the flavor of the lepton £; running in the loop. The contributions involving only
one LFV coupling (i.e. with k =i or k = j) read*

FaO). = e[t )+ dl. : 3.6

2 ( )quad. - 167T2A2 az_j a]_] mfj gl (Z']) + a’m mfi 92 (xj) ) ( . )
ii my.

ggj (O)quad. = - 167T2JA2 Ufj |:a§j mfj g1 (.’L']) - af@' my, QQ(xj)} . (37)

In the u — ey case, there is an additional contribution from the 7-loop exchange which is
induced by a double LFV source. We find

m,m

F5" (O)quad. = — 532555 (a6r by — vhr 08, ) s(ar). (38)
m,m,

QSM(O)quad, - 32;:2A2 <U£T af’u - ai‘r v£p> 93(1'7-) ’ (39)

which show a m,/m, enhancement compared to contributions involving a single LFV
coupling. Similarly, 7 — py receives contributions from electron loops, which read

P Oaua = =555 (heatic +vhevf ) galer) (3.10)

G5 (0auad = + 552555 (ahethe + vEeal ) galar) (3.11)
while muon loops contribute to 7 — e7y as follows,

F5(O)auaa = — 552515 (abualy — vhuvty ) galar). (3.12)

G5 (0)auad = — 555 (bt — vhpaly ) ga(ar). (3.13)

with the loop functions g;(z) also collected in appendix A. We find full agreement with the
results reported in ref. [49].

In summary, the most general contributions to £; — ¢;v with a single LE'V coupling are
given by the sum of the linear and quadratic contributions, see eq. (3.4)—(3.7). Moreover,
one should include the additional effects of eq. (3.8) and (3.9) in the u — e case, eq. (3.10)
and (3.11) for 7 — py, and finally eq. (3.12) and (3.13) for 7 — e7.

3.2 fj — eiekfk

The processes £; — (;{;f), are described by the diagrams shown in figure 2. The ALP can
contribute both at tree-level (right panel) or at one loop, via the effective £; — £;7* vertex
(left panel). Depending on the ALP mass, two different regimes arise: (i) for mg > my, —my,
or mg < 2my, the ALP is never produced on-shell, in such a way that there is a compe-
tition between tree and loop-level contributions, while (ii) for 2my,, < mq < me; — my,

“For generality, we have kept the contributions from a light lepton running in the loop in the second
terms of eq. (3.6) and (3.7). Nonetheless, these contributions turn out to be sub-dominant in most scenarios
due to the suppression factor mgi/mgj < 1.
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Figure 2. Diagrams illustrating the ALP contributions to ¢; — ¢;£;{; at loop-level (left panel)
and tree-level (right panel). The gray blob in the photonic contribution represents the different
loop contributions illustrated in figure 1.

the ALP can be produced on-shell, making the tree-level exchange dominant. In the fol-
lowing we provide the relevant expressions in both cases and discuss the phenomenological
implications.

We start by parameterizing the general amplitude for the emission of an off-shell pho-
ton. In this case, eq. (3.1) should be replaced by

iMP( — by) = iets(p — q) L (q%)uy(p) | (3.14)

v o 14

2(@®) = (ffj(qQ) + Qij(qg)vf’) <g“” - ng ) + Zi;q” (féj(qQ) + Qéj(q2)75> :

’ (3.15)
where the ]-'32(q2) and gi{2(q2) are form-factors depend on ¢ and on the masses of the
particles running in the loops depicted in figure 1. The general expression for these func-
tions, which are reported in appendix A.3, have been computed by independently using the
packages FEYNCALC [69] and PACKAGE-X [70]. We verified that these expressions coincide
with the results given in section 3.1 in the limit ¢> — 0. In particular, .Ffj(O) = Qij (0) =0,
as expected by gauge invariance.

Even though the form-factors reported in appendix A.3 provide the most general de-
scription of the transition ¢; — £;v*, it is convenient to derive simplified expressions which
are valid for off-shell ALPs, i.e. for m, > My, — My, Aand which are more convenient for
phenomenological analyses. In this case, F}’ and Gy’ are well-approximated by a series
around ¢% = 0,

F@*) = @ F(0) + O(q),

] (3.16)
G (@*) = ¢* 67 (0) + O(g"),

where ® = d® /dq?. Similarly, the dipole form-factors f;j (¢?) and ng (¢?) are well described
at leading order by setting g2 = 0. The complete expressions for f;j (0), ]-"i] (0), Q;j (0) and
gij(O) are reported in appendix A.4.

The one-loop contributions computed above can now be combined with the tree-level
one (see figure 2) to provide the general expression for I'(¢; — ¢;{}(}). For compactness,
form factors are expanded around ¢? = 0, as described above.



