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Axionlike-particle contributions to the y — e conversion
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We study the 4 — 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 ~m,/f,, the SD

interaction induced by ALP-z° mixing turns out to be the leading contribution to u — 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 4 — 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 m, = m
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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 m,/my, [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 y — e transition, BR(u* — e*y) <4.2x 10713 [3].
This bound is expected to be improved by the MEG II
experiment down to BR(u — ey) ~O(107'%) [4,5].
Concurrently, p — e conversion searches at Fermilab
(Mu2e) and J-PARC (COMET) aim at improving the current
bound on BR(u — ¢) by four orders of magnitude, down to
BR(u — ¢) ~O(1077) [6-8].

Several phenomenological studies have approached
the u — 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
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spin-independent (SI) contributions, which are coherently
enhanced by 72, where Z is the nucleus atomic number. The
subdominant effect of spin-dependent (SD) interactions
have been studied in [14,16-22].

More recently, CLFV originating from light new physics
at the GeV scale or below has also been considered. A
particularly well-motivated class of particles with CLFV are
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 m, <m, —m, can be emitted on-shell in
rare muon decays, u — ea. This signal is strongly con-
strained by bounds on the branching ratio BR(y — ea) <
0(107°) [31,32], which translate into an upper bound on
the ALP decay constant of f, > O(10°) GeV [24]. The
upcoming experiments MEG II and Mu3e are expected to
reach BR ~ O(1078) [24,33].

In contrast, for heavier ALPs with m, 2 m, —m,,
u— ey and g+ N — e + 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
U+ N — e + 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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FIG. 1. Contributions to ¢ — e conversion in nuclei from the
LFV 1-loop dipole operator (left), and 7-channel exchange of the
ALP a and 7° (right).

couplings. Our main finding is that amplitudes involving
t-channel exchange of a and z° (right in Fig. 1) can strongly
dominate the rate for u + N — e + 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/z° exchange benefit from the relatively large axial
coupling to nucleons, g, = 1.27, and (ii) the contribution
from the dipole interaction is suppressed by one electro-
magnetic 1oop ~a,,/4x. Our study highlights the impor-
tance of y — e conversion experiments in discriminating
between different ALP models.

II. 4 - e CONVERSION

The interactions of an ALP a with decay constant f, 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:

L:tl D _i |: CXXX

falx-fZwe

+ Zfi[i(mfj —my, vl +i(my, +my,)alyslf;| (1)
fiij

where the sum over f runs over all quarks and leptons, i, j

are family indices, and the matrices v{j a{j 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-level a/z°-
exchange vs dipole contributions to 4+ N — e + 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 p and e':

a
LYD —i—

a

(muIZY5M - mdaySd + 2ayym;4ﬂ7/5ﬂ) (Za)
-l mu[é(vey + ae;ﬂ/S)M] (Zb)

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

All other couplings U{j, a{j 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
effective ALP couplings to hadrons below the QCD confine-
ment scale. The most important parameter controlling these
couplings is the a — z° mixing, which can be straightfor-
wardly obtained by mapping (2a) into chiral perturbation
theory (yPT) and diagonalizing the light meson mass matrix.
The physical states a, and 7', are given in terms of the

original states a and 7° by:

a, =y — Son° (3a)
0 = s,a + c,n°, (3b)

where c,, and s, are short-handed notation for cos a and sin a,
respectively, and a is the a — 7 mixing angle. We can then
reexpress the CLFV and nucleon couplings of the low energy
physical states as™:

m .
LPhys 5 —gA—N(caﬂ(,), — 54a,)NiysT’ N

fa
-m - -
- lf_ﬂ (Caap + Sa”(g)?) [261”,1/17/5/4 + e(veﬂ + ae/ﬂ/S)/d'
a
(4)

Above, N = (p,n)7 is the nucleon isospin doublet, 7° is a
Pauli matrix, g4 = 1.27 is the nucleon axial coupling, m,y is
the nucleon mass, and f, = 92.2 MeV is the pion decay
constant. For notation simplicity, from now on we shall drop
the subscript p when denoting the physical ALP and neutral
pion states. Note that while g0y in (4) is modified relative to
g+ yn by a factor of ¢,, we are interested in the regime of
fu>> frand |muo —m,| > 10 MeV, where*:

~ fﬂ mzzzo ~ 2
Sa"fa mio _mg’ Ca ™ 1 +O(sa)' (5)
Existing limits on |g,«yy — gonn| (see, e.g., [37,38]) put
only a very mild constraint on the ALP decay constant of

« 2 0(10) GeV for |mu —m,| ~ 10 MeV.

