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Abstract

Axions and axion-like particles (ALPs) are well-motivated low-energy relics of high-energy
extensions of the Standard Model (SM). We investigate the phenomenology of an ALP with flavor-
changing couplings, and present a comprehensive analysis of quark and lepton flavor-changing
observables within a general ALP effective field theory. Observables studied include rare meson
decays, flavor oscillations of neutral mesons, rare lepton decays, and dipole moments. We derive
bounds on the general ALP couplings as a function of its mass, consistently taking into account
the ALP lifetime and branching ratios. We further calculate quark flavor-changing effects that
are unavoidably induced by running and matching between the new physics scale and the scale of
the measurements. This allows us to derive bounds on benchmark ALP models in which only a
single (flavorless or flavor-universal) ALP coupling to SM particles is present at the new physics
scale, and in this context we highlight the complementarity and competitiveness of flavor bounds
with constraints derived from collider, beam dump and astrophysical measurements. We find that
searches for ALPs produced in meson decays provide some of the strongest constraints in the MeV-
GeV mass range, even for the most flavorless of ALP models. Likewise, we discuss the interplay
of flavor-conserving and flavor-violating couplings of the ALP to leptons, finding that constraints
from lepton flavor-violating observables generally depend strongly on both. Additionally, we
analyze whether an ALP can provide an explanation for various experimental anomalies including
those observed in rare B-meson decays, measurements at the ATOMKI and KTeV experiments,
and in the anomalous magnetic moments of the muon and the electron.
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1 Introduction

Axions and axion-like particles (collectively referred to as ALPs in this work) are pseudo Nambu–
Goldstone bosons (PNGBs), which appear in the spontaneous breaking of a global symmetry. Their
name derives from the QCD axion, which was introduced by Peccei, Quinn and others to address
the strong CP problem [1–4]. In this work we study the reach of flavor observables in searches for
ALPs, finding that they can set the most stringent constraints in the mass range between an MeV
and several GeV, thus filling the gap between tight limits derived from astrophysical and beam dump
experiments (for sub-MeV masses) and collider bounds (for multi-GeV masses). ALP candidates in
this mass window are motivated by the fact that the typical light and weakly coupled QCD axion
faces the so-called “axion quality problem” [5–9]: Any global symmetry is believed to be broken by
the effects of quantum gravity, and in the effective theory for the QCD axion this conjecture implies
that higher-dimensional operators introduce corrections to the axion potential, which can destabilize
its minimum, thereby reintroducing the strong CP problem. Requiring these corrections to be small
favors heavy-axion solutions to the strong CP problem with ALP masses in the MeV, GeV or even
TeV region [10–15]. This mass range is further motivated by supersymmetric and composite-Higgs
models featuring light PNGBs. For example, the R-axion is the PNGB of the R-symmetry breaking
together with supersymmetry at low energies [16], while non-minimal coset structures in composite-
Higgs models predict pseudo Nambu–Goldstone bosons in addition to the Higgs boson [17, 18].

ALP couplings to gauge bosons are present in most models. In fact, the coupling of the axion
to gluons is a required feature of models solving the strong CP problem, while a PNGB from a
composite-Higgs model originates from the same coset as the Higgs doublet and can inherit some
of the same couplings. While the SM fermions are uncharged under the Peccei–Quinn symmetry
in KSVZ models [19, 20], additional ALP couplings to fermions are present in DFSZ-type QCD
axion models proposed in [21, 22] and also occur for PNGBs originating from supersymmetric or
composite-Higgs UV completions. Here, we use a model-independent approach and consider the
complete set of leading operators describing ALP interactions with the SM. They are suppressed by
the characteristic mass scale of the new physics sector, implying that a heavy new sector gives rise
to weak ALP couplings.

If the underlying global symmetry is flavor-dependent, the ALP can acquire flavor-violating cou-
plings to quarks and leptons, and this would provide new sources of flavor and CP violation in
addition to the SM Yukawa couplings. Examples include generalized DFSZ models [23–26], in which
the Peccei–Quinn charges of the quarks are not flavor-universal [27–30], and axi-flavon models, in
which the ALP is a light Froggatt–Nielsen flavon with couplings that can also address the strong CP
problem [31–33]. Even if the underlying global symmetry is flavor-universal, flavor-violating ALP
couplings are induced radiatively [30, 34, 35]. This would be the case in the original axion models as
well as in DFSZ models, where the Peccei–Quinn charges of the quarks are taken to be generation
universal [21, 22]. Models with global lepton flavor symmetries can give rise to lepton flavor-violating
ALP couplings [36, 37].

The presence of flavor violation opens up the possibility to discover ALPs in rare, flavor-changing
processes. Indeed, lepton and quark flavor transitions provide some of the most sensitive tests of
new physics beyond the SM. In these processes, modern flavor experiments can indirectly probe mass
scales well beyond the energy reach of the LHC. Exotic flavor-changing decays of mesons or leptons
can also produce direct evidence for ALPs, which could provide information about the symmetry
structure of a new physics sector otherwise out of reach of direct searches.

In this paper we start from the most general set of dimension-5 operators describing the couplings
of an ALP to the SM particles in an effective field theory defined up to a scale Λ, which can be
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substantially larger than the electroweak scale. The couplings of the ALP to the SM fields are set by
physics at the UV scale, and any structure of the couplings (arising for example from flavor symmetries
in the UV theory) is naturally imposed at this scale. The running of the Wilson coefficients from the
UV scale to below the electroweak scale and the matching contributions at appropriate thresholds can
lead to significant changes in the ALP coupling structure and generate quark flavor-violating ALP
couplings [35, 38], as summarized in Section 2. In the renormalization-group (RG) evolution of the
ALP couplings we include the relevant anomalous dimensions at two-loop order in gauge couplings
and one-loop order in Yukawa interactions as derived in [35]. At a low scale of order 2 GeV, and
for the case of a very light ALP, we match our effective theory onto an effective chiral Lagrangian
describing the ALP interactions with photons and light pseudoscalar mesons. In particular, we study
the effects of the consistent treatment of the weak decay processes K+ → π+a and π+ → e+νea
as derived in [39], including also the corresponding calculation of KL → π0a. We also consistently
match the ALP effective theory to an ALP-nucleon Lagrangian, taking into account the finite ALP
mass for the first time.

A comprehensive study of the quark flavor phenomenology of an ALP is presented in Section 3.
We first discuss a large set of relevant observables, including exotic two-body decays such as K → πa,
B → πa and B → K(∗)a, D → πa and D(s) → Ka, as well as π+ → e+ν̄`a and radiative J/ψ and
Υ decay. We then go on to study virtual ALP effects in the leptonic decays Bd,s → µ+µ−, Bd,s–
B̄d,s mixing, and the chromomagnetic moment of the top quark. In all cases we present a detailed
analysis of current flavor bounds. Quark flavor bounds on ALPs have also been widely studied in the
literature, taking various approaches. For recent studies of flavor constraints on flavor-diagonal ALP-
quark couplings from quark flavor transitions see [40–47]. Bounds on flavor non-universality, flavor
off-diagonal quark couplings, the coupling to gluons, and the coupling to W bosons were derived in
[48], [30, 34, 43, 44, 49–52], [53–55] and [55–58], respectively.

As well as calculating observables in terms of the relevant ALP couplings at the scale of the
measurement, we present detailed studies of the ALP phenomenology in a set of eight benchmark
models, in which a single ALP couplings is assumed to be non-zero at the UV scale Λ. These are
the three couplings to the different types of gauge fields, and the couplings to the five chiral fermion
multiplets of the SM, which for simplicity we assume to be flavor-universal at the UV scale. In
these benchmark models all flavor-changing ALP couplings are induced radiatively via RG evolution
and matching. The benchmarks thus provide useful estimates of the minimal amount of flavor effects
present in any ALP model. An advantage of this approach is that it allows the immediate comparison
of flavor bounds with other constraints and regions of interest – for example bounds from collider
or astrophysical observables – within common parameter spaces. In particular, we highlight the
complementarity between the flavor constraints and ALP contributions to rare decays of Higgs and
Z bosons (h→ aa, h→ Za and Z → γa) [59]. Our approach also demonstrates the universal nature
of flavor bounds on ALP models; any nonzero ALP coupling in the UV unavoidably generates quark
flavor-changing effects at low energies.

Furthermore, we discuss possible ALP effects on observables whose current experimental values
deviate from their SM predictions. This includes the apparent violation of lepton universality in rare
B-meson decays observed by LHCb [60–62], the anomalies in excited Beryllium and Helium decays
measured by the ATOMKI collaboration [63, 64], and the excess in neutral pion decays π0 → e+e−

observed by KTeV [65].
Section 4 is dedicated to an analysis of flavor-violating ALP couplings to leptons, which have

also received a lot of attention in recent years [49–51, 66–71], and provides an update to our work
of Ref. [72]. In contrast to the quark sector, lepton flavor-violating (LFV) ALP couplings are not
radiatively induced if the ALP has flavor-conserving couplings at the new physics scale. We consider
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tree-level lepton flavor violation and compute the contributions to the electromagnetic form factors
from diagrams with internal ALPs. We discuss the rare muon decays µ → ea, µ → eaγ, µ → 3e,
µ → eγ, µ → e conversion, muonium–antimuonium oscillations, and the ALP contributions to the
anomalous magnetic and electric dipole moments of the muon and the electron. Loop-induced lepton
flavor transitions with the ALP in the loop can provide the dominant contribution to the decay widths
µ→ 3e and the analogous decays of tau leptons, if the ALP is too heavy to be produced resonantly in
µ→ ea [66, 72]. For heavy ALPs, the radiative lepton decay µ→ eγ currently provides the strongest
constraint on its LFV coupling to a muon and an electron, highlighting the complementarity of
searches for ALPs in resonant and non-resonant lepton decays. We also present current constraints
and projections for ALPs from existing and future flavor experiments.

We discuss three benchmark scenarios with tree-level flavor-violating ALP–lepton couplings at
the UV scale. Specifically, we allow for either tau-muon, muon-electron or tau-electron transitions, in
addition to flavor-diagonal couplings to leptons. In each case, we show the parameter space for which
the ALP contribution can address tensions between the measurements and the SM predictions of the
anomalous magnetic moment of the muon [73, 74] and the electron [75–77]. We discuss the impact
of the flavor-conserving couplings of the ALP on its phenomenology in LFV observables, and the
complementarity of lepton flavor-violating and -conserving constraints in different ALP mass ranges.

This paper is structured as follows: In Section 2 we describe the effective ALP Lagrangian at
different scales taking into account running and matching effects from the new physics scale to the
scale of the measurement. We discuss all relevant ALP couplings, including those to mesons and
nucleons for finite ALP masses, as well as possible decay modes. Section 3 is dedicated to a compre-
hensive analysis of flavor-changing ALP couplings to quarks and a selection of low-energy anomalies.
Section 4 discusses flavor-changing ALP couplings to leptons including a detailed exploration of the
anomalous magnetic moments of the electron and the muon. At the start of Sections 3 and 4, we
provide short introductions outlining novel aspects of our analyses. We conclude in Section 5.
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2 The effective ALP Lagrangian

In this section we summarize results derived in [35, 39, 78], which are relevant for the phenomenology
of ALP effects on flavor observables. In particular, we emphasize the important fact that RG evo-
lution effects unavoidably generate ALP couplings to all SM fermions in the effective theory at and
below the electroweak scale, irrespective of whether such couplings exist at the UV scale of global
symmetry breaking. Also, the ALP couplings to left-handed down-type quarks necessarily contain
flavor off-diagonal entries at and below the electroweak scale. This has significant consequences for
the branching ratios of the ALP to SM particles and for the bounds on ALP couplings derived from
flavor-changing processes, which one would miss ignoring these RG effects. Therefore, many of the
ALP searches discussed in Section 3 are relevant for a larger class of models than one would naively
expect from the coupling structure in the UV.

In the remainder of this section we briefly discuss a sequence of effective Lagrangians at differ-
ent scales, describing the most general interactions of an ALP with SM particles, focussing on the
operators of lowest dimension (D = 5). We begin by specifying the effective theory at scales above
the weak scale (Section 2.1), assuming that the ALP theory respects the SM gauge group and that
the ALP is the only new particle below the scale of global symmetry breaking. We then evolve this
Lagrangian to the weak scale, integrate out the heavy SM particles, and discuss the evolution of the
effective Lagrangian below the weak scale (Section 2.2). If the ALP is very light (ma < 2 GeV), its
couplings to light hadrons can be described using a chiral Lagrangian. In particular, we comment
on the consistent treatment of weak-interaction processes (Section 2.4) and of the ALP–nucleon cou-
plings (Section 2.5) in such a framework. We finally discuss the most important decay channels of
the ALP (to leptons and photons in Section 2.6, and to hadrons in Section 2.7), and the production
of an ALP in exotic decays of Higgs and Z bosons (Section 2.8).

2.1 Effective ALP Lagrangian at the UV scale

We consider a new pseudoscalar resonance, a, which transforms as a singlet under the SM and arises
as a pseudo Nambu–Goldstone boson in the spontaneous breaking of a global symmetry at some new
physics scale Λ. We will assume that Λ is much larger than the weak scale. The ALP couplings to
SM fields are protected by an approximate shift symmetry (a → a+ constant) at the classical level,
broken only by the presence of a mass term m2

a,0. This parameter would be absent for the classical
QCD axion. The most general effective Lagrangian including operators of dimension up to 5 reads
[79]

LD≤5
eff =

1

2
(∂µa)(∂µa)−

m2
a,0

2
a2 +

∂µa

f

∑

F

ψ̄F cF γµψF + cφ
∂µa

f

(
φ†i
←→
Dµφ

)

+ cGG
αs
4π

a

f
Gaµν G̃

µν,a + cWW
α2

4π

a

f
WA
µν W̃

µν,A + cBB
α1

4π

a

f
Bµν B̃

µν .

(2.1)

Here Gaµν , WA
µν and Bµν are the field-strength tensors of SU(3)c, SU(2)L and U(1)Y , B̃µν =

1
2ε
µναβBαβ etc. (with ε0123 = 1) are the dual field-strength tensors, and αs = g2

s/(4π), α2 = g2/(4π)
and α1 = g′ 2/(4π) denote the corresponding coupling parameters. The sum in the first line extends
over the chiral fermion multiplets F of the SM, and the Higgs doublet is denoted by φ. The quantities
cF are 3× 3 hermitian matrices in generation space.

The shift symmetry of the ALP couplings is manifest in the derivative couplings to the fermions
and the Higgs boson, whereas for the couplings of a to the U(1)Y and SU(2)L gauge fields the effect
of the shift, a → a+ constant, can be removed by field redefinitions. The ALP coupling to QCD
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gauge fields is not invariant under a continuous shift transformation because of instanton effects,
which, however, preserve a discrete version of the shift symmetry. The suppression scale f of the
dimension-5 operators is related to the scale of global symmetry breaking by Λ = 4πf . In the
literature on QCD axions f is often eliminated in favor of the axion decay constant fa defined such
that fa ≡ −f/(2cGG). This parameter thus governs the ALP coupling to gluons.

When QCD instanton effects are taken into account (for instance in the framework of the chi-
ral Lagrangian which will be discussed in Section 2.4), the physical ALP mass following from the
Lagrangian (2.1) is [20, 80, 81]

m2
a = m2

a,0

[
1 +O

(
f2
π

f2

)]
+ c2

GG

f2
πm

2
π

f2

2mumd

(mu +md)2
, (2.2)

where fπ ≈ 130.5 MeV is the pion decay constant, and the corrections to the first term have been
calculated in [35]. The contribution to the mass proportional to cGG is generated non-perturbatively
by the breaking of the shift symmetry through QCD dynamics. In the case of the QCD axion this
is assumed to be the only contribution to the axion mass, whereas we allow for additional sources
of shift-symmetry breaking entering in the form of an explicit mass term m2

a,0. Such additional
contributions can be due to explicit, dynamically-generated breaking terms occuring for example in
non-abelian extensions of the SM with an enlarged spectrum of colored particles. In such models
additional instanton contributions can arise, which can be sizable due to an enhancement of the
QCD coupling at high energies in the presence of these particles. Early ideas of introducing extra
colored matter at an intermediate scale either led to new hierarchy problems or spoil the solution
of the strong CP problem due to new CP-violating phases [82–87]. Some more recent realizations
included mirror copies of the SM, such that the complete particle spectrum inherits an additional
Z2 symmetry, which is broken. The symmetry-breaking scale of the mirror sector can be larger
than the electroweak scale, thereby enhancing significantly the axion mass [10–13, 15]. Another
mechanism explored in [88] considers an enlarged color sector, which solves the strong CP problem
via new massless fermions. The spontaneous breaking of the unified color group SU(6) × SU(3′)
into QCD and another confining group provides a source of naturally large axion mass due to small-
size instantons, while automatically ensuring a CP-conserving vacuum. A different approach was
presented in [89], where the SU(3)c group of the SM is extended to be a diagonal subgroup of a
parent SU(3) × SU(3) × . . . group, which is broken at a high scale. All SM quarks are charged
under a single SU(3) factor of the parent group and an axion is introduced for each one, which
independently relaxes the corresponding θ angle to 0. This allows each of the axions to have a mass
significantly larger than in the QCD axion case. These studies show that in suitable extensions of the
SM it is possible to generate a genuine ALP mass term while preserving the solution of the strong
CP problem.

Together with the ALP mass and the four ALP couplings to the gauge and Higgs bosons, there
are 1 + 4 + 5 × 9 = 50 real parameters in the Lagrangian. The five global U(1) symmetries of the
SM (individual lepton numbers, baryon number, and hypercharge) can be used to remove five of
these parameters [79], resulting in 45 real physical parameters. This can be seen by performing ALP-
dependent field redefinitions of the SM fields, weighted by the generators of these global symmetries.
We define QF as the charge matrix of the fermion F and Qφ as the charge of the Higgs doublet under

one of these symmetries, such that e.g. Q
(B)
d ψd = 1

31ψd gives the baryon number of the down-type
quarks. Then a field redefinition

ψF → exp

(
ic
a

f
QF

)
ψF , φ→ exp

(
ic
a

f
Qφ

)
φ , (2.3)
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where c is any real number (but equal for all fields involved in the transformation), will have the
following effects on the ALP couplings in the effective Lagrangian (2.1):

cF → cF − cQF ,

cφ → cφ − cQφ ,

cGG → cGG +
c

2
Tr (Qu +Qd − 2QQ) ,

cWW → cWW −
c

2
Tr (3QQ +QL) ,

cBB → cBB + cTr

(
4

3
Qu +

1

3
Qd −

1

6
QQ +Qe −

1

2
QL

)
.