Off-shell decay rates. We first consider the off-shell scenario with m, > me, — Mmy,.
The ¢; — {;l}l), decay rate in this regime can be decomposed in three pieces, namely
(i) the photonic contribution, (ii) the ALP-mediated tree-level exchange and (iii) their
interference, namely

F(fj —>€1€k€k) = F(ﬁj —)fz"}/* _>€z€k€k:) + F(ﬁj —>€ia* _>€1€k€k:) + 5zk F(gj _>3€i)int. . (3.17)

We compute each of these contributions by keeping the leading ¢?-dependence in the one-
loop form factors. For the photonic contribution, we find

agmm, m2, 52 .. ..
D(— " = libuli) =~ fﬂ{(log =3+ ) |7 (0)2+1GY (0) 2] (3.18)

m? 4
Oik
]_ v

where we have used my, > my,, finding agreement with the standard expressions avail-

—* (IE7 PG (0)2)=m? Re(£7 (0)Fy (0 ~GY (0)GF <o>*)] } ,

able in the literature [71]. For the tree-level term, we obtain the following expression by
neglecting the ALP width,

) | 15512 M mi,
T(l; — lia* — Lilyly) = ’“’;%;J X E o (x;), (3.19)

where z; = m?2 /m%j, as before, and the phase-space function goék (x) is reported in ap-
pendix A.2. In the limit of large ALP masses, this function satisfies ¢if(z) o 1/22 +
O(1/2?), in agreement with the decoupling limit. Similarly, we computed the interference
of both contributions, which is given by

2
Qe e, 11U, . .
F(ZJ — 3€i)int, = 7967‘(‘2 7112 { -2 ©®1 (l‘]) Re [alil (agl FQ(O) — Uél GQ(O) )}

ot ey (s 0+ )]}
(3.20)

where the phase-space functions satisfy ¢;2(7) = 1/2 + O(1/2?), with the complete func-
tions collected in appendix A.2. Note that the interference between tree and loop-level
contributions vanishes identically for k # i. The phenomenological implication of these
expressions are discussed in section 3.5.

In the off-shell scenario with m, < 2my, , eq. (3.18) remains the same, while eq. (3.19)
and (3.20) should be reevaluated with the appropriate phase-space integration. In this
case, it is more difficult to provide a compact analytical expression as there are more mass
scales involved. In the phenomenological analysis, we integrate the form factors reported
in appendix A.3 numerically. We have also checked that the form factor expansion around
¢*> = 0 remains a reasonable approximation.



On-shell decay rates. The above expressions can be simplified in the case where the
ALP is produced on-shell, i.e. for 2my,, < m, < My, — My, . In this case, the interference
term in eq. (3.20) becomes negligible, while the photonic contribution remains identical
to eq. (3.18). On the other hand, the tree-level ALP exchange can be described in the
narrow-width approximation,

F(ﬁj — &;a — Ezgkﬁk) ~ F(Ej — Ela) B(a — Ekgk) s (3.21)
with
3 2002
My, m2 |53
D(4 = fia) = 12 (1 - mg) - (3.22)

where we have used that mye; > My, and

‘aik ‘2 mam%k _ 4m%k

A2 21 m2 ’

Bla— 0. 6) =1, (3.23)
where 7, denotes the ALP lifetime.

To assess the limits on ALP couplings in the on-shell regime, one should estimate the
ALP flight distance and verify that it decays inside the detector, as shall be discussed next.
The ALP boosted decay length in the lab frame is given by

, = Clpal , (3.24)

mq L'y

where p, denotes the ALP momentum in the lab frame. By assuming that ¢; decays at
rest, as in the case of © — e experiments such as MEG [72] or Mu3e [44], |p,| reads

>\1/2 (ma7 mfj ) mfi)

Pal = , (3.25)

2 my;

with A(a,b,c) = (a® — (b — ¢)?)(a® — (b+ ¢)?). In our numerical analysis, we will naively
impose the relaxed bound that £, is not larger than ~ 1 m in order for the ALP decay to be
considered prompt. A more refined analysis can be performed in experimental searches, by
using the displaced vertex as a tool to set even more stringent limits than searches based
on prompt decays [47, 48].° Another limitation of our analysis is the reinterpretation of
7 — e and 7 — p limits. Indeed, since 7’s are not produced at rest in current experiments,
eq. (3.25) does not apply in this case. The correct assessment of 7 LFV limits in the
resonant region would require a dedicated experimental study, as already suggested in
refs. [47, 48]

3.3 fj — L; vy

The next purely leptonic decay mode we discuss is £; — ¢;yy. We focus on the tree-level
contribution illustrated in figure 3, which is the dominant one for light ALPs. Once again,
we separate the off-shell region, m, > my, — my,, from the on-shell one, mq, < my; —my,.

