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ABSTRACT: We assess the status of past and future experiments on lepton flavor violating
(LFV) muon and tau decays into a light, invisible, axion-like particle (ALP), a. We propose
a new experimental setup for MEG 11, the MEGII-fwd, with a forward calorimeter placed
downstream from the muon stopping target. Searching for yu — ea decays MEGII-fwd is
maximally sensitive to LFV ALPs, if these have nonzero couplings to right-handed leptons.
The experimental set-up suppresses the (left-handed) Standard Model background in the
forward direction by controlling the polarization purity of the muon beam. The reach of
MEGII-fwd is compared with the present constraints, the reach of Mu3e and the Belle-II
reach from 7 — fa decays. We show that a dedicated experimental campaign for LF'V muon
decays into ALPs at MEG II and Mu3e will be able to probe the ALP parameter space
in an unexplored region well beyond the existing astrophysical constraints. We study the
implications of these searches for representative LFV ALP models, where the presence of a
light ALP is motivated by neutrino masses, the strong CP problem and/or the SM flavor
puzzle. To this extent we discuss the majoron in low-scale seesaw setups and introduce the
LFV QCD axion, the LFV axiflavon and the leptonic familon, paying particular attention
to the cases where the LF'V ALPs constitute cold dark matter.
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1 Introduction

Probes of the Standard Model (SM) based on rare processes with charged leptons are set to

improve substantially in the next decade. The muon beam experiments MEG II [1], Mu3e
2, 3], COMET [4] and MuZ2e [5] will collect unprecedented datasets using O(10'> — 1017)

muons each. Similarly, Belle-II is expected to collect roughly 5 x 1

77~ pairs [6],

exceeding by more than an order of magnitude the datasets at Belle and BaBar. The

standard New Physics (NP) targets for these experiments are rare lepton flavor violating



(LFV) transitions! induced by dimension-6 NP operators with SM particles on the external
legs. The NP operators are suppressed by the heavy NP scale A so that the corresponding
LFV branching ratios scale as BR oc 1/A%. Assuming O(1) Wilson coefficients for the
dimension-6 operators the reach on the scale A is expected to exceed 10® GeV during the
ongoing experimental campaign [7].

This can be contrasted with LF'V decays into a light axion-like particle (ALP), a, in
which case the LFV experiments probe much higher NP scales. The y — ea, 7 — pa or
T — ea decays are induced by dimension-5 operators so that the LFV branching ratios
scale as BR o« 1/f2, where f, is the ALP decay constant. The projected bounds on
LFV decays then translate to a reach on f, that, as we will show below, could exceed
100 GeV, assuming O(1) flavor violating couplings. These scales are among the highest
we could probe with ground-based experiments and are well above the present astrophysical
constraints induced by the coupling of the light ALP to electrons. This conclusion is the
main result of our paper and is presented in Fig. 1.

More broadly, in this paper we summarize the status of LE'V ALP searches. The
experimental difficulty is that the ¢ — ¢'a decays look very similar to the SM decays,
resulting in a single visible object plus missing energy (since the ALP is long-lived on
detector scales in a large region of the allowed parameter space). As a consequence, the £ —
¢'a decays are not covered by the standard LFV searches and require dedicated experimental
strategies/setups. We show that the experimental strategies to improve the coverage of the
LFV ALP parameter space depends crucially i) on the ALP mass, and ii) on the chiral
structure of the ALP couplings to the SM. For this reason we explore the full range of ALP
masses from an effectively massless ALP with m, < m. to a massive one up to my < my,
as well as all the possible chiral structures of ALP couplings to the SM leptons.

At present, the best bounds on f, from the y — ea decays give f, > 10° GeV [8]. The
reach can be substantially improved with the next generation of experiments, mainly due
to orders of magnitude increased integrated luminosities. For instance, a combination of
the experiment by Jodidio et al. from 1986 [9] and the TWIST experiment from 2015 [10]
gives the best present bounds on BR(u — ea) based on merely 107 — 10® stopped muons.
This luminosity is at least seven orders of magnitude less than those expected at MEG I1
and Mu3e.

Taking full advantage of the available datasets will require adjusted experimental ap-
proaches. In Section 3.2 we put forward a new experimental strategy to improve the bound
on BR(u™ — eTa) using MEG II. The main idea is to mimic the 1986 experiment by Jodidio
et al., utilizing that uT is polarized antiparallel to the beam direction, up to depolarization
effects. We study the feasibility of a forward detector configuration in MEG II which we
call MEGII-fwd (“fwd” for forward), where a calorimeter is placed in the forward direction
relative to the muon beam. A calorimeter with the right characteristics is already planned
to be employed by the MEG II collaboration to improve the calibration of the main in-
strument. In this configuration the u™ — eTa decay can be detected by searching for a

!These are y — ey, it — eee and p — e conversion for the muon and 7 — £y, 7 — 000, 7 — Lp, T — b7
for the tau, where £ = e, u. A more complete list of the LFV transitions and a theory summary can be
found in Ref. [7].



positron of maximal energy emitted in the direction opposite to the polarization of u*. For
a highly polarized muon beam the SM background from u* — eTvi is strongly suppressed
in this part of the phase space, while the u™ — eta decay is allowed for LFV ALP with
nonzero right-handed couplings to the SM leptons. We estimate the reach of this setup
for two weeks of dedicated run at MEG II and for different configurations of the magnetic
field, which will be crucial to control the polarization of the muon beam and the positron
yield in the forward direction. We also compare the sensitivity of our proposal to the one
that could be obtained at Mu3e by performing an online analysis of the positron spectrum
obtained from triggerless data acquisition [11]. Our conclusion is that the two experiments
are complementary and, given their timelines, MEGII-fwd has a chance to explore new
ALP parameter space several years before Mu3e.

Accessing this new portion of ALP parameter space could unveil connections between
ALP Dark Matter (DM) and lepton flavor violation. Indeed, for ALP masses below 1-
10 eV, the ALP is a viable DM candidate, if it is produced non-thermally through the
misalignment mechanism. The reach on LFV coupling from MEGII-fwd and Mu3e is then
complemented by on-going and future experiments sensitive to the couplings of ALP DM
to photons and electrons.

While the bulk of our analysis is based on model independent low energy descriptions
of ALP couplings, we do explore the implications of the projected experimental sensitivities
for a number of different NP scenarios, where the presence of a light ALP can be motivated
by the strong CP problem, Dark Matter (DM), the SM flavor puzzle or neutrino masses.

First, we show how LFV decays arise naturally in QCD axion models of the DFSZ-
type [12, 13]. In these models the axion solves the strong CP problem which then connects
the axion mass, m,, and decay constant, f,, giving m, o 1/f,. Furthermore, such a
QCD axion can make up for the total amount of DM in the Universe [14-17]. The future
reach on pu+ — e*a decays could explore new axion parameter space in the mass range
30 meV 2 m, = 0.4 meV, where the upper bound is given by astrophyical constraints.
Interestingly, this high mass range requires either a non-standard cosmology [18] or special
axion initial conditions [19] in order for the axion to be the DM. The same mass range
presents severe experimental challenges for axion DM detection through flavor diagonal
couplings. While these could be possibly overcome by ongoing force experiments [20] or
new experimental ideas [21, 22|, the QCD axion could also well be first observed through
its flavor violating couplings. For related studies where flavor violating couplings are (only
or also) in the quark sector, see [23-33].

Second, we discuss the reach of LFV decays in the parameter space of the familon.
This is the pseudo-Goldstone boson associated with the spontaneous breaking of the lepton
flavor symmetry which could explain the charged lepton hierarchies via the Froggatt-Nielsen
mechanism [34]. In this setup we show how the strength of LF'V decays is correlated with
the texture of neutrino masses. A similar construction could also simultaneously address
the strong CP problem and the flavor puzzle in the quark sector as proposed in Refs. [24, 33]
(and was therefore dubbed as “axiflavon”). In the axiflavon setup we show how the flavor
violation in the quark sector could be naturally suppressed in a U(2) flavor model similar
to the one presented in Ref. [35]. This would leave LFV decays as the main experimental



signature to hunt for. Similarly, our updated LF'V sensitivities will probe the parameter
space of axion or relaxion models which try to address the flavor puzzle [36-40].

As a final example of a well-motivated LEV ALP setup we discuss a class of majoron
models where the breaking of lepton family number is decoupled from the spontaneous
breaking of the lepton number [41]. In this context the future reach of Mu3e and Belle II
will explore new parameter space beyond the present astrophysical bounds.

The paper is organized as follows. We start by setting up the notation in Sec. 2,
followed by the discussion of ;1 — ea searches in Sec 3, with section Sec. 3.1 devoted to the
review of past searches, while the future proposals, both our proposal for MEGII-fwd as
well as the prospects at Mu3e, are presented in Sec. 3.2. Comments on y — e conversion
are given in Sec. 3.3. Sec. 4 contains a short summary of searches for u — eya decays, while
in Sec. 5 we summarize the bounds and prospects for tau decays. In Sec. 6.1 we discuss
the astrophysical constraints coming from star cooling and SN1987a, comparing these with
the reach of LFV decays. In Sec. 7 we discuss several models where LFV violation arises
naturally: in Sec. 7.1 the LF'V DFSZ axion, in Sec. 7.2 the LFV axiflavon, in Sec. 7.3 the
leptonic familon, and in Sec. 7.4 the majoron. Finally, our conclusions are presented in
Sec. 8.

2 Notation and Summary

The ALP is a (pseudo-) Nambu-Goldstone boson (PNGB) and couples derivatively to the
SM fermions. The interaction Lagrangian is thus given by

Log = ngjecw%e +Z

2f Uiy (CM +CM ¥5)45 (2.1)

where C 7.0, 1s & real vector? and CZ ’é‘ are hermitian matrices in flavor space, while the
summation is over ¢,5 = 1,2, 3, and we assume that only coupling to leptons are nonzero.
For ALP mass we take m, < m,, where m, could be well below the electron mass. The
decay constant f, is related to the spontaneous breaking scale of the symmetry the ALP
is associated with. We do not assume any relations between the couplings in Eq. (2.1),
and discuss the experimental bounds and prospects separately. For these 6-+3 couplings
we also introduce the short-hand notation

FV,A _ 2fa . 2fa

= e o = (2.2)
045 V.A> Ll . .
t ’ Vo2 A |2

2The diagonal vector couplings were set to zero, C’X ¢, = 0, via fermion field redefinitions that are

anomalous only under SU(2)r, and thus affect only the ALP couplings to electroweak gauge bosons. The
latter are not relevant for our analysis, since their contributions to LFV transitions are proportional to the
neutrino masses and are thus highly suppressed.
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Figure 1. Summary of the present bounds and future projections for an ALP with generic couplings
to leptons, i.e., we set Cpr = 1 for all the couplings in Eq. (2.1). For the isotropic case we set
C;Ye =0 and C’;‘e = 1 (the opposite choice leads to the same results). In the V + A case we set
C;Ye = :I:C;?e = 1. The gray shaded regions are excluded by the astrophysical bounds from star
cooling due to C,. and by SN1987A due to C.. and and C,,,, see Sec. 6.1. We present these bounds
for the isotropic case. The blue shaded region corresponds to a prompt/displaced ALP. The green
solid line is the exclusion due to the bound on pu+ — eta by Jodidio et al., assuming an isotropic
ALP [9]. The green dotted (dashed) line is our recast of this bound for the V. — A (V + A)
case. The sensitivity in the V — A case is worse since then the signal is suppressed in the forward
direction as much as the background. The blue solid (dotted, dashed) lines are the bounds from
the TWIST experiment on isotropic (V — A, V + A) ALP [10]. The dark orange thin solid line
is the MEGII-fwd projection for an isotropic ALP with no magnetic focusing while for the orange
thin solid line we assumed that focusing increases the luminosity in the forward direction by a
factor of 100, cf. Sec. 3.2 for details. The dark red thin solid line is the Mu3e projection from [42],
for the isotropic ALP. The sensitivity for the other chiral structures is expected to be similar since
there is no background suppression in this setup. The purple solid line is the bound from the
7 — ea search by the ARGUS collaboration [43], and does not dependent on the chirality of the
ALP couplings. The purple thin line is the projected reach at Belle-11, see Sec. 5 for details. The
bound on u™ — et~y from Crystal Box is subdominant, see Sec. 4, and is not displayed for clarity.

When kinematically allowed, the couplings in Eq. (2.1) give rise to LFV decays with the
(invisible) ALP in the final state.® The corresponding total decay width is given by

2
1 mz m>
ity

3We note in passing, that while we do not study the phenomenology of the LFV neutrino decays,
v; — vja, the typical decay time for this process is shorter than the age of the Universe for the ALP decay
constants under consideration. This has interesting phenomenological consequences on neutrino cosmology

-5
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Figure 2. Summary of the bounds and future projections for LFV ALPs. The color coding is the
same as in Fig 1. Left: We set C},. = 1, while all the other couplings in Eq. (2.1) are set to zero.
For comparison we also show the bound on u — ea from SN1987A derived in Sec. 6.1 even though
it is subdominant relative to the existing bounds from ground based experiments. Right: The only
nonzero coupling is C;. = 1. The plot for C;, =1 is similar, and is not displayed for brevity.

where for simplicity we neglected the mass of the final-state lepton. The differential decay
rate reads (in the same my, = 0 limit)

3 2 2
dr(4; = ¢; a) mg (1 ma>

dcos@ - 327TF€21_Z]_ B miﬁ_

2

Re(CY, Cf¥)
CT P +1CA, 2|

1+ 2P, cost (2.4)

where 6 is the angle between the polarization vector, 7, of the decaying lepton ¢; and the
momentum of the final state lepton £;, while P, is the polarization of the decaying leptons.
The convention used for P, is such that for the phenomenologically most important case of
pt — eta decays we have Py, = 7j- 2, where 2 is the beam axis. The p* are predominantly
polarized antiparallel to the beam direction, thus Py, < 0 and 6 is the angle between —2
and the momentum of the positron, cf. Fig. 4 (left).

The total width of the ALP can be computed as a function of its mass by summing
the different partial decay widths

Ciot(me) =T(a — vy) + Z I'(a — 445) + Z I'(a = vvj) . (2.5)
ij=1,2 i,j=1,2,3

Since we restricted the ALP mass to m, < m,, only the decays to photons, neutrinos,
electrons, and possibly muons are kinematically open. The corresponding partial decay

widths are
— 2 2 2(m2 +m?2)
Mg | (M, — My, My, + My, ¢ z
T(a — 0.0 — o | 25 5 ) I E—" L 26
@ = &6 2w[< Y >+< P2 H\/ m2 (26)
2 p2 3
[(a—7y) = “m e T (2.7)

6473 f2°

that will be testable in future large scale structure surveys [48, 49].



Present best limits

Process BR Limit  Decay constant Bound (GeV) Experiment
Star cooling - F4 4.6 x 10° WDs [44]

- F2, 1.6 x 106 SN1987A,,,, [45]

4x1073 Fle 1.4 x 108  SN1987A,. (Sec. 6.1)
pw—ea 2.6 x 107%*  F,. (VorA) 4.8 x 107 Jodidio at al. [9]
p—ea 25x107%*  F,. (V+A) 4.9 x 10° Jodidio et al. [9]
pw—ea 58 x 107°*  F,. (V —A) 1.0 x 10° TWIST [10]
p—eay 1.1 x 1079 Fle 5.1 x 108# Crystal Box [46]
T—ea 2.7 x 1073* Fre 4.3 x 106 ARGUS [43]
T—pa 4.5 x 1073** Frp 3.3 x 10° ARGUS [43]
Expected future sensitivities

Process BR Sens.  Decay constant  Sens. (GeV) Experiment
pw—ea 1.3x 107 F,. (VorA) 6.8 x 10° MEGII-fwd*
pw—ea 1.3x107™  F, (VorA) 2.1 x 1010 MEGII-fwd**
pw—ea 7.3x107%  F, (VorA) 2.9 x 1010 Mu3e [42]
T —ea 8.4 x 1076+ Fre 7.7 x 107 Belle 1T
T pa 1.6 x 1075** F, 5.6 x 107 Belle 11

Table 1. The present model independent 95% C.L. best bounds on leptonic ALP couplings F, Z}A,
Eq. (2.2), are given in the upper part of the Table, with future projections listed in the lower part.
The bounds assume m, below the mass resolution of the experiments considered here (see Fig. 1 for
modifications when m,, is sizable). These follow from 90% C.L. (*) and 95% C.L. (**) bounds on
branching ratios in the 2nd column, rescaled using Poisson statistics when necessary. The MEGII-
fwd projections are obtained for two different sets of assumptions: MEGII-fwd* assumes dx, = 1072
and (P,) —1 = 10~2 with no focusing, while MEGII-fwd** in contrast sets the focusing to F' = 100,
roughly what was achieved in the 1986 experiment by Jodidio et al [9], cf. Sec. 3.2 for details. The
Belle II projection for 7 — pa is rescaled from the Belle MC simulation in Ref. [47], while the one
for 7 — ea is rescaled directly from the ARGUS result [43]. (#) The Crystal Box bound on F),. can
vary between (5.1 — 8.3) x 10® GeV depending on the assumed positron energy loss, cf. Eq. (4.9).

while the ALP decays to neutrinos are often suppressed, so that in the bulk of the paper we
set I'(a — v;v;) = 0 (the majoron is an important exception, see Sec. 7.4). The coupling
to photons, F.g, depends on the UV physics as well as on the IR derivative couplings of
ALP to the SM leptons running in the loop,

1

T—1

Eeg = Euv +Y_C{B(ry),  B(r) = rarctan’ ~ 1. (2.8)

f

Here, 77 = 4m?/m§ —1¢, and the summation is over the SM leptons, f = e, u, 7. Note that
the loop function in (2.8) tends to B(co) = 0 for heavy fermions, and thus the contributions
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Figure 3. Graphical representation of the current bounds and future projections for different LF'V
couplings of an effectively massless ALP, also reported in Table 1.

due to the derivative ALP couplings decouple in the heavy fermion limit. The anomaly
contribution is encoded in the Wilson coefficient, Eyy, and depends on the structure
of the UV model. We use the the following normalization for the effective ALP-photon

Lagrangian 4

Oem A .~

—FF 2.9
A f, ’ (2:9)

such that for QCD axion Fyy = E/2N. For example, in the DFSZ-II model for the

QCD axion [12, 13|, in which the charged leptons couple to the same Higgs as the up-

Leg = Eyv

quarks, one has Eyy = 1/3. In Sec. 7 below, we give four explicit examples of LFV ALP
models. For these we have Eyy = {2/3,10/9, (10 + 24),0} for LFV QCD axion, Sec. 7.1,
for LFV axiflavon, Sec. 7.2, for anarchic LFV familon, Sec. 7.3, and for majoron, Sec. 7.4,
respectively. If ALP also couples to quarks and gluons there are additional contributions
o (2.8), both from heavy quarks as well as from pions running in the loop (see Ref. [50]
for complete expressions). From now on we fix Fyy = 1, unless specified otherwise, since
its precise value does not affect most of the physics discussed in this paper.