(2.4)

To be more specific, we now consider each global symmetry in turn. Under a transformation (2.3)
proportional to hypercharge, the ALP–Higgs and ALP–fermion couplings transform as

cφ → cφ −
c

2
, cQ → cQ −

c

6
1 , cL → cL +

c

2
1 ,

cu → cu −
2c

3
1 , cd → cd +

c

3
1 , ce → ce + c1 ,

(2.5)

while the ALP couplings to gauge bosons remain unchanged. Canonically, this transformation is
used to remove the ALP–Higgs coupling from the effective Lagrangian [79]. This is accomplished
by choosing c = 2cφ. We adopt this choice for the remainder of this work and define the ALP–
fermion couplings in this particular operator basis. Then there remain four other redundant linear
combinations of couplings. Under a transformation (2.3) proportional to baryon number, the ALP–
quark and ALP–gauge-boson couplings transform as

cQ → cQ −
c

3
1 , cu → cu −

c

3
1 , cd → cd −

c

3
1 ,

cGG → cGG , cWW → cWW −
3c

2
, cBB → cBB +

3c

2
,

(2.6)

while the ALP couplings to the leptons and the Higgs remain unchanged. Similarly, under a trans-
formation (2.3) proportional to the lepton number of the ith lepton flavor (in the basis where the SM
Yukawa matrix Ye is diagonal), the ALP–lepton and ALP–gauge-boson couplings transform as

cL → cL − c1i , ce → ce − c1i ,

cWW → cWW −
c

2
, cBB → cBB +

c

2
,

(2.7)

where 1i is a diagonal matrix with a 1 in the ii entry and zeroes otherwise. The ALP couplings to
the quarks, the Higgs and gluons remain unchanged. Note that the sum (cWW + cBB) is invariant
in all cases. The transformations of cWW and cBB shown in (2.6) and (2.7) reflect the fact that
baryon number and lepton number are individually anomalous in the SM. Under the anomaly-free
combination (B − L) the ALP couplings to all three gauge bosons are invariant.

The transformations (2.6) and (2.7) can be used to eliminate four coupling parameters (or linear
combinations thereof), e.g. the three diagonal elements of cL or ce and the ALP–boson couplings cBB
or cWW (but not both). In this work we will refrain from making a particular choice about which
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ALP couplings to remove (apart from setting cφ = 0), mainly because there is a large literature on
ALP models in which bounds are derived on cWW or cBB individually. However, it is important to
keep these parameter redundancies in mind. Predictions for physical quantities can only depend on
linear combinations of ALP couplings which are invariant under all symmetry transformations. In
[35], we have shown that these physical ALP couplings can be chosen as

c̃GG = cGG +
1

2
Tr (cu + cd − 2cQ) ,

c̃WW = cWW −
1

2
Tr (3cQ + cL) ,

c̃BB = cBB + Tr

(
4

3
cu +

1

3
cd −

1

6
cQ + ce −

1

2
cL

)
,

(2.8)

and
Ỹu = i

(
Yu cu − cQYu − cφYu

)
,

Ỹd = i
(
Yd cd − cQYd + cφYd

)
,

Ỹe = i
(
Ye ce − cLYe + cφYe

)
.

(2.9)

If the effective theory is extended to energies below the weak scale, then the effects of heavy fermions
decouple and need to be removed from the above expressions (see [35] for more details). As stated
earlier, from now on we work in a basis where cφ ≡ 0.

2.2 Effective ALP Lagrangian at the electroweak scale

The RG evolution of the ALP couplings from the UV scale Λ = 4πf to the electroweak scale modifies
the ALP–fermion couplings in significant ways, whereas the ALP–boson couplings cGG, cWW and
cBB are scale invariant at least to two-loop order [35, 38]. We will show that these RG effects have
a profound impact on the flavor phenomenology of ALP models. In addition, it is important to
note that loop diagrams containing virtual ALP exchange require dimension-6 operators built out
of SM fields as counterterms. The presence of an ALP thus provides source terms for the Wilson
coefficients in the effective Lagrangian of the Standard Model Effective Fields Theory (SMEFT) and
has an impact on the scale evolution of these coefficients [90].

At the weak scale, we define the ALP Lagrangian in the broken phase of the electroweak symmetry
in terms of the SM mass eigenstates:

Leff(µw) =
1

2
(∂µa)(∂µa)−

m2
a,0

2
a2 + Lfermion(µ) + cGG

αs
4π

a

f
Gaµν G̃

µν,a + cγγ
α

4π

a

f
Fµν F̃

µν

+ cγZ
α

2πsw cw

a

f
Fµν Z̃

µν + cZZ
α

4πs2
w c

2
w

a

f
Zµν Z̃

µν + cWW
α

2πs2
w

a

f
W+
µν W̃

−µν ,

(2.10)

where sw ≡ sin θW and cw ≡ cos θW denote the sine and cosine of the weak mixing angle, and [78]

cγγ = cWW + cBB , cγZ = c2
w cWW − s2

w cBB , cZZ = c4
w cWW + s4

w cBB . (2.11)

The ALP couplings to fermions are defined in the fermion mass basis and read

Lfermion(µ) =
∂µa

f

[
ūL kU (µ) γµ uL + ūR ku(µ) γµ uR + d̄L kD(µ) γµ dL + d̄R kd(µ) γµ dR
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+ ν̄L kν(µ) γµ νL + ēL kE(µ) γµ eL + ēR ke(µ) γµ eR

]
. (2.12)

They are related to the flavor matrices cF in (2.1) by the unitary rotations which diagonalize the
SM Yukawa matrices. The two matrices kU and kD are connected via the CKM matrix, such that

kD = V †kUV , (2.13)

and are therefore not independent. Likewise, the ALP couplings to neutrinos are identical to those
to the left-handed charged leptons, i.e. kν = kE .

The flavor-conserving ALP couplings to axial-vector currents of the SM fermions play a particu-
larly important role. We define

cfifi(µ) ≡ [kf (µ)]ii − [kF (µ)]ii . (2.14)

In strong-interaction and electromagnetic processes, the flavor-conserving vector currents are con-
served, and hence the corresponding ALP couplings [kf (µ)]ii+[kF (µ)]ii are unobservable.1 Choosing
f = 1 TeV as a reference value, one finds that RG evolution effects from the new physics scale
Λ = 4πf down to the scale µw = mt modify the ALP coupling to the top quark according to [35]

ctt(mt) ' 0.826 ctt(Λ)−
[
6.17 c̃GG(Λ) + 0.23 c̃WW (Λ) + 0.02 c̃BB(Λ)

]
× 10−3 , (2.15)

where the admixtures from the ALP–boson couplings are expressed in terms of the physical coupling
parameters defined in (2.8) and therefore involve the ALP–fermion couplings as well. The relevant
combinations can be rewritten in the form

c̃GG(Λ) = cGG +
1

2

∑

q

cqq(Λ) ,

c̃WW (Λ) = cWW −
1

2
Tr
[
3kU (Λ) + kE(Λ)

]
,

c̃BB(Λ) = cBB +
∑

f

Nf
c Q

2
f cff (Λ) +

1

2
Tr
[
3kU (Λ) + kE(Λ)

]
,

(2.16)

where the sum extends over all quark and fermion flavors. Nf
c denotes the number of color charges

of fermion f , while Qf denotes its electric charge in units of e. Even if the ALP coupling to the top
quark were absent at the UV scale, it is inevitably generated through RG evolution as long as even
a single ALP coupling to a SM particle is present in the UV theory. We will find this to be a general
feature of all ALP–fermion interactions.

Let us briefly return to the question of parameter redundancies at this point. In the basis where
the SM Yukawa matrices are diagonal, the elements of the matrices Ỹf in (2.9) take the form

(
Ỹf
)
ij

= i
[
yfi [kf ]ij − [kF ]ij yfj

]
, (2.17)

where yfi denote the eigenvalues of the Yukawa matrices (the physical Yukawa couplings of the
quarks and leptons). It follows that (Ỹf )ii = iyfi cfifi , which shows that the diagonal ALP–fermion
couplings cfifi in (2.14) are physical parameters. For i 6= j, one finds that both (kf )ij and (kF )ij are

physical quantities, since for example i(Ỹ †f Yf +Y †f Ỹf ) only involves the off-diagonal elements of kf .
Moreover, from (2.16) one sees that c̃GG and cGG are both unambiguous, because their difference is a
linear combination of the physical parameters cqq. The same statement applies for the combinations
c̃γγ = c̃WW + c̃BB and cγγ = cWW + cBB, but not to the cWW and cBB individually.

1This is no longer true in weak-interaction processes, where differences of the vectorial couplings to different quark
flavors can appear in predictions for weak decay amplitudes [39].
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2.3 Effective ALP Lagrangian below the electroweak scale

Let us now assume that the ALP is significantly lighter than the weak scale. For the analysis of ALP
effects on flavor observables, it is then necessary to evolve the effective ALP Lagrangian to lower
energies. We can integrate out the heavy SM particles – the top quark, the Higgs boson and the
weak gauge bosons W± and Z0 – at the scale µw ∼ mt and match the effective Lagrangian (2.10)
onto a low-energy effective Lagrangian in which these degrees of freedom are no longer present as
propagating fields. Just below the scale µw, this Lagrangian takes the form

LD≤5
eff (µ . µw) =

1

2
(∂µa)(∂µa)−

m2
a,0

2
a2 + L′ferm(µ)

+ cGG
αs
4π

a

f
Gaµν G̃

µν,a + cγγ
α

4π

a

f
Fµν F̃

µν ,

(2.18)

where L′ferm is given by (2.12) but with the top-quark fields tL and tR removed. In general, the
Wilson coefficients cGG, cγγ , kF and kf in this effective Lagrangian differ from the corresponding
coefficients in the effective Lagrangian above the weak scale by calculable matching contributions,
which arise when the weak-scale particles are integrated out. However, one finds that there are no
matching contribution to the ALP–boson couplings cGG and cγγ , if the ALP is much lighter than
the weak scale. The matching contributions to the ALP–fermion couplings have been calculated at
one-loop order in the ALP vertices in [35]. We now summarize the numerical effects of the combined
effects of RG evolution and weak-scale matching for the fermion couplings that will be of relevance
to our analysis. All of these couplings are free of parameter redundancies.

Flavor-diagonal ALP couplings

With the top quark integrated out, we are left with the couplings of the ALP to the axial-vector
currents of the light SM fermions, as defined in (2.14). The relevant flavor-diagonal ALP–fermion
couplings can be written as

Ldiag
fermion(µ) =

∂µa

2f

∑

f 6=t
cff (µ) f̄ γµγ5f , (2.19)

where the sum runs over all light fermion mass eigenstates. For the reference scale f = 1 TeV, one
obtains [35]

cuu,cc(mt) ' cuu,cc(Λ)− 0.116 ctt(Λ)−
[
6.35 c̃GG(Λ) + 0.19 c̃WW (Λ) + 0.02 c̃BB(Λ)

]
× 10−3 ,

cdd,ss(mt) ' cdd,ss(Λ) + 0.116 ctt(Λ)−
[
7.08 c̃GG(Λ) + 0.22 c̃WW (Λ) + 0.005 c̃BB(Λ)

]
× 10−3 ,

cbb(mt) ' cbb(Λ) + 0.097 ctt(Λ)−
[
7.02 c̃GG(Λ) + 0.19 c̃WW (Λ) + 0.005 c̃BB(Λ)

]
× 10−3 ,

ceiei(mt) ' ceiei(Λ) + 0.116 ctt(Λ)−
[
0.37 c̃GG(Λ) + 0.22 c̃WW (Λ) + 0.05 c̃BB(Λ)

]
× 10−3 .

(2.20)

As mentioned earlier, all ALP–fermion couplings are generated radiatively even if only a single ALP
coupling to a SM field is non-zero at the UV scale Λ. To obtain these solutions (from [35]), we have
solved the RG equations in leading logarithmic approximation, thereby resumming logarithmically
enhanced contributions to all loop orders. We use the two-loop expression for the running QCD
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Figure 1: Logarithmically enhanced loop diagrams (in lowest order) responsible for the RG evolution effects
proportional to ctt (first graph), c̃V V (middle two graphs), and the cGG contribution to ceiei (last graph) in
the results shown in (2.20).

coupling αs(µ) and one-loop expressions for the running electroweak couplings α1(µ) and α2(µ) as
well as for the running top-quark Yukawa coupling.

The most important evolution effect is the contribution of the ALP–top-quark coupling ctt(Λ)
to all fermionic couplings in the low-energy theory. This effect is due to a logarithmically enhanced
one-loop contribution of order (here and below we only quote the lowest-order logarithmic terms)

ctt
αt
π

ln
Λ2

m2
t

, (2.21)

where αt = y2
t /(4π). It arises from the first diagram shown in Figure 1.2 The fact that this contribu-

tion generates ALP couplings to all SM fermions has profound consequences for the phenomenology
discussed in Sections 3 and 4.

The contributions from the ALP–boson couplings c̃V V (with V = G,W,B) have smaller coeffi-
cients, but they may still yield the dominant effects in model where some or all of the ALP–fermion
couplings vanish at the scale Λ. These effects are due to logarithmically enhanced one- and two-loop
contributions of order (analogous contributions exist for cWW and cBB)

(αs
π
cGG

) αs
π

ln
Λ2

m2
t

, cff

(αs
π

)2
ln

Λ2

m2
t

→ c̃GG

(αs
π

)2
ln

Λ2

m2
t

, (2.22)

which arise from the second and third diagrams in Figure 1. Note that the first term in this relation
correspond to a one-loop graph, because the second factor of αs/π appears due to our choice of
the normalization of the ALP–boson couplings in (2.1). The contribution of the ALP–gluon cou-
pling to the ALP–lepton couplings in the last line of (2.20) is further suppressed. It arises from a
logarithmically enhanced two-loop contribution of order

(αs
π
cGG

) αt
π

αs
π

ln2 Λ2

m2
t

, (2.23)

corresponding to the last diagram in Figure 1. The presence of the bosonic ALP couplings in the
RG-improved expressions for the ALP–fermion couplings has important implications for ALP models
in which the ALP–fermion couplings are absent (or strongly suppressed) at the UV scale Λ.

Flavor-violating ALP couplings

The flavor-changing ALP couplings to fermions play a particularly prominent role in our analysis. It
is useful to use the equations of motion for the SM fermions to write the off-diagonal ALP–fermion

2The diagram shown in the figure yields a contribution to the ALP–fermion couplings Ỹf defined in (2.9).
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couplings in the form (with i 6= j)

LFCNC
fermion(µ . µw) = − ia

2f

∑

f

[
(mfi −mfj ) [kf (µ) + kF (µ)]ij f̄i fj

+ (mfi +mfj ) [kf (µ)− kF (µ)]ij f̄i γ5fj

]
,

(2.24)

where we suppress the scale dependence of the running quark masses. This form of the Lagrangian
makes it evident that the ALP–fermion couplings are suppressed with the fermion masses,3 and that
flavor off-diagonal couplings can be of scalar and pseudo-scalar nature.

The RG evolution of the flavor off-diagonal ALP–fermion couplings from the new physics scale Λ
to the weak scale, and the matching contributions arising when the heavy SM particles are integrated
out have been studied in detail in [35]. One finds that

[ku(µw)]ij = [ku(Λ)]ij ; i, j 6= 3 ,

[kU (µw)]ij = [kU (Λ)]ij ; i, j 6= 3 ,

[kd(µw)]ij = [kd(Λ)]ij ,

[ke(µw)]ij = [ke(Λ)]ij ,

[kE(µw)]ij = [kE(Λ)]ij .

(2.25)

Note that for ku and kU we only need the entries where i, j 6= 3, since the top quark has been
integrated out in the effective theory below the weak scale. For the off-diagonal elements of the
coefficient kD one obtains the more interesting result

[kD(µw)]ij = [kD(Λ)]ij − V ∗miVnj (δm3 + δn3 − 2δm3δn3)
(

1− e−U(µw,Λ)
)

[kU (Λ)]mn

− 1

6
V ∗3iV3j It(µw,Λ) +

[
∆̂kD(µw)

]
ij
,

(2.26)

where the evolution functions U(µw,Λ) and It(µw,Λ) are defined as

U(µw,Λ) = −
∫ µw

Λ

dµ

µ

y2
t (µ)

32π2
, It(µw,Λ) =

∫ µw

Λ

dµ

µ

3y2
t (µ)

8π2
ctt(µ) . (2.27)

Explicit analytic expressions for these integrals can be found in eqs. (3.14) and (3.21) of [35], while
the matching contribution [∆̂kD(µw)]ij can be found in eq. (5.7).4 Via these evolution functions, ALP
couplings to any SM field at the UV scale will, at some loop order, produce logarithmically-enhanced
contributions to flavor-changing down-type quark couplings below the electroweak scale. We will
make use of this important point in Section 3 to place new constraints on individual ALP couplings
defined at the UV scale, by calculating their flavor effects to leading logarithmic approximation via
these equations.

The above results simplify significantly if the ALP Lagrangian at the UV scale Λ respects the
principle of minimal flavor violation (MFV) [91]. One then finds that [35]

[kU (µw)]MFV
ij = [ku(µw)]MFV

ij = [kd(µw)]MFV
ij = [kE(µw)]MFV

ij = [ke(µw)]MFV
ij = 0 , (2.28)

3This is in accordance with the fact that the physical ALP–fermion couplings defined in (2.9) contain the SM Yukawa
matrices.

4These equation references apply to the published version of the paper.
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Figure 2: Representative diagrams contributing to the flavor-changing ALP coupling in (2.29).

whereas

[kD(µw)]MFV
ij = [kD(Λ)]MFV

ij + V ∗tiVtj

{
− 1

6
It(µw,Λ)

+
αt(µw)

4π

[
ctt(µw)

(
1

2
ln
µ2
w

m2
t

− 1

4
− 3

2

1− xt + lnxt

(1− xt)2

)

− 3α

2πs2
w

c̃WW (µw)
1− xt + xt lnxt

(1− xt)2

]}
,

(2.29)

with xt = m2
t /m

2
W . Note the important fact that even under the assumption of minimal flavor

violation the coefficients [kD(Λ)]ij are not restricted to be flavor-diagonal. Instead,

[kD(Λ)]MFV
ij = V ∗tiVtj

(
[kU (Λ)]33 − [kU (Λ)]11

)
≡ V ∗tiVtj ∆kU (Λ) , (2.30)

which can be non-zero because minimal flavor violation allows the possibility that [kU (Λ)]33 6=
[kU (Λ)]11, and hence ∆kU (Λ) 6= 0.

Relation (2.29) shows explicitly how flavor-changing effects are generated through RG evolution
from the new physics scale Λ to the weak scale (first line) and matching contributions at the weak scale
(second and third lines). In Figure 2 we show some representative one-loop diagrams accounting for
the terms proportional to ctt (left graph) and c̃WW (right graph). These loop-induced effects should
be considered as the minimal effects of flavor violation present in any ALP model, even if the matrix
kD is diagonal at the new physics scale Λ (which would be a stronger assumption than minimal flavor
violation). The results for the evolution effects and the contribution proportional to ctt(µw) have
been derived in [35].5 The terms proportional to cWW in (2.29) agree with a corresponding expression
derived in [56]. In the sum of the contributions from scale evolution and weak-scale matching, the
dependence on the matching scale µw drops out. In fact, the flavor off-diagonal Wilson coefficients do
not run below the weak scale (in the approximation where the Yukawa couplings of the light quarks
are put to zero). Hence, the expressions shown in (2.25), (2.26) and (2.29) hold for all values µ < µw.