The interactions in (4) induce both SI and SD amplitudes
for y + N — e + N. The corresponding one-body opera-
tors are given by:

"Direct 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.

‘We 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].

In Eq. (5), m, and m, denote the Lagrangian mass param-
eters before diagonalization. For f, > f, and m_ # m,, they
provide a very good approximation to the physical ALP and
neutral pion masses, and we will use them interchangeably.
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where Og; is induced by the CLFV dipole operator (left in
Fig. 1); Ogp is the contribution from ¢-channel a/z°
exchange (right in Fig. 1); and ¢ = p, — p, is the momen-
tum transfer. At g*> = —m, the couplings appearing in (6)
are given by

aem
CDL(DR) = _g (‘leﬂ =+ /UE/J)aﬂﬂ[cggl (xa) + Sggl (xno)]’ (8)
with +(—=) for Cp.(Cpg), and xy = m%/m?. The loop
function g, (x) is given in Ref. [34], and it has asymptotic
limits ¢;(x) > 1 when x — 0, and g;(x) > 0 when
X — oo0. At the pion mass, g(x,) = 0.55. On the other
hand, those in (7) are expressed by

fa

mg; (m,
CS = gAsacaﬁ( m )(m + m ) e/u (9)
o fa ( ,2,0 - mZ)
CP - gAsacaE (m m )( + mi()) aell’ (10)

Before discussing the rates of y — e conversion in
greater detail, we can easily see the dominance of the
a/n° exchange contribution over the dipole contribution by
looking at the ratio of the squared-magnitudes of their
respective Wilson coefficients,
|CS/1>|2 2f2 gam (mzo —mg)*

) ’
|CD| f ;fngl( )(mu+ma)2<mﬂ+m,2,0)2

(11)

where we took a,, = v,, = a,, and neglected the sub-
leading #°-loop contribution to Cp. In the light ALP mass
region (m, < my) for which 7, ~ f./f,, we have

Csel> g5
|c;,|2 ~ S~ 0107), (12)
647°

This simple ratio indicates the main intuition alluded to in
the introduction: while the a/z° exchange amplitude
originates from the tree-level process with a relatively
large coupling g,, the dipole-mediated amplitude suffers
from the QED one-loop suppression.

We now turn to the 4 — e conversion rate generated by the
dipole and a/zn° exchange contributions. Following [16],
we have

T T T 1T T T T TTIm T 1T T 1T T TH

T
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FIG.2. Ratioof y+ N — e + N transition rates, I's/p/I'p, as a
function of the ALP mass, m,, assuming 2}Al as the nuclear
target.

m5 Z et em -
r= f4—( ool Wan (157 +165P)
with C(Di) =Cp; £ Cpg. The first and second lines

correspond to the SI and SD contributions, respectively.
W and Wz”z” are the nuclear response functions and Z
is an effective atomic number.” The above decay rate is
approximated by replacing the momentum transfer and
effective electron momentum with m, in the complete
expression [16]. In particular, for %ZAL Z.s = 11.8036,
Wi = 61.67, and Wiy, = 9.2 x 1072,° and one finds

C 2
“SIP 4 % 10-4| S/”l .
I'p |Cp|

(14)

Figure 2 shows the ratio I's;p/T'p in {]Al, assuming
Vey = Aoy = Ay, For m, ranging from the ultralight regime
up to O(GeV), the ratio ranges from O(10) to O(10%),
clearly indicating that the y — e conversion process is
dominated by the contribution from a/z° exchange in this
mass range. However, as m, 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 u — e conversion normalized to
the muon capture rate is given by

1ﬂconv(l" + (A’Z> - e+ (A’Z>)
1—‘capt(,u + (A’Z) - IJ”(A,Z - 1)) .

BR(u — e) = (15)

°In [16], the dipole operator corresponds to dy 7, and the
pseudoscalar exchange operator to d 4.

®We calculated response functions using the Mathematica
script: https://github.com/Berkeley-Electroweak-Physics/MuZ2e.
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FIG. 3. Current (shaded region) and projected (orange line)

exclusion limits from p — e conversion searches on the ALP
parameter space of m, vs f,. The dashed lines correspond to the
limits coming only from the SI process. The region of
|mp —m,| < 10 MeV, for which the approximation in Eq. (5)
is not valid, has been masked out. Note that y — ea gives a quite
strong limit for m, < m,, excluding f, 2 0O(10°) GeV.