As shown in Fig. 1, we focus in this paper on the region of parameter space where the
ALP is long-lived on detector scales. As we will motivate extensively in Sec. 7 we believe
that this region is theoretically the most appealing. For the discussion of phenomenologi-
cally interesting decay channels in the displaced and prompt regions, we refer the reader to
Refs. [51-53] and to the recent MEG limit on LFV light particles decaying to two photons,
uw—eX, X — vy [54]. A complementary probe of LFV couplings in the region of heavier
ALP masses is the muonium-antimuonium oscillation, which would be induced by s— and
t— channel exchanges of ALPs with pe — a couplings. While the resulting bounds on f,

4Qur conventions are €g123 = 1 and Fu =1/2€up0 F*°



are several order of magnitude below the ranges shown in Figs. 1 and 2,® they are stringent
enough to effectively rule out the LEFV ALP explanations of possible deviations in (g — 2).
and (g —2), [52, 53, 56].

In the numerical analyses throughout the paper all the axion couplings are assumed
to be real in order to simplify the discussion. The interpretations of the present LF'V
experimental results and future projections in terms of bounds on Fy,, are summarized in
Fig. 1, assuming all the lepton couplings in Eq. (2.1) to be O(1). Fig. 2 shows instead the
same constraints for the case when only a single LF'V coupling is taken to be nonzero. In
Figs. 1 and 2 we also show the typical reach of astrophysical bounds on the ALP decay
constant coming from star cooling and SN1987A observations (see Sec. 6.1 for details). In
Table 1 and Fig. 3 we summarize the current best bounds and future projections for an
effectively massless m,, i.e. lighter than typical the mass resolution of the experiments
considered here. This is the ALP mass range that applies to most of the concrete models
discussed in Sec. 7. In the subsequent sections we discuss in detail the observables and the
experiments from which these constraints were derived.

3 ALPs in pt — et + invis. decays

We first summarize the status and prospects to search for the two body u™ — e*a rare
decays, where a is invisible, i.e., it decays outside the detector. The challenge of this
measurement is to distinguish u™ — eta from the background distribution of the SM
pt — et v decay.

The u™ — e*a decay produces a monochromatic positron line in the muon rest frame
at the positron momentum

. m2 —m2 4+ m2\>
pzme:\/ e ] (3.1)

2my,

or in terms of the positron energy, Eln® ~ my,/2 for mq < my,. The angular distribution
of the positrons depends on the initial muon polarization and the chiral structure of the
ALP interactions. We discuss three representative cases that lead to distinct angular
distributions:

e the isotropic ALP has either CXE =0or C’fe = 0. The angular distribution of the
final state positrons is isotropic in the muon rest frame and independent of the muon
polarization.

For heavier ALPs, m, > m,, we can integrate out the ALP to generate the muonium-antimuonium
oscillation EFT operators. Translating the results of Ref. [55] to our notation gives

v (@) . (2.10)

Ma

1 (I
L9TeV ~ |FA ~ FY

my 1 S 11

ma )’ 3.8 TeV (FA)2  (FR)?
The constraints for light ALP, m, < my, are obtained by taking m,/m, — 1 in the two expressions above
(see also similar results for heavy meson mixings in the limit of light ALP in Ref. [23]). In the future these

bounds could be improved for m, few GeV at Belle II by searching for ete™ — eeuu events [56].



m, [MeV]

105 94 82 67 47 0
calibration with == =""=~,

3 ptoet+v+v L2227 TN ”~,‘ @
endpoint N 2
> S
- o 1 =
— Vv o
\% Ve
< S \iS
P, = L cosBe=1 % S

----- c0sB6,=0.8 !

-------- c0s6,=0.6 i

0.0k : : : :

0.0 0.2 0.4 0.6 0.8 1.0

Xe

Figure 4. Left: Cartoon summarizing the relevant kinematical variables in the SM decay of a
polarized p+. Right: Summary of the experimental strategies to hunt for 4™ — e*a. The three
blue lines show the distribution of the positron spectrum in the SM decay p* — etv., for fixed
angle cosf, = 1,0.8,0.6 up to a typical angular resolution of 66, = &5 x 10~2. The muon beam
is assumed to be 100% polarized (P,) = —1 and as a consequence the positron distribution drops
after having a maximum at Tmax (see Eq. (3.3)). The value of the branching ratio at the end point
depends on the angular position and resolution (see Eq. (3.4)). In the gray region the positron
momentum is below 10 MeV and typically not recorded, in the green region u™ — e*a can be
searched as a spike on the Michel background. In the red region looking for the signal spike of
ut — eta requires to overcome challenges in the calibration of the instrument. The two different
red lines correspond to two different momentum resolutions as in Eq. (3.6): 0.13% in Jodidio et al
[9] and 1.8% in TWIST [10] (see text for details).

e the left/right-handed ALP couples only to the left/right-handed SM fermions, i.e.,
C,Ye = —C’,fe for the left-handed and C’/‘{e = +C:L/e for the right-handed ALP. The
positron angular distribution is o< (1 F P, cosf) for the left(right)-handed ALP, cf.
Eq. (2.4).

The SM p* — et v, 7, three-body decay proceeds through an off-shell W+ and produces
the so-called Michel spectrum

AT (ut — et ve1y)
dz.dcosf

~T,[(3—2z) — Py(2ze — 1) cosf]a?, (3.2)
with '), ~ mZG%/(lQQW?’) = 3 x 10719 eV the total muon decay width, and 6 the angle
between muon polarization vector and the positron momentum in the muon rest frame,
see Fig. 4 (left). The positron energy fraction z. = 2E,./m, takes the values 0 < z, < 1
(when neglecting the positron mass). In writing Eq. (3.2) the NP scale was taken to be
well above the weak scale, as is the case for NP models we are interested in, so that the
three-body muon decay is the SM one. For further details on the SM muon properties we
refer the reader to the two excellent reviews, Refs. [57, 58].

~10 -



For an unpolarized muon beam, (P,) = 0, the SM background in Eq. (3.2) peaks at
Eline — my,/2 which corresponds to x, = 1. That is, the peak of the SM background for
unpolarized muons coincides with the u™ — e™a positron line for a massless ALP. Luckily,
this is not the situation encountered at the intense muon facilities. The muon flux in
low energy muon beamlines such as those at TRIUMF or PSI is dominated by the muons
produced from pions at rest, at the surface of the production target. These muons are
100% polarized in the direction opposite to the muon momentum, i.e., (P,) = —1 in the
notation of Eq. (3.2). As a consequence, muon facilities produce very intense u* fluxes of
almost 100% polarized muons. The final polarization at the stopping point varies between
80% and 100% depending on the size of the depolarization effects at the production point,
during the propagation and at the stopping target.

Polarization of the muon can significantly reduce the SM background. This is il-
lustrated in Fig. 4 (right), which shows the Michel spectra as functions of z. for fixed
(Py,) = —1 and three representative values of cos 0. = 1,0.8,0.6, where 6, = m — @ is the
angle between the positron momentum and the muon beamline, see Fig. 4 (left).® For
0 < cosf, < 1 the non-zero polarization moves the position of the maximum of the Michel

spectrum to ~ ~
~ 3—(Py)cosbl. (P,)=-1 3+ cosb, (3.3)
31— (P,)cos.)  3(1+cosb)’ '

Lmax

i.e., away from the massless ALP positron line, while for cosf, < 0 it remains at Zyay = 1.
The SM decay rate at the position of the massless ALP positron line, z. = 1, is

d BR(p — eve )|, —1.9.—5, = 20c0s O (1 + (P) cos 0.) Fi=" o 5cos 0. (1 —cosb,) .

dz,

(3.4)
The SM background for fully polarized muons is exactly zero for cosf, = 1, i.e., for
positrons emitted in the forward direction relative to the muon beam, up to terms quadratic
in the angular resolution. However, in order to have appreciable signal rates, one can-
not work in the the exact forward limit, cosf. = 1, but need to accept events in some
range around , = 0, which also makes the SM background nonzero. Furthermore, any
suppression in the average muon polarization increases the SM background linearly with
0P, = (P,) + 1. For the ALP positron line the background suppression is linear in the
momentum uncertainty, dx., at least within the naive assumption of Gaussian smearing,
making this uncertainty dominant compared to the one on the angle, §6..

With judicious choice of cuts one can optimize the signal to background ratios. The
only two discriminants between the SM background and the ALP signal are the momentum
of the final state positron, p., and the angle .. The reach of different u™ — e*a searches
can be understood schematically in the cut-and-count scheme, giving

[ QAbkd
BR(M+ — €+ ) SJ 7 m + ﬁgys s (35)
sig” '

STechnically, the Michel spectra were integrated over small angular bins, cos . + dcos ., where 66, =

5 x 1072, which is the typical angular resolution of these experiments.
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where Z = 2.3(3) for 90%(95%) C.L. intervals, assuming Poisson statistics. Here, N+ is
the number of p at a given experiment, apkq (asig) is the background acceptance (signal
efficiency), while ey encodes the systematic uncertainties. The apxq depends linearly on the
momentum resolution, assuming the background is roughly constant in a given momentum
bin. Whenever e 2 1/ \/W the reach in the branching ratio saturates independently
on the muon luminosity.

Fig. 4 (right) summarizes the experimentally accessible regions that can be used for
ut — eta searches. Due to the momentum threshold for soft positrons the ALPs with
masses above m, 2 95 MeV are unaccessible. For massive ALPs lighter than 95 MeV a
standard bump hunt over the Michel spectrum can be performed, after the instrument is
calibrated with the Michel spectrum endpoint. For an almost massless ALP, i.e., for masses

below the momentum resolution of the experiment

Ope
ma S (/28 my, (3.6)

Pe

the positron line gets close to the endpoint of the Michel spectrum. As a consequence,
a shift in the endpoint of the SM spectrum due to the momentum resolution or other
uncertainties on the experimental setup would result in a spike which would be impossible
to distinguish from the signal. Reducing the large systematics on the endpoint of the
Michel spectrum then requires alternative ways to calibrate the instrument in this mass
region. In Fig. 4 we show the two mass regions where this is required for the momentum
resolutions of the two TRIUMF experiments we describe here.

In Sec. 3.1 we first review the two experimental searches which were performed at TRI-
UMF: i) the 1986 experiment by Jodidio et al. [9] and ii) the 2015 TWIST experiment [10].
The two searches had very different philosophies. The setup by Jodidio et al. tried to
suppress the SM background as much as possible, so that apxg < asig in Eq. (3.5). This
was achieved by using a highly polarized muon beam and measuring in the forward region
with a tight angular cut and excellent momentum resolution. Crucially, magnetic focusing
of the positrons improves the signal acceptance above the naive geometric one, and the
sensitivity in Eq. (3.5) is maximized. The TWIST experiment relies instead on larger in-
tegrated luminosity and uses wide angular acceptance. As we show below, combining the
results of the two experiments gives complete coverage of different ALP masses and chiral
structures of couplings for leptons.

In Sec. 3.2 we discuss the future prospects for u™ — eTa at PSI: at MEG II and Mu3e
[59]. MEG II is set to soon start its physics run, with the primary goal to improve the
sensitivity to u™ — et decays. The primary goal of Mu3e is to improve on u™ — ete~e™,
with data taking scheduled to start in the relatively near future. Both experiments use
the 7E5 beamline which provides roughly 108 /sec with muon momenta of 28 MeV, and
can also be used for u™ — e'a searches. The two experimental proposals to hunt for
ut — eta, MEGII-fwd that is part of this paper, and Mu3e-online, are very different in
spirit and could be complementary given that Mu3e will presumably start the physics run
after MEG II will have collected the planned muon luminosity.
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3.1 Past Searches at TRIUMF: Jodidio et al. and TWIST

The 1986 experiment by Jodidio et al. [9] used two datasets, the “spin held” sample
of 1.8 x 10”7 ut, and “spin precessed” sample of 1.4 x 107 4. The two datasets both passed
the trigger requirements, but differed in the magnetic field configurations that were used in
the experiment. The spin held sample had much higher purity of polarized muons and was
used to perform the u™ — eTa search. The spin precessed sample was used to calibrate
the end point of the Michel spectrum in order to reduce the systematic uncertainty. The
extremely high purity of polarized muons in the spin held sample was achieved through the
use of high purity metal foils as targets, which highly suppressed the muonium production,
while the strong magnetic field of 1.1 T parallel to the muon beam line suppressed the
muon spin precession. The measured averaged muon polarization at the stopping point
was

(P,) = —0.99863 + 0.00088, (3.7)

where we assumed the SM values for the muon decaying parameters and combined in
quadrature the statistical and systematic uncertainties.
The pt — e'a analysis searched for a positron line in the “spin held” data. The cuts

cosf, > 0.975 | Te > 097, (3.8)

selected the region of phase space in which the SM three-body decay is heavily suppressed
for polarized muons, see Eq. (3.4). The positrons emitted in the beam direction, i.e., at
cosf. ~ 1, were measured downstream in the spectrometer after they bent by more than
90° by a magnetic field.

First, we check how well the simple cut-and-count scheme reproduces the bound derived
by the experimental collaboration for the massless isotropic ALP,

Cp.=00rCir=0: BR(p — ea) < 2.6 x 1075 (90% CL) [9]. (3.9)

This will prove useful when deducing the projected sensitivities in the next section. Ap-
plying the cuts (3.8) on the Michel spectrum, Eq. (3.2), gives ageo = 5.3 x 107° for
the geometric acceptance of the background. Moreover, for a massless ALP, the number
of background events in a 20 band around z. = 1 can be estimated by integrating the
distribution provided in Ref. [9], accounting for the quoted momentum resolution

Ope
Pe

= 0.13%. (3.10)

This leads to a background efficiency of epq = 1.7x 1072, giving the background acceptance
of apkd = Ggeo " €pkd = 8.7 X 10~ 7. Applying instead the 2o band cut around z. ~ 1 directly
on the Michel spectrum, Eq. (3.2), gives a similar estimate for the background acceptance,
apka =~ 1076, This shows that using the simple analytical Michel spectrum is good enough
for the purposes of our estimates in the next section.

In order to obtain the correct limits we still need to take into account the effect of
magnetic focusing. After magnetic focusing and the cuts in Eq. (3.8) the total number
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of observed events in the spin held sample is ~ 7.4 x 10* (obtained by integrating the
distribution published in Ref. [9]). Assuming that these events are entirely due to the SM,
and neglecting the focusing, would require N+ ~ 1.4 X 10? in the initial spin held sample,

while in reality N+ = 1.8 x 107. The magnetic focusing therefore leads to effectively larger

geometric acceptance,’

F = Jeeotfoous _ 77 g (3.11)
Ggeo

The efficiency for the ALP signal in this experimental setup depends very much on

the helicity structure of the ALP couplings to the SM current and on the ALP mass.
=0
1.25 x 1072 after the angular cut in Eq. (3.8). Assuming that the focusing lens act similarly

ISO
geo+focus

€sys = 0.9 X 1075 systematic uncertainty on the branching ratio for an isotropic ALP.