The explicit solution for the evolution function It(µw,Λ) involves again the ALP couplings ctt
and c̃V V . For the reference scale f = 1 TeV, one finds numerically (for i 6= j)

[kD(mt)]
MFV
ij ' V ∗tiVtj

[
∆kU (Λ) + 1.9× 10−2 ctt(Λ)− 6.1× 10−5 c̃GG(Λ)

− 2.8× 10−5 c̃WW (Λ)− 1.8× 10−7 c̃BB(Λ)
]
.

(2.31)

Besides the possible matching contribution ∆kU (Λ) at the UV scale, the contribution with the largest
coefficient involves the ALP coupling to top quarks, ctt(Λ), which enters via one-loop effects from

5The logarithm of (µ2
w/m

2
t ) in the coefficient of ctt, but not the xt-dependent remainder, was found in [57].
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RG evolution and weak-scale matching and scales like

ctt
αt
π

ln
Λ2

m2
t

. (2.32)

Very interestingly, the term with the second-largest coefficient involves the ALP coupling to gluons,
c̃GG(Λ), which contributes at one-loop order to the evolution of ctt(µ) and is formally a two-loop
effect (enhanced by two powers of large logarithms) of order6

(αs
π
cGG

) αt
π

αs
π

ln2 Λ2

m2
t

. (2.33)

The term proportional to c̃BB(Λ) has an analogous scaling, but it is numerically suppressed due to
the fact that instead of two powers of the strong coupling αs is comes with two powers of α1. The
contribution proportional to c̃WW (Λ) comes with the third-largest coefficient. It corresponds to a
one-loop matching contribution at the weak scale, which scales like

(α2

π
cWW

) αt
π
, (2.34)

without a logarithmic enhancement. In [56], the contribution proportional to cWW in (2.31) was
considered as the only source of flavor violation in ALP-induced interactions, which obviously makes
the strong assumption that the remaining couplings in that equation vanish.

In (2.8) we have shown how the parameters c̃V V (Λ) with V = G,W,B can be expressed in terms
of the ALP couplings in the original effective Lagrangian (2.1). When combined with (2.31), these
relations show that, no matter to which SM field the ALP couples at the new physics scale Λ, even
a single non-zero coupling will unavoidably lead to flavor-changing ALP–fermion couplings at scales
at or below the electroweak scale, even in the context of an ALP model with MFV.

RG evolution below the weak scale

The flavor off-diagonal Wilson coefficients do not run below the weak scale (in the approximation
where the Yukawa couplings of the light quarks are set to zero). The flavor-diagonal couplings cff (µ)
are still scale dependent at low energies due to loop diagrams involving gluons or photons. The
evolution of these coefficients from the scale µw = mt to the low scale µ0 = 2 GeV yields [35]

cqq(µ0) = cqq(mt)−
[
3.0 c̃GG(Λ)− 1.4ctt(Λ)− 0.6 cbb(Λ)

]
× 10−2

−Q2
q

[
3.9 c̃γγ(Λ)− 4.7ctt(Λ)− 0.2cbb(Λ)

]
× 10−5 ,

c``(µ0) = c``(mt)−
[
3.9 c̃γγ(Λ)− 4.7ctt(Λ)− 0.2cbb(Λ)

]
× 10−5 .

(2.35)

For an ALP lighter than the scale µ0, the interactions with hadrons and photons are affected by
non-perturbative hadronic effects. These can be studied in a systematic way using an effective chiral
Lagrangian.

6The extra pieces included through the replacement cGG → c̃GG are three-loop contributions.
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2.4 ALP couplings to mesons in the chiral Lagrangian

At the scale µ0 ≈ 2 GeV it is appropriate to match the Lagrangian (2.18) to a chiral effective theory
[39, 78, 79, 92]. The ALP–gluon coupling in the Lagrangian can be eliminated by performing a chiral
rotation of the quark fields,

q(x)→ exp

[
−iκqγ5 cGG

a(x)

f

]
q(x) , (2.36)

where q(x) is a 3-component object containing the light-quark fields u(x), d(x) and s(x). The
transformation parameters κq are hermitian matrices, which we choose to be diagonal in the quark
mass basis. The condition Trκq = 1 is necessary to remove the ALP–gluon coupling from the
Lagrangian. As long as this condition is satisfied, any choice of κq leads to an effective chiral
Lagrangian describing the same physics. One obtains

Lχeff =
f2
π

8
Tr
[
DµΣ (DµΣ)†

]
+
f2
π

4
B0 Tr

[
m̂q(a)Σ† + h.c.

]

+
1

2
∂µa ∂µa−

m2
a,0

2
a2 + ĉγγ

α

4π

a

f
Fµν F̃

µν ,

(2.37)

where Σ(x) = exp
[
i
√

2
fπ

λaπa(x)
]
, defined with the pion decay constant fπ ≈ 130.5 MeV and the

Gell-Mann matrices λa, contains the pseudoscalar meson fields,

m̂q(a) = exp

(
−2iκq cGG

a

f

)
mq (2.38)

with mq = diag(mu,md,ms) is the modified mass matrix, and the derivative ALP couplings to
fermions enter in the covariant derivative [39]

iDµΣ = i∂µΣ + eAµ [Q,Σ] +
∂µa

f

(
k̂QΣ−Σ k̂q

)
. (2.39)

ALP couplings with a hat differ from the couplings in the original ALP Lagrangian through terms
induced by the chiral rotation. Explicitly, one finds

ĉγγ = cγγ − 2Nc cGG Tr
[
Q2κq

]
,

k̂Q = e
−iκq cGG a

f
(
kQ − κq cGG

)
e
iκq cGG

a
f ,

k̂q = e
iκq cGG

a
f
(
kq + κq cGG

)
e
−iκq cGG a

f ,

(2.40)

where Q = diag(Qu, Qd, Qs) contains the electric charges of the quarks. The matrices kQ and kq
have the texture

kQ =




[kU ]11 0 0

0 [kD]11 [kD]12

0 [kD]21 [kD]22


 , kq =




[ku]11 0 0

0 [kd]11 [kd]12

0 [kd]21 [kd]22


 , (2.41)

where the various entries refer to the ALP–fermion couplings in the mass basis defined in (2.24). We
recall that the off-diagonal couplings [kD]ij and [kd]ij with i 6= j do not run below the weak scale,
and their values at the scale µw have been given in (2.25) and (2.26).
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For the case of the QCD axion (with m2
a,0 = 0), the chiral effective ALP Lagrangian was first

introduced in [79] and has been explored in great detail in [92]. By studying the ALP potential
following from this Lagrangian, one finds that QCD dynamics generates a mass for the ALP, see
(2.2), thereby breaking the continuous shift symmetry of the classical Lagrangian to the discrete
subgroup a → a + nπf/cGG. The first term in the first line of (2.37) leads to a kinetic mixing of
the ALP with the pseudoscalar mesons π0, η8, K0 and K̄0, while the second term gives rise to a
mass mixing. In order to eliminate the mass mixing, one can choose the matrix κq in such a way
that κqmq ∝ 1; however, eliminating both types of mixings requires a different choice [35]. Since all
predictions for physical quantities must be independent of the choice of the auxiliary parameters κq,
we will refrain from adopting a particular choice in this paper.

Applying the Noether procedure to the effective Lagrangian (2.37), one finds that the chiral
representation of the left-handed quark currents q̄iγµPLq

j is given by [39]

Ljiµ = − if
2
π

4
e
i(κqj−κqi )cGG

a
f
[
Σ (DµΣ)†

]
ji

3 − if
2
π

4

[
1 + i(κqj − κqi)cGG

a

f

] [
Σ ∂µΣ

†]
ji

+
f2
π

4

∂µa

f

[
k̂Q −Σ k̂qΣ

†]
ji
.

(2.42)

The derivative ALP couplings in the last term have been omitted in previous treatments of the effec-
tive chiral ALP Lagrangian, but they are crucial to ensure the independence of physical amplitudes
from the choice of the auxiliary parameters κq [39].

The Lagrangian (2.37) contains flavor-conserving ALP couplings to mesons, which govern the de-
cays of ALPs into light QCD resonances. It also comprises flavor-changing neutral current couplings,
which are due to the off-diagonal elements in the matrices k̂Q and k̂q and will play a role in our
discussion of K → πa decays below. For a consistent analysis of weak-interaction decay processes
involving ALPs, it is however necessary to also include the SM effective weak interactions at low
energies. For the leptonic pion decay π− → e−ν̄ea the weak transition is a charged-current process
mediated by the effective Lagrangian

Lu→d = −4GF√
2
Vud L

21
µ ē γµPLνe . (2.43)

The decay amplitude for this process obtained from the chiral Lagrangian (neglecting contributions
suppressed by the electron mass) reads [39, 93]

iA(π− → e−ν̄ea) = − iGF√
2
Vud

fπ
2f

ūeγµ(1− γ5) vν̄e

× (pπ + pa)
µ

[
2cGG

md −mu

md +mu
+ [ku − kd]11 +

m2
a

m2
π −m2

a

∆cud

]
,

(2.44)

where ku,d denotes the ALP couplings to the right-handed up- and down-quark currents, respectively,
and

∆cud ≡ cuu − cdd + 2cGG
md −mu

md +mu
. (2.45)

All quantities are evaluated at the scale µ0.
The leading-order operators mediating flavor-changing non-leptonic meson decays such as K− →

π−π0, KS → π+π− and KS → π0π0 read [94–96]

Ls→d = −4GF√
2
V ∗udVus

(
g8O8 + g

1/2
27 O

1/2
27 + g

3/2
27 O

3/2
27

)
, (2.46)
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Figure 3: Feynman graphs contributing to the K− → π−a and K̄0 → π0a decay amplitudes at leading order
in the chiral expansion. Weak-interaction vertices mediated by the SU(3) octet operator O8 are indicated by
a crossed circle, while dots refer to vertices from the Lagrangian (2.37). Analogous graphs exist for the two
27-plet operators. The first two diagrams in the second row vanish for the case of neutral mesons.

where the effective chiral operators are classified according to their transformation properties under
SU(3) and isospin. The SU(3) octet operator O8 mediates weak transitions with isospin change

∆I = 1
2 , while the 27-plet operators O1/2

27 and O3/2
27 mediates transitions with ∆I = 1

2 and ∆I = 3
2 ,

respectively. These operators can be expressed in terms of products of the left-handed operators Ljiµ
defined in (2.42). One finds

O8 =
∑

i

L3iLi2 ,

O1/2
27 = L32L11 + L31L12 + 2L32L22 − 3L32L33 ,

O3/2
27 = L32L11 + L31L12 − L32L22 ,

(2.47)

where contraction over the Lorentz indices is implied. The coefficient of the octet operator, |g8| ≈ 5.0

[97], is larger than the coefficient |g3/2
27 | by about a factor of 30, and in the SU(3) symmetry limit the

coefficient |g1/2
27 | is smaller than |g3/2

27 | by a factor of 5 [98]. The strong dynamical enhancement of
∆I = 1

2 over ∆I = 3
2 transitions is known as the ∆I = 1

2 selection rule, and in our numerical analysis
we will only consider the dominant octet contributions to the decay amplitudes. For completeness,
the contributions from the two 27-plet operators are collected in Appendix A.

We have calculated the K− → π−a and K̄0 → π0a decay amplitudes from the Lagrangians (2.37)
and (2.46), evaluating the Feynman graphs shown in Figure 3. The first two diagrams account for
the ALP–meson mixing contributions, while the third graph contains the ALP interactions at the
weak vertex derived from (2.42). The following two graphs describe ALP emission of an initial or
final state meson. They only exist for the case of the charged mesons K− and π− and give nonzero
contributions if the ALP has non-universal vector-current interactions with down and strange quarks.
The last diagram contains possible flavor-changing ALP–fermion couplings, as parameterized by the
off-diagonal elements of the matrices kQ and kq in (2.24). The amplitudes for K → πa decays are
therefore sensitive to flavor-changing ALP–quark couplings as well as flavor-conserving ALP couplings
to gluons and to up, down and strange quarks. To simplify the analysis we set mu = md ≡ m̄ in
order to eliminate the π0–η mass mixing. The meson masses are then given by m2

π = 2B0m̄,
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m2
K = B0 (ms + m̄), and 3m2

η = 4m2
K −m2

π. Corrections to the decay amplitudes proportional to
the mass difference (mu −md) are suppressed by a factor 1/ms and hence are very small. We also
neglect mixing with the η′ meson, which is an effect of higher order in the chiral expansion. We then
obtain [39]

iA(K− → π−a) =
N8

4f

[
16cGG

(m2
K −m2

π)(m2
K −m2

a)

4m2
K −m2

π − 3m2
a

+ (2cuu + cdd + css) (m2
K −m2

π)

− (2cuu + cdd − 3css)m
2
a + 6(cuu + cdd − 2css)

m2
a (m2

K −m2
a)

4m2
K −m2

π − 3m2
a

+
(

[kd + kD]11 − [kd + kD]22

)
(m2

K +m2
π −m2

a)

]

− m2
K −m2

π

2f
[kd + kD]12 ,

(2.48)

and

−i
√

2A(K̄0 → π0a) =
N8

4f

[
16cGG

(m2
K −m2

π)(m2
K −m2

a)

4m2
K −m2

π − 3m2
a

+ (3cdd + css) (m2
K −m2

π)

+ (2cuu − cdd − css)m2
a − 2(cuu + cdd − 2css)

m2
a (m2

K −m2
π)

4m2
K −m2

π − 3m2
a

− 2(cuu − cdd)
m2
a (m2

K −m2
a)

m2
π −m2

a

+
(

[kd + kD]11 − [kd + kD]22

)
(m2

K +m2
π −m2

a)

]

− m2
K −m2

π

2f
[kd + kD]12 ,

(2.49)

where

N8 = −GF√
2
V ∗udVus g8 f

2
π ≡ |N8| eiδ8 , (2.50)

with |N8| ≈ 1.53 × 10−7. Here δ8 denotes the strong-interaction phase of the phenomenological
parameter g8, and we adopt the standard phase convention for the CKM matrix, in which the matrix
elements Vud and Vus are real [99]. Note that the flavor-diagonal ALP–fermion couplings cqq in the
above relations are evaluated at the low scale µ0 ≈ 2 GeV.

2.5 ALP couplings to nucleons in the chiral Lagrangian

The ALP couplings to nucleons can be derived by extending the effective chiral Lagrangian discussed
in the previous section to include baryon fields [79, 100, 101] (see also [102] for a more recent review).
For the purposes of this discussion we restrict ourselves to the effective theory containing two light
quark flavors u and d. We describe the nucleons by a spinor field ψ = (p n)T containing the proton
and the neutron.7

7In the extension to three light flavors, the spin- 1
2

octet of the ground state baryons is instead described by a traceless
3× 3 matrix.
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In order to describe the interactions of baryons with pions it is convenient to introduce a field

ξ(x) defined such that ξ2(x) = Σ(x), where Σ(x) = exp
[
i
√

2
fπ
σaπa(x)

]
. Under an SU(2)L× SU(2)R

transformation, the non-linear transformations of the meson fields follow from Σ → LΣR†. The
quantity ξ transforms according to

ξ → LξU † = UξR† , ξ† → Rξ†U † = Uξ†L† . (2.51)

This defined the matrix U as a non-linear function of L, R and the pion fields. Without loss of
generality, one can choose the nucleon field to transform as ψ → Uψ. The covariant derivative of
the nucleon field takes the form (neglecting electromagnetic interactions for simplicity)

iDµψ = i
(
∂µ + Γµ

)
ψ (2.52)

with the connection

iΓµ =
1

2

[
ξ

(
i∂µ +

∂µa

f
k̂q

)
ξ† + ξ†

(
i∂µ +

∂µa

f
k̂Q

)
ξ

]

≡ 1

2

[
ξ (i∂µ + rµ) ξ† + ξ† (i∂µ + lµ) ξ

]
+ v(s)

µ 1 ,

(2.53)

where k̂q = diag(k̂u, k̂d) and k̂Q = diag(k̂U , k̂D) are diagonal matrices containing the modified ALP–
quark couplings defined in (2.40), restricted to the case of two flavors. In the second step we have
defined the iso-vector chiral couplings

rµ =
∂µa

f

(
[ku − kd]11

2
+ cGG

κu − κd
2

)
σ3 ,

lµ =
∂µa

f

(
[kU − kD]11

2
− cGG

κu − κd
2

)
σ3 ,

(2.54)

and the iso-scalar vector coupling

v(s)
µ =

∂µa

2f

(
[ku + kd]11

2
+

[kU + kD]11

2

)
, (2.55)

which is invariant under SU(2)L × SU(2)R.
There exist two additional hermitian building blocks called vielbeins [103], which are defined by

ξ

(
i∂µ +

∂µa

f
k̂q

)
ξ† − ξ†

(
i∂µ +

∂µa

f
k̂Q

)
ξ = uµ + u(s)

µ , (2.56)

with
uµ = ξ (i∂µ + rµ) ξ† − ξ† (i∂µ + lµ) ξ ,

u(s)
µ =

∂µa

f

[
[ku + kd]11

2
− [kU + kD]11

2
+ cGG (κu + κd)

]
1 ≡ 2a(s)

µ 1 .
(2.57)

These quantities transform as axial vectors under parity. Note that the iso-scalar axial-vector coupling

a
(s)
µ is invariant under SU(2)L × SU(2)R. The condition κu + κd = 1 ensures that this quantity is

independent of the auxiliary parameters κq. A dependence on these parameters remains in the
expressions for the chiral couplings rµ and lµ in (2.54), but it must cancel in all predictions for
physical quantities.
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Figure 4: Diagrams contributing to the effective ALP–nucleon coupling in chiral effective theory.