The capture rate is experimentally determined to be [39]
[eape(Ti) = 1.71 x 10715 MeV, (16)
Ceapt(Al) = 4.63 x 1071 MeV. (17)
The current experimental bound for Ti is [40]
BR(u — ¢;Ti) < 6.1 x 10713, (18)

In Fig. 3 we show existing constraints from y — e
conversion in titanium (fixing v,, = a,, = a,, = 1) in
the parameter space of ALP mass m, vs ALP decay
constant f,. We also present the future reach of y — e
conversion in aluminum assuming a projected sensitivity of
future measurements of BR(u — e;Al) = 8.0 x 10717,
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)
m, region due to I' o« 1/f4%.

Several other constraints in the ALP parameter space can
be competitive with or dominant relative to the 4 + N —
e+ N reach. In particular, for m, < m, —m,, existing
constraints from y — ea decays are quite severe, excluding
faZ (9(109) GeV [24,33,41]. Furthermore, future searches
for u — ea are projected to reach f, ~ O(10'%) GeV, far
beyond any future reach of u — e conversion searches.’
Hence, in Fig. 4, we focus on the region of m, =
(200-1000) MeV, where the projected sensitivity of

"There could be tighter limits from K* — zta and 7 — e/ua
if tree-level quark FV and/or LFV 7 couplings are present. For
those bounds, see [24,42].
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FIG. 4. Similar to Fig. 3, but focusing on the region of
m, > 200 MeV, and showing additional limits from searches
for rare CLFV decays (shaded regions delimited by dashed lines):
u — ey (light gray), K™ — ztute™ (green), K; — pe (blue), and
7° — pe (purple). Weaker bounds from LFC Kaon decays, such
as KT — 77pu, K; — pu, are not shown.

1+ Al — e + 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 # — ey and LFV meson
decays. The branching ratio for 4 — ey has a current upper
bound of BR(u" — e*y) < 4.2 x 10713 [3], which trans-
lates into a marginally stronger limit on f, compared to
current limits fromy+N - e+ N 2 However, the future
reach of 4 — ey searches on f, are expected to improve
only mildly by a factor of ~2, [4,5], whereas upcoming
U+ N — e+ N searches will improve the reach on f,
by over an order of magnitude. It should be noted that the
SI-only case can only reach the same level as the future
u — ey search.

In the meson sector, a — z° mixing induces rare LFV
meson decays such as K* — 7" (a — pe), K; — pe and
7% — pe, whose current experimental upper bounds are
given by [43-45]:

0

BR(7" = pe) < 3.6 x 10719, (19a)
BR(K, — pe) < 4.7 x 10712, (19b)
BR(K" = ntute™) < 1.3 x 1071, (19¢)

Using the yPT method in [46], the upper bounds listed in
(192)—(19c¢) can be straightforwardly translated into limits
on m, vs f,, and are shown in Fig. 4.

Other bounds not shown in Fig. 4 come from rare lepton
flavor-conserving (LFC) kaon decays such as KT —
nt(a — puu) and K; — ppu. These processes are induced
by the LFC ALP coupling to muons in (2a) combined with

a — 7n° mixing. Constraints on f, from these LFC decays

The mixing s, corresponds to O(107(%)) 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/m3, [49].

While the f, constraints in Figs. 3 and 4 assumed
a,, = v,, = 1, they can be easily recast as limits on a,, and
v,, at fixed f, by noting that the y — e conversion rate
scales as I'(uN — eN) « (|ag,|* + |v,,|*)/f4. For in-
stance, fixing f, =1 TeV, the upper limits are
Vel |ae,] S O(1072-1073) for m, = (200-1000) MeV,
and are expected to improve by two orders of magnitude
with future 4 — e conversion searches.

Finally, as discussed in [16,18], the use of different
nuclear targets in 4 — 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 2’Al with a nuclear spin
J =5/2. On the other hand, natural titanium is predomi-
nantly composed of the **Ti isotope (~74% natural
abundance), which has J = 0. Hence, the SD contribution
to u — e conversion in a titanium target is relatively
suppressed compared to 2’Al. Targets with J = 0 nuclear
isotopes, such as O and Ca, would be suitable to isolate the
dipole contribution.

s

IV. CONCLUSIONS

We have studied 4 — 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/z°
exchange interactions can also exist if ALP interacts with
the SM light quarks. Assuming ALP couplings are O(1),
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 f, 2 O(1) TeV for m, > m,, which is relatively
strong compared to other existing bounds from CLFV
meson decays. The next-generation searches are expected
to reach f, ~ O(100) TeV in the heavy m, 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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