For a massless isotropic ALP, i.e., my < me and C¥V = 0 or C4 = 0, we find a

on background and signal we find a = 0.97. The experimental analysis also assigns
Given the numbers above, Eq. (3.5) then gives our recast bound of 2.2 x 1075, which
agrees quite well with the result of the fit in Ref. [9]. The agreement makes us confident
that we understand the main features of the experimental setup. The above exercise also
highlights that the systematic uncertainty in the experiment by Jodidio et al. was smaller
than the statistical one, and thus the bound on BR(y — ea) would have benefitted from a
factor of 10 bigger muon luminosity before hitting the bottleneck of systematics.

Next, we recast the result by Jodidio et al. for different chiral structures of ALP cou-
plings and for higher ALP masses. We assume that there are no changes in systematic
uncertainties and the solenoid focusing effect. The ratios of signal acceptances are then ob-
tained by simply applying the angular cut in Eq. (3.8) to the angular distribution predicted
by the modified ALP coupling and mass, and compare it to the baseline massless isotropic
ALP. We obtain agReIg / agoo ~ 2 and age% / agoo ~ 0.012 for the signal acceptances of right-
handed (RH) ALP and left-handed (LH) ALP relative to the isotropic case, respectively.
Rescaling the bound in Eq. (3.9) gives for the massless right-handed ALP

Ch.=Ci:  BR(p—ea)<25x107% (90% CL). (3.12)

The improvement in the bound is marginal compared to the isotropic case because the
magnetic focusing effect is already giving a signal acceptance very close to one. If focusing
were a tunable parameter, the setup by Jodidio et al. would have benefitted from slight
defocusing which would have decreased the SM background but kept the signal almost
unchanged, giving the best bound on the V + A ALP.

For massive ALP the measurement by Jodidio et al. still translates into a bound since
the tail of the signal distribution leaks into the experimental signal region due to the finite
experimental resolution on the positron momentum, Eq. (3.10). For pli"® ~ m,/2 the
momentum spread is up to 70 keV. We recast the Jodidio et al. bound to m, 2 me by
taking the signal to be a Gaussian in p, with the mean given by Eq. (3.1) and the width set
by the momentum resolution in Eq. (3.10). The overlap between the Gaussian smearing

of the signal and the flat bin centered around pli"® = my,/2 with a width of 140 keV

e

"We thank Angela Papa and Giovanni Signorelli for illuminating discussions about this point and refer
to [60, 61] for a detailed derivation of the focusing power of a solenoid lens.
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sets the efficiency of the signal. The result of this extrapolation is shown in Fig. 1 and as
= me. The efficiency drops

~

expected the search strategy loses sensitivity very slowly for my
significantly only when m, ~ m, /10, in which case the ALP mass starts to significantly
shift the position of the positron line in Eq. (3.1).

For pure left-handed ALP the systematic uncertainties related to the determination
of the background endpoint are expected to grow significantly. The reason is that in this
case the signal is suppressed more in the spin held dataset than in the spin precessed one.
However, in the analysis [9] the latter was assumed to not be affected by the NP signal,
in order to calibrate the instrument. Assuming that this is indeed still the case gives the
green dashed line in Fig. 1, which should be viewed as only roughly indicative of what the
correct bound for the left-handed ALP is.

The 2015 TWIST experiment [10] collected 5.8 x 10® muons after the selection cuts were
applied. The experimental collaboration studied the u+ — eTa decay, varying both the
mass of the ALP and the chirality of its couplings to the SM. Their results are summarized
with the blue lines in Fig. 1.

The experimental concept of TWIST is fundamentally different from the previously
discussed experiment by Jodidio et al. TWIST detected positrons using a spectrometer
with an approximate cylindrical symmetry surrounding the muon beam line, and momen-
tum resolution at x, ~ 1 given by,

Ipe 1.1%

~

De | sin 6|

, (3.13)

which correspond to dp. = 572 keV/sin 6, at p. = 52 MeV. Since the momentum resolution
deteriorates in the forward direction (where sinf. — 0), the experimental strategy of
Jodidio et al. cannot be implemented, even though the TWIST muon beam is highly
polarized. The momentum resolution in Eq. (3.10) translates into an upper bound below
which the ALP can be considered effectively massless

me S v/2my, - 1MeV ~ 14 MeV . (3.14)

The 1 MeV was obtained by setting cos 6, = 0.8 in Eq. (3.10), which is the positron angle
for which TWIST had the widest momentum acceptance.

As shown in Fig. 1, for a massive ALP the TWIST search covers a region that was left
unexplored by the 1986 Jodidio et al. result, and extends the coverage up to an ALP mass
of 86.6 MeV. For higher masses the positron becomes too soft to be efficiently triggered
on at TWIST. In this region older searches by Derenzo et al. [62] and Bilger et al. [63] and
the recent PIENU result [64] complement the high mass coverage. We refer to the PIENU
paper [64] for a summary plot focused on the high mass region.

TWIST becomes less sensitive for a massless ALP due to the systematic uncertainties
related to the calibration of the x, = 1 endpoint, which limited the sensitivity. Unlike
Jodidio et al., TWIST collaboration had to rely on Monte Carlo modeling to calibrate
the endpoint. The quoted systematic on the momentum edge represented an irreducible
bottleneck to improving sensitivity of the massless ALP search. The 90% C.L. upper
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Figure 5. The proposed MEGII-fwd set-up. A Lyso-ECAL detector of 10 cm in diameter is placed
along the muon beam line 1.5 m downstream from the stopping point. The muon polarization P,
is in the opposite direction than the detected positron.

bounds for massless ALP by TWIST, extracted using the Feldman-Cousins method [65],

are

Cr.=0o0rCl=0: BR(p — ea) < 2.1 x107° (90% CL), (3.15)
Cr.=Co: BR(p — ea) <1x107° (90% CL), (3.16)
Cy,=—Ci,: BR(p — ea) < 5.8 x 107° (90% CL). (3.17)

Only the last bound, on the left-handed ALP, is stronger than our recast of the previous
bound from Jodidio et al. experiment, which, as discussed before, was less sensitive to
left-handed ALPs. The gain of the TWIST experiment is due to the much larger muon
luminosity compared to the one available to Jodidio et al., which compensates for the worse
momentum resolution at TWIST.

3.2 New searches at PSI: MEGII-fwd and Mu3e-online

A proposal for MEGII-fwd. The MEG II experiment is expected to start its physics
runs soon after completion of the engineering run that started in 2019. The goal of our
proposal is to achieve at MEG II a configuration similar to the one used in the experiment
by Jodidio et al. [9], so that the u™ — eta decays of polarized muons are detected in
the forward region where the SM background is suppressed, see Fig. 4 and discussion in
Sec. 3.1. Such a set-up requires:

e A forward detector to collect energetic forward positrons. The final sensitivity to
ut — eta decays will depend on the energy resolution of this detector. We as-
sume that a Lyso calorimeter (Lyso-ECAL) with a 10 cm diameter and high enough
threshold for positron energies can be installed in the forward direction roughly 1.5
meters downstream from the muon stopping target. The resulting angular coverage is
6 ~ 1.72°. We vary the positron momentum resolution at p.+ = m,/2 in the range®

Ot /Dot = 1073 — 1071 . (3.18)

8We are aware that the use of such a calorimeter for calibration purposes was discussed inside the MEG
IT collaboration. A momentum resolution dp.+ /p.+ = 1072 at p.+ = m,, /2 is realistic for this ECAL [66].
We thank Angela Papa for private communications regarding this.
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At a similar position the MEG II collaboration planned to put a Radiative Decay
Counter (RDC), with the aim to reduce the accidental background for the search of
ut — ety. However, RDC is designed to detect low-momenta positrons and would
not be useful for the u™ — e*a search.

e A new configuration of the MEG II magnetic field in order to suppress depolarization
effects and keep the p+ antiparallel to the outgoing positron. The two main sources of
depolarization of the muon beam are the so called “halo muons”, emitted from pions
decay in flight, and the angular divergence of the beam. How close the polarization
can be kept to the maximal one, (P,) = —1 is crucial here, as this controls the
suppression of the SM background, see (3.4), which directly affects the sensitivity to
uT — eTa. In what follows, we vary the depolarization in the range,

(PY+1=10"3~-10"". (3.19)

In the predecessor experiment, the MEG experiment, the muon polarization at the
stopping target was (P,) = —0.86 & 0.06 [67], which corresponds to the upper limit
of the above range. The lower limit of the range assumes that the depolarization
strategy similar to the one used in the 1998 experiment by Jodidio et al., Ref. [9],
can be put in place. Collecting in addition a less pure sample of polarized muons
would help in calibrating the endpoint of the Michel spectrum, z. = 1, exactly as it
was done in Ref. [9].

e A focusing lens to increase the positron luminosity in the forward direction. In
the experiment by Jodidio et al., a solenoid lens was used to maximize the signal
acceptance at the price of a higher SM background, cf. Sec. 3.1. Focusing enlarges
the effective size of the forward detector. The angular coverage of the Lyso-ECAL is
very small so that without focusing the geometric acceptance of the signal is only,

CLISO = 5.6 x 10*4 , aVJrA =12 x 1073 , (320)

geo geo

for isotropic and V 4+ A ALP, respectively. The reach on the branching ratio scales
with the focusing factor F' as BR(u* — eTa) ~ 1/V/F as long as F' X ageo < 1. In
the projections we leave F' as a free parameter, noting that F ~ O(10?) was reached
in the 1986 experiment by Jodidio et al., cf. Eq. (3.11).

e Sufficient time devoted to the physics run in the u™ — e a search configuration. As
a reference point we will use

N, =12x 10", (3.21)

which corresponds to a 2 week run at an instantaneous luminosity of 10%u™ /sec.”
This is seven orders of magnitude greater than the dataset collected by Jodidio et

9MEG II plans to run with the reduced instantaneous luminosity of 3 x 107" /sec in order to decrease
accidental coincidences, which is the dominant background in the u* — e*+ measurement. For the p™ —
et a search one should attempt to use the full instantaneous luminosity of 108,u+/sec available at the mE5

beamline at PSI.
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al. Crucially, the 4 — ea run could be performed at the very end of the y — ey
data taking at MEGII. This would allow to work on the necessary modifications and
extend the physics purpose of MEG II before Mu3e starts.

In the left panel of Fig. 6 we show how the reach on the branching ratio BR(u*t —
eta) for a massless ALP depends on the average polarization and the angular resolution.
Interestingly, from the shape of the contours one sees that augmenting the polarization
purity of the muon beam should go together with an increase of the momentum resolution
in order to lead to a better experimental reach. The orange star in the plot is one of our
benchmark configurations, where we assume no focusing in the forward direction and set
éz. = (P,)+1 = 1072 Already in these suboptimal conditions, MEGII-fwd could improve
on the present bound from Jodidio et al.

In the right panel we set 6z, = (P,)+1 and investigate the importance of the focusing.
To be conservative we take as the benchmark F' = 100 which correspond to an effective
diameter of the forward calorimeter which is roughly 10 times bigger than its actual size.
This is of the same order of magnitude as the focusing achieved in Ref. [9]. However, a
larger focusing would always be beneficial until F' X age, would be of order unity.

In Tab. 1 and Fig. 1 we show the estimated reach of MEGII-fwd for the two benchmark
configurations described above. The reach for higher mg,, shown in Fig. 1, is computed
accounting for the amount of signal which will overlap with the massless hypothesis given
the experimental resolution. Due to worse momentum resolution the drop in the f, reach
at high masses is slower at MEGII-fwd compared to the Jodidio et al. experiment.

Mu3e-online. The primary goal of the planned Mu3e experiment at PSI is to search
for ut — ete~e™ with the unprecedented sensitivity of 10716, The key feature of Mu3e
is that it will operate without a hardware trigger. The full detector read-out will be
streamed to the filter farm at 80 GB/sec, where the u* — e*e~e™ events will be identified
and eventually stored on disk.

Recently, Ref. [11] performed a preliminary study of the Mu3e sensitivity to BR(ut —
eta), based on a more detailed simulation of the u™ — e'a channel at the phase I of the
Mu3e experiment [42]. The dark thin red line in Fig. 1 shows the 95% C.L. limit on f, for
isotropic LFV ALP that Mu3e is projected to achieve with a physics run of 300 days. The
~ 10* improvement in f, reach over the TWIST experiment is mostly driven by the seven
orders of magnitude larger dataset, which, however, does not come without challenges.

For ™ — eta search the Mu3e will be able to reconstruct online all the single positron
events corresponding to “short tracks”, i.e., events with only four hits on the four detector
layers. The online reconstruction of “short tracks” in the filter farm has been shown to
reduce by a factor of a 100 the data rate [68], making it possible to process all the short
tracks events and store positron three-momenta, p,. A search for BR(u™ — e*a) positron
line can be done as a bump hunt on the smooth SM |p;| distribution, assuming that every
positron event corresponds to a single track.

The tracks in Mu3e will gyrate around the magnetic field of roughly 1 T. The typical
et gyroradius will be much larger than the radius of the Mu3e instrumented region — a
cylinder with radius of around 6 cm. Encountering the detector material the positron will
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Figure 6. Left: The orange contours show the 90% C.L. expected sensitivity on BR(u+ — eTa)
at MEGII-fwd for a massless isotropic ALP (either CL/ # 0 or lee # 0) as a function of the

€
momentum resolution dz., and the deviation of average polarization (P,) from —1, assuming there

is no magnetic focusing. Right: The expected sensitivity at MEGII-fwd (orange contours) as
a function of the momentum resolution dz. and focusing F', setting muon polarization to (P,) =
—1+dz.. The angular resolution is assumed to be subdominant and systematic uncertainties below
the statistical one. The darker green region are excluded by the 1986 Jodidio et al. experiment [9],
cf. Table 1.

loose momentum and eventually stop. The positron will typically stop after half a turn,
i.e., after having encountered at least four detector layers: 2 central layers + 2 external
layers. This justifies the assumption of one positron per one track. Positrons emitted
perpendicularly to the muon beam will instead perform many turns in the central layers
without being stopped in the detector material. Enforcing an angular cut will minimize the
impact of these re-curling tracks. As a result, the angular acceptance of the Mu3e analysis
is expected to be reduced to the region 6, < 7/2 — 0.1.

The momentum resolution for short tracks will be in the dpshory = 0.5 — 3 MeV range,
roughly comparable to TWIST. In principle, a momentum resolution down to 6piong =
0.1 — 0.45 MeV could be achieved, if an experimental upgrade allowed to also process
online the “long tracks”, characterized by 6 or 8 hits in the detector layers. The Mu3e
sensitivity on BR(u™ — eTa) extracted from the long track analysis would then improve
by a factor of \/0piong/0Dshort =~ 0.4 [42].

Finally, we comment on the challenges of calibrating the instrument. As already men-
tioned, the current concept foresees to use the endpoint of the positron momentum spec-
trum to calibrate the online reconstructed tracks. This method will not allow to efficiently
search for u* — e'a decays when m, < 10 — 25 MeV, depending on the precise positron
momentum resolution. Given the large amount of single positron data collected at Mu3e,
Ref. [42] showed that, within a given mass assumption for the signal, one could in principle
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use the same momentum spectrum to simultaneously calibrate the apparatus and to per-
form the peak search. In the calibration fit one would remove from the calibration dataset
the signal region, which is defined as a 2dpghort band below and above the expected mo-
mentum of the positron corresponding to the ALP mass. Given that for m, < 25 MeV the
signal region includes the Michel edge the determination of the scaling parameter x. = 1
deteriorates, resulting in a limited sensitivity at low masses. Including this effect the

expected sensitivites for a massless isotropic ALP are
Ch.=0o0rCi=0: BR(p — ea) < 7.3x 107 (90% CL) . (3.22)

Notice that the deteriotation computed in Ref. [42] includes only the broadening of the x,
statistical distribution estimated from a toy Monte Carlo sample of 10°u* (the root mean
square error grows from 7 x 1079 for m, = 60 MeV to 3.8 x 107 for m, = 10 MeV). A
similar effect is expected for both the left-handed and the right-handed ALPs so that the
reach shown in Fig. 1 is a realistic estimate of the Mu3e reach for all chiral structures.
It is possible, however, that alternative calibration strategies such as the one proposed in
Ref. [69] could improve the Mu3e reach at low masses.

3.3 The potential at y~ — e~ conversion experiments

The p — e conversion in nuclei experiments, COMET at J-PARC [4] and Mu2e at FNAL
[5], are designed around very large muon fluxes, with over 10%~ /s and 10'°4~ /s at the two
respective experiments. One may hope that these could also be used for y — ea searches.
However, in order to be able to deal with the vast data-streams the two experiments will
not measure the full Michel spectrum but rather focus on the endpoint of the e~ energy,
which for the u= + (A, Z) — e~ + (A, Z) process is at E"d = my, — Ej — Eyec, with Ej,
the binding energy of the muonic atom and Ei.. the nuclear recoil energy. In Aluminum
Eed ~ 105 MeV, while in gold ES*d ~ 95 MeV.

The conversion with the emission of the ALP, u= + (4,2) — e~ +a+ (A, Z), peaks
instead at the electron energy of around E, ~ m,/2, but with the tails of the electron
energy distribution that go all the way up to E"d. Nominally, searches for the u — ea
process at COMET and Mu2e would also rely on these tails of the distribution, which poses
a challenge for obtaining a competitive reach. For instance, for E, > 100 MeV only a small
fraction of i — ea decays, about 2 x 1071, would be inside the signal region for ; — e
conversion on Al [70] (see also [71]). Even with 10'® muons a competitive search would
thus likely require relaxing the lower bound on F, and developing techniques to distinguish
between the smooth shapes of the signal, 4 — ea, and SM background, u — evv, decays
in orbit.