Using these definitions, and working at leading order in the chiral expansion, the most general
two-flavor chiral Lagrangian coupling baryons to pions and an ALP can be written in the form

LπN = ψ̄
(
i /D −mN +

gA
2
γµγ5 uµ +

g0

2
γµγ5 u

(s)
µ

)
ψ , (2.58)

where mN is the (leading-order) nucleon mass, and gA and g0 denote the couplings to external iso-
vector and iso-scalar sources. Corrections arising in higher orders of the chiral expansion have been
studied in [104] but will be ignored in our discussion. We now derive the effective ALP–nucleon
couplings following from the above Lagrangian. As shown in Figure 4 there are two diagrams to
consider: one in which the ALP is radiated off the nucleon, and one in which the nucleon emits
a neutral pion, which then mixes into the ALP. We find that in the sum of the two diagrams the
dependence on the auxiliary parameters κu and κd cancels, as it should be. We obtain

iA
(
p(k)→ p(k′) + a(q)

)
= −gpa

4f
ūN (k′)/qγ5 uN (k) =

mN gpa
2f

ūN (k′)γ5 uN (k) ,

iA
(
n(k)→ n(k′) + a(q)

)
= −gna

4f
ūN (k′)/qγ5 uN (k) =

mN gna
2f

ūN (k′)γ5 uN (k) ,

(2.59)

with

gpa = g0 (cuu + cdd + 2cGG) + gA
m2
π

m2
π −m2

a

∆cud ,

gna = g0 (cuu + cdd + 2cGG)− gA
m2
π

m2
π −m2

a

∆cud ,

(2.60)

where ∆cud has been defined in (2.45). Note that the iso-vector contributions depend in a non-trivial
way on the ALP mass, which is an effect not considered in the literature until now. We stress that
the expressions on the very right in (2.59), which are frequently used in the literature on QCD axions,
can be misleading, because they seem to suggest that the N → N + a amplitudes scale with the
nucleon mass. This is, however, not the case; rather, the spinor product ūN (k′)γ5 uN (k) scales like
s · (k − k′)/mN in the limit where k′ → k, where the spin vector sµ will be defined below.

The phenomenological coupling gA can be determined with very good precision from nucleon
β decay, with the result that gA = 1.2754(13) [99]. In order to determine the parameter g0 we
exploit the fact that the ALP–nucleon couplings can also be derived directly from the effective ALP
Lagrangians in (2.18) and (2.19), without recourse to a chiral effective theory. For the proton one
obtains

A
(
p(k)→ p(k′) + a(q)

)
=
∑

q

cqq(µ0)

2f
iqµ 〈p(k′)| q̄ γµγ5q |p(k)〉µ0

+
cGG
f

αs(µ0)

4π
〈p(k′)|Gaµν G̃µν,a |p(k)〉µ0 ,

(2.61)
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where the sum in the first term runs over the (light) quark flavors, and the hadronic matrix elements
are renormalized at the scale µ0. An analogous expression holds for the neutron. Note that the proton
matrix elements of the axial-vector quark currents are scale independent, whereas the matrix element
of GG̃ mixes into the current matrix elements under scale evolution. This mixing is the source of the
scale dependence of the parameters cqq(µ0). Matching the above expression with (2.59), we find that

(
g0 + gA

m2
π

m2
π − q2

)
ūN (k′)/qγ5 uN (k) = 2 〈p(k′)| ū /qγ5u |p(k)〉 ,

(
g0 − gA

m2
π

m2
π − q2

)
ūN (k′)/qγ5 uN (k) = 2 〈p(k′)| d̄ /qγ5d |p(k)〉 ,

(2.62)

where q2 = (k − k′)2. A third relation relates the gluon matrix element of the proton to g0 and gA.
Considering the limit qµ → 0 (i.e. k′ → k) in these relations, defining the expectation value of the
nucleon spin as

sµ ≡ 1

2
ūN (k) γµγ5 uN (k) ; k · s = 0 , (2.63)

and introducing hadronic quantities ∆q by [105]

〈p(k)| q̄ γµγ5q |p(k)〉 ≡ 2sµ∆q , (2.64)

we obtain
g0 + gA = 2∆u , g0 − gA = 2∆d . (2.65)

Solving these equations we obtain g0 = ∆u+∆d. The matrix elements ∆u and ∆d can be determined
using lattice gauge theory (see [105] for a comprehensive compilation of relevant results). Since in
our analysis the effects of heavy-quark flavors have been integrated out, we use a calculation of
the quantities ∆q in lattice QCD with Nf = 2 + 1 dynamical fermions performed by the χQCD
collaboration [106], which achieves a pion mass of 171 MeV close to the physical value. This study
reports the values ∆u = 0.847(18)(32) and ∆d = −0.407(16)(18), from which we obtain g0 =
0.440(44). The reported value gA = ∆u − ∆d = 1.254(16)(30) is in good agreement with the
experimentally determined value quoted above.

The fact that the effective Lagrangian contains the nucleon mass, which is a large external scale
not relevant to chiral dynamics, can be avoided by matching the effective Lagrangian (2.58) onto a
heavy-baryon chiral effective Lagrangian by replacing

ψ(x)→ e−imN v·x
1 + /v

2
N(x) , (2.66)

where vµ is the 4-velocity of the nucleon. At leading order in the expansion in 1/mN , one then
obtains from (2.58)

LπN → N̄
(
iv ·D + gA S · u+ g0 S · u(s)

)
N , (2.67)

where Sµ = i
2 σ

µνγ5 vν denotes the Pauli–Lubanski spin operator.
The effective ALP–nucleon couplings in (2.60) depend on the ALP mass, and the corresponding

results for the QCD axion are recovered in the limit ma → 0. For an ALP with a mass not much
smaller than the pion mass, this effect can become relevant, especially in models where the ALP–
gluon coupling is much larger than the ALP couplings to the up and down quarks. For the case where
cuu = cdd = 0 at the low scale µ0, we show in Figure 5 the mass dependence of the effective ALP
couplings to the proton, the neutron and an iso-singlet nucleus with equal numbers of protons and
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Figure 5: Mass dependence of ALP–nucleon couplings for the proton (orange), the neutron (green), and an
iso-singlet nucleus with coupling g singlet ≡ (gpa + gna)/2 (blue), in units of the ALP–gluon coupling cGG. The
ALP couplings to quarks are set to zero (cuu = cdd = 0).

neutrons. The mass dependence cancels for iso-singlet nuclei, but can change the ALP interaction
strength with non-singlet nuclei significantly. For neutrons the accidental cancellation between the
terms proportional to cGG in the second relation in (2.60) is broken by the mass of the ALP.

2.6 ALP decays into leptons or photons

For ALP masses below the GeV scale, some of the most important ALP decay modes are those into
two charged leptons or two photons. The expressions for the corresponding decay rates have been
derived in [78]. They are sensitive to the effects of scale evolution and weak-scale matching discussed
above. For the leptonic decay modes, one finds

Γ(a→ `+`−) =
mam

2
`

8πf2
c2
``(ma)

√
1− 4m2

`

m2
a

, (2.68)

where ` = e, µ or τ and we assume that ma > 2m`.
The a→ γγ decay rate receives important contributions from loop graphs involving light fermions

and gluons and is thus sensitive to strong-interaction effects. If the ALP mass lies far above the
QCD scale, then all loop corrections, including those involving colored particles, can be evaluated
in perturbation theory. Their contributions can be taken into account by defining an “effective
coupling” Ceff

γγ , such that

Γ(a→ γγ) =
α2m3

a

64π3f2

∣∣∣Ceff
γγ

∣∣∣
2

(2.69)

with
Ceff
γγ(ma) = cγγ +

∑

f 6=t
Nf
c Q

2
f cff (ma)B1(τf ) ; for ma � ΛQCD . (2.70)
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Figure 6: Representative diagrams contributing to the off-shell ALP–photon vertex at one-loop order in
ALP interactions.

Here τf ≡ 4m2
f/m

2
a, and we have defined

B1(τ) = 1− τ f2(τ) , f(τ) =





arcsin 1√
τ

; τ ≥ 1 ,

π
2 + i

2 ln 1+
√

1−τ
1−
√

1−τ ; τ < 1 .
(2.71)

This function satisfies B1(τf ) ≈ 1 for mf � ma and B1(τf ) ≈ −m2
a/(12m2

f ) for mf � ma, meaning
that each electrically charged fermion lighter than the ALP makes a significant contribution to
Ceff
γγ . Note that for the light quarks the running coefficients cff (mq) contain important contributions

proportional to the ALP–gluon coupling cGG from RG evolution effects. For example, with ma =
2 GeV we find cqq(ma) ' cqq(Λ) ± 0.1ctt(Λ) − 0.04 cGG, where the plus (minus) sign of the second
term refers to down-type (up-type) quarks.

For ALP masses below the QCD scale this gluon-induced contribution is further enhanced.
Hadronic contributions to the effective ALP–photon coupling can be calculated using the effective
chiral Lagrangian (2.37) and can be expressed as [78, 79, 92, 93]

Ceff
γγ(ma) = cγγ − (1.92± 0.04) cGG −

m2
a

m2
π −m2

a

[
cGG

md −mu

md +mu
+
cuu − cdd

2

]

+
∑

q=c,b

3Q2
q cqq(µ0)B1(τq) +

∑

`=e,µ,τ

c``B1(τ`) ; for ma < µ0 ,
(2.72)

where we neglect small corrections of order mu,d/ms. In this expression, the running quark masses
and the ALP–fermion couplings are evaluated at µ0 ≈ 2 GeV.

Off-shell ALP–photon coupling

For the discussion of the anomalous magnetic moments of the muon and the electron, it will be useful
to define the off-shell ALP–photon vertex function Γµαγγ∗a∗(q, k) shown in Figure 6, where q denotes

the inflowing momentum of the external on-shell photon (q2 = 0) with polarization index µ, k is the
outflowing momentum of the off-shell ALP (k2 6= m2

a), and p = k − q is the inflowing momentum of
the off-shell photon with polarization index α. We have calculated this vertex function at one-loop
order in the ALP theory, ignoring the very small contribution of W -boson loops (last graph and
similar diagrams), which is proportional to two powers of (α/π). We find that the vertex function is
finite and can be expressed in terms of the parameter integral

Γµαγγ∗a∗(q, k) =
iα

πf
εµαβγ qβ kγ (2.73)
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×



cγγ +

∑

f

Nf
c Q

2
f cff

[
1−

∫ 1

0
dx

∫ 1

0
dy

m2
f

m2
f − x(1− x) (k2 − 2yk · q)− iε

]
 .

The term involving k · q must be kept for flavor off-diagonal dipole transitions such as µ → eγ, but
this term can be dropped in the calculation of the anomalous magnetic moments. In this case the
integral over y evaluates to 1, and performing the remaining integral over x yields

Γµαγγ∗a∗(q, k)→ iα

πf
εµαβγ qβ kγ

[
cγγ +

∑

f

Nf
c Q

2
f cff B1

(
4m2

f

k2

)]
. (2.74)

In the limit where the ALP is taken on-shell (k2 → m2
a), one recovers the expression for the effective

coefficient Ceff
γγ entering the a → γγ decay rate in (2.70). The off-shell vertex function exhibits the

same familiar behavior, that heavy fermions with m2
f � |k2| decouple from the vertex function,

whereas light fermions with m2
f � |k2| contribute 1 inside the rectangular bracket.

2.7 ALP decays into hadrons

If the ALP mass is in the perturbative regime (i.e. for ma � ΛQCD), the inclusive decay rate into
light-flavored hadrons can be calculated under the assumption of quark–hadron duality [107, 108].
Including the one-loop QCD corrections to the decay rate as calculated in [109], one obtains [78]

Γ(a→ light-flavored hadrons) =
α2
s(ma)m

3
a

8π3f2

[
1 +

83

4

αs(ma)

π

] ∣∣∣Ceff
GG(ma)

∣∣∣
2
, (2.75)

where

Ceff
GG(ma) = cGG +

1

2

∑

q 6=t
cqq(ma)B1(τq) ; for ma � ΛQCD . (2.76)

The decay rate for an ALP into a pair of bottom quarks is given by (working at lowest order in αs,
but including the effects of RG evolution)

Γ(a→ bb̄) =
3mam

2
b(ma)

8πf2
|cbb(ma)|2

√
1− τb , (2.77)

and an analogous expression holds for Γ(a→ cc̄).
If the ALP is lighter than 2 GeV the number of kinematically accessible hadronic decay channels

is limited. The two-body decays a → ππ and a → π0γ are forbidden by parity invariance and
angular momentum conservation, and the three-body modes a → ππγ, a → π0γγ and a → π0e+e−

are strongly suppressed by phase space and powers of the fine-structure constant α. The dominant
decay modes in this region are a→ 3π0 and a→ π+π−π0 induced by the ALP couplings to pions in
the effective chiral Lagrangian (2.37). At leading order in the chiral expansion, one obtains [35, 78]

Γ(a→ πaπbπ0) =
mam

4
π

6144π3f2f2
π

(∆cud)
2 gab

(
m2
π

m2
a

)
, (2.78)

with ∆cud as defined in (2.45), and (with 0 ≤ r ≤ 1/9)

g00(r) =
2

(1− r)2

∫ (1−
√
r)2

4r
dz

√
1− 4r

z
λ1/2(z, r) ,

g+−(r) =
12

(1− r)2

∫ (1−
√
r)2

4r
dz

√
1− 4r

z
(z − r)2 λ1/2(z, r) ,

(2.79)
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where λ(z, r) = (1 − z − r)2 − 4zr. Both functions are normalized such that gab(0) = 1, and they
vanish at the threshold r = 1/9.

2.8 Z-boson and Higgs decays into ALPs

The ALP couplings to the top quark and to electroweak gauge bosons can induce exotic decays of Z
and Higgs bosons, such as Z → γa, h→ Za and h→ aa. In [78] the corresponding decay rates were
calculated at one-loop order in the effective ALP interactions. Setting the matching scale µw equal
to the mass of the decaying particle, one finds [78]

Γ(Z → γa) =
m3
Z

96π3f2

αα(mZ)

s2
w c

2
w

∣∣Ceff
γZ

∣∣2
(

1− m2
a

m2
Z

)3

,

Γ(h→ Za) =
m3
h

16πf2

∣∣Ceff
Zh

∣∣2 λ3/2

(
m2
Z

m2
h

,
m2
a

m2
h

)
,

Γ(h→ aa) =
m3
h v

2

32πf4

∣∣Ceff
ah

∣∣2
(

1− 2m2
a

m2
h

)2
√

1− 4m2
a

m2
h

.

(2.80)

In the case of Z → γa decay we have defined

Ceff
γZ = cγZ +

∑

f

Nf
c Qf

(
1

2
T f3 −Qf s2

w

)
cff (mZ)B3

(
4m2

f

m2
a

,
4m2

f

m2
Z

)
, (2.81)

where T f3 denotes the weak isospin of fermion f , and

B3(τ1, τ2) = 1 +
τ1τ2

τ1 − τ2

[
f2(τ1)− f2(τ2)

]
, (2.82)

with f(τ) as given in (2.71). This function is approximately equal to 1 for all light fermions other

than the top quark, for which B3

(4m2
t

m2
a
,

4m2
t

m2
Z

)
≈ −0.024 is very small.

The decay h → Za is interesting, because the effective ALP Lagrangian (2.1) does not contain
an interaction that mediates this mode at tree-level. Note, in particular, that the redundant oper-
ator involving the Higgs current does not contribute to the decay amplitude, and that a tree-level
contribution first arise from the dimension-7 operator [110, 111]

LD=7
eff 3 c(7)

φ

∂µa

f3
φ†φ

(
φ†i
←→
Dµφ

)
. (2.83)

The effective coupling Ceff
Zh is defined as

Ceff
Zh = −3αt(mh)

4π
ctt(mh)F +

v2

2f2
c

(7)
φ (mh) , (2.84)

where

F =

∫ 1

0
d[xyz]

2m2
t − xm2

h − zm2
Z

m2
t − xym2

h − yzm2
Z − xzm2

a

≈ 0.930 + 2.64× 10−6 m2
a

GeV2 , (2.85)

with d[xyz] ≡ dx dy dz δ(1 − x − y − z). In (2.84) a loop-suppressed contribution competes with a
power-suppressed term, and which of the two dominates depends on the relative size of the Wilson

coefficients ctt and c
(7)
φ and on the value of the ratio v/f .
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The decay amplitude for the process h → aa starts at O(1/f2). It needs two insertions of ALP
vertices from the effective Lagrangian (2.1). At the same order, there is a potential contribution from
the dimension-6 operator

LD=6
eff 3 cah

f2
(∂µa)(∂µa)φ†φ . (2.86)

The coefficient Ceff
ah reads

Ceff
ah = cah(mh) +

3αt(mh)

π
c2
tt(mh)

[
ln
m2
h

m2
t

− g1

(
4m2

t

m2
h

)]

− 3α3(mh)

32π3s6
w

c̃2
WW (mh)

[
ln

m2
h

m2
W

+ δ1 − g2

(
4m2

W

m2
h

)]

− 3α3(mh)

64π3s6
w c

6
w

c̃2
ZZ(mh)

[
ln
m2
h

m2
Z

+ δ1 − g2

(
4m2

Z

m2
h

)]
,

(2.87)

with the loop functions
g1(τ) = τ f2(τ) + 2

√
τ − 1 f(τ)− 2 ,

g2(τ) =
2τ

3
f2(τ) + 2

√
τ − 1 f(τ)− 8

3
.

(2.88)

The parameter δ1 in (2.87) is a scheme-dependent constant related to the treatment of the Levi–
Civita symbol in D = 4 − 2ε spacetime dimensions. One finds δ1 = −11

3 is a scheme where εµναβ is
treated as a D-dimensional object (our default choice), and δ1 = 0 is a scheme where it is treated as a
four-dimensional quantity [78]. The dimension-6 Wilson coefficient cah(mh) in the above expression
must be evaluated at the weak scale. The RG evolution equation for this coefficient has not yet been
derived in the literature. At lowest logarithmic order, one finds that

cah(mh) = cah(Λ) +

[
3αt(mh)

π
c2
tt(mh)− 3α3(mh)

32π3s6
w

c̃2
WW (mh)− 3α3(mh)

64π3s6
w c

6
w

c̃2
ZZ(mh)

]
ln

Λ2

m2
h

. (2.89)
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3 Probes of flavor-changing ALP couplings to quarks

The focus of this section is on deriving experimental constraints on the ALP couplings from observ-
ables sensitive to flavor-changing interactions in the quark sector, as well as discussing possible ALP
explanations for experimental anomalies. In the first part of this section we derive general predictions
for a number of observables in terms of the elements of the hermitian coupling matrices kU , kD, ku
and kd (2.12), the flavor-diagonal ALP–fermion couplings cff defined in (2.14), and the ALP–boson
couplings cV V defined in (2.10). We distinguish processes in which ALPs are produced on-shell,
processes with virtual ALP exchange and processes that do not involve any flavor change. The most
sensitive probes of flavor-violating ALP couplings are rare meson decays into mono-energetic final
state mesons and ALPs produced on-shell, such as K → πa. We begin by deriving constraints from
an extensive list of experimental searches for ALPs in exotic meson decays and show these constraints
for various ALP decay modes and lifetimes. This is followed by a discussion of the impact of flavor
symmetries of the UV theory on these observables. For the case of minimal flavor violation and
universal ALP couplings we give the RG induced flavor off-diagonal ALP couplings explicitly and
explain how the constraints depend on the ALP couplings at the scale Λ = 4πf . We proceed with
observables sensitive to virtual ALP exchange which lead to weaker constraints because the ALP con-
tribution to the amplitude is suppressed by v/f compared to on-shell ALP decays. For observables
that are not sensitive to flavor-changing ALP couplings at all, such as vector meson decays V → γa
and the chromomagnetic moment of the top quark we derive the relevant expressions for the ALP
contributions and discuss their dependence on the ALP couplings at the scale Λ. The observables
that we use, their measured values, and SM predictions, are collected in tables in Appendix C.