5Similar displaced-vertex searches have been recently performed by LHCb in the decays B — K*a —
K<*)uu [73, 74], which provide some of the most stringent limits on GeV ALPs with couplings to both
quarks and leptons [39, 40].



Figure 3. Dominant contribution to £; — £;y7 for light ALPs, i.e. mq < my;.

~

Off-shell decay rates. The general expression for the branching ratio of ¢; — ¢;yy in
the off-shell regime (m, > my,) is given by

et st 2 my
_ vy1%4j i
B(gj — €177) =T A4 19273 (P(x) ) (326)
where = m2/ m%j and the loop-function ¢(z) reads
—1
p(x) =1+ 12z(z — 1) + 62 (22 — 3z + 1) log —, (3.27)

with p(z) = 1/(102%) + O(1/23) as > 1.

On-shell decay rates. In the on-shell regime, the branching ratio of £; — ¢; vy can be
obtained exploiting the narrow-width approximation, leading to the following result

B(t; — Liyy) = B(t; — Lia) Bla — v7y) (3.28)

where

4 2.3

ey |[F my
A2 Ax’

and the leptonic decay rate is given in eq. (3.22). As discussed in section 3.5, given the

Bla — vv) = Ta (3.29)

present experimental constraints, the process £; — ¢; vy turns out to be effective in limiting
the ALP parameter space only in the on-shell regime.

3.4 p~ — e~ conversion in nuclei

We now discuss 4~ — e~ conversion in nuclei, which will become one of the most sensitive
LFV probes in the coming years (cf. refs. [75, 76] for an overview of experimental prospects).
We consider this observable to be a purely leptonic probe, since ALP couplings to quarks
and gluons do not induce coherent contributions to the conversion rate, being therefore
negligible [71]. The only relevant contributions are then the ones stemming from the (off-
shell) photon penguins computed in section 3.2.5

The conversion branching fraction is defined as the ratio of the 1 — e conversion rate
over the nuclear capture one. Following ref. [71], we have

8aSm, 2y ZF}

B(y~N —e N)= £, (3.30)

FCapt

6See refs. [77, 78] for an estimation of spin-dependent contributions to these processes arising from
axial-vector and tensor operators.

~10 -



where Z.g is the effective atomic charge, F), parameterizes the nuclear matrix element
and I'cape stands for the total muon capture rate. The factor €2 accounts for the photon-
exchange contributions as follows

€2 = | F(—m2) + F(—m2)|” + gL (-m2) — G5 (-m2)|* (3.31)

2
/,L?
cf. eq. (3.15) and appendix A.3. For m, > m,, evaluating the form-factors at ¢* = 0 is a

where ‘7:1,2(_7”;2) and 9172(—771}2‘) are the u — ey* form factors evaluated at ¢> = —m

very good approximation. In particular, considering only one flavor-violating coupling and
neglecting the electron mass, this expression simplifies to

€% o< Jvpe|? + lage” = Ispel® (3.32)

as in the LFV quantities discussed above. In the specific case of gold (%87Au) and aluminum

(3T Al) atoms, the necessary inputs are given respectively by [79, 80],

Z=19, Zy=335, F,=016, ey =8.59868-10"GeV,  (3.33)

Z =13, Zog = 11.5, F, =0.64, Ceapt = 4.64079 x 1079 GeV,  (3.34)
which can be replaced in eq. (3.30) to give
B™(u~Au — e”Au) ~ 5.2 x 10'2¢2 BM(u~Al — e Al) &~ 3.52 x 1012 €2, (3.35)

Currently, the most stringent limit is B(u~Au — e~ Au) < 7 x 10713, obtained by the
Sindrum-II collaboration [81]. In the near future, the Mu2e experiment at Fermilab [44]
and Comet [46] at J-PARC aim to improve the experimental sensitivity to O(10717) by
using aluminum atoms, cf. table 1.

3.5 Numerical results and discussion

In this section we discuss the phenomenological implications of the results obtained above.
Our main goal is to explore the complementarity of the different leptonic probes and their
experimental prospects at current/future experimental facilities.