4 ALPs in p — e + v + invis. decays

The u™ — etvya decay offers a complementary probe of the LFV ALP which is less de-
pendent on the chiral structure of the ALP couplings than the experimental searches for
@ — ea. In Sec. 4.1 we first discuss the searches performed at the Crystal Box experiment
with a total number of 8.15 x 10*! stopped muons [46, 72]. In Sec. 4.2 we discuss possible
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improvements in the reach were a similar search to be implemented at MEG II. A more
detailed analysis of a dedicated trigger at MEG II for this channel is left for future work.

4.1 Past Searches at Crystal Box

In order to lower the trigger rate the Crystal Box required at the trigger level a hard positron
and a photon of similar energy [46, 72]. The search for the three-body u* — e*va decay
is then a search for a bump in the missing mass distribution in the collected data. The
signal would be centered at mupyiss = m2 and spread by the photon and positron energy
resolutions and the resolution on the angle between the two. The SM background has two
main components: the four-body u™ — eTyv decays, and the combinatorics background
due to coincident pu* — etvi and uT — eTyvi events. For the latter, a sufficiently hard
positron from the y™ — eTvi decay is detected within a 1.5 ns time window together with
a hard photon from the u™ — eTyvv decay, while the soft positron is left undetected. The
background and signal shapes at Crystal Box are shown in Fig. 7 (left).

The rate of the three-body decay I'(u — ea~y) for an ALP of mass m, is given by (in
the limit m, < my)

3

[6% m

I'p—eay) = 326:2 Fiéiz(:ﬁmin, Ymins 7a) (4.1)

with the phase space integral given by

Loma i 1—a® -2 —2(1 —n)(1 —x —
Y x x
I(ﬁmin,ymin,na) — / dy/ dSC ( 727&) ( 77a)( "7a) , (42)
Ymin max(xminal_y_na) Y (1 —rT=y— na)
where

x=2E./m,, y=2E,/my, No = mg/mi (4.3)

These kinematic variables are related to the angle 6., between the electron and photon

momenta,

20—z —y—na)
Ty '

cosley =1+ (4.4)
The branching ratio for the three-body decay, BR(x — ea~), is related to the branching
ratio for the 2-body decay, BR(nx — ea),

aem

ml(l'miny Ymin, Ua)BR(,u, — ea) . (4'5)

BR(p —eavy) =
where in the expressions for both BR(y¢ — ea~y) and BR(¢ — ea) the mass of electron
should be neglected.

The infrared and collinear divergences (we are working in the limit m. — 0) are
regulated by the experimental cuts on photon and positron energies Tmin, Ymin- Lhe exper-
imental cuts in the Cristal Box search were [46]

E.>38—43MeV, E,>38MeV =  pm=0.72—081, ypin = 0.72.  (4.6)
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Figure 7. Left: Missing mass distribution of background and signal events in Crystal Box after
the cuts in Eq. (4.6) are implemented and experimental efficiencies taken into account. Solid blue
is the total background composed by the dashed blue distribution of u* — ety events and the
dotted blue distribution of events where a hard photon from u™ — ety and a positron from
ut — eTv are randomly coincident. Solid magenta shows the combined background plus signal
distribution. The dashed magenta is the signal shape smeared by the experimental resolution for
me =0 and BR(u™ — etya) = 3 x 107%. Right: the 95% C.L. sensitivity of Crystal Box that we
obtain using the simple cut and count scheme as described in the main text. The two lines indicate
how the final bound on F),. depends on the positron energy loss before it reaches the detector. The
actual experimental bound reaches a 30% higher value of F),. and is reported in Eq. (4.9).

ey > 140° = cosfey < —0.77 (4.7)

Imposing the 6., cut in the phase space integral, Eq. (4.2), reduces Z(Zmin, Ymin,a) by
~ 10% for a massless ALP, and has negligible effect for a massive ALP. The positron energy
cut, E, > 38 MeV, reported by the Crystal Box collaboration, refers to the positron energy
measured by the scintillation crystals. When translating this cut to i, in the phase
space integral, Eq. (4.2), one needs to account for the positron’s energy loss during the
propagation to the detector. The Crystal Box collaboration indicated that the positron
could loose up to 5 MeV before reaching the detector. In our analysis we therefore vary
the cut on the positron energy in the range from 38 to 43 MeV.

In the special case of vanishing axion mass, 7, — 0, the above expressions, Eq. (4.1)-
(4.5), reduce to the ones obtained in Ref. [73]. Notice that the expression used by the
experimental collaboration in Ref. [72] appears to have a typographical error (the roles of
x and y in the phase space integral in Eq. (4.2) were exchanged). However, this does not
affect the analysis in Ref. [46] because of symmetric cuts on photon and positron energies
(up to the positron energy losses), cf. Eq. (4.6).

The 90% C.L. bound on the y — ea7y branching ratio for m, ~ 0, obtained by the
Crystal Box experiment, is

BR(y — eavy) <1.1x1077 (90% CL), (4.8)
to be compared with the theory prediction,
10° GeV \
BR(u — eavy) ~ (1 —2.6) x 1077 <Fe) , (4.9)
e
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where the range is due to the variation in the phase space integral, Z(Zmin, Ymin;Na) =
(0.004 — 0.011), obtained by varying the cut on the upstream positron energy between 38
MeV and 43 MeV. The 95% C.L. bound is then F,e 2> (5.1 —8.3) x 108 GeV, and is always
subdominant compared to the combination of the bounds obtained from p* — eTa by
Jodidio et al. [9] and TWIST [10], cf. Table 1.

For completeness, we discuss a simple procedure we use to roughly reproduce the
Crystal Box result and then extend it to m, > 0. The results of this recasting procedure
are shown in the right panel of Fig. 7. We first extract the experimental efficiency for the
put — eTra signal from the bound on the branching ratio, BRexel, in Eq. (4.8), which
corresponds to Nex. = 165 signal events [46]. Given that the total number of stopped
muons is N+ = 8.15 x 10" we get

Nexcl.

g =— 018, (4.10)

N;ﬁ' X BRexcl.

The signal shape can be extracted from the binned MC sample given in Ref. [72], and is
well described by a Gaussian centered at mfniss = 0 with a variance of og = 100 MeV?.
For a given mass m, one can then estimate the sensitivity of Crystal Box on BR(u —

eary) by considering the expected background and signal in a missing mass window, (m?2 —

a
og, mg—kag) and using the asymptotic formula at 90% C.L. For m, = 0, this procedure gives
BR(p — eawy) < 1.6 x 1072 which is weaker than the experimental bound in Eq. (4.9)
only by about 30%. This is not surprising since the full likelihood analysis has better
discriminating power than the simple cut and count analysis we are performing. The
bound on the branching ratio gets stronger for m?niss > 100 MeV? because the background
is suppressed. However, this effect is compensated by the phase space suppression of the
signal, Eq. (4.1). All in all, the bound on F},. is constant up to m, ~ 10 MeV after which
the signal phase space starts to shrink significantly with increasing ALP mass, given the

strong energy cuts on the photon and positron energies.

4.2 Possibilities for future search at MEG I1

We now briefly comment on the possibility for MEG II to improve on the Crystal Box
result discussed above. Naively, the MEG II luminosity will exceed the one of Crystal Box
by at least 3 orders of magnitude. In optimal conditions, this could lead to an increase of
sensitivity on F},. of more than a factor of 5 with respect to the current bound in Table. 1.
With such an optimistic gain MEG II could start probing new parameter space beyond
the current TWIST bound for the V — A ALPs. An improvement on pu — eay would
complement the MEGII-fwd proposal, Sec. 3.2, since this is only sensitive to ALPs with
some amount of right handed couplings to the SM leptons. The combination of the two
searches, u — eay and p — ea at MEGII-fwd would then fully cover the possible chiral
structures of the ALP couplings.

Clearly, the above naive estimate for the improvement on the reach is far from guaran-
teed. A more realistic estimate of the reach would require a dedicated trigger study. The
current energy and angular cuts of the MEG II trigger dedicated to the y — ey search
are designed to select a very energetic positron and a photon exactly back to back [74].
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Keeping these cuts will greatly suppress the signal rate of u — evya, and make it impossible
to perform the search. An interesting possibility would be to relax the energy and angular
cuts of the trigger down to similar values than the ones in Crystal Box. We estimated
that this should be possible, while still keeping the signal rate below 200 Hz. The final
expected sensitivity at MEG II will strongly depend on the signal vs. background efficien-
cies whose detailed determination goes beyond the scope of this paper and is left for future
investigations.

5 ALPs in 7 decays

The search strategies for 7 — pa and 7 — ea decays are qualitatively different from the
i — ea searches. The main differences can be traced to the fact that 7 has a much shorter
life-time (3 x 10713 s vs. 2 x 107 s for the muon), that it has many more decay channels,
and that from the 7 production it is not possible to unambiguously reconstruct the 7 rest
frame.

5.1 Past Searches at ARGUS

The ARGUS experiment in 1995 derived bounds on tauonic LEV ALP couplings [43].
The tau data sample was produced from e*e™ collisions in the DORIS II storage ring at
DESY at a center of mass energy varying between 9.4 and 10.6 GeV with a total integrated
luminosity of 472 pb~L.

The challenge in 7 — ¢;a search is to disentangle the signal decay from the SM 7 —
£; vv decays. The search would be easier in the tau rest frame, since then the lepton from
7 — f;a is monochromatic and one can do a line search on top of the smooth 7 — ¢; vv
background. Unfortunately, tau is pair produced in ete™ — 77~ collisions. Each of the
taus decay into a final state with at least one invisible particle, making exact reconstructions
of the tau rest frames impossible. Instead, the ARGUS analysis used the “pseudo-rest
frame” technique. The idea is to require one side of the 777~ pair to decay into a three
prong hadronic mode. The direction of the 7 momentum is then approximated by the
direction of the combined momentum of the three prong decay products. In the center of
mass of ete™ collision the tau energy equals the beam energy, while the two taus are back
to back. This gives enough constraints so that one can boost the leptonically decaying tau
to its, approximate “pseudo-rest frame”. The crucial property of this frame is that the
sensitivity on LFV two body tau decays into ALPs does not depend much on the ALP
mass (see [43] for further details).

For a massless ALP ARGUS obtained [43]

BR(T — ea) < 2.7x 1073 (95% C.L.) = Fr.>43x10°GeV, (5.1)
BR(T — pa) <45x 107 (95% C.L.) = F,, >33 x10° GeV. (5.2)
The bound on BR(7 — pa) is less stringent than BR(7 — ea) at low masses while they
become comparable for higher masses. The final bound on the ALP decay constant from

BR(7 — ea) is shown in Fig. 1. The mass dependence of the bound is predominantly due
to the phase space suppression of the two-body decay for heavier ALPs.
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5.2 Future Searches at Belle-11

Belle and Belle-II. While Belle and Babar collected =~ 2000 times larger datasets of
7’s than ARGUS, no experimental searches for 7 — ¢;a were performed yet. However, a
recent simulation of the expected limit at the Belle experiment with integrated luminosity
of 1020 pb~! was performed in Ref. [47], and obtained for a massless ALP

Belle (1/ab) prospect: BR(7 — pa) <1.1x107* = F.,>21x10" GeV. (5.3)

Notice that this bound is almost exactly a factor of v/2000 more stringent than the present
one from ARGUS, Eq. (5.2). Using the same simple rescaling with the luminosity gives for
the expected limit for a massless ALP at Belle IT with 50 ab™?,

Belle-TI (50/ab) prospect: BR(T — pa) <14 x 107° = F,, 2 5.6 x 10" GeV. (5.4)

The limit as a function of ALP mass is shown with the purple line in Fig. 1. In the absence
of MC analysis of Belle or Belle II reach for 7 — ea, we estimate the Belle II sensitivity by
performing the naive rescaling of the ARGUS result with luminosity, which gives

Belle-IT (50/ab) prospect: BR(7 — ea) <84 x 1075 = F,,>7.7x107 GeV . (5.5)

Belle IT may improve the ARGUS searches for 7 — ea and 7 — pa transitions beyond
mere increase in statistics. First of all, it could be interesting to explore the reach on
BR(7 — pa~y) and BR(T — ea~), especially since for muons p — eay gives constraints
that are not that far from the two-body p — ea decay (see [75] for similar comments in
the context of a light Z’). Secondly, further improvements of 7 — ¢;a searches may be
possible. A possibly interesting direction, while still using the tau “pseudo-rest frame”,
is to employ in addition variables that tag the tau polarization, such as the directions of
pions in two prong tau decays. If successful, this could allow to further suppress the SM
7 — {; vv background, similarly to what was done for y — ea decays in the experiment by
Jodidio et al. [9].

6 Bounds from Astrophysics and Cosmology

The bounds on ALP couplings from the astrophysical observations and from cosmology fall
into two categories, depending on whether the ALP is assumed to constitute the observed
DM relic abundance or not. In Section 6.1 we first discuss the constraints from stellar
cooling, which do not depend on whether or not ALP is the DM. In Sec. 6.2 we then
explore in which parts of the parameter space the LE'V ALP could explain the observed
DM abundance.

6.1 Bounds from stellar cooling

The emission of light particles inside stars can alter stellar evolution to an extent that
is in conflict with observations. This leads to powerful constraints on the interactions of
such light particles with matter and radiation [76]. Our primary interest here are the ALP
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couplings to leptons. In this context, ALP couplings to electrons can lead to efficient energy
loss mechanisms in stars. For massless ALP (such as the QCD axion) the studies of red
giants (RG) [77, 78] and white dwarfs (WD) [44], give roughly comparable bounds, which
at 95% C.L. are!?

FA>4.6x10°GeV (WD), FA>24x10°GeV (RG). (6.1)

ee ~v ee ~v

In both cases the dominant cooling mechanism is the ALP bremsstrahlung in the electron—
nucleus scattering, e~ + N — e~ 4+ N 4 a. This dominates over the Compton process,
v¥+e~ — e~ + a, and electron-electron bremsstrahlung, e~ + e~ — ¢~ + e~ + a, which are
relevant only when electrons are non-degenerate [76].

For non-negligible ALP masses, the cooling rates are expected to be Boltzmann-
suppressed. Following Ref. [80], we estimate the resulting constraints on massive ALPs
by rescaling the energy loss rates with the ratio R(mg,T) of ALP energy densities &, for
the massive and massless case

R(ma,T) = Ea(ma, T)/Ea(0,T). (6.2)

The energy densities are given by

E2\/E? —m2 fusy b me < T,
Ea(ma, T / dE 30 50 (6.3)
27r2 eE/T Wzﬂ (%) / e—ma/T mg > T.

Since the cooling rates scale with (F4)~2, the constraints on massive ALPs in Fig. 1 are
obtained from the bounds on F;é for the massless ALP by rescaling them with the factor
V R(mg, T). Because of the Boltzmann suppression the star cooling bounds rapidly shut off
for ALP masses above m, &~ 2T, where Trg ~ 10®K ~ 8.6 keV and Tywp ~ 10°K ~ 0.8 keV.

For heavier ALPs the relevant astrophysics constraints are due to neutron star cooling
in supernova (SN) explosions, since the nascent proto-neutron star (PNS) reaches a tem-
perature of order 30 MeV a few seconds after the start of the supernova explosion [81, 82].
In order to estimate the SN bound on F(ﬁl we use the expression for the energy loss rate
per unit mass, €, through electron-nucleon bremsstrahlung under highly degenerate condi-
tions [76, 83],

4
T o T

Y, T. 6.4
15 %em y (FAY2 (6.4)

€ =

Here, Y, = n,/np is the number density of protons relative to the baryon number density,
while Z is the angular integral that includes plasma screening effects,

- / Qs dQ, (1-58) [2 (1—c12) = (c1a — %)z] 65)

A A (1 — c1aBr) (1 — c20fr) (1 — c12) (1 — c12 + Kdy)

Onterestingly, several stellar systems exhibit hints of non-standard energy losses. The global fit

performed in Ref. [79] finds that an axion/ALP solution to these anomalies with a coupling 5.4 X
10°GeV < FA < 81 x10°GeV (1o range) is preferred at the 30 level over the case of only the

~ ~

standard energy loss through neutrinos.
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It depends on the electron velocity at the Fermi surface, Sp = prp/Er = pr/4/ p% +m?2 =1,
while ¢19, €14, C2q are the cosines of the angles between the 3-momenta p; (p2) of the
incoming (outgoing) electron and the ALP 3-momentum p,, respectively. The screening
effects enter through the parameter k3 = ki /2p%, where kpy is the Debye screening
scale. Note that the PNS with temperature Tng ~ 30 MeV and mass density p &~ pnuclear
can be treated as composed of weakly coupled degenerate plasmas. The electron screening
can then be neglected with respect to the proton screening, giving k]%H = dmaemny/INs.
Since the main contribution to the angular integral (6.5) comes from the forward direction,
c12 = 1 and c¢14 = 94, the integral is well approximated by the simplified form obtained by
setting ¢aq = ¢14 in the denominator. In the ultra-relativistic case then [80]

:2+;@%Hlog2+

2
K
5 S2H 1. (6.6)

Kbu

7z

For the numerical evaluation we use ng = 1.4 x 106 MeV?3, Y, = 0.2, pr = 204 MeV, so
that kpg = 0.10 and Z = 4.3. This implies for the energy loss rate

107 GeV'\”
e=1.2 % 10% egr—f <FAe> . (6.7)

Imposing the crude bound on the energy loss of € < 10 ergg~!s~! [80], leads in the case
of a massless ALP to the bound

FA>34x107GeV (SN1987A). (6.8)

ee ~v

For massive ALP we rescale this bound by the factor R(mg,T) in Eq. (6.2) with 7' —
Tns =~ 30MeV. Note that for heavy ALPs the mg/ 2 dependence in the energy loss rate
(6.3) appreciably counteracts the exp(—mg/T) suppression, so that the SN bounds on F/:
are important up to mg, =~ 200 MeV, cf. Fig. 1.