In the second part of this section we study in detail eight benchmark scenarios based on a
theory with flavor-universal ALP couplings in the UV in which any flavor violation arises from
loop corrections involving SM particles, as described in Section 2.3. Each benchmark is defined by
assuming that either one of the ALP couplings to gauge bosons cGG, cWW and cBB or a single ALP
flavor universal coupling to SM fermions cψ = cψ1 with ψ = u, d,Q, e, E is non-zero at the scale Λ.
For the case of a coupling to left-handed down type quarks, our assumption of flavor universality
is, in fact, stronger than the hypothesis of minimal flavor violation, which would allow for flavor
off-diagonal couplings at the new physics scale Λ. For these benchmarks we compare constraints
from processes in which ALPs are produced on-shell, processes sensitive to virtual ALP exchange
and flavor-conserving processes for a range of ALP masses. We further compare these constraints
with astrophysical observables and the reach of collider searches for rare Z and Higgs boson decays
into ALPs. In the last part of this section we use these results to explore the viable parameter space
for a possible explanation of experimental anomalies observed in lepton flavor non-universality in rare
B meson decays, in nuclear Beryllium and Helium transitions and in the decay rate of the neutral
pion π0 → e+e−.

There has been a lot of recent work studying the constraints on ALPs from quark flavor-changing
processes (see e.g., [30, 34, 41–44, 48, 50, 54–57, 112]), and it is worth outlining what our current
work adds to these studies:

• The ALP can have macroscopic decay lengths, which can critically affect the sensitivity of
many of the most important flavor constraints that rely on the ALP being produced on-shell
and decaying promptly (or conversely escaping the detector altogether). We provide individual
plots for each such constraint (Figures 7, 8, and 9) showing explicitly the dependence of the
constraint on the ALP decay width, within the plane of the ALP mass and the relevant flavor-
changing coupling. To calculate these dependences we account for the specifics of the particular

28



experimental setup, and event selection criteria such as kinematic cuts. These ALP width
effects are also taken careful account of when plotting the constraints on simplified scenarios
in Section 3.8.

• We study in general the contributions of a light ALP to Bd,s – B̄d,s mixing, including RG
evolution effects and subleading terms in the heavy-quark expansion, which turn out to be
non-negligible.

• We derive bounds on the ALP from recent measurements of K → π observables using our recent
calculation of the K → πa decay amplitudes in chiral perturbation theory [39]. We take into
account one-loop running and matching contributions from the high scale Λ down to the chiral
scale ∼ 2 GeV, and we find that for most scenarios involving flavor-universal ALP couplings at
the scale Λ, the neutral-current flavor-changing ALP couplings induced by RG evolution and
weak-scale matching produce a larger effect than the SM weak interactions.

• While we calculate observables in a fully general way in terms of ALP couplings at the scale
of the measurements, we also interpret constraints in terms of SU(2)L × U(1)Y invariant cou-
plings defined at the UV scale Λ, taking account of the dominant RG evolution and matching
contributions down to the scale of relevance for the processes considered. This allows us to see
at a glance the flavor constraints in various simplified scenarios, and compare them directly
with constraints from measurements performed at different energy scales (e.g., LHC and LEP
measurements, beam dumps, astrophysical constraints, etc). When plotting bounds on these
simplified scenarios, we take into account all decay modes of the ALP, and calculate effects from
finite lifetimes. For some ranges of ALP mass, the strongest constraints arise from observables
which occur only at loop-level in both the production and decay of the ALP. To give an exam-
ple, we find that searches for the rare decay B → K(∗)a(µµ) at LHCb provide the strongest
constraints on a 1 GeV ALP which at the scale Λ couples only to right handed up-type quarks.

• Since we take the approach of relating flavor effects back to fundamental ALP couplings at the
scale Λ, observables involving purely flavor-conserving quark couplings can constrain some of
the same parameter spaces as flavor-changing observables, and we compare these different types
of constraints on the same axes. In this spirit, we also calculate in this section the contributions
of the ALP to the chromomagnetic dipole moment of the top quark, and to radiative J/ψ and
Υ decays, which we calculate to one-loop order in QCD.

• We consider the possibility of an ALP explanation of some intriguing experimental anomalies,
including the observation of lepton non-universality in b → s`` decays as measured at LHCb
[60, 62], discrepancies from SM expectations in excited Beryllium and Helium transitions mea-
sured by the ATOMKI collaboration [63, 64], and an excess in the branching ratio of π0 → e+e−

measured at the KTeV experiment [65]. When confronted with constraints from other measure-
ments, we find that an ALP could explain the deviation in the low-q2 bin of the RK observable,
but not the high-q2 bin of RK and not RK∗ . We find that an ALP could in principle provide
a joint explanation of the Beryllium and Helium transitions measured by ATOMKI, however,
the relevant parameter space is already ruled out by K → πa searches. We show a small viable
region of parameter space that could explain the Helium transition. Furthermore, we show
that an ALP with couplings to electrons as well as quarks or gluons could explain the KTeV
anomaly.
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3.1 ALP production in exotic two-body decays of mesons

The most promising decay processes for the discovery of ALPs are those in which the ALP is produced
as an on-shell resonance. Indeed, some of the strongest constraints on the couplings of a light ALP can
be derived from exotic two-body decays of pseudoscalar mesons, such as K → πa, D → πa, B → πa
etc. We will discuss this in detail for the kaon decays K− → π−a and KL → π0a, illustrating
our general approach for analyzing ALP effects on flavor observables. The extension to other decay
modes is then straightforward.

The key signature of K → πa decays is a mono-energetic final state pion with energy

Eπ =
m2
K +m2

π −m2
a

2mK
(3.1)

in the kaon rest frame. The decay rates for the charged and neutral kaon decays are given by

Γ(K → πa) =
1

16πmK
|A(K → πa)|2 λ1/2

(
m2
π

m2
K

,
m2
a

m2
K

)
, (3.2)

where
λ(ri, rj) = 1 + r2

i + r2
j − 2ri − 2rj − 2rirj . (3.3)

As discussed in Section 2.4, there are contributions to the decay amplitudes involving both flavor-
violating and flavor-conserving ALP couplings. The decay amplitude for the charged mode K− →
π−a and the neutral mode K̄0 → π0a have been given in (2.48) and (2.49), respectively, in terms of
the ALP mass and the ALP couplings to gluons and quarks. For ma = 0, one finds numerically

iA(K− → π−a) ' −1.12× 10−4 GeV

[
1 TeV

f

] [
kd + kD

]
12

+ 10−11 GeV

[
1 TeV

f

]
eiδ8
[
3.50 cGG + 0.86 (2cuu + cdd + css)

+ 1.01
(

[kd + kD]11 − [kd + kD]22

)]
, (3.4)

−i
√

2A(K̄0 → π0a) ' −1.15× 10−4 GeV

[
1 TeV

f

] [
kd + kD

]
12

+ 10−11 GeV

[
1 TeV

f

]
eiδ8
[
3.58 cGG + 0.88 (3cdd + css) + 1.02

(
[kd + kD]11 − [kd + kD]22

)]
,

where the ALP couplings are defined at the low scale µ0 = 2 GeV. Note, however, that the flavor-
changing ALP–fermion couplings do not run below the weak scale. For different values of the ALP
mass the coefficients change, but the general pattern remains the same. The amplitudes for the
CP-conjugate decay modes K+ → π+a and K0 → π0a can be obtained from these expressions by
reversing the overall sign and replacing [kd + kD]12 → [kd + kD]21 = [kd + kD]∗12. (One should also
take the complex conjugate of the product V ∗udVus of CKM matrix elements in the definition of the
quantity N8 in (A.1), which has no effect since these parameters are real in the standard convention
for the CKM matrix.) The amplitude for the decay KL → π0a, on which constraints can be derived
using existing searches for KL → π0νν̄ and KL → π0X, is then obtained using the relation [113]

KL =
(1 + ε)K0 + (1− ε)K̄0

√
2(1 + |ε|2)

, (3.5)
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where ε = 2.228(11)× 10−3 eiφε with φε ≈ 43.5◦ is the parameter measuring CP violation in K0 – K̄0

mixing [99]. We find numerically

iA(KL → π0a) ' 10−4 GeV

[
1 TeV

f

] [
1.15i Im

[
kd + kD

]
12
− 2.56× 10−3 eiφε Re

[
kd + kD

]
12

]

+ 10−14 GeV

[
1 TeV

f

]
ei(δ8+φε)

[
7.97 cGG + 1.95 (3cdd + css) + 2.27

(
[kd + kD]11 − [kd + kD]22

)]
.

(3.6)
A comparison with the result for the charged mode in (3.4) shows that the decay KL → π0a is useful
primarily for probing the imaginary part of the flavor-changing ALP–fermion coupling [kd + kD]12.
The sensitivity to all other ALP couplings is reduced, compared to the decay K− → π−a, by a factor
|ε| ≈ 2× 10−3.

When one squares the decay amplitudes to obtain the decay rates in (3.2), the interference terms
involving one flavor-changing and one flavor-diagonal ALP coupling are sensitive to the strong-
interaction phase δ8, which cannot be calculated reliably. In practice this is not a limitation, because
the two types of terms come with coefficients that differ by many orders of magnitude. It would
require a strong fine tuning to zoom in on a region of parameter space where the interference terms
would matter phenomenologically.

The above results show that searches for the exotic K → πa decay modes can constrain the
flavor off-diagonal ALP couplings [kd]12 and [kD]12 with seven orders of magnitude higher sensitivity
compared with the flavor-conserving ALP couplings to quarks and gluons. The reason is that FCNC
processes in the SM are loop and GIM suppressed, whereas they can arise at tree-level if the ALP
has flavor-changing couplings to quarks. In our analysis in this section we therefore exclusively focus
on the bounds derived on the flavor-changing ALP couplings, finding that these are in general very
strong if the corresponding decays are kinematically allowed.

Similarly to ALP production in kaon decays, an ALP can be produced by decays of B and D
mesons together with pions or kaons. In terms of the flavor-changing ALP couplings, we find the
decay rates

Γ(B− → π−a) =
m3
B

64πf2
|[kD + kd]13|2

∣∣FB→π0 (m2
a)
∣∣2
(

1− m2
π

m2
B

)2

λ1/2

(
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π

m2
B

,
m2
a

m2
B

)
,

Γ(B̄0 → π0a) =
1

2
Γ(B− → π−a) ,

Γ(B− → K−a) =
m3
B

64πf2
|[kD + kd]23|2

∣∣FB→K0 (m2
a)
∣∣2
(

1− m2
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B
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m2
K
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,
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a
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B

)
,

Γ(B− → K∗−a) =
m3
B

64πf2
|[kD − kd]23|2
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∣∣∣
2
λ3/2
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m∗2K
m2
B

,
m2
a

m2
B

)
, (3.7)

Γ(B̄0 → K̄(∗)0a) = Γ(B− → K(∗)−a) ,

Γ(D+ → π+a) =
m3
D

64πf2
|[kU + ku]12|2

∣∣FD→π0 (m2
a)
∣∣2
(

1− m2
π
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)2

λ1/2

(
m2
π
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D

,
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a

m2
D

)
,

Γ(D0 → π0a) =
1

2
Γ(D+ → π+a) ,
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Γ(D+
s → K+a) =

m3
Ds

64πf2
|[kU + ku]12|2

∣∣∣FDs→K0 (m2
a)
∣∣∣
2
(
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,
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a
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)
.

For B → K∗a decays the K∗ meson is longitudinally polarized, since the ALP is a pseudoscalar
particle. The quantities F0(q2) and A0(q2) are scalar form factors defined in [114]. We take FB→K0 (q2)
and FB→π0 (q2) from the lattice averages of [105], AB→K

∗
0 (q2) from the light-cone QCD sum-rule

calculation of [115], FD→π0 (q2) from the lattice calculation of [116], and FDs→K0 (q2) from the covariant
light-front calculation of [117].

In the above expressions for the decay rates we focus only on the contributions to the decay
amplitudes mediated by the flavor-changing ALP-quark couplings. In all cases these couplings are
renormalized at the scale of the measurement, but because the flavor-changing ALP couplings do not
run below the weak scale, it is equivalent to use couplings renormalized at the weak scale. Contribu-
tions involving the SM weak interactions in combination with flavor-conserving ALP couplings are
only included to the extent that these contribute to the flavor-changing ALP couplings at low ener-
gies, see (2.31). This is justified by the observation we made for K → πa decays, that contributions
to the amplitude involving the SM weak transition s → uūd are strongly suppressed. We expect a
similar statement to hold for the decays of heavy B and D mesons. For example, we expect that
subprocesses of the type B− → π−π0 → π−a via ALP–pion mixing give rise to subdominant contri-
butions to the B− → π−a rate. It would be interesting to work out such effects in detail in future
work, for instance using the framework of QCD factorization for non-leptonic B decays [118, 119].

While ALP production in two-body meson decays provides a particularly sensitive probe of flavor-
changing ALP couplings, the phenomenology of these processes depends very sensitively on the ALP
lifetime (i.e., on whether the ALP decays promptly in the detector, has a macroscopic decay length
or is long lived) and the branching fractions for the various ALP decay modes, such as a→ γγ and
a → `+`−. Constraints on a long-lived ALP can be derived from searches for rare decays such as
K → πνν̄ and B → K(∗)νν̄, whereas bounds on a short-lived ALP can be obtained by recasting
searches for meson decays into a final state meson accompanied by a pair of photons or leptons, or
by dedicated searches for new light resonances in the final state. An extensive list of experimental
searches and the respective limits on the ALP couplings [kd]ij and [kD]ij with ij = 12, 13, 23 and
[ku]12 and [kU ]12 from exotic decays of kaons, B mesons and D(s) mesons are compiled in Table 1.
For ALPs with O(1) flavor off-diagonal couplings, these searches can probe new physics scales of
f . 109 TeV ×

√
B. The constraints scale with the square root of the branching ratio of the ALP

into the signal final state, B = Br(a→ γγ, e+e−, µ+µ−, τ+τ−), which depend on the ALP mass and
couplings. This underlines the importance of searches for resonances in different decay channels, even
though they probe the same flavor off-diagonal ALP couplings. Further, the lifetime of the ALP τa
changes the strength of the constraints shown in Table 1, because the fraction of ALPs decaying in
the range of sensitivity of the experiment depends on the ALP decay length

`a = cτa =
~c
Γ
' 0.197µm

1 eV

Γ
, (3.8)

where Γ is the total decay width of the ALP. The effect of the ALP lifetime depends on the experi-
mental setup, because of the boost of the initial state meson used in the experiment. Details about
the lifetime effects and experimental parameters can be found in Appendix D.2. For the limits in
Table 1, we show the effect of a finite ALP lifetime in Figure 7 (kaon decays), Figure 8 and Figure 9
(B-meson decays), and Figure 10 (D-meson decays). The color coding distinguishes constraints on
invisible ALPs (blue), ALPs decaying into photons (yellow), electrons (red), and muons or taus (pur-
ple). In all cases, lighter colors correspond to smaller decay widths and darker colors to larger decay
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Observable Mass range [MeV] ALP decay mode Constrained Limit (95% CL) on Limit (95% CL) on Figure

coupling cij cij ·
(

TeV
f

)
·
√
B cij/|V ∗tiVtj | ·

(
TeV
f

)
·
√
B

Br(K− → π−a(inv)) 0 < ma < 261 (∗) long-lived |kD + kd|12 1.2× 10−9 3.9× 10−6 7 a)

Br(KL → π0a(inv)) 0 < ma < 261 long-lived |Im[[kD + kd]12| 8.1× 10−9 7.0× 10−5 7 b)

Br(K− → π−γγ) ma < 108 γγ |kD + kd|12 2.1× 10−8 6.9× 10−5 7 c)

Br(K− → π−γγ) 220 < ma < 354 γγ |kD + kd|12 2.0× 10−7 6.5× 10−4 7 d)

Br(KL → π0γγ) ma < 110 γγ |Im[[kD + kd]12]| 1.3× 10−8 1.1× 10−4 7 e)

Br(KL → π0γγ) ma < 363(zz) γγ |Im[[kD + kd]12]| 1.3× 10−7 1.1× 10−3 7 f)

Br(K+ → π+a(e+e−)) 1 < ma < 100 e+e− |kD + kd|12 3.4× 10−7 1.1× 10−3 7 g)

Br(KL → π0e+e−) 140 < ma < 362 e+e− |Im[[kD + kd]12]| 3.1× 10−9 2.6× 10−5 7 h)

Br(KL → π0µ+µ−) 210 < ma < 350 µ+µ− |Im[[kD + kd]12]| 4.0× 10−9 3.4× 10−5 7 i)

Br(B+ → π+e+e−) 140 < ma < 5140 e+e− |kD + kd|13 7.0× 10−7 8.7× 10−5 8 a)

Br(B+ → π+µ+µ−) 211 < ma < 5140 (‡‡) µ+µ− |kD + kd|13 1.2× 10−7 1.4× 10−5 8 b)

Br(B− → K−νν̄) 0 < ma < 4785 long-lived |kD + kd|23 6.2× 10−6 1.6× 10−4 9 a)

Br(B → K∗νν̄) 0 < ma < 4387 long-lived |kD − kd|23 4.1× 10−6 1.1× 10−4 9 b)

dBr/dq2(B0 → K∗0e+e−)[0.0,0.05] 1 < ma < 224 e+e− |kD − kd|23 6.4× 10−7 1.6× 10−5 9 c)

dBr/dq2(B0 → K∗0e+e−)[0.05,0.15] 224 < ma < 387 e+e− |kD − kd|23 9.3× 10−7 2.4× 10−5 9 d)

Br
(
B− → K− a(µ+µ−)

)
250 < ma < 4700 (†) µ+µ− |kD + kd|23 4.4× 10−8 1.1× 10−6 9 e)

Br
(
B0 → K∗0 a(µ+µ−)

)
214 < ma < 4350 (†) µ+µ− |kD − kd|23 5.1× 10−8 1.3× 10−6 9 f)

Br(B− → K−τ+τ−) 3552 < ma < 4785 τ+τ− |kD + kd|23 8.2× 10−5 2.1× 10−3 9 g)

Br(D0 → π0e+e−) 1 < ma < 1730(‡) e+e− |kU + ku|12 2.8× 10−5 − 10 a)

Br(D+ → π+e+e−) 200 < ma < 1730(††) e+e− |kU + ku|12 8.4× 10−6 − 10 b)

Br(D+
s → K+e+e−) 200 < ma < 1475(z) e+e− |kU + ku|12 2.4× 10−5 − 10 c)

Br(D+ → π+µ+µ−) 250 < ma < 1730(∗∗) µ+µ− |kU + ku|12 2.1× 10−6 − 10 d)