To derive constraints from existing data, we focus on a benchmark scenario defined
by lepton-flavor universal couplings to leptons (a = afi), with the other flavor-conserving
couplings vanishing at tree-level. In this case, the effective a7y coupling is generated by
the (irreducible) one-loop contributions from leptonic couplings [30],

1 a’
P = — > Bi(n), (3.36)

82
=€, T

where 7; = 477%2 / mg — ¢7 and the loop-function is given by

Bir) =1 rf2r)  with  fy—{ e Tl (3.37)
1(1) = T (7 wi T) = %+%10g}:/;, el )
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Decay mode Exp. limit  Future prospects Ref.
= ey 4.2 x 10713 ~6x 10714 [82]
pw— 3e 1.0 x 10712 ~ 10716 82]
w— eyy 7.2x 1071 — [82]

@ — e+ inv ~ 107 — [83]

p~Ti—e Ti | 43x10712 — [84]

pmAu—e Au| 7Tx 1071 ~ 10717 [81]

- Al — e Al — ~ 10717 [44, 46]
T — ey 3.3x1078 ~3x 1077 82]
T — 3e 2.7 x 1078 ~5x 10710 82]

T—eutu” 1.7 x 1078 ~6x 10710 82]

T — e+ inv ~b5x 1073 — [85]
T =y 4.4 x 1078 ~ 1077 [82]
T — 31 2.1x 1078 ~ 4 x 10710 82]

T — pete 1.8 x 1078 ~3x 10710 [82]

T p+inv | ~5x1073 — 85]

Table 1. Most relevant experimental limits on purely leptonic LF'V processes and future prospects
for MEG-II [86], Mu2E [44], Mu3E [45], COMET [46] and Belle-II [43].

which behaves as Bi(7) ~ 1/4/7 in the 7 — oo asymptotic limit, in such a way that
only fermions lighter than m, contribute significantly to eq. (3.36). To derive the relevant

constraints to this scenario, it is crucial to determine the ALP total width, 'y, and its

el
pels

lat,| and ]a£”| are shown in figure 4, as a function of the ALP mass m,, by setting the

flight distance in a given experiment [47, 48], as discussed above. The constraints on |a

flavor-conserving coupling to a’ = 1. Several comments are in order:

e Out of the whole set of 1 — e processes, B(u — 3e) and B(u — ey7y) impose the most
stringent bounds for 20 MeV < m, < 100 MeV due to the resonant-enhancement of
the branching fractions. The upper bound corresponds to the kinematical threshold
of on-shell ALP production, i.e. m, < my, —m,, while the lower bound m, 2 20 MeV

comes from the requirement that the ALP decays inside the detector, i.e. {, < 1m,
cf. eq. (3.24).

e For m, < 20MeV, the ALP decays outside of the detector, in such a way that
@ — ea is indistinguishable from pg — e + inv., from which we obtain the most
stringent constraint in this mass range. In principle, these limits could be improved

if dedicated experimental searches for displaced vertices are performed [47, 48].

e For m, > my, the process B(i — 3e) is dominated by the loop exchange of ALPs.
Indeed, while tree-level effects decouple with inverse powers of m,, loop-induced
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Figure 4. Constraints on [s!, | (lower panel), |st | (upper left panel) and |st,| (upper right panel)
as a function of the ALP mass derived from the experimental bounds listed in table 1. Dashed lines
correspond to future experimental prospects. We consider a benchmark scenario where afi =1 are
the only flavor-conserving tree-level couplings, while ¢, is induced at one-loop level, cf. eq. (3.36).

The other couplings are neglected in our analysis.

contributions exhibit a smoother logarithmic dependence. For this reason, u — ey is

currently the most constraining process for these masses. Currently, u — e conversion

in nuclei is less sensitive to ALP couplings, since B(uN — eN) ~ B(u — 3e)

~
~

1072 x B(p — e). This is expected to change in the future thanks to the Mu2E [44]
and COMET [46] experiments, which will improve the present sensitivity by orders

of magnitude, cf. table 1.

e Bounds on 7 — p and 7 — e transitions share similar features to the ones already

outlined above for the yu — e transition. An important difference stems from the
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Figure 5. B(u — 3¢)/B(u — ev) and B(7 — 3u)/B(7 — uy) as a function of m,, for the benchmark

ratios a’ = afi specified in the plot. The coupling c,~ is assumed to be induced at one-loop. See

the text for more details.

interplay between constraints from ALP on-shell production and the requirement that
the ALP decays inside the detector. In particular, the three body decays 7 — 3u and
T — epp set the most stringent bounds in the ranges 2m, < m, < m,; —m, and
2my, < mg < ms; — me, respectively, which correspond precisely to the kinematical
thresholds for on-shell ALP production. On the other hand, 7 — pee and 7 — 3e are
the most sensitive processes in the region 7MeV < m, < 2m,,, where the lower limit
stems from the ALP lifetime constraint. Note, in particular, that our flavor ansatz is
such that the relation B(7 — 3 u)/B(T — pee) = B(t — eup)/B(T — 3e) = mi/mz
holds exactly in the region where these observables are resonantly enhanced.

Let us now analyze the interplay between the different contributions to ¢; — £;;.¢;,
computed in section 3.2 and the correlations among LFV processes. From the above dis-
cussion, it is clear that £; — ¢;/}.{}, is the dominant decay mode if the