A qualitatively different regime is obtained for small values of F;;. For small enough
FA the ALP interactions become so strong that the ALP remains trapped within the stellar
material, in which case there are no bounds on F4 from the stellar cooling constraints.
Following Ref. [80], we estimate this limiting values of F2 for RG, WD and NS systems by
requiring that the mean free path A of the ALP is smaller than the corresponding stellar
effective radius Ry, cf. Table 2. The mean free path is calculated from ALP decay and
absorption rates,

>\_1 = ﬁ_lrabs + (67)_1Fdecay . (69)

The absorption rate is approximately given by the total energy loss rate per volume, pe,
divided by the ALP energy density, &, (even if ALPs are not in thermal equilibrium)

Caps = pe/E, . (6.10)

As this estimate just follows from the principle of detailed balance, the absorption rate is
independent of the ALP mass. We can therefore use for the energy loss per unit mass, €,
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T p PF Y, Ry
RG 8.6 keV 4.3 MeV* 409keV 0.5 10*km
WD 0.8keV 7.7MeV* 495keV 0.5 103km
PNS (SN) 30MeV 1.3 x 10°MeV* 204MeV 0.2 10 km

Table 2. Numerical inputs used in the evaluation of the stellar cooling bounds.

the result in Eq. (6.4), while & = &£,(0,T) in Eq. (6.2). The dependence of A on the ALP
mass dominantly enters through the kinematical factors g and v which are given by the
integrals

(B —ma))p

B:<E E2—mg>T -

_(B/ma (B - m2)
(v,

. (6.11)

where (...)7 denotes a thermal average using the Bose-Einstein thermal distribution of
ALPs. In the limit of large masses, m, > T, one finds 5 ~ v ~ \/8/777, /T/my,.

For the decay rates, I'jecay, we only consider decays to electrons and photons induced
by F, eﬁ. The resulting decay widths are given in Sec. 2 (we set Eyy = 1 in these expressions,
for definiteness). The contributions from v decay channel are always subdominant — for
low ALP masses, where the decays to photons dominate I'gecay, the absorption rate is more
important in determining A, while for higher ALP masses the decays to electrons or even
to muons dominate over decays into photons.

We have used the inputs in Table 2 (taken from Ref. [76]) to derive the bounds in the
trapping regime in Fig. 1. Note that for WDs the plasma is typically strongly coupled, so
that the Debye screening given in Eq. (6.6) is not an appropriate description. In these case
we simply use Z ~ 1, which provides a good approximation [76, 84, 85].

We have also included the recent bounds on ALP couplings to muons obtained in
Ref. [45] from SN1987A. In contrast to our rough description of the PNS, these authors
have used dedicated simulations which lead to the robust (and conservative) bound of
FﬁL > 1.6 x 10°GeV for a massless axion. As for the case of the bounds on electron
couplings from WDs and RGs, we simply rescale this bound by +/R(mg,T) defined in
Eq. (6.2) (with 7'~ 30 MeV) in order to account for non-zero axion masses.

Finally, we comment on the bound on BR(u — ea) from SN1987A. This decay con-
tributes to the cooling of the PNS, with a cooling rate that is given by (see Ref. [23])

max

m30(u — ea) [ Pe E,—-FE
=B - dp,, e dpe—L—"F,(E,)(1 — f.(E. 6.12
WQP(mi_m%)/o P apy /premn Pe ap E,E. fu(Eu)( fe(Ee)), ( )

max

where p** (p

Min) js the maximal (minimal) electron momentum in the p — ea decay, if
p has momentum p, = |p,|, and EZ2 = pf + mf are the energies in the PNS’s rest frame.
Moreover, f;(E;) =1/ (1 + exp (%)) are the Fermi distribution functions with p; the
chemical potentials, which is the only non-trivial input in Eq. (6.12). Using the numerical

values p,, ~ 41 MeV and p. ~ 190 MeV which we obtained as described below, the cooling
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rate becomes

e~ 10"

g erg (BR(MW> (6.13)

gs 4x10-3

The resulting bound on BR(u — ea) is therefore about three orders of magnitude weaker
than the constraints from laboratory experiments.

It is instructive to compare this result with the case where Pauli blocking in Eq. (6.12)
is neglected (i.e. fe(E.) — 1), in which case the energy loss rate would be approximated
by

) (my —me) T(p — ea) = 77}2; (my —me) T — ea). (6.14)

e~
Using Y, ~ 2.9 x 1073 ~ Y, exp[—(m, — me)/T] (see below), the resulting bound on
BR(p — ea) is about a factor 50 larger than the exact result, indicating that Pauli blocking
is an important effect. This can be understood by the large Fermi energy of the electrons,
Er ~ pr =~ 200 MeV, which implies that muons at rest can hardly decay because almost
all the relevant electron levels are filled.

The above values of e and Y, were obtained by treating the PNS as a non-
interacting Fermi gas, where all particles are in thermal and chemical equilibrium (see
also Ref. [23]). At given temperature the number density of a given particle then depends
only on its chemical potential, which in turn can be written as a linear combination of
the chemical potentials associated with the conserved quantum numbers, i.e., charge @),
baryon number B and the individual lepton numbers L;. Furthermore, we assumed that
neutrinos are trapped inside the PNS, which implies that the muon number density van-
ishes, Y7, = Y, +Y,, = 0 [86]. For the electron number density (relative to the baryon
number density np = 1.4 x 10 MeV?) we used Yz, = 0.3 [76]. With these three input
values and the constraint of charge neutrality, ng = 0, one can numerically solve for the
4 unknown chemical potentials pq, g, pL,, 1z, and thus obtain number densities n; and
chemical potentials u; for all the involved particles. The tau leptons could be trivially in-
cluded, taking Y7, = 0. However, unlike Y),, the tau number density is negligible, Y ~ 0.
The electron’s Fermi energy of about 200 MeV is just large enough to excite a relatively
substantial muon population via electron scattering, while taus are simply too heavy. Note
that this rather crude treatment of the PNS’s thermodynamics seems to be consistent with
the results from the dedicated simulations in Ref. [45].

Finally, the derived SN bounds depend crucially on the SN explosion mechanism. If
the SN1987A was not triggered by the canonical delayed neutrino mechanism but is rather
due to the collapse-induced thermonuclear explosion, there would be no resulting bounds
on the ALP couplings [87]. However, this interpretation would be disfavored, if the possible
ALMA detection of a compact object in the remnant of SN 1987A [88], consistent with the
neutron star [89], is confirmed.

6.2 ALP Dark Matter

Next, we explore under what circumstances the LFV ALP is a viable DM candidate,
with the correct DM relic abundance. This will lead us to two important conclusions.

~99 —



1013 L B

i |Cl,'lj|=|C//l,'|=1 ;

1012 ALp Eyv=1 §

I D/W a E

i o

L > / i

<= 40110 2 : F

> 10 F X = Il E

) : <0~ EBL ;

= - z 44904// SPHEREX y .

WO 10 [ Mu3e-hysto / F i

10 E | | N / ,/‘ =

g MEGII-fwd (F=1) / £ 3

i | WD Coo“ng JOdidiO\et al. ‘ _

109 = )8> ) Ill rtc.t/f'/()>1—E

- X ,’ .

- RG cooling Y ]

108 1 IIIIIII| 1 |I|||||| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 II|||||| 1 IIIIIII| 1 ||||||I| 1 ||||||-‘ 1 IIIIIIII 1 IIIIIII| 11111l
107 10 10° 10 102 102 10" 1 10" 10% 10° 10* 10°

Mg [eV]

Figure 8. The impact of present and future u — ea searches compared to other light ALP DM
searches, taking Fyy = 1 as a representative example and assuming the a — vy decay dominates.
The green solid line shows the current best bound on the isotropic LEV ALP [9], the (dark)
orange thin line gives our MEGII-fwd projection assuming F' = 100 focusing enhancement (no
focusing). The dark red line shows the sensitivity of Mu3e-online analysis [42]. In the blue
region enclosed by the dashed blue line the ALP decays within the present Hubble time, while
the region to the right of the solid blue line is excluded by the extragalactic diffuse background
light measurements. The dashed gray lines denote two scenarios where the observed DM relic
abundance is due to ALPs produced trough the misalignment mechanism. On the upper line the
ALP mass is temperature independent, cf. Eq. (6.17), while on the lower line the temperature
dependence is parametrically similar to the one for the QCD axion, cf. Eq. (6.18). The gray
shaded regions are excluded by the star cooling bounds, and the ADMX data [90-92]. The purple
shaded region shows the future reach of axion-magnon conversion experiments such as QUAX [93—
95]. Regarding the coupling to photons, the cyan band shows the future sensitivity of SPHEREx
estimated in Ref. [96], assuming ALP decay exclusively to two photons, while the yellow bands
show the future sensitivities of resonant microwave cavities such as ADMX [97], CAPP [98], KLASH
[99], and ORGAN [100], dielectric haloscopes such as MADMAX [101] and the reach of the dielectric
stack proposal [102] is shown with light blue.

Firstly, since the expected sensitivity of future LFV experiments is f, > 10 GeV, well
above the present astrophysical bounds, the LFV experiments will explore a part of the
parameter space of an ultralight ALP DM. Secondly, the LFV experiments cannot resolve
ALP masses below 1 MeV (i.e. the typical experimental mass resolution). Below this mass
range pinpointing the ALP mass will require experiments that search for ALP DM using
other means, through its couplings to photons and/or electrons.
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The minimal requirement for ALP to be the DM is that it is stable on timescales longer
than the lifetime of the Universe. Assuming the a — vy decay dominates, this translates
into the following constraint,

Hy 1 \? /10 keV\? fa 2
= Hora > 1, where Hory~5.4( — . (615
Fiot 07a = where o7 (Egﬁ) ( Mg ) (1010 GeV ( )

Taking f, = 10'° GeV as a reference value, this means that the ALP DM probed in LFV
experiments must have a mass below 10 keV. If other decay channels, such as a — v;7;,
are appreciable, then the above bound on the ALP mass is correspondingly lowered (this
is for instance the case for the majoron, see Sec. 7.4). For the rest of this section we will
assume that the ALP decay channels apart from a — 7 can be neglected.

The a — 7 decays contribute to the extragalactic background light (EBL) and may
be bounded by EBL measurements. The ALP decay results in a line at frequency v, =
1.2 x 101 m, /eV Hz with intensity

103 —24—1 W \3 /101°F 2
Voly, = 5 x 1077 Wm Tsr ~6x 107" Wm 25! ( ik ) < 0 Een GeV> . (6.16)
T’Y’YHO 1eV fa

A conservative bound on the decay width I'(a — ~7) is obtained by requiring that the line

intensity in Eq. (6.16) is less than what is observed at that frequency [96]. An updated
map of the EBL observations at different frequencies can be found in Ref. [103]. For

instance, the observed EBL intensity in the optical band is 1078 Wm™2sr !

, constraining
the axion width well below Hy. Converting the EBL constraints to a bound on f, (assuming
Eyy = 1) gives the light blue exclusion region in Fig. 6.2. The conservative constraint
from EBL flux can be improved by looking at specific astrophysical targets or by future
line-intensity mapping campaigns [96]. Particularly relevant for the ALP parameter space
is the SPHEREx project [104], a funded two-year mission by NASA with a planned launch
in 2023, that will probe optical and near infrared frequencies corresponding to m, ~ €eV.
The SPHEREXx reach is denoted as green region in Fig. 6.2.

The ALP that satisfies the stability and EBL bounds could be a viable DM candidate.
The main production mechanism in the allowed region of parameter space in Fig. 6.2 is the
misalignment mechanism, first discussed in the context of the QCD axion in Refs. [14-16]
and then generalized to a generic ALP in Ref. [105].}! If inflation occurred below the scale
of ALP global symmetry breaking, the initial misallignment of the ALP, ay, is frozen by the
inflationary dynamics and acts as the initial condition. Conventionally, it is parametrized
in terms of an angular variable, ay = f,0y, where 6y € [0,7). As long as the Hubble
expansion rate is large, H > my, the field is frozen at its initial value ag. At temperature
Tose, when H(T,sc) =~ myg, the field starts to oscillate and produces the ALP number density

"The production of hot ALPs through freeze-in via lepton annihilation, £7¢~ — a~, or lepton-photon
collisions, éiv — eta, could lead to a too large contribution to ANeg. It is easy to check that this
contribution is in fact negligible in the parameter space in Fig. 8, once the present bounds on the axion-
electron couplings from stellar cooling are taken into account. (A systematic study of hot ALPs production
through muon or tau couplings in the case where couplings to electrons are switched off has been performed
in Ref. [106].)
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2

aa%, which then expands adiabatically until the present time. For the case

_ 1
na(Tosc) =3m
when ALP oscillations occur during the radiation dominated epoch the resulting ALP relic

abundance is (see also [107])

2 2 1/4
) 0 90
QT_mdep'hQ =0.12 10_2\/7 Ma L 20 _— . 6.17
a x eV \ 1010GeV s G« (Tosc) ( )

Since the ALP mass is bounded from above by EBL constraints, the future reach of LFV
searches (i.e. f, ~ 1019 GeV) will probe a region of parameter space where the production
from misalignment does not suffice to obtain the total observed DM abundance (QDMh2 ~
0.12 [108]) with an ALP mass independent on temperature. The relation between m, and
fa that leads to the observed DM abundance for 6y ~ 1 for a temperature independent
ALP mass is corresponds to the upper gray dashed line in Fig. 8. Below this line the ALP
DM produced through the misalignment mechanism is under-abundant, while above this
line a smaller value of 6 is needed in order to obtain Qpyh? = 0.12.

An interesting alternative possibility that leads to enhanced misalignment production
is if the ALP mass comes from a dynamical mechanism like the one of the QCD axion.
At zero temperature the ALP mass is given by m, = A?/f,, while at finite temperature
the mass is suppressed, and is given by mg(T) = mq(A/T)?, where b = 4 in QCD (an
expression for b in a general gauge theory can be found in Ref. [109]). The relic density from
misalignment for this case has been studied in Ref. [105], and more recently in Ref. [107],
and is given by

b
3+b 4+2b
QT-dep _ QT—indep. 2+0b) =0 i MP] 90 o . (618)
@ @ 2 87 fa \| 9« (Tosc)

The two additional factors on the r.h.s. enhance the relic abundance with respect to the

result in Eq. (6.17). In Fig 8 we show that for b = 4 this enhancement is large enough
that the correct DM relic abundance is obtained in a large region of parameter space that
will be tested by future LFV searches. The ALP abundance even further enhanced at
small decay constant by tuning the ALP initial condition very close to g = 7 such that
non-linearities dominate the production [19] or by mixing of the ALP with a dark photon
in a presence of a magnetic field in the early Universe [18]. In summary, these different
production mechanisms can make the ALP abundance match the current DM abundance
in the whole parameter space shown in Fig. 8 which is not excluded by present constraints.

Parts of the LEV ALP parameter space will be probed by other means. In Fig. 8 we
show two types of such probes, based either on axion couplings to electrons or to photon.
All of these probes require the ALP to be the DM, and assume that the ALP is responsible
for the full DM relic abundance. Note that in this case, for the range of masses shown in
Fig. 8, the description of ALP in terms of classical background field is justified, since there
are many ALPs inside a single de Broglie volume. The ALP couplings to electrons can
then lead to efficient axion-magnon conversion in an experiment such as QUAX [93, 94],
which could probe a portion of the ALP parameter space in the m, ~ 10— 50 pueV window.
The light purple region in Fig. 8 shows the future reach of QUAX derived in Ref. [95] (the
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present sensitivity in Ref. [110] is still outside the plotted range in f,). At higher masses
the low threshold DM absorption experiments based on existing technology are generically
weaker than the stellar cooling bounds, even if improvements can be foreseen with future
technology under optimistic conditions [21, 22].