Br(D+
s → K+µ+µ−) 200 < ma < 1475(∗∗∗) µ+µ− |kU + ku|12 5.7× 10−5 − 10 e)

Table 1: Summary of indicative constraints on quark flavor-violating ALP couplings renormalized at the
scale µw = mt, derived from measurements of branching fractions (first column) for various decays of kaons
and B mesons in a mass range where an on-shell ALP can be produced. The relevant measurements and SM
predictions (where appropriate) are given in Tables 3 to 8 in Appendix C. In each line, the limit cited is the
strongest limit found within the mass range probed by the measurement. In the sixth and seventh columns
the symbol B denotes the ALP branching ratio to the relevant final state, while in the seventh column the
constraints are divided by |V ∗

tiVtj | as an estimate of the strength of the bounds on the MFV case (since this is
only relevant for left-handed down type couplings, the up-type decays are not included in this column). The
final column refers to figures showing the dependence of the bound on the ALP mass and lifetime. Asterisks
next to the mass range mean that cuts are applied within the mass range to exclude resonance regions,
and therefore the corresponding measurement is insensitive to an ALP with mass in the excluded ranges.
The excluded regions are as follows. (∗): 100 < mνν̄ < 161 MeV; (∗∗): 525 < mµµ < 1250 MeV; (∗∗∗):
990 < mµµ < 1050 MeV; (z): 950 < mee < 1050 MeV; (zz): 100 < mγγ < 160 MeV; (‡): 935 < mee < 1053
MeV; (‡‡): 8.0 < m2

µµ < 11.0 GeV2 and 12.5 < m2
µµ < 15.0 GeV2; (†): various cuts are applied to exclude the

regions around the J/ψ, ψ(2S) and ψ(3370) resonances; (††): 525 < mµµ < 1250 MeV.
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Figure 7: Constraints on the flavor-violating ALP couplings [kd]12 and [kD]12 from kaon decays, collected in
Table 1, for different values of the total ALP width. The observables are Br(K− → π−νν̄) (top left and center),
Br(K− → π−γγ) (top right and middle left), Br(K0

L → π0γγ) (middle center and right), Br(KL → π0e+e−)
(bottom left and center) and Br(KL → π0µ+µ−) (bottom right).
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Figure 8: Constraints on the flavor-violating ALP couplings [kd]13 and [kD]13 from B meson decays, collected
in Table 1, for different values of the total ALP width. The observables are Br(B+ → π+e+e−) (left) and
Br(B+ → π+µ+µ−) (right).
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Figure 9: Constraints on the flavor-violating ALP couplings [kd]23 and [kD]23 from B meson decays, collected
in Table 1, for different values of the total ALP width. The observables are Br(B− → K−νν̄) (top left),
Br(B → K∗νν̄) (top center left), Br(B− → K−a(µ+µ−)) (top center right), Br(B0 → K∗,0a(µ+µ−)) (top
right), Br(B− → K−τ+τ−) (bottom left), dBr/dq2(B0 → K∗0e+e−)[0,0.05] (bottom center) and dBr/dq2(B0 →
K∗0e+e−)[0.05,0.15] (bottom right).
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Figure 10: Constraints on the flavor-violating ALP couplings [ku]12 and [kU ]12 from D meson decays,
collected in Table 1, for different values of the total ALP width. The observables are Br(D0 → π0e+e−) (top
left), Br(D+ → π+e+e−) (top center), Br(D+

s → K+e+e−) (top right), Br(D+ → π+µ+µ−) (bottom left) and
Br(D+

s → K+µ+µ−) (bottom right).

widths. We show constraints for three different values of the ALP width Γ for each experimental
constraint in Table 1 and we assume a branching ratio of 100% for ALPs decaying into the respective
final state for the purpose of these plots. Searches for missing energy from long-lived ALPs are most
sensitive if the ALP has a small decay width, since the fraction of ALPs which escape the detector
is suppressed by exp(−maΓ). ALPs with a decay width of Γ > 10−6 eV and a corresponding lifetime
of `a & 0.2 m are effectively stable on detector scales for all experiments and ALP masses considered.
If the ALP width is larger, only ALPs with smaller masses are constrained by searches for missing-
energy signatures. In the plots in Figure 7a), 7b) and Figure 9a), 9b) the blue areas therefore always
extend towards ALPs with smaller masses. If the ALP width is larger the fraction of ALPs escaping
the detector decreases and searches for missing energy constrain only smaller ALP masses. In the
case of searches for ALPs decaying into photons or leptons, the dark shaded regions corresponding
to shorter lifetimes lead to the most stringent constraints. A smaller ALP mass requires a larger
ALP width for the ALPs to decay inside the detector. This explains the slope towards lighter ALP
masses and smaller flavor-violating couplings in the plots corresponding to decays with visible final
states. For resonant ALPs decaying into leptons, the range of constrained ALP masses is limited
either by experimental cuts or the kinematic window 2m` ≤ ma ≤ mM1 −mM2 for a meson decay
M1 → M2a. Complementary experimental searches for ALPs with macroscopic decay lengths and
ALPs that decay promptly are important to fully constrain the parameter space.
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3.2 Flavor symmetries in the UV theory

The excessively strong bounds shown in Table 1 can be relaxed very efficiently by imposing a flavor
symmetry. If the UV theory respects minimal flavor violation (MFV), the flavor-changing ALP
couplings to left-handed down-type quarks satisfy [kD]MFV

ij ∝ V ∗tiVtj (with i 6= j) [35], whereas all
other flavor-changing ALP couplings vanish. An explicit expression of the couplings [kD]ij in terms
of ALP parameters defined at the new physics scale Λ = 4πf has been given in (2.31). The relevant
CKM suppression factors for the various transitions are |V ∗tdVts| ≈ 3.1 × 10−4 for s → d transitions,
|V ∗tdVtb| ≈ 8.0 × 10−3 for b → d transitions, and |V ∗tsVtb| ≈ 3.9 × 10−2 for b → s transitions. The
constraints from on-shell ALP production in ALP models respecting MFV are shown in the last
column of Table 1. Flavor-changing transitions in the up-quark sector are forbidden altogether in
MFV scenarios (in the approximation where the Yukawa couplings of the down-type quarks are set to
zero). The suppression factor is most efficient for the decays K → πa, where it reduces the relevant
flavor-changing ALP coupling [kD]12 by almost four orders of magnitude. A further suppression by
about two orders of magnitude can be achieved if one assumes that the flavor-changing couplings
are induced at one-loop order. Assuming MFV, the flavor-diagonal ALP–quark couplings satisfy the
relations [35]

css = cdd , [kd]11 − [kd]22 = [kD]11 − [kD]22 = 0 , (3.9)

which further simplify the expressions for the K → πa decay amplitudes given in (3.4). In the
KL → π0a decay rate one primarily probes the imaginary part of the flavor-changing ALP coupling,
see (3.6). With the standard phase convention for the CKM matrix, this coupling satisfies

[
kD
]MFV

12
∝ V ∗tdVts = −|V ∗tdVts| eiβ

[
1 +O(λ5)

]
, (3.10)

where β is one of the angles of the unitarity triangle (with sin 2β ≈ 0.70), and λ ≈ 0.2 denotes the
Wolfenstein parameter. We observe that this coupling has a sizable CP-violating phase, and hence
its imaginary part does not receive a further suppression beyond that of the CKM matrix elements.

For the discussion of our benchmark scenarios in Section 3.8, we go one step beyond the MFV
hypothesis and assume a flavor-universal ALP at the new physics scale Λ, for which all ALP–fermion
coupling matrices cF ≡ cF 1 (with F = u, d,Q, e, L) are proportional to the unit matrix. It is then
useful to express the ALP couplings defined at the low scale in terms of the couplings at the scale
Λ. Throughout our analysis we use f = 1 TeV as a reference scale (corresponding to a new physics
scale Λ ≈ 12.6 TeV), unless indicated otherwise. We can then express all coupling parameters in the
decay amplitudes in terms of the three ALP–boson couplings and the five ALP–fermion couplings at
the scale Λ. For the flavor-changing couplings, we obtain from (2.31)

[kD(mt)]
univ
ij ' 10−5 V ∗tiVtj

[
− 6.1 cGG − 2.8 cWW − 0.02 cBB (3.11)

+ 1.9× 103 cu(Λ)− 9.2 cd(Λ)− 1.9× 103 cQ(Λ)− 0.05 ce(Λ) + 4.2 cL(Λ)
]
.

This result shows the minimal amount of low-scale flavor violation present in any ALP model, and it
clearly demonstrates a key observation of our analysis: even a single non-zero ALP coupling at the
new physics scale Λ will unavoidably lead to flavor-changing ALP–quark couplings below the weak
scale, irrespective of whether or not the UV theory is flavor blind. For the flavor-conserving ALP
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couplings, we find from (2.20) and (2.35)

[cuu(µ0)]univ ' 0.84 cu(Λ)− 0.049 cd(Λ)− 0.79 cQ(Λ)− 0.037 cGG

− 10−4
[

1.0 ce(Λ)− 3.7 cL(Λ) + 2.1 cWW + 0.34 cBB

]
,

[cdd(µ0)]univ ' 0.074 cu(Λ) + 0.95 cd(Λ)− 1.02 cQ(Λ)− 0.037 cGG

− 10−4
[

0.30 ce(Λ)− 3.6 cL(Λ) + 2.3 cWW + 0.10 cBB

]
.

(3.12)

Let us return one last time to the K → πa decay amplitudes, now in the context of a flavor-
universal ALP model. Expressing all ALP couplings in terms of the eight parameters in the UV
Lagrangian, we find for the K− → π−a decay amplitude evaluated for ma = 0

iA(K− → π−a) = 10−11 GeV

[
1 TeV

f

]

×
{
eiβ
[
− 0.21 cGG − 0.10 cWW − 6.4× 10−4 cBB + 67cu(Λ)

− 0.32 cd(Λ)− 66 cQ(Λ)− 1.9× 10−3 ce(Λ) + 0.15 cL(Λ)
]

(3.13)

+ eiδ8
[

3.4 cGG − 7.5× 10−4 cWW − 7.5× 10−5 cBB + 1.6 cu(Λ)

+ 1.5 cd(Λ)− 3.1 cQ(Λ)− 2.2× 10−4 ce(Λ) + 1.2× 10−3 cL(Λ)
]}

,

which makes it explicit that the coefficients in the contribution associated with flavor-changing ALP
couplings (terms proportional to eiβ) are now more or less commensurate with the coefficients in
the contribution to the amplitude mediated by the weak transition s → uūd of the SM (terms
proportional to eiδ8). For an ALP coupling only to gluons or right-handed down-type quarks at
the new physics scale the main contributions arise via the SM weak interactions, while in all other
scenarios the dominant contributions arise via the RG-induced flavor-violating ALP coupling [kD]12

in the low-energy theory.
For the KL → π0a decay amplitude, we obtain in the flavor-universal ALP scenario

iA(KL → π0a) = 10−11 GeV

[
1 TeV

f

]

×
{
ieiξε

[
0.083 cGG + 0.037 cWW + 2.5× 10−4 cBB − 26 cu(Λ)

+ 0.12 cd(Λ) + 26 cQ(Λ) + 7.4× 10−4 ce(Λ)− 0.056 cL(Λ)
]

(3.14)

+ ei(δ8+φε)
[
7.7× 10−3 cGG − 1.8× 10−6 cWW − 7.8× 10−8 cBB + 5.8× 10−4 cu(Λ)

+ 7.4× 10−3 cd(Λ)− 8.0× 10−3 cQ(Λ)− 2.4× 10−7 ce(Λ) + 2.8× 10−6 cL(Λ)
]}

,

where ξε ≈ −0.226◦. In this case the contribution shown in the last two lines, which arises from
the diagrams in Figure 3 in which the flavor-changing transition is mediated by the effective weak
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Lagrangian of the SM, gives rise to subdominant contributions for all eight ALP couplings. The
rather different dependence of the two amplitudes on the ALP couplings would be of great help in
the case of a discovery. For instance, an ALP coupling only to gluons at the scale Λ would give a 40
times larger contribution to the K− → π−a amplitude than to the KL → π0a amplitude, whereas
for an ALP coupling only to right-handed down-type quarks the ratio of the two amplitudes would
be 13. If any of the other ALP couplings is dominant at the scale Λ, then the K− → π−a amplitude
is about 2.6 times larger than the KL → π0a amplitude.

3.3 Three-body pion decays π− → ae−ν̄e

ALPs can also be discovered in exotic three-body decays of mesons. Leptonic decays of charged
mesons mediated by the weak force are particularly interesting, because they are insensitive to the
flavor-violating ALP couplings and thus can be used to probe the ALP couplings to gluons and light
quarks. In particular, the charged pion decay π− → ae−ν̄e can be used to search for ALPs with
masses ma < mπ − me. The amplitude for this decay is given in (2.44). Neglecting contributions
suppressed by m2

e/(m
2
π −m2

a), one finds the decay rate

Γ(π− → ae−ν̄e) =
G2
F |Vud|2

24576π3

f2
π

f2
m5
π g(xa)

[
2cGG

md −mu

md +mu
+ [ku]11 − [kd]11 +

m2
a

m2
π −m2

a

∆cud

]2

,

(3.15)
where xa = m2

a/m
2
π, and the phase-space function is given by

g(x) = 1− 8x− 12x2 lnx+ 8x3 − x4 . (3.16)

This result agrees with corresponding expressions derived in [120] and [93] (for ma = 0). The PIENU
collaboration has recently put a limit on the branching ratio Br(π− → ae−ν̄e) < 10−6 Br(π− →
µ−ν̄µ) [121]. Three-body pion decays are insensitive to flavor-changing ALP couplings, and so the
corresponding constraints are shown in Section 3.8, where we consider the parameter space for ALPs
with flavor-conserving couplings at the new physics scale.

3.4 Modification of Bs,d → µ+µ−

Because of their chiral suppression in the SM, the decays Bs → µ+µ− and Bd → µ+µ− are sensitive
probes of flavor-changing ALP couplings. In the SM the first of these processes is induced by the
operator O10 = s̄LγµbL ¯̀γµγ5` in the effective weak Hamiltonian (see e.g., [122])

Hb→s``eff = −4GF√
2
V ∗tsVtb

α

4π

[
C10(µ)O10(µ) + . . .

]
. (3.17)

A corresponding Hamiltonian with s → d holds for the second process. A flavor-changing ALP
contributes to the decay amplitude at tree-level. For the case of a heavy ALP (ma � mb), the corre-
sponding operators in the effective Lagrangian are (neglecting the strange-quark mass for simplicity)

Lheavy ALP
eff =

∑

`

c``
mbm`

f2m2
a

[
[kd]23 s̄RbL + [kD]23 s̄LbR

]
¯̀γ5` , (3.18)

where ` = µ in the present case. For a light ALP (ma ∼ mb or lighter), the ALP propagator cannot be
integrated out and the ALP contribution must instead be computed as part of the decay amplitude. In
the present case, however, this distinction is irrelevant, because in both cases the relevant hadronic
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information is contained in the Bs-meson decay constant. After taking the Bs → µ+µ− matrix
element, the SM contribution and the ALP contribution to the decay amplitude have the same
structure. Taking their interference properly into account, we find that the ALP contribution modifies
the branching ratios according to

Br(Bs → µ+µ−)

Br(Bs → µ+µ−)SM
=

∣∣∣∣∣1−
cµµ(µb)

CSM
10 (µb)

π

α(µb)

v2

f2

1

1−m2
a/m

2
Bs

[kD − kd]23

V ∗ts Vtb

∣∣∣∣∣

2

. (3.19)

An analogous expression holds for the case of Bd → µ+µ− decay. Here µb ∼ mb is an appropriate
choice of the renormalization scale. In the SM, one finds CSM

10 (mb) ' −4.2 [122]. According to (2.20)
and (2.35), the value of cµµ at the scale µb is approximately equal to cµµ(Λ) + 0.12ctt(Λ). The above
formula exhibits the decoupling (∼ 1/m2

a) for a heavy ALP as mentioned above. It becomes singular
if the ALP is degenerate in mass with the Bs (or Bd) meson. This case can be safely excluded,
because it would lead to a significant mixing of the ALP with the pseudoscalar (s̄b) or (d̄b) flavor
eigenstates, in which case all precision flavor observables of B mesons tested at the B factories would
be strongly affected.

A combination of results from ATLAS, CMS and LHCb finds the values [123]

Brexp(Bd → µ+µ−) = (0.6+0.7
−0.7)× 10−10 , (3.20)

Brexp(Bs → µ+µ−) = (2.69+0.37
−0.35)× 10−9 , (3.21)

These measurements differ from the SM prediction [124]

BrSM(Bd → µ+µ−) = (1.03± 0.05)× 10−10 , (3.22)

BrSM(Bs → µ+µ−) = (3.66± 0.14)× 10−9 , (3.23)

by 0.64σ and 2.4σ, respectively. The measurements provide model-independent constraints on the
coupling product cµµ(µb) [kD − kd]13/f

2 and cµµ(µb) [kD − kd]23/f
2 as a function of ma as shown in

the left (Bd) and right (Bs) panel of Figure 11, respectively.8 Green (yellow) indicates the region
where the ALP contribution is within 1σ (2σ) from the theory prediction and the experimentally
measured value. The orange regions are excluded at 2σ.

The left panel of Figure 11 depicts the constraints from Bd → µ+µ− for cµµRe[kD − kd]13 > 0
(top) and cµµRe[kD − kd]13 < 0 (bottom), with all couplings defined at the scale of the mea-
surement. Since the experimentally measured value of the branching ratio agrees well with the
SM expectation, the ALP contribution needs to be small to lie within one standard deviation:
0 < Br(Bd → µ+µ−)/Br(Bd → µ+µ−)SM < 1.3. For ma > mBd , the 1σ region is mass depen-
dent. Larger ALP masses allow for larger couplings to lie within the 1σ region. The top right panel
depicts the constraints from Bs → µ+µ− for [kD − kd]23 > 0. We find that the presence of an ALP
can only alleviate the tension in Bs → µ+µ− for ma > mBs . The ALP contribution to the branching
ratio must be such that 0.64 < Br(Bs → µ+µ−)/Br(Bs → µ+µ−)SM < 0.84 at 1σ. The quadratic
form of (3.19) leads to the appearance of two 1σ branches. As the ALP mass approaches mBs , ever
smaller couplings are required to compensate for the growing denominator. For ma < mBs , the sign
of the ALP contribution in (3.19) flips and the branching ratio becomes too large to be within the
2σ region, even for vanishing coupling values.

8Note that an ALP with ma < 300 MeV and sizeable couplings to quarks could also be discovered in Bq → µµa
decays where the ALP can be produced resonantly [125].
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Figure 11: Left: Constraints on the ALP parameter space from the measurement of Br(Bd → µ+µ−) in
the cµµ(µb) [kD − kd]13 vs ma plane. The green and yellow areas respectively lie within 1σ and 2σ of the
experimental value and the orange region is excluded at 2σ. Right: Parameter space of cµµ(µb) [kD − kd]23 vs
ma where the tension in Bs → µ+µ− can be explained by an ALP with flavor-violating couplings.

The situation is reversed for cµµ(µb) Re[kD−kd]23 < 0 shown in the bottom left panel of Figure 11,
since here the SM prediction is in tension with the data, and a sizeable ALP contribution is needed
to bring the prediction in line with measurement. The branching ratio is thus too large if the ALP
mass is big, but can be within the 1σ region for ma < mBs . Again we find two branches of the 1σ
region due to the quadratic nature of (3.19). As ma gets closer to mBs , smaller couplings compensate
for the large denominator.

3.5 Modification of Bd,s – B̄d,s mixing

Mixing of neutral Bs,d mesons with their anti-particles can be induced by the exchange of a flavor-
changing ALP via both s- and t-channel diagrams, as shown in Figure 12 [30, 126]. There is a relative
minus sign between the contributions from the two graphs, because they are related by an odd number
of fermion exchanges. We first evaluate these diagrams for the case of a light ALP with mass ma ∼ mb

or ma � mb. The case of a heavy ALP (ma � mb) will be considered later. Throughout, we will
neglect the masses of the light d and s quarks, which is a very good approximation.
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Figure 12: ALP tree-level diagrams contributing to Bs−B̄s mixing. The relative signs between the s-channel
and t-channel exchange is relevant for the case of a light ALP ma � mb.

3.5.1 Light ALP (ma ∼ mb or ma � mb)

The propagator of the s-channel diagram carries the full momentum of the Bq meson. For the t-
channel graph, we assign incoming momenta pµb = mbv

µ+kµ1 , pµq̄ = Λ̄vµ−kµ1 to the b quark and light
anti-quark, respectively, where Λ̄ = mBq−mb and mb denotes the pole mass of the b quark. Similarly,
we label the outgoing momenta as pµ

b̄
= mbv

µ + kµ1 , pµq = Λ̄vµ − kµ2 . Here vµ denotes the 4-velocity
of the B mesons, which equals vµ = (1,0) in the meson rest frame. The t-channel propagator can
then be expanded as

1

(pb − pq)2 −m2
a

=
1

(mb − Λ̄)2 −m2
a

[
1− 2(mb − Λ̄)

(mb − Λ̄)2 −m2
a

v ·(k1 + k2) +
O(Λ2

QCD)
[
(mb − Λ̄)2 −m2

a

]2

]
,

(3.24)
where we neglect terms of quadratic order in the soft momenta of the light quarks. The expansion
is valid only if

∣∣(mb − Λ̄)2 −m2
a

∣∣ � Λ2
QCD, which we assume to be the case for the purposes of this

discussion. In this case the length scale resolved by the propagating ALP is much smaller than the
size of the B meson, which is set by the inverse of ΛQCD. We can thus describe the decay amplitude
in terms of hadronic matrix elements of local 4-quark operators defined in heavy-quark effective
theory (HQET), where the b-quark field is replaced by an effective field bv satisfying /v bv = bv and
iv · D bv = 0 [127]. The first-order correction term on the right-hand side of (3.24) corresponds
to higher-dimensional HQET operators in which one of the two heavy-quark fields is replaced by
iv · D bv. The matrix elements of these operators vanish by virtue of the equations of motion of

HQET. At the scale µb ∼
∣∣(mb − Λ̄)2 −m2

a

∣∣1/2, we thus define the effective Hamiltonian

H∆B=2
eff =

5∑

i=1

Ci(µb)Oi +
3∑

i=1

C̃i(µb) Õi , (3.25)

where the basis of local operators is (with q = d, s) [128]

O1 = q̄iLγµb
i
v,L q̄

j
Lγ

µbjv,L , O2 = q̄iRb
i
v,L q̄

j
Rb

j
v,L , O3 = q̄iRb

j
v,L q̄

j
Rb

i
v,L ,

O4 = q̄iRb
i
v,L q̄

j
Lb
j
v,R , O5 = q̄iRb

j
v,L q̄

j
Lb
i
v,R ,

(3.26)

as well as operators Õq1,2,3 obtained by exchanging L↔ R in Oq1,2,3. Here i and j are color indices, and

bv denotes the effective heavy-quark field in HQET. For the Wilson coefficients relevant for Bs − B̄s
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mixing we obtain
C1(µb) = CSM

1 (µb) ,

C2(µb) = −m
2
b(µb)

2f2

N2
cA+ −A−
N2
c − 1

([kd]23)2 ,

C3(µb) = −m
2
b(µb)

2f2

Nc (A− −A+)

N2
c − 1

([kd]23)2 ,

C̃2(µb) = −m
2
b(µb)

2f2

N2
cA+ −A−
N2
c − 1

([kD]23)2 ,

C̃3(µb) = −m
2
b(µb)

2f2

Nc (A− −A+)

N2
c − 1

([kD]23)2 ,

C4(µb) = −m
2
b(µb)

f2

N2
cA+ −A−
N2
c − 1

[kd]23 [kD]23 ,

C5(µb) = −m
2
b(µb)

f2

Nc (A− −A+)

N2
c − 1

[kd]23 [kD]23 ,

(3.27)

where A± = 1/[(mb± Λ̄)2−m2
a] and Nc = 3 is the number of colors. Analogous expressions involving

the 13 entries of the flavor-changing ALP couplings hold for the case of Bd− B̄d mixing. Note that in
the strict heavy-quark limit mb →∞ one has A+ = A− = 1/m2

b , in which case the Wilson coefficients
C3, C̃3 and C5 vanish. In practice, however, the corrections governed by the parameter Λ̄ are rather
significant. With mb = 4.8 GeV, we find (A−−A+)/A+ ' 0.61 for ma = 0 and 0.78 for ma = 2 GeV.

The mass difference observable from the Bq − B̄q oscillation frequency is given by [113]

∆Mq =
1

mBq

∣∣〈Bq|H∆B=2 |B̄q〉
∣∣ . (3.28)

The relevant hadronic matrix elements of the 4-quark operators defined in HQET are related to
the corresponding matrix elements in QCD by perturbative matching coefficients, which equal 1 at
tree-level. Since we work to zeroth order in the QCD coupling in this section, we will consistently
neglect these matching effects. The hadronic matrix elements of the relevant operators in (3.26) can

then be written in terms of hadronic parameters B
(i)
Bq

defined as

1

mBq

〈Bq| Oi |B̄q〉 ≡ f2
BqmBq η

q
i (µb)B

(i)
Bq

(µb) , (3.29)

where fBq is the decay constant of the Bq meson. The normalization factors ηqi (µb) are conventionally
obtained using the naive vacuum insertion approximation for the matrix elements. One obtains
(neglecting mq, meaning that the superscript on ηqi (µb) can also be dropped since ηsi (µb) = ηdi (µb) ≡
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ηi(µb)) [129]

η2(µb) = η̃2(µb) = −1

2

(
1− 1

2Nc

)(
mBq

mb(µb)

)2

,

η3(µb) = η̃3(µb) = −1

2

(
1

Nc
− 1

2

)(
mBq

mb(µb)

)2

,

η4(µb) =
1

2

[(
mBq

mb(µb)

)2

+
1

2Nc

]
,

η5(µb) =
1

2

[
1

Nc

(
mBq

mb(µb)

)2

+
1

2

]
.

(3.30)

Note that the factors m2
b(µb) contained in the Wilson coefficients in (3.27) cancel against correspond-

ing factors of 1/m2
b(µb) contained in the definitions of the ηi parameters except for η4,5, where some

extra terms remain. We take values of the hadronic parameters B
(i)
Bq

(µb) at the scale µb = mb(mb)

from the lattice calculations of [130]. Parity invariance of QCD implies that the parameters B̃
(i)
Bq

with i = 1, 2, 3 are equal to B
(i)
Bq

. Eventually, the mass difference observable is obtained as

∆MSM+ALP
q = f2

BqmBq

∣∣∣∣η1(mb)B
(1)
Bq

(mb)C
SM
1 (mb) +

5∑

i=2

Cqi (mb) ηi(mb)B
(i)
Bq

(mb)

+
∑

i=2,3

C̃qi (mb) ηi(mb)B
(i)
Bq

(mb)

∣∣∣∣, (3.31)

where the first term contains the SM contribution, and all other terms are due to the ALP. Using the
hadronic parameters given in [130] and decay constants computed in [131], we obtain the numerical
expressions for a light ALP

∆MSM+ALP
d =

∣∣∣∣∆MSM
d − 0.07 GeV2

(
Cd2 (mb) + C̃d2 (mb)

)
+ 0.01 GeV2

(
Cd3 (mb) + C̃d3 (mb)

)

+ 0.14 GeV2Cd4 (mb) + 0.08 GeV2Cd5 (mb)

∣∣∣∣GeV , (3.32)

∆MSM+ALP
s =

∣∣∣∣∆MSM
s − 0.12 GeV2

(
Cs2(mb) + C̃s2(mb)

)
+ 0.02 GeV2

(
Cs3(mb) + C̃s3(mb)

)

+ 0.20 GeV3Cs4(mb) + 0.12 GeV2Cs5(mb)

∣∣∣∣GeV . (3.33)

3.5.2 Heavy ALP (ma � mb)

Let us now discuss the case where the ALP is much heavier than the b-quark mass, ma � mb. In
this case, the propagators in both the s- and t-channel diagrams can be approximated as −1/m2

a,
and hence one generates the local 4-quark operators in (3.26) – with QCD b-quark fields rather than
HQET fields – at the scale µa ∼ ma. In analogy with (3.27), we find that the relevant Wilson
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Figure 13: ALP couplings for which the mass difference ∆Md is reproduced within 1σ (green) or 2σ (yellow)
for ma = 0.5 GeV (two left panels) and ma = 10 GeV (two right panels) using recent weighted averages (first
and third panels) and FLAG 2019 values (second and fourth panels) for the SM prediction. The orange region
is excluded at 2σ.

coefficients are given by

C2(µa) =
m2
b(µa)

2m2
af

2
([kd]23)2 ,

C̃2(µa) =
m2
b(µa)

2m2
af

2
([kD]23)2 ,

C4(µa) =
m2
b(µa)

m2
af

2
[kd]23 [kD]23 ,

(3.34)

whereas C3, C̃3 and C5 vanish in this limit. For the case of a heavy ALP, these coefficients should
be run down to the scale µb ∼ mb using the evolution equations [129]9

C2(µb) =
(
0.983 η−2.42 + 0.017 η2.75

)
C2(µa) ,

C4(µb) = η−4C4(µa) , (3.35)

where η = [αs(µa)/αs(µb)]
6/23. In this way, large logarithms of the scale ratio ma/mb are resummed

at leading logarithmic order. Since QCD preserves parity, the equation for C̃2 is obtained simply by
replacing C2 → C̃2 on both sides of the equality.

For ma = 10 GeV we obtain the numerical expressions

∆Md =
∣∣∣∆MSM

d − 0.08 GeV2
(
Cd2 (ma) + C̃d2 (ma)

)
+ 0.17 GeV2Cd4 (ma)

∣∣∣ GeV, (3.36)

∆Ms =
∣∣∣∆MSM

s − 0.13 GeV2
(
Cs2(ma) + C̃s2(ma)

)
+ 0.24 GeV2Cs4(ma)

∣∣∣ GeV, (3.37)

where the Wilson coefficients here have units of GeV−2 and ∆MSM
s,d are the SM predictions as given

below.
9C3 and C̃3 are also generated by mixing from C2 and C̃2, but their values remain numerically very small, so we

neglect them.
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Figure 14: ALP couplings for which the mass difference ∆Ms is reproduced within 1σ (green) or 2σ (yellow)
for ma = 0.5 GeV (two left panels) and ma = 10 GeV (two right panels) using recent weighted averages (first
and third panels) and FLAG 2019 values (second and fourth panels) for the SM prediction. The orange region
is excluded at 2σ.

3.5.3 Bounds on ALP couplings

Recent weighted averages give [132]

∆MSM
d =

(
0.533+0.022

−0.036

)
ps−1 =

(
1.05+0.04

−0.07

)
∆M exp

d , (3.38)

∆MSM
s =

(
18.4+0.7

−1.2

)
ps−1 =

(
1.04+0.04

−0.07

)
∆M exp

s , (3.39)

and we also consider the values reported by FLAG in 2019 [105, 133],

∆MSM
d =

(
0.582+0.049

−0.056

)
ps−1 =

(
1.15+0.1

−0.11

)
∆M exp

d , (3.40)

∆MSM
s =

(
20.1+1.2

−1.6

)
ps−1 =

(
1.13+0.07

−0.09

)
∆M exp

s , (3.41)

which imply a 1.26σ and 1.17σ tension with the following measured values

∆M exp
d = (0.5064± 0.0019) ps−1 [134] ,

∆M exp
s = (17.7656± 0.0057) ps−1 [135] .

(3.42)

Figures 13 and 14 show constraints from Bd − B̄d and Bs − B̄s mixing, respectively, on flavor-
violating ALP couplings for ma = 0.5 GeV in the first and second panels from the left and for
ma = 10 GeV in the right two panels. The first and third panels show the constraints using the
average values in (3.38) and (3.39) for the SM prediction while the values reported by FLAG in 2019
in (3.40) and (3.41) are depicted in the second and fourth panels. Parameter space shown in red is
excluded at 2σ while the regions in green and yellow are within 1σ and 2σ of the theoretical and
experimental central values. For small ALP masses, the tension in ∆Md and ∆Ms can be lifted for
|[kd]13/f | = |[kD]13/f | < 6.3×10−4 TeV−1 and |[kd]23/f | = |[kD]23/f | < 3.2×10−3 TeV−1. The shape
of the 2σ region is symmetric in kd and kD as can be seen from the form of the Wilson coefficients
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Figure 15: Diagrams contributing to the decays V → γa of heavy vector mesons.

in (3.27). Switching the sign of kd, however, changes the relative importance of the last two terms
in (3.36) and (3.37). Since the numerical factor in C4(µb) is one order of magnitude larger than the
corresponding factor in C5(µb), large negative values of kd lead to an ALP contribution that is too
big to satisfy the constraints. For positive couplings, a second solution appears due to the absolute
value in (3.37). This is not present for negative values of kd as the ALP contribution becomes too
large. The allowed regions look different when the SM prediction obtained by FLAG in 2019 is used.
In this case, the experimentally measured value is more than 1σ away from the theoretical prediction,
which implies that arbitrarily small coupling values do not satisfy the 1σ but only the 2σ constraint.

A heavy ALP can also lift the tension between experimental and theoretical values. For a mass of
ma = 10 GeV the ALP contribution lies within 1σ when |[kd]13/f | = |[kD]13/f | < 1.8× 10−3 TeV−1

and |[kd]23/f | = |[kD]23/f | < 6.3 × 10−3 TeV−1 as shown in the third panels of Figures 13 and 14
respectively. The 1σ and 2σ regions are again symmetric in the couplings kd and kD but differ when
the sign of kd is reversed. Large negative couplings turn the ALP contribution in (3.36) and (3.37)
negative which makes ∆Md and ∆Ms too small to lie within the 2σ region. A second solution, where
the ALP contribution is larger than the SM part within the absolute value, appears for even larger
couplings. Here, either kd or kD is small enough to render Cs,d4 in (3.36) or (3.37) negligible which
is why the solution exists for positive and negative values of kd. The second solution looks different
at large and small ALP mass due to the opposite sign in the Wilson coefficients in (3.34) and (3.27).
The FLAG 2019 values for the SM prediction are used in the rightmost plots in Figures 13 and 14.
As for small masses, arbitrarily small couplings only lie within 2σ of the central value.

Outside of the region for which ma ≈ mb, the results depend only mildly on the ALP mass. From
Table 1 it is clear that large couplings are ruled out if the ALP can decay into charged leptons or if it
is stable and does not decay. Small couplings, however, are currently unconstrained. ALPs decaying
predominantly into photons are also still allowed. This motivates a search for B → K(∗)a→ K(∗)γγ,
which could discover an ALP contributing to Bd − B̄d and Bs − B̄s mixing.

3.6 Radiative J/ψ and Υ decays

Searches for decays of charmonium or bottomonium states to an ALP and a photon can be employed
to place interesting constraints on the ALP couplings to bottom quarks [136–139] and photons [140,
141]. Although these observables do not involve a flavor change, they nevertheless constrain the quark
couplings of the ALP within the same mass range relevant for many of the flavor-changing observables
we consider. The first combined analysis of the contributions from both the ALP-photon coupling
and the ALP-quark coupling was performed in [142], neglecting however important QCD corrections.
The relevant diagrams are depicted in Figure 15. Including one-loop radiative corrections, we find
for the decay rate

Γ(V → γa) =
mV f

2
V

6f2
Q2
q α

(
1− m2

a

m2
V

) ∣∣∣∣cqq(µq)
[
1− 2αs(µq)

3π
aP (x)

]
− α

2π
cγγ

(
1− m2

a

m2
V

)∣∣∣∣
2

, (3.43)
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Figure 16: Diagrams contributing to the chromomagnetic dipole moment of the top.

where q = c, b as appropriate, and µq ∼ mq is an appropriate matching scale.
The scale dependence of the coefficients cbb and ccc are such that, if Λ = 4πf TeV,

cbb(mb) ' cbb(Λ) + 0.09ctt(Λ)− 0.02 cGG, (3.44)

ccc(mc) ' ccc(Λ)− 0.13ctt(Λ)− 0.04 cGG . (3.45)

In the strict non-relativistic limit, where each of the two heavy quarks in the quarkonium state carries
one half of its momentum, the QCD radiative corrections give rise to [137]

aP (x) =
3− 7x

1− 2x
+

1− 7x+ 8x2

(1− 2x)2 ln 2x+ 4

√
1− x
x

arctan

√
1− x
x

+
2(1− 2x)

x
arctan2

√
1− x
x
− 1− 4x

2x
Li2(1− 2x)− 5− 8x

2x

π2

6
, (3.46)

where x = Eγ/E
max
γ = 1 − m2

a/m
2
V . This is an increasing function of its argument, which varies

between aP (0) = 2 and aP (1) = π2

8 + 2 ln 2 + 4 ≈ 6.62, thus giving rise to a rather large correction.
Note that the contribution proportional to the coefficient cγγ in (3.43) does not receive any QCD
radiative corrections. In the calculation of the decay amplitude we have used the identity

〈
0| b̄Γ b |V (p, ε)

〉
=
ifVmV

2
tr

[
/εΓ

(1 + /v)

2

]
(3.47)

based on Heavy Quark Effective Theory [127], where vµ = pµ/mV denotes the 4-velocity of the
quarkonium state and εµ is its polarisation vector. This identity also serves to define the decay
constant fV . The O(α0

s) part of our result agrees with [142].
Many experimental results are quoted as a ratio with the SM decay width to electrons, which is

given by

Γ(V → e+e−) =
α2πQ2

q

3

f2
V

mV

[
1− αs(µq)

3π

]
. (3.48)

Searches have been done in the dimuon final state for radiative J/ψ decays [143], and in the invisible
[144], dimuon [145], ditau [146] and hadronic [147] final states for radiative Υ decays. Radiative vector
meson decays are not sensitive to flavor-changing ALP couplings and so we show the corresponding
constraints in Section 3.8, where we consider the parameter space for ALPs with flavor-conserving
couplings at the new physics scale.
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Figure 17: Branching ratio for an ALP with couplings to either cGG (left), cWW (central) and cBB (right)
at Λ = 4πf and f = 1 TeV. The branching ratios of the ALP into photons and charged leptons are indicated
by solid lines and the branching ratios of the ALP into hadronic states are given by dashed lines.