If the ALP coupling to photons is not suppressed, the standard searches for the QCD
axion will cover significant parts of the parameter space, as seen in Fig. 8 for the case of
Eyv = 1. The gray region around 0.2 ueV is excluded by current ADMX data [90-92]. The
future axion haloscope campaigns will explore the ALP mass region between 0.2 — 20 ueV.
In Fig. 8 we show in yellow the estimated sensitivities of CAPP [98], KLASH [99], ORGAN
[100], MADMAX [101] and the ADMX upgrade [97]. We also include the “dieletric stack”
proposal which could have sensivity beyond the current stellar cooling bounds between 0.1
and 1 eV, depending on the value of Fyy [102]. The sensitivities of large-scale helioscopes
such as IAXO [111, 112], and light-shining-through-wall experiments such as ALPS-II [113]
lie below the current stellar cooling bounds for our choice of parameters and is not shown
in Fig. 8.

7 LFV ALP models

So far we were concerned with the model independent bounds on LEV ALP couplings,
Eq. (2.1). In the remainder of this paper we focus instead on several representative mod-
els of ALPs with LF'V couplings: the LFV QCD axion, the LFV axiflavon, the leptonic
familon and the majoron. These examples are representative of broad classes of models and
illustrate how flavor-violating couplings to leptons can naturally arise for PNGBs of global
symmetries addressing the strong CP problem, the SM flavor puzzle, or neutrino masses.
In the first three models the LF'V couplings are generated at tree level via non-universal
charges of the global symmetry under which the ALP transform non-linearly while in the
last one the LFV comes from loop-induced couplings. For each model above we also present
the parameter space where the ALP can be a viable DM candidate as discussed in Sec. 6.2.

The LFV QCD axion, Sec. 7.1, and the LFV axiflavon, Sec. 7.2, are two explicit
realizations of the QCD axion, which elegantly solves the strong CP problem in the SM via
the spontaneous breaking of a U(1) Peccei-Quinn (PQ) symmetry that is anomalous under
QCD. In Sec. 7.1 we first show that in DFSZ models [12, 13], where the axion is embedded
in a singlet that mixes with a two Higgs doublet model, the QCD axion can naturally have
LFV couplings while keeping the couplings to quarks flavor diagonal. In Sec. 7.2 we go
one step further and identify the PQ symmetry with a subgroup of the flavor symmetry
that gives the hierarchical masses and mixings of the SM fermions. The LFV axiflavon
is obtained for the U(2) flavor group, since in this case the flavor violating couplings are
parametrically larger in the leptonic than the quark sector.

The Leptonic familon, in Sec. 7.3, is the PNGB of a U(1) flavor symmetry in the
leptonic sector. The spontaneous breaking of this symmetry could explain the hierarchies
among the charged leptons using the Froggatt-Nielsen mechanism [34, 114, 115] (for recent
variations see [26, 116]). In the LFV familon setup the strengths of the LF'V couplings
depend on the texture of the PMNS matrix, as we will see in detail below.
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Our final example, the majoron, is the PNGB associated with the spontaneous breaking
of the lepton number [117, 118]. In Sec. 7.4 we show that in a non-minimal class of
seesaw models the majoron has parametrically enhanced LFV couplings. In these theories
an approximate generalized lepton number suppresses the neutrino masses [41, 119-127],
without suppressing the majoron couplings to the SM.

7.1 The LFV QCD Axion

The mass of the QCD axion is entirely due to the QCD anomaly, and is given by [128]

(7.1)

12
mg = 5.691(51) peV (10GeV) .

Ja

The value of the axion decay constraint f, therefore completely determines the mass of the
QCD axion, which for all the processes we consider is effectively massless.

Astrophysical constraints require the axion to be very weakly coupled, with a lifetime
larger than the age of the universe and a mass below 3 x 1072 eV. In this range the QCD
axion is a perfectly viable cold DM candidate in large parts of the parameter space. One
of the simplest scenarios for axion production is the misalignment mechanism described in
Sec. 6.2. In the QCD axion case the observed DM abundance is obtained for misalignment
angles of order unity #y ~ 1 with an axion decay constants f, ~ 10011513) GeV. For smaller
decay constants, within the reach of LFV experiments, the axion relic from the standard
misalignment contribution is under abundant unless non-trivial dynamics or tuning are
invoked (see discussion in Sec. 6.2).

The axion couplings to fermions in Eq. (2.1) arise from rotating the PQ current to the
fermion mass basis, with unitary rotations V/ defined by VLf TyfV}{ = y?iag . Denoting the
PQ charge matrices by X, one has

cpft = % (Vi XV =V X0V (7.2)

)

where 2N is the domain wall number. The off-diagonal couplings arise when the PQ charges
are not diagonal in the same basis as the Yukawa couplings, yy. Their sizes depend on the
misalignment between the two bases, which is parametrized by the unitary rotations V]{, I
We focus on the situation where the PQQ charges in the quark sector are universal, so that
the QCD axion only has flavor violating couplings in the lepton sector. (This is of course
not the most general case. If PQ charges in the quark sector are not universal, the results
from Ref. [23] apply, with the bound from K™ — 77 a leading to tight constraints on f,.)

In the following, we specify a DFSZ-like model of the QCD axion with LF'V couplings.
The field content of the theory consists of the SM fermions, two Higgs doublets, H; o, and
a complex scalar S that is a gauge singlet. The model contains an anomalous global U(1)
PQ symmetry under which the scalar fields carry charges Xg = 1, Xy, = 2+ Xp,. As
a consequence, the scalar potential contains the couplings HQTH 1582 and (575)2, but not,
for instance, HIHQSZ or S%. The fermionic U(1)pq charges are flavor universal in the
quark sector, X, .. = —Xpu,, Xap, = X,, X,

qr; = 0, 1 =1,2,3, while they are generation
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dependent in the lepton sector, such that the Yukawa interaction Lagrangian takes the
form (here H; = iooH} and a,b = 2,3)

L= yfaleeRaﬁl + yglzLaelejh + ygszaeRblEIQ — y“ﬁLuRﬂl + ydﬁLdefIQ +h.c.. (7.3)

The first generation leptons carry charges X.,, = Xp,, X;,, = 2 under U(1)pq, while the
2nd and 3rd generation leptons have X, = Xp,, Xy, , =0, where a = 2,3. In Eq. (7.3)
Y7, and y¢; are complex 2-vectors, ¥, is a complex 2 x 2 matrix, while for simplicity we
do not display the flavor indices on 3 x 3 complex Yukawa matrices in the quark sector,
y*,y%. The forms of y$,, vy, vy, and y*? are not fixed by the U(1)pq symmetry and are
thus external to the discussion (presumably there is additional flavor dynamics that gives
their form and thus the required hierarchy of SM fermion masses).

The form of the scalar potential is assumed to be suitable to induce vacuum expectation
values for all scalars, with the ratio of Higgs vevs given by va/v; = tan 8 = tg and (S) =
vpq/V2 > v;, while v? + v3 = v? with v = 246 GeV the electroweak vev. The axion a is
then mainly contained in S, i.e., S = (S) exp (ia/va) + -, and partially in the two Higgs
doublets, H; = (H;)exp (iXp,a/vpq) + -+ (here we only show the leading dependence
on a). Requiring that the axion is orthogonal to the Goldstone boson eaten by the Z
completely fixes the embedding of U(1)pq, i.e., it fixes the PQ charge of the two Higgs
doublets to be X, = —25%, Xy, = 20%, where we used the shortened notation sg = sin 3,
cg = cos f3.

It is conventional to remove the axion from the Yukawa interactions (7.3) through
phase redefinitions of the SM fermion fields. Working in this basis, the axion couples
derivatively to the fermions as in Eq. (2.1), and in addition has couplings to gluons and
photons induced by the color and EM anomalies

a Qg E a aem

fo 870 N f, 87 " 2fa

The axion decay constant is related to the PQ breaking vev, (S) = v/2N f,. The anomaly
coefficients are given by 2N = 6 and E/N = 4/3.
The couplings to fermions are given by Eq. (7.2). In the quark sector the PQ charges

Lo= +—GuG" + Il p [CY + Cos) f - (7.4)

are flavor universal, and so are the axion couplings,

2
S C
oy, =Cih, ="Ls;, CYq, = Ciha, = 2335 (7.5)

Ui Uy Ui Ug 3 3

In contrast, in the charged lepton sector the PQ charges are not universal and therefore
the axion couplings to charged leptons depend on the unitary rotations that diagonalize
the Yukawas as in Eq. (7.2). It is useful to introduce the hermitian matrices

€7 = VOV, e = (VR (VR (7.6)

which satisfy

0<er <1, ek =1, P = \JeiPest (7.7)
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Bound on f, (in GeV)
Benchmark “V” Benchmark “V + A” Benchmark “V — A”

SN1987A 9.4 x 107 9.4 x 107 9.4 x 107
WD cooling 1.3 x 10? 9.3 x 108 9.3 x 10%
Uw—ea 1.1 x 108 8.0 x 108 1.2 x 108

Table 3. Bounds on the axion decay constant f, (in GeV) for the three bechmarks of the LFV
axion model choosing 8 =1, cf. Egs. (7.11)-(7.13).

for P = L, R. In terms of these parameters one has

Clly, = —% 1+ 830 +ef—ek|,  Cfy = —% —c30ij+ e+ k| . (7.8)
Note that the flavor diagonal parts of the vectorial couplings, C}ij’ Egs. (7.5), (7.8), can
be set to zero through fermion field redefinitions (these would introduce couplings to EW
boson field strengths as in Eq. (7.4) that are, however, not relevant for our analyses).

To show the impact of the experimental searches for LFV processes with muons, we
construct three benchmarks for off-diagonal matrices eij and eff. To do so we first choose
a particular form of the leptonic Yukawa couplings, where we assume that in the basis in
which y¢, is diagonal the Yukawa 2-vectors y{,, ¥, have zero couplings between the 1st and
3rd generation. Within these assumptions the charged lepton mass matrix is completely

fixed, apart from a single continuous parameter, 7,

0 mnmy, O
mG = | =me/n mer 0|, mer=\/mE0-n)+m2(1-1/p2). (79
0 0 m,

The parameter n controls the size of left- and right-handed rotations. We restrict its values
to the range m¢/m, < n <1 such that there are no unnaturally large cancellations when
diagonalizing the mass matrix. Choosing three representative values of 1 gives

1 — 1 _Mme N
vz T me 1T 2

(Vi)i2 = \/%Z 77:\/%'1, (VE)12 = —\/%i 772\/%;7 (7.10)
Me

— Me _ 1 — me
., n—\/imu7 \ﬁ n_ﬁmua

my,

which we take as the three representative benchmarks: the “V — A”, “V” and “V 4+ A”
scenarios, respectively. As per our assumptions, the only flavor violating couplings are
between the 1st and the 2nd generation leptons.

More explicitly, the axion couplings in the three scenarios are,

e Benchmark “V” (n = /m./m,)
Ch. ~2/3y/me/my, . Ci =0, Ci ~c3/3-2/3, (7.11)
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Figure 9. Present and expected future bounds on f, and m, for the LF'V QCD axion in the three
scenarios described in detail in the text, see also Table 3 and Eqgs. (7.11)-(7.13).

e Benchmark “V + A” (n = v2m./m,,)
OV, ~Ci ~1/6, Cia~c3/3-1/2, (7.12)
e Benchmark “V — A” (n=1/v/2)

Cy,~—Cjh~1/6, Ch~ch/3—1/2. (7.13)

We can now reinterpret the model independent bounds on LEV ALPs, derived in Sections
3-6, for the three LFV QCD axion benchmarks (choosing 8 = 1 as a representative value).
The resulting bounds on f, from g — ea and from WD cooling, obtained by rescaling
respectively the bounds on F,fle’v, Fe“é in Table 1 by the appropriate values of C’,YéA, Ce‘i in
the three benchmarks, are collected in Table 3 and presented graphically in Fig. 9.

The SN1987 bound is modified with respect to the one discussed in Sec. 6.1 due to the
axion couplings to quarks and gluons that then result in the axion couplings to nucleons
(due to smaller scattering cross sections the processes involving electrons lead only to
subleading corrections). Adopting the treatment of Ref. [129], the relevant bound is on the

effective coupling to nucleons,

Cy = \/C,% +0.29C2 +0.27C,Cy, (7.14)

where (), are the axion couplings to protons and neutrons, respectively. Using the ex-
pressions in Ref. [17] along with the values of couplings to quarks and gluons in Eqgs. (7.4),
(7.5), we get for the LF'V axion model, for all three benchmarks,

Oy = \/0.042 —0.084¢2 +0.18 ¢4, (7.15)

For given cg the bound on f, follows from the bound on the effective decay constant
Fy = 2f,/Cn > 10°GeV [129]. The resulting bound on f, is of the order f, > 108 GeV,
with mild dependce on cg.
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Figure 10. Left: the “V — A” LFV axion corresponds to the orange bold solid line. Right:
the “V 4+ A” LFV axion corresponds to the green bold solid line. The grey shaded regions
show the present bounds on LFV QCD axion couplings to photons as a function of axion mass for
the two benchmarks. The grey dashed lines denote future projected sensitivities on the photon
coupling. The solid orange/green vertical lines show the present upper bound on the axion mass
from WD cooling in the two models. The dotted orange/green vertical lines show the present
bound and future reach on the axion mass from LFV experiments. For a comparison we also show
lines corresponding to the standard KSVZ (dark blue) and DSFZ-II (blue) models. The former
one is limited by the SN1987A bound, the latter one by WD cooling. For both the DSFZ-IT and
our LFV QCD axion models we set 8 = 1. See the main text for details.

In Fig. 10 we show the constraints on the axion-photon couplings

1 e

Jary = EX(E/N —1.92), (7.16)

as a function of the axion mass, m,. The orange (green) solid line in the left (right) panel
shows g4y~ as a function of m, in the V' 4+ A (V — A) benchmark up to the exclusion by the
WD cooling constraints (the dotted continuation of the line is excluded by WD cooling but
is not excluded by the direct i — ea searches). Note that for the LFV QCD axion, E/N =
4/3, leading to smaller coupling to photons, |gayy| ~ 0.6 X aem /(27 f,), than for the flavor
universal original KSVZ model, for which E/N = 0 and thus |gey| ~ 1.9 X dem/(27 fa)
[130, 131}, and DFSZ-II model [12, 13], for which E/N = 2/3 and |gay| ~ 1.3 X @tem/ (27 f,)
(though large variations in this coupling are possible depending on the precise choices of
the heavy fields and their charges [132-134]). The dotted orange (green) vertical lines show
projected and present bounds from p — ea searches, as denoted.

The gray regions are excluded by other axion experiments: CAST [135], cooling of
horizontal branch stars (HB) and ADMX [90-92]. The gray dashed lines denote future
projections from different axion searches already discussed in Sec. 6.2. We show the reach of
the future ADMX upgrade [97], of CAPP [98], KLASH [99], and ORGAN [100], MADMAX
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[101] and the “dieletric stack” proposal [102]. We also include the reach of large-scale
helioscopes such as TAXO [111, 112], and light-shining-through-wall experiments such as
ALPS-IT [113].

Fig. 10 demonstrates the complementarity between this diverse experimental program
based on axion couplings to photons and electrons, and the reach of the LFV experiments
MEG-fwd and Mu3e, in order to search for LFV axions. In particular, a signal in a future
LFV search would be incompatible with an axion lighter than a few meV. Such an LFV
axion line will be challenging to test in axion haloscopes because of the infamous DFSZ
accidental suppression of the photon coupling, see Eq. (7.16). In contrast, the future
ADMX experimental campaign and CAPP will probe the LFV axion for masses between
few ueV and few tens of ueV, which are inaccessible through LFV experiments.

7.2 The LFV Axiflavon

We discuss next the possibility that the PQ symmetry symmetry that solves the strong
CP problem is also responsible for explaining the smallness of the SM Yukawas, i.e., that
the QCD axion is the aziflavon. This framework naturally results in a QCD axion with
flavor-violating couplings.

The simplest scenarios of this kind arise when the U(1)pq is responsible for explaining
all the SM fermion mass hierarchies and mixings, along the lines of the Froggatt-Nielsen
models [34, 114, 115], as in Refs. [24, 33]. In these constructions the strongest bound on
the axion decay constant always arises from K+ — mTa constraints [24], since the axion
coupling to sd is suppressed only by roughly the size of the Cabibbo angle, Vs = A ~ 0.2.
Indeed, for the U(1) axiflavon the LH quark charges, X/*, are non-universal so that from
Eq. (7.2),

qrL qr
Xl — X2

OV~ Vi I

~ Viys. (7.17)

The sd axiflavon couplings, on the other hand, can be strongly suppressed in U(2)p
flavor models [35, 136, 137]. In these classes of models the light generations form doublets
of U(2)p. The U(1)F factor acts as the PQ) symmetry that gives rise to the QCD axion
after spontaneous symmetry breaking. This scenario successfully explains the fermion
mass hierarchies and mixings in terms of just two small parameters. In the model of
Ref. [35] both quark and lepton flavor violating couplings between the first two generations
are equally suppressed because of the assumed structure that is compatible with SU(5)
unification. Here we present a variant of this model that leads instead to parametrically
large pe couplings (their enhancement can be traced to large PMNS mixing angles). This
model is a successful model of flavor and at the same time an example of a large class
of flavored axion models where the LF'V couplings are sizable while the FV couplings to
quarks are suppressed.

In the LFV axiflavon model the U(2)r = SU(2)r x U(1) p quantum numbers of almost
all the SM fermion are the same as in Ref. [35]. In particular, all the fermions transform as
2+ 1 under SU(2)r. The only difference with respect to Ref. [35] is that the U(1)r charge
of the SU(2)r singlet left-handed lepton, L3, is —1 instead of 1. Table 4 summarizes the
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US DS Qo US DS Qs | ES L, ES Ls | H ¢q x
SU2)r| 2 2 2 1 1 1|2 2 1 1|1 2 1
Ulp |1 1 1 o0 1 0|1 1 0 -1/0 -1 -1

Table 4. The U(2)r quantum numbers of the SM fermions and the scalars H, ¢, and x in the
example LFV axiflavon model.

complete field content and the transformation properties under the U(2)r flavor group.
In addition to the SM fermions, the electroweak doublets Q;, L;, and singlets US, D, EY,
i=1,2,3 (in Table 4, a =1,2), the model contains the SM Higgs doublet as well as two
scalar spurions, ¢, and x.

As in Ref. [35], the breaking of the flavor symmetry is parametrized by two scalar
spurions ¢ and x, which transform under U(2)p as ¢ = 2_; and y= 1_1. These fields
acquire the following flavor symmetry breaking vevs

(9) = <€%A> , () = exh, (7.18)

where A is, up to O(1) factors, the typical mass of the heavy states present in the full UV
model. (Their exact structure is not important for our effective low energy discussion as
they are integrated out.) The values of the two small parameters in the two spurions are
fixed by the fit to quark masses and mixings to be about €4 ~ A? and €y ~ A3,

Since the SM fermions are charged under U(2)p, the Yukawa interactions between the
SM fermions and the Higgs require insertions of the spurion fields in order to form invariants
under U(2)p. This leads to non-renormalizable interactions suppressed by appropriate
powers of A. After replacing spurions with their vevs, Eq. (7.18), the dependence on the
heavy scale A cancels. The hierarchies in Yukawa matrices then arise from powers of the
small parameters €, , giving for the mass matrices

2 4 d
d d d

)‘316¢€x A3p€s gz A 1€¢6x A39€p  A33€x

2 4 2 2 2 4 2.2
y )\eled)e 126y Af3€e€y 2 AT1€5Ey AT2€5€y AT3€g€x
Me ~ E )\126 5262 Nog€p | 5 M = 207 If2€§56?< )\5263) Nss€pey | 5 (7.20)
¢ ¢ 2\ 2\ Y Y 2
31€p€x N32€6Cx  A33€x 13€p€Ex MA23€pEx  A33€y

where we kept only the leading contributions in €4,. The parameters )\ij are O(1) com-
plex coefficients. The structure of the neutrino mass matrix m, was obtained under the
assumption that the neutrinos are Majorana with the masses arising from the Weinberg
operator with the UV suppression scale M. Notice that the 1-2 entry in m, of order ei
vanishes due to anti-symmetrization, so that the first nonzero entry is of O(e? H€x 2).

The quark sector of this model is identical to the one in Ref. [35], and so are the unitary
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Figure 11. Present bounds and projected sensitivity for the LFV axiflavon model illustrated in
Section 7.2, with the LFV couplings given in Eq. (7.30). The red bold solid line shows the
predicted coupling to photons of the LFV axiflavon model. The solid red vertical line shows the
upper bound on the axion mass from star cooling while the dotted red vertical lines the present
bound and future sensitivity from LFV axion searches. The grey shaded and grey dotted regions,
and the blue and dark blue lines are the same as in Fig. 10.

rotations that diagonalize the quark masses. Their parametric structure is given by,

PN 1 AN LAMN
VE~VE~ A 1T X2, Ve~ XA 1A, ViE~|x11], (7.21)
A3 A% 1 A3 A% 1 Al 1

where A = V5 ~ 0.2. The charged lepton mass matrix is parametrically the same as in
Ref. [35], and so are the parametric sizes of the unitary rotations that diagonalize it,

1 A A 1 AN
VE~1 A 1 X, VE~|AT 1] (7.22)
A2 1 Al 1

It is easy to check that the neutrino sector can reproduce the PMNS matrix and neutrino
mass differences for A, that are O(1) for normal neutrino mass ordering.

The PNGB corresponding to the U(1) factor is the LFV axiflavon, i.e., it acts as the
QCD axion that solves the strong CP problem (see Ref. [35] for details). The anomaly
coeflicients controlling the couplings of the LFV axiflavon to gluons and to photons in Eq.

(7.4) are given by

N =9/2, E=10. (7.23)
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The couplings of the LFV axiflavon to the SM fermions depend on the unitary rotations in
Egs. (7.21), (7.22), as in Eq. (7.2). Because of the SU(2)r structure of the LFV axiflavon
model it is useful to introduce the matrices (f = u,d,e; P = L, R)'?

elf = (VDE(V)s (7.24)

which satisfy

0<elr <1, r =1, || = \Jelrelt . (7.25)

They have the parametric structures

A6 A5 23 A2 XA
€lF ~ el el e [ AP A2 ] RN R DY I (7.26)
A1 A1l

The axiflavon couplings to fermions are given in terms of charges and these parameters as

X = Xpag X=X Xp - X
4 1§ fa /3 I fR fa fL
Chny =y % A (7.27)
Xpo + Xpa g X5 =X Xp—X
A fe fa [ 1§ fa
Cfy, = by + el =R (7.28)

where f = u,d, e denotes the fermion sector and Xy, Xy, , X 75, Xgs are the U (1)p charges
in Table 4.

The sd couplings are strongly suppressed, C;/d’A ~ A3/(2N), as a result of small rota-
tions in the LH sector, 6%712 ~ A°, and the fact that RH rotation do not lead to off-diagonal
terms because of universal charges in the RH sector, Xpc = X Ds- The RH contributions
to the pe couplings are CKM-like suppressed, while the contribution from the LH rota-
tions are large, since the corresponding charges are non-universal (in contrast to Ref. [35]),
Xr, # XL, giving C’l‘; = —C’;?e ~ \/m /N. The axiflavon couplings to nucleons and
electrons are identical to Ref. [35] and are to good approximation given by

2 1

A A A A A A A

C C Cdd = CCC = Css ~ § s Ctt ~ O, Cbb ~ § . (729)
The O(1) coefficients in the rotation matrices can be fixed by performing an explicit

fit to all the observables — the masses and mixings, including the neutrino sector. Using

the same procedure and the SM inputs as in Ref. [35], we find that a good fit is ob-

tained by choosing €4, = 0.023,¢,, = 0.080, M = 4.8 x 10" GeV, with Yukawa couplings

for the up quark sector )\f{im 22’23’32733} ={-2.0,1.0,-3.1,—1.1,—-0.79}, and for the down

quark sector )\{12 29.93,32,33) = = {1.3,1.1,-0.76,0.44, —0.85}, with the couplings A}y 133

and )\11713’31 irrelevant because they give only subleading contributions to quark masses

L . . e _
and mixings. The couplings for the lepton Yukawa matrices are A{11’12713’22’23731732733} =

2Note the difference between ef} defined here and in Eq. (7.6). For this reason we restrict the use of
fp
€

;7 symbols to the two respective sections.
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{1.0,2.3,1.0,1.7,0.40, —0.30, —1.3,0.55}, while for the neutrinos they are )\?11’12’13’22,23’33} =
{-1.0,-1.0,0.38,—1.2,1.9,—0.69}. For this fit we find for the sd axiflavon coupling C’S‘il =
1.6 x 107°, while the relevant couplings in the leptonic sector are

A
O, =—Cik =0043,  C.=021,  Cr=0029, Cp, =012, (7.30)

where Cp,¢, = \/ |C’X€j 2+ |Cé‘3€j |2. We use the above benchmark values for axiflavon cou-
pling to derive the sensitivities of different observables to axiflavon in Fig. 11. Other
phenomenologically viable choices of parameters that differ by “O(1)” factors can also give
a good fit to the SM masses and mixings, so the constraints obtained in our benchmark
should be viewed only as indicative, with O(1) variations, when this larger class of axiflavon
parameters is considered.

The red line in Fig. 11 shows the predicted coupling to photons, g4, which for
the LFV axiflavon is given by Eq. (7.16) with E/N = 20/9, as a function of axiflavon
mass, Eq. (7.1). The bound on f, from WD cooling is denoted with a vertical solid red
line. The next less stringent bound comes from the u — ea search by TWIST (dotted
vertical red line). Fig. 11 shows that the Mu3e future reach (dotted vertical red line)
will exceed the WD cooling constraints. In order not to clutter Fig. 11, we do not show
the less constraining present bound (future senstivity) on LFV axiflavon from K* — 7ta
which is f 2> 5.4 x 10° GeV (1.6 x 107 GeV) [23]. The expected reach from Belle II is
fa 2 3(1) x 10° GeV from 7 — pa(t — ea) searches, which is outside the range plotted
in Fig. 11. The other constraints, shown in grey with future sensitivities denoted with
grey dashed lines, are as in Fig. 10. Clearly, there is significant parameter space where
LFV axiflavon can be discovered in LFV experiments, especially considering the potential
astrophysical uncertainties in the WD cooling bounds.

7.3 The Leptonic Familon

Our next example of a LFV ALP is the familon, i.e., the PNGB arising from the sponta-
neous breaking of a global horizontal symmetry, which we take to be the Froggatt-Nielsen
(FN) flavor symmetry, U(1)pn [34]. We consider the case where the U(1)pn only acts
on the leptonic sector so that the LEV ALP is the leptonic familon. Unlike the previous
two examples, the leptonic familon does not solve the strong CP problem and, as a conse-
quence, its mass is not determined by the QCD anomaly. The mass of the leptonic familon
is therefore taken to be a free parameter, yet still small enough that it can be produced
in tau or muon decays. The predictive power of the model is limited to the parametric
prediction of the LFV coupling, which are related to the neutrinos mass texture.

The couplings of the leptonic familon to the SM leptons are determined by the positive
U(1)pn charges [L]; and [e]; carried by the lepton doublets L; and singlets ef, respectively.
The U(1)pn symmetry is broken by the vev f, of a scalar field ® with charge [®] = —1,

_ fa+¢ ia/fa
q>_7\/§ et/ fa (7.31)

where a is the familon, while ¢ is the radial mode with the mass O(f,). Integrating out
all the heavy fields the charged lepton Yukawa couplings and the Majorana neutrino mass
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matrix are given by (as determined through spurion analysis)

. . <<I>*> [L]i+[e]; , , 02 <(I>*> [L]i+[L];
yz‘j:aij< i oy =gy g ) (7.:32)

where a® and k" are assumed to be flavour-anarchical matrices of O(1) coefficients, M is a
cut-off scale with

controlling the hierarchies among charged lepton masses, while Ay is the lepton-number
breaking scale suppressing the dimension 5 Weinberg operator.'®> An anarchical PMNS
matrix featuring O(1) mixing angles [138] can be achieved by taking equal charges for the
lepton doublets,

([L]1, [L]e, [L]3) = (L, L, L), [Pure Anarchy]. (7.33)

Good fits to the neutrino oscillation data can also be obtained for mildly hierarchical
charges (at the price of somewhat larger values of € ~ 0.3 — 0.4) [139, 140],

([L]1, [L)2, [L)3) = (L+1, L, L), [uT Anarchy], (7.34)
([L]1, [L]e, [L]3) = (L+2, L+ 1, L), [Hierarchy] . (7.35)
The hierarchy of charged leptons is then reproduced by a suitable choice of the charges of the

RH leptons. Up to some freedom due to uncertainties relative to the expansion parameter
e and more importantly to the O(1) coefficients ag;, a successful charge assignment is the

following:
(le]1, [e]e, [e]s) = (b—L,3—L,2—L), e=0.1 [Pure Anarchy], (7.36)
(le]1, [e]e, [€]s) = (9—L,5—L,3— L), e=0.3 [uT Anarchy], (7.37)
(le]1, [e]e, [€]s) = (11 —L,6—L,4— L), e=04 [Hierarchy]. (7.38)

The couplings of the familon to the leptons are given by,

LD E <CX€]' gi’)/ugj + Cé@j fi’)/u’}%e]‘) s (739)
where
CVIA = (Vg Xe VT VE XS VE). (7.40)

The unitary rotation matrices are defined as V; Tye VE = Ygiag> While (X5 / r)ij = [L/e]idij
are diagonal matrices of the FN charges. Up to O(1) coefficients the LH and RH rotations
are given by (VE/R)ij ~ ellb/eli=[L/elj],

The three charge assignments (7.33)-(7.35) lead to qualitatively different values of

LFV familon couplings, Eq. (7.40). In the purely anarchical model the [L]; are universal,

BIntroducing instead the RH neutrinos such that the neutrinos have Dirac masses would not change the
following discussion and the resulting PMNS matrix.
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cf. Eq. (7.33), so that the off-diagonal couplings in Eq. (7.40) are entirely due to the
RH charges. The RH rotations are small, of the order of the ratios of lepton masses,
(VR)ij = (Vg)ji = my, /me; (i < j), and thus the LF'V couplings are suppressed,

CXEJ- = Cg?gj ~ ([e]; — [e]j)mjl (1<7) [Pure Anarchy]. (7.41)

J

The purely anarchical leptonic familon couples to the V + A current. It is thus subject
to constraints from the old Jodidio et al. experiment and can be an important target for
the proposed MEGII-fwd setup, despite the severe suppression of the LFV couplings, see
Fig. 12 (left).

For the hierarchical model the [L]; are non-universal, Eq. (7.35), and the LH rotations
give the dominant contributions to the off-diagonal familon couplings in Eq. (7.40). Even so,
the V + A couplings induced via RH rotations remain non-negligible, and are even enhanced
compared to the anarchical case, (V}%)ij ~ (Vﬁ)ji ~ elei—leli & (mgi/mgj)/emi*[% (i < ).
The LFV couplings of the hierarchical leptonic familon are thus, from Eq. (7.40),

CYy, ~ ([l = [e]y) ot s — ([ — [L]y) el i,

[L];—[L]; my;

Cy (el = le)) ot met + ([L)i — [L];) el

ity elLli—[L]; ™y

(i <j) |[Hierarchy]. (7.42)

Because the hierarchical familon mostly couples to the V' — A current the dominant con-
straint comes from the bound on p — ea due to TWIST, Eq. (3.17), even though this is
otherwise the weakest bound on BR(y — ea). In the future, MEGII-fwd can improve the
reach on the hierarchical familon beyond the present bounds, because of the non-vanishing
V + A contributions, cf. Fig. 12 (right).

The pur Anarchy scenario is in between the above two cases. There is no LH mixing
in the 2 — 3 sector, while there is one in the case of 1 — 2 and 1 — 3 transitions. The RH
mixings are suppressed, but with 1 — 2 and 1 — 3 mixing enhanced by 1/e over the pure
anarchical case.

The familon coupling to electrons, relevant for assessing the star cooling bounds, is
given by

Cie ~ —(leh +[L]1) - (7.43)

Finally, the coupling to photons is controlled by the anomaly contribution Fyy, Eq. (2.8),
which can be calculated in terms of FN charges in Egs. (7.33)-(7.38) as

Eyv = ([ei + [L]:). (7.44)
(2
such that, for the three illustrative charge assignments (anarchy, 7 anarchy, hierarchy),
one gets respectively Fyy = {10, 18,24}.

Fig. 12 summarizes the present and expected future bounds on the FN breaking scale
fa for the purely anarchical (left panel) and for the hierarchical leptonic familon (right
panel). For the anarchical model, we set [e]; — [e]o = 2 and [e]2 — [e]s = 1 in Eq. (7.41),
and [e]; + [L]; = 8 in Eq. (7.43). For the hierarchical case we estimated the LH rotations
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Figure 12. Present bounds and future sensitivities on the decay constant f, (in GeV) vs. the mass
my for two familon models. The blue shaded regions indicate where the familon decays promptly
into SM states. The grey shaded regions are currently excluded by a combination of u* — eta
experiments and star cooling bounds on the ALP-electron coupling. We show projected sensitivities
of MEGII-fwd in orange, Mu3e in red, Belle IT in purple. Left: Anarchical model, cf. Eq. (7.41),
Right: Hierarchical model, cf. Eq. (7.35).

appearing in Eq. (7.42) employing ¢ = 0.4 as in Refs. [139, 140], while the RH couplings
are obtained by setting [e]; — [e]o = 5 and [e]2 — [e]3 = 2. In this case the diagonal coupling
to electrons in Eq. (7.43) follows from [e]; + [L]; = 13. In all the cases the O(1) coefficients
were set to 1 exactly. The blue area in Fig. 12 indicates where the familon proper decay
length is shorter than 1m (due to a sizeable width to leptons, a — ¢;¢;), so that searches
for ¢; — ¢;+ invisible lose sensitivity. Fig. 12 shows that in both representative models all
future searches for LFV processes performed by MEG II, Mu3e and Belle II can probe well
into the yet unexplored parameter space.

As far as DM is concerned, the leptonic familon resembles very much the generic
ALP DM discussion in Sec. 8. We refer to that section for an extensive discussion of the
implications of LFV searches on the ALP DM parameter space.

7.4 The Majoron

The majoron [117, 118] is the PNGB due to spontaneous breaking of the lepton number.
A natural context where this kind of ALP arises are the seesaw models, where the breaking
scale of lepton number is associated with the mass scale of heavy new fields. In type-1
seesaw models at least two singlet fermions, the right-handed neutrinos N;, are added to
the SM (for concreteness we will assume below two RH neutrinos). The RH neutrinos
couple to LH leptons via the Yukawa coupling matrix, ¢y, while their masses are described
by the Majorana mass matrix My,

_ U B
L= Ly +iNJN — <yNLNH + 5 NeMyN + h.c.) . (7.45)

In the seesaw limit, My > mp = ynv, the RH neutrinos are heavy and can be integrated
out, while the light neutrinos are predominantly part of the SM doublets, L;, with the
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Majorana mass matrix given by
m, = —mpMpytm}, . (7.46)

The majoron J arises when the mass matrix My, which breaks the lepton number by
two units, is generated dynamically by the vev of a new SM singlet scalar field ¢. In this
case the RH neutrino mass matrix in Eq. (7.45) is replaced by the Yukawa couplings of RH
neutrinos to the scalar o, i.e., My — Ayo in Eq. (7.45), where

— fn +&€U/fN

5 7.47
7 (7.47)
so that the RH neutrino mass matrix is given in terms of the matrix Ay as
A
My = 2N (7.48)

V2

The radial mode & is heavy and can be integrated out, while the majoron J is a PNGB
and is light (we take its mass to be a free parameter).

The majoron couples at tree level to neutrinos through the N°AyoN Yukawa terms.
These Yukawa interactions then induce couplings of J to charged leptons and quarks
at loop-level [117], see Ref. [141] for complete expressions. Here we are interested only
in the seesaw limit of these general expressions, which we match onto the effective La-
grangian (2.1) upon identifying a — J, f, — fn. Using the results of Ref. [142, 143], we
find for the majoron couplings to quarks and leptons, respectively,

Ty
v _ A 3 5. T
Cag; =0, Cogy = T 1672 055 Tr <yNyN> ’ (7.49)
1 1 8
Voo 1 A _ i T Ty,
Ceiej = 1672 (yNyN>ij 5 Ceiej = 1622 |: 5 Tr (yNyN> — (yNyN)w] , (7.50)

where T?:L’d = +1/2. Note that F;/; = —FMAE, i.e., the LFV couplings of type-1 seesaw
majoron have the V' — A form (the couplings to the V' + A leptonic current are flavor con-
serving). The TWIST experiment is sensitive to such a majoron, while the more stringent
bounds from the 1986 experiment by Jodidio et al. do not apply, see Section 3.1 for details.

In contrast to the other ALP scenarios discussed above, in the case of a majoron,
couplings to neutrinos are particularly relevant to assess the stability of the particle, hence
whether it is a viable DM candidate. This is a consequence of the suppressed coupling
to photons of the majoron, which in fact decays preferably to neutrinos when its mass is
below the 2m, threshold. In the seesaw limit, the coupling to light neutrinos is diagonal
and the decay width reads [142, 143]

_ m 4m?2
U(J = vii) = 1677?”2 miy 1= —, (7.51)
N J

where m; are the light neutrino mass eigenvalues.
Another crucial issue is whether the experiments are able to probe scales that are
interesting for the neutrino mass generation. We can distinguish two limits:
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e In the standard seesaw setup, sizeable entries of the Yukawa matrix yy are only
compatible with the observed neutrino masses for an ultra-high seesaw scale. For
instance, let us consider the case where elements of the Yukawa matrix are all of
similar size, without any special structure, |(yn)ij| ~ v (a hierarchical structure
would not qualitatively change the argument). The light neutrino masses are thus of
the size m, ~ y?v?/My, where v = 246 GeV is the electroweak symmetry breaking
scale. The effective scale suppressing the LFV ¢; — /;J decays is then given by
F ~ fn/C ~ 1672 fn /y? ~ 167%0%/m,, = 1016 GeV. The standard set-up therefore
cannot be probed by the present nor any of the planned LF'V experiments.

e In the low-scale seesaw setup, the neutrino masses are additionally suppressed, such
that large couplings in yn and the lower seesaw scale are compatible with the observed
light neutrino masses. Indeed, since the neutrino masses m, o yNMJf,ly% transform
non-trivially under the lepton number (in contrast to yNy]TV), it is possible that light
neutrino masses are parametrically suppressed in the presence of an approximate
generalized lepton number. Such scenarios, usually referred to as the “TeV scale
seesaw mechanism”, have been extensively studied in the literature [41, 119-127].
In the following we use the results of Ref. [41] to construct a concrete example of
a majoron model with parametrically suppressed neutrino masses (and thus with
enhanced majoron couplings to the SM leptons).

In the simplest low-energy seesaw model one considers two right-handed neutrinos Ny 2
with a 2 x 2 Dirac mass matrix, My, and 3 x 2 Dirac Yukawa couplings, yn,

Yel Ye2
0 M A [0 fy
M = = — = 7.52
N (M 0) \/§<fN 0>7 YN ?;,ulz;ﬂ ) ( )
71 Y72

where A = V2M /fn is a real free parameter. In the y; — 0 limit the model has a
global U(1) symmetry, My — PMxP, yny — e “yyP with P = diag{e’®, e *}. The
majoron couplings, which are proportional to yNy;rV, are invariant under this symmetry,
while the neutrino masses are not, m, — €*®m,,. This means that the neutrino masses are
proportional to symmetry breaking parameters, yy1, which, if small, additionally suppress
the neutrino masses compared to the majoron couplings.

Working in a basis where the charged lepton matrix is diagonal, we can adjust the
input parameters, M and yy;, such that all neutrino observables (2 mass differences + 3
mixing angles) are at the central experimental values. This leaves two free parameters,
which we choose to be M, the mass scale of RH neutrinos, and the largest eigenvalue of
the Dirac Yukawa matrix, y = max [eig(yNy]TV)} . Using the results of Ref. [41], we obtain
for the Normal Ordering (NO) in the seesaw limit,

Ny~ ATA; where A; = Uss + iUsp\/ma/m3, (7.53)

mo + ms3
with mg = (Am%l)l/2 and m3 = (Am%l)l/z the light neutrino masses (the lightest neutrino
mass is m; = 0 as we introduced only two RH neutrinos). The U;; are the elements of the
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PMNS matrix, all of which are experimentally observable, while y = (Tr (yNy]TV))l/ *isa
free parameter, only bounded by perturbativity, y < 4. The result for Inverted Ordering
(I0) is obtained from (7.53) by replacing ms — mg = ( — Am§2)1/2
Am%l — ATTL%Q)I/Q and Uiz — UZ'Q, Uio — Us1.

For the numerical analysis we use the latest global neutrino oscillation fit results [144,

7m2_>m1:(_

145], and set in Eq. (7.53) the mass differences, the mixing angles and the Dirac CP phase
in PMNS matrix to their central experimental values. This gives the 3 x 3 Hermitian matrix
yNy;rV that still depends on y and one Majorana phases, a,,. For simplicity, we set the
latter to zero, au;, = 0. The effective suppression scales for the majoron couplings are in
the NO case given by (similar results are obtained for I10)

1.1 x 1010 GeV M 1.4 x 1010 GeV M
FA = F = , 7.54
e Ay? < 107 GeV> ’ a Ay? ( 107 GeV) (7:54)
1.6 x 1019 GeV M 0.71 x 1010 GeV M
FTe = ) FT = ) .
Ay? <1O7 GeV) . Ay? <1O7 GeV> (7.55)

where for the flavor-violating cases we quote the bound on combined A, V effective scale,
as defined in Eq. (2.2). For completeness we also show the results for the flavor diagonal
couplings to muons and taus, although they are at the moment of little phenomenological
relevance,

2.7 x 101 M 7 x 1010 M
A _ 7 x 10" GeV A 3.7 x 10" GeV (756)
a Ay2 107 GeV Ay2 107 GeV

The coupling to muons is comparatively suppressed due to an accidental cancellation be-
tween the two contributions to C;?# in Eq. (7.50).

The majoron also couples to nucleons via its couplings to quarks (7.49). These cou-
plings do not depend on PMNS elements and are given by

0.88 x 1019 GeV M
~ X © < > (7.57)

Fy ~
N Ay? 107 GeV

In Fig. 13, we summarize the current status and future prospect of the constraints on
the parameter space of the low-energy seesaw majoron model described above. Besides the
present and future bounds from LFV experiments and the astrophysical limits discussed in
Sec. 6.1 involving the coupling of the majoron to electrons, we display as a yellow-shaded
area the region excluded by SN1987A, according to the study of Ref. [146], due to the
nucleon-majoron coupling of Eq. (7.57).

We also show as a dashed blue line where the majoron lifetime equals the lifetime of
the universe. Anywhere to the left of this line, the majoron is a viable DM candidate. In
fact, there is no strong constraint from observations of the extragalactic background light,
since coupling of the majoron to photons are suppressed. The two representative lines
explained in Sec. 6.2 show where the misalignment mechanism accounts for the whole DM
abundance today with 6y ~ 1. Below these lines the majoron is a sub-component of the
total DM abundance unless new dynamical mechanism or a tuning of the initial condition
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Figure 13. Present bounds and future sensitivities on the coupling to electrons F2 (in GeV) and
the RH neutrino mass scale M (normalized by the combination of free parameters \y?) vs. the
majoron mass my (in eV) for the low-energy seesaw majoron model. On the left of dashed blue
line the the majoron is stable on time scale of our Universe and could account for the DM abundance.
The two dashed gray lines are examples of misalignment production discussed in Sec 6.2. The gray
shaded region is excluded by star cooling bounds on the majoron-electron coupling and ™ — eTa
bounds. The yellow shaded is excluded by SN 1987A. We show in red the future reach of Mu3e,
in purple the reach of Belle IT and in light purple the reach of QUAX which requires the majoron
to be DM.

is put into place. Notice that here we ignore further production mechanisms of production
that could arise from Higgs portal-type of couplings (see Ref. [147] for a discussion).

Finally, the light purple line denotes the expected reach of the QUAX experiment [93,
94, 110], which is directly sensitive to the coupling of the majoron to electrons. The shown
sensitivity is as assessed in Ref. [95], under the assumption that the majoron is responsible
for 100% of the observed DM abundance.

Fig. 13 shows the remarkable reach in terms of the effective scale F7} and the RH mass
neutrino mass scale M of the Mu3e experiment, which, by searching for u — eJ decay,
will be able to probe for the first time the uncharted territory beyond the star cooling and
SN1987A bounds. In particular, Mu3e will be able to probe that part of the parameters
pace where the majoron can be a substantial component of DM.

Stringent constraints on low-energy seesaw models arise also from LFV mediated by
the heavy neutrinos at the scale M if this is not much above the TeV scale. Following
again [41], one finds for instance for the branching ratio of u — ey

3Cem ’(mDm}))m |2
327 M4

BR(u —ey) = H (X)), (7.58)

— 50 —



where X = M?/M}, and

1 — 62 + 322 + 22 — 622 log 1) x r<1 (7.50)
(1— )t

24+ (11 -6logx)/z z>1
This gives, in the M > My, limit,

2.4 x 10713 (103 GeV)2 <BR(M — ea)>

BR(u = ev) = =3 M 58 x 10-5

(7.60)

The LFV decays to majorons therefore typically provide stronger bounds on the seesaw
scale M than the LFV decays to photons, unless either M =~ fy ~ 1 TeV, or A < 1,
such that the mass scale of the RH neutrinos is much lower than the L-breaking scale
M < fn. Apart from these limits, ; — eJ tends to provide the dominant constraint, as a
consequence of different scalings with the heavy scale (the rate of y — eJ is oc M2, while
the rate of p1 — ey is oc M ). See also the detailed discussion in Ref. [143].

Finally, we comment on the chiral structure of the LFV majoron couplings which in
our minimal implementation are entirely of V' — A, given that LFV is mediated by the
W-loops. This will not be the case in a two Higgs doublet model, where the majoron LFV
couplings can be induced by loops of the charged Higgs. The V' + A LFV couplings are then
going to be suppressed by ~ y%IUQ / m%ﬁ, where my+ is the mass of the charged Higgs and
yg its coupling to leptons. Given the strong bounds on HT coming from indirect searches
in b — s [148] and direct collider searches [149] we expect the right-handed LFV couplings
of the majoron to be generically suppressed with respect to the left-handed ones. It would
be interesting to explore further the robustness of this statement in models where a light
charged Higgs is still unconstrained [150].

8 Conclusions

Generically, axion like particles (ALPs) can have flavor violating couplings to the SM
fermions. In this manuscript we explored the phenomenological consequences of such cou-
plings; in the first part of the paper we summarized (see Fig. 1) the present constraints
and future sensitivities on generic lepton flavor violating couplings of light ALPs from a
model-independent perspective. An important new ingredient is our proposal for the new
experimental set-up at MEG II, MEGII-fwd, which consists of a forward calorimeter to be
installed in front of the MEG II beamline, see Sec. 3.2 for details. The major benefit of
such an experimental set-up is that the irreducible SM background from pu™ — eTvi is
reduced at the highest positron momentum in the forward region. Since the SM decay am-
plitude is controlled by left-handed couplings, it vanishes for an exactly forward positron of
Pe+ = my/2 if produced from a muon that is completely negatively polarized. MEGII-fwd
can then be used to search for an effectively massles ALP produced in u* — et a with some
amount of right-handed LFV coupling to the SM leptons. The signal will appear as a sharp
line in positron energy distribution, in contrast to the smoothly falling SM background.
The final reach of MEGII-fwd depends on how well depolarization effects can be con-
trolled, on the positron momentum resolution, and on whether or not magnetic focusing
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is applied in order to increase the positron luminosity in the forward direction. Assuming
realistic estimates for these parameters shows that a two week run at MEG II in MEGII-
fwd configuration will allow to explore new ALP parameter space well before Mu3e and
with a reach beyond the current astrophysical limits from star cooling.

Exploring this new region of parameter space could tell us something new about the
couplings of an ALP DM produced non-thermally in the early Universe as discussed in
Sec. 6.2. A possible signal in an LFV experiment could be cross-correlated with the future
experimental campaigns of axion haloscopes and future intensity mapping searches. This
would give us more information about the light ALP mass beyond the expected resolution
of MEGII-fwd.

Sec. 7 discusses the future reach of the LFV experiments on the QCD axion parameter
space, which depends on how the PQ symmetry is embedded into the SM flavor group. The
LFV QCD axion couplings could be ultimately related to the underlying flavor theory like
in the case of the LFV axiflavon discussed in Sec. 7.2. Similarly, for the leptonic familon
the LFV couplings are correlated with the structure of the neutrino PMNS matrix. Finally,
the majoron from spontaneously broken lepton number could have large LFV couplings in
see-saw scenario where the neutrino masses are parametrically suppressed by a generalized
lepton number.

We believe that the encouraging reach on f,, that we obtained for MEGII-fwd within
these theoretically well motivated models, warrants a more systematic exploration of the
feasibility of MEGII-fwd, including proper detector simulations. In particular, it would be
interesting to investigate in more detail the required rearrangement of the MEGII magnetic
field and its interplay with the achievable momentum resolution. We hope that this pro-
posal will be explored further by the experimental collaboration. The MEGII-fwd proposal
should also be carefully compared with other possibilities of improving the MEGII reach
on LFV decays, for example the possibility of a dedicated trigger for u+ — e ay decays
as discussed in Sec. 4.2. We hope to return to these issues in the future.

Beyond the new proposed experimental ideas, the paper also includes several novel
theoretical results. First of all, in Sec. 6.1 we derived the astrophysical bounds on leptonic
couplings of the LFV ALP for any ALP mass. While the bounds on couplings of massless
ALPs to electrons were readily available in the literature, this was not the case, to the best
of our knowledge, for massive ALPs coupling to electrons, as well as for pue — a couplings
and couplings to muons (recently, Ref. [45] treated the case of massless ALP coupling to
muons). Second, we showed how the chiral structure of the LFV couplings emerges in
different concrete models, in which the presence of a light ALP is motivated by addressing
the strong CP Problem and/or the SM flavor puzzle or the origin of neutrino masses.
This is of crucial experimental importance given the further challenges involved in the
detection of u+ — eTa for a purely left-handed ALP. In the case of LFV QCD axion and
the leptonic familon the right-handed couplings are large enough that MEGII-fwd can well
be the first experiment to discover the corresponding ALP, while for the LFV axiflavon
and the majoron improvements in the reach on pu* — e*ya at MEGII will be needed or
ultimately the inclusive on-line bump hunt proposed at Mu3e.

To conclude, we hope that this work may boost a renovated interest in the experimen-
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tal possibilities at near future LFV experiments. The unprecedented luminosity of these
facilities has been conceived to probe rare SM processes mediated by heavy new physics.
The same data could also be used to probe extremely rare processes mediated by light
feebly coupled new physics particles. We believe, that we merely started to scratch the
surface of the possible experimental improvements and the theory lessons one could achieve
studying light new physics in rare LF'V decays.
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