3.7 The chromomagnetic dipole moment of the top quark

The CMS collaboration has recently published bounds on the chromomagnetic dipole moment of the
top quark, µ̂t. At 95% CL the limit is [148]

− 0.014 ≤ Re(µ̂t) < 0.004. (3.49)

The chromomagnetic dipole moment is defined as the coefficient of the following effective operator
[149]

L ⊃ −µ̂t
gs

2mt
t̄σµνT atGaµν . (3.50)

At one-loop order, the ALP contributes to this operator via the two diagrams shown in Figure 16
and is given by

µ̂t =
m2
t

f2

1

32π2

{
c2
tt h1 (xt) +

2αs
π
cttcGG

[
log

Λ2

m2
t

− h2 (xt)

]
− 25α3

s

16π3
c2
GG log2 Λ2

m2
t

}
. (3.51)

where xt = m2
a/m

2
t and where the last term is found via the RGEs for dimension six operators in

the presence of an ALP, see [90]. The loop functions are given explicitly in Eqns. (4.16) and (4.17)
and satisfy h1,2(x)→ 1 in the limit that x� 1, which applies in the mass range we focus on in this
paper ma . 10 GeV.10 Since this observable is (approximately) independent of flavor-changing ALP
couplings, we show the constraints from the chromomagnetic moment of the top quark in the next
section, where we consider the parameter space of ALPs with flavor-conserving couplings.

3.8 Constraints on flavor universal UV benchmarks

In this subsection we consider scenarios in which the ALP has a dominant flavorless or flavor-universal
coupling at the UV scale Λ = 4πf with f = 1 TeV. Flavor-violating couplings are induced at a lower
scale through RG running and matching using the equations in Section 2.3. Effects induced at two-
or higher-loop order are calculated to leading logarithm. A UV structure with a single dominant

10The ALP contribution to µ̂t was studied in the opposite limit, m2
a/m

2
t � 1, in Ref. [150].
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Figure 18: Branching ratio for an ALP with couplings to either cQ (top left), cu (top right), cd (bottom
left), cL and ce (bottom right) at Λ = 4πf and f = 1 TeV. The branching ratios of the ALP into photons and
charged leptons are indicated by solid lines and the branching ratios of the ALP into hadronic states are given
by dashed lines.

ALP coupling can be motivated by the underlying global symmetry giving rise to the ALP pseudo
Nambu-Goldstone boson. For example, a QCD axion of KSVZ type, where the new heavy quarks
are SU(2)L × U(1)Y singlets, can be described by an ALP with a coupling to gluons, cGG, at Λ
and vanishing ALP couplings to all other SM fields at that scale. Alternatively, one could consider a
global symmetry which gives rise to an ALP with only lepton couplings in the UV which is completely
unrelated to the strong CP problem. Flavor-violating couplings are then induced through RG mixing
and matching (2.29), arising from the diagrams in Figure 2, and by the chiral Lagrangian given in
(2.46). Horizontal global symmetries, under which the different quark flavors transform differently,
typically lead to ALPs with flavor-changing tree-level couplings [151]. These couplings do not respect
the MFV structure of the SM and are strongly constrained, as shown in Table 1.

We first discuss ALPs with couplings to vector bosons in the UV. The corresponding ALP branch-
ing ratios into SM particles are shown in Figure 17. Constraints from flavor observables on an ALP
with a single non-vanishing coupling to gluons, cGG, at the UV scale Λ are shown in Figure 19, con-
straints on an ALP with couplings only to SU(2)L gauge bosons, cWW , at Λ are shown in Figure 20,
and constraints on an ALP with couplings only to the hypercharge gauge boson, cBB, at Λ are shown
in Figure 21. In all cases, the effect of the ALP lifetime has been taken into account by carefully
considering the detector layouts and initial state boosts for the different experiments. Details on the
ALP lifetime effects are given in Appendix D.

50



Figure 19: Left: Flavor bounds on ALP couplings to gluons with all other Wilson coefficients set to zero at
Λ = 4πf and f = 1 TeV. Right: Comparison of the same flavor constraints (light gray) with the constraints
on Z → aγ decays from the LEP measurement of the Z boson width (violet), contours of constant Br(h →
aa) = 10−1, 10−2 and 10−3, depicted as red dotted, dashed and solid lines, and contours of constant Br(h →
Za) = 10−1, 10−2 and 10−3, shown as blue dotted, dashed and solid lines, respectively.

The branching ratios of an ALP with couplings to SM fermions are shown in Figure 18. Con-
straints for an ALP with a flavor-universal coupling to singlet up-type quarks (cu = cu1), singlet
down-type quarks (cd = cd1) or SU(2)L quark doublets (cQ = cQ1) at the scale Λ are shown in
Figures 23, 24 and 25, respectively. Limits on ALPs with either flavor-universal SU(2)L doublet
(cL = cL1) or singlet (ce = ce1) lepton couplings are displayed in Figures 26 and 27.

Note that we consider the relatively low UV scale Λ = 4πf with f = 1 TeV in all scenarios
discussed here. However, the numerical impact of the RG running from a much larger scale Λ is
small. For example, choosing a UV scale of f = 1012 TeV changes the coefficients in (3.11) and (3.12)
by less than one order of magnitude [35]. This implies that the constraints on the ALP couplings,
in the combination c/f , derived below depend only weakly on the UV scale and that the exclusion
plots would change only minimally for different values of Λ.

In the rest of the subsection, we describe the features of the different constraint plots in turn.

3.8.1 ALP coupling to gluons

First we consider an ALP which only has a coupling to gluons in the UV, i.e., only cGG is non-
zero at the scale Λ. We focus on ALPs with masses ma < O(10) GeV, which obtain sizeable
couplings to hadrons and photons as well as flavor off-diagonal couplings to down-type quarks from
RG evolution. As a result, an ALP which only couples to gluons at the UV scale decays mostly
into hadrons for ALP masses above the QCD scale, and dominantly into photons for ma < ΛQCD,
as shown in Figure 17. The branching ratios of such an ALP into leptons are Br(a → `+`−) < 1%.
Since the ALP-gluon coupling for ma < ΛQCD induces an order one ALP coupling to photons
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cγγ(ma = 0) = −(1.92 ± 0.04) cGG, one can estimate the ALP lifetime as τa ∝ 1/(c2
GGm

3
a), so that

the lifetime exceeds the typical size of the experiment (`det . 10 m) for ma ≈ 0.05 c
3/2
GG GeV, and

hence lighter ALPs are more likely to decay outside the detector.
As a consequence, the strongest bounds for ma < mπ and small cGG arise from the NA62

constraint on Br(K+ → π+X), where X either decays invisibly or escapes the detector, which
constrains ALPs long-lived enough to escape the NA62 detector before decaying [152]. The parameter
space excluded by this constraint is shown in pink in Figure 19 and corresponds to values of cGG/f &
0.072/TeV. Constraints from the neutral mode KL → π0a are considerably weaker, because of the
suppression of the CP conserving part in (3.6) by ε = 2.228 × 10−3. The parameter space ruled
out by the KOTO [153] search for KL → π0X is shown in yellow. Other searches for invisible final
states lead to weaker constraints, and we show the excluded parameter space by the measurements of
B → K∗νν̄ from Belle [154] in light blue, and π+ → ae+νe from the PIENU collaboration in dark blue
[121]. For larger ALP masses, decays into photons become relevant and constraints from searches for
K+ → π+γγ and K0 → π0γγ performed at E949, NA48, NA62 and KTeV exclude the parameter
space for larger values of cGG/f [155–158]. The corresponding parameter space is shown in purple
and yellow in Figure 19. These searches provide important constraints even for ma > 2me when
decays to electrons are allowed, because of the dominant ALP branching ratio Br(a→ γγ) > 99% at
ma < 3mπ.11

Leptonic ALP decay channels lead to comparatively weak constraints. The excluded parame-
ter space from the LHCb measurement of B → K∗e+e− decays [159] is shown in peach, LHCb
searches [160, 161] for the charged and neutral B meson decays B+ → K+a(µ+µ−) and B0 →
K∗a(µ+µ−) provide the dominant constraints for ma > 2mµ and rule out couplings of the order of
cGG/f & 1/TeV for ALP masses ma < mB. The parameter regions excluded by these searches are
shown in light orange and red. The weaker constraint from the measurement of the B+ → π+µ+µ−

decay rate by LHCb is shaded in green in Figure 19 [162]. For ma > mB, the dominant con-
straints come from a search for flavor diagonal ALP production through Υ→ γ + a with subsequent
a→ hadrons decays by BaBar [147] shown in dark green in Figure 19.

Non-resonant ALP contributions to Bs − B̄s meson mixing and Bs → µ+µ− decays lead to
very weak constraints because they require two flavor-violating ALP couplings or are suppressed
by the small ALP-lepton coupling induced by cGG. For ALPs with masses ma > mΥ the ALP
contribution to the chromomagnetic dipole moment of the top quark leads to a universal constraint
of cGG/f & 30/TeV.

On the right panel in Figure 19 we compare all the aforementioned constraints from flavor physics
(in gray) with the constraints on Z → aγ decays from the LEP measurement of the Z boson width
shown in purple. The red dotted, dashed and solid contours show constant values of Br(h → aa) =
10−1, 10−2 and 10−3, respectively and the blue dotted, dashed and solid contours show constant values
for Higgs decays into Z bosons and ALPs with Br(h→ Za) = 10−1, 10−2 and 10−3, respectively.

For light ALPs with couplings to gluons, there are very strong constraints from beam dump
searches and astrophysical observables below ma ≤ 100 MeV. These constraints are shown for an
effective coupling of ALPs to photons in Figure 22. The large values of effective photon couplings
induced by the scenario considered here are ruled out in this parameter space by these constraints,
and flavor bounds are only competitive for higher ALP masses. A direct comparison as in the case
of an ALP coupled to SU(2)L or U(1)Y gauge bosons described below is difficult because of the
sizable ALP coupling to nuclei induced by cGG which is not taken into account in the derivation of

11Refs. [54, 112] calculate projected limits from Belle II searches for axions decaying into hadronic or photonic final
states.
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Figure 20: Left: Flavor bounds on ALP couplings to SU(2)L gauge bosons with all other Wilson coefficients
set to zero at Λ = 4πf and f = 1 TeV. Right: Comparison of the same flavor constraints (light gray) with
the constraints on Z → aγ decays from the LEP measurement of the Z boson width (violet) and contours of
constant Br(h→ aa) = 10−1, 10−2 and 10−3 depicted as red dotted, dashed and solid lines.

the constraints shown in Figure 22. An analysis of astrophysical observables considering the presence
of ALP couplings to photons and nucleons simultaneously would be very welcome in order to enable
a direct comparison of these constraints in the future.

3.8.2 ALP coupling to SU(2)L gauge bosons

An ALP with couplings only to SU(2)L gauge bosons in the UV, so that only cWW is non-zero at the
scale Λ, obtains flavor-diagonal couplings to quarks and charged leptons as well as flavor off-diagonal
couplings to down-type quarks through loop diagrams containing a W boson. The coupling cWW

induces a tree-level coupling of the ALP to photons which implies a dominant ALP decay width
into photons Br(a → γγ) ≈ 1 for all of the parameter space we consider. The loop-induced decays
into fermions do not exceed 1% for most of the parameter space, as shown in Figure 17. The ALP
lifetime is therefore well approximated by τa ∝ 1/(c2

WWm
3
a), so that the ALP has a decay length

of more than 10 m for ma ≈ 0.1 c
3/2
WW GeV and hence lighter ALPs are likely to decay outside the

detector. As for the ALP with a gluon coupling in the UV, the search for Br(K+ → π+X) [152], with
X decaying invisibly or escaping the NA62 detector, provides the strongest constraint for ma < mπ

and small cWW . The parameter space excluded by this constraint is shown in pink in Figure 20
and excludes values of cWW /f & 0.25/TeV. The bound on |cWW |/f from the equivalent neutral
mode search KL → π0X [153] is only about an order of magnitude smaller than the bound from
the charged mode, in contrast to the much larger hierarchy between the corresponding bounds on
|cGG|/f discussed in the previous subsection. The reason for this is that the K+ → π+a and the
KL → π0a amplitudes have similar numerical dependences on cWW , as discussed in Section 3.2.
The three-body decay π+ → e+aνe provides only a weak constraint on |cWW |/f compared to the
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constraint in the scenario with ALP couplings to gluons, because the coupling cWW only enters the
amplitude (2.44) through RG effects. The constraint from B → K∗νν̄ from Belle [154] is shown in
light blue in Figure 20.

For a sizeable cWW coupling, the branching ratio of ALP decays into photon pairs can be large
enough to allow prompt ALP decays. Constraints from searches for K+ → π+γγ and K0 → π0γγ
exclude the parameter space shown in purple and yellow in Figure 20 [155–158].

Currently, there is no published search for the decay B → K(∗)γγ, which would be sensitive
to an ALP decaying into photons and could provide an important constraint that would probe the
unconstrained parameter space for the mass rangemK < ma < mB. Our estimate based on the search
for B+ → K+π0 → K+γγ at Belle [163] and Babar [164] results in a constraint cWW /f . 6/TeV.
We expect that a dedicated search for resonances in this channel could yield much better sensitivity
than this estimate, in particular for ALP masses larger than the pion mass.

The ALP-lepton coupling is induced at one-loop, so constraints on SU(2)L-coupled ALPs decaying
into leptons are comparatively stronger than for an ALP with only a gluon coupling in the UV. Above
the muon threshold, LHCb searches for the charged and neutral B meson decays B+ → K+a(µ+µ−)
and B0 → K∗a(µ+µ−) therefore provide the dominant constraints [160, 161] and rule out couplings
of the order of cWW /f & 2/TeV for ALP masses ma < mB. The parameter regions excluded by
these searches are shown in light orange and red.

ALPs with stronger couplings are also constrained by the measurement of Bs → µ+µ−. Radiative
Υ→ γµ+µ−,Υ→ γτ+τ− and J/Ψ→ γµ+µ− decays yield constraints for ma > 2mµ and ma > 2mτ

respectively, which are of similar strength to the constraint from Bs → µ+µ− [143, 146]. Even
weaker limits arise from the virtual exchange of ALPs in B-meson mixing, which is suppressed by
two flavor-changing vertices.

In the right panel of Figure 20 we compare the aforementioned constraints from flavor observables
(in gray) with the constraints on Z → aγ decays from the LEP measurement of the Z boson width,
excluding cWW /f & 400/TeV throughout the ALP mass range.

The red dotted, dashed and solid contours show constant values of Br(h→ aa) = 10−1, 10−2 and
10−3, respectively, which are mostly ruled out by the width measurement of the Z boson as well.
Higgs decays into Z bosons and ALPs, h→ aZ, are not induced by the Wilson coefficient cWW .

3.8.3 ALP coupling to hypercharge gauge bosons

Flavor constraints on ALPs with a coupling to hypercharge gauge bosons, cBB, at the UV scale Λ
are shown in Figure 21. The constraints are considerably weaker compared to both Figure 19 and
Figure 20 because an ALP with couplings to the hypercharge gauge boson in the UV does not have
any flavor-changing couplings to quarks at one-loop. Any flavor-changing couplings involving the
ALP are generated by two-loop diagrams in which the ALP coupling to top quarks is induced by
cBB (see (2.15)). Similarly to an ALP with couplings to SU(2)L gauge bosons in the UV, the only
tree-level coupling relevant for light ALPs is the coupling to photons. The dominant ALP branching
ratio is therefore Br(a → γγ) ≈ 1 throughout the parameter space as shown in Figure 17. The
dominant constraint for ALPs with small masses is induced by the search Br(K+ → π+X̄) [152] with
X decaying invisibly or escaping the NA62 detector, shown in pink in Figure 21, which rules out
couplings larger than cBB/f & 30/TeV. Constraints from searches for KL → π0X by KOTO [153]
shown in yellow and B → K∗νν̄ from Belle [154] are significantly weaker.

The constraint from searches for Υ → γ + invisible shown in turquoise is similar in strength to
the corresponding constraint shown in Figure 20, because of the contribution of the ALP coupling
to photons induced by the righthand diagram of Figure 15. The constraints from kaon decays KL →
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Figure 21: Left: Flavor bounds on ALP couplings to the hypercharge gauge boson, with all other Wilson
coefficients set to zero at Λ = 4πf and f = 1 TeV. Right: Comparison of the same flavor constraints (light
gray) with the constraints on Z → aγ decays from the LEP measurement of the Z boson width (violet) and
contours of constant Br(h→ aa) = 10−1 and 10−2 as depicted in red dotted, dashed and solid lines.

π0γγ and K+ → π0γγ are the strongest flavor constraints for promptly decaying ALPs with masses
up to the muon threshold. For ma > 2mµ, the strongest constraints arise from B+ → K+a(µ+µ−)
and B0 → K∗a(µ+µ−), but only rule out very large ALP hypercharge couplings of order cBB/f &
320/TeV. ALPs with masses ma > mΥ are unconstrained by mesonic observables in this scenario.
The ALP coupling to the hypercharge gauge boson induces a rather strong constraint from the Z-
boson width shown in purple in the right panel of Figure 21. Branching ratios of Br(h→ aa) = 10−1

and 10−2 shown by solid and dashed red contours are excluded by this constraint.
It is instructive to compare the constraints from flavor observables with the constraints from he-

lioscopes CAST [165] and SUMICO [166, 167], cosmological and astrophysical observables [168–174],
the Supernova SN1987a observation [175, 176], collider experiments [78, 144, 177–185] and beam
dump searches [186–189] for ALPs that couple to photons. In Figure 22, we show the flavor observ-
ables superimposed with the results from these searches for the case of an ALP photon coupling given
by ceff

γγ = cWW (centre) and ceff
γγ = cBB (right). For light ALPs and very small couplings, bounds

from astrophysical observables are much stronger than flavor constraints, and for ALPs with masses
ma & 10 GeV collider observables are more sensitive. For the case of an ALP with a cWW coupling,
flavor observables, in particular B meson decays, constrain precisely the ALP masses and couplings
in the “gap” for which astrophysical observables and colliders lose sensitivity, because the ALP is
too short-lived to be detected in beam-dumps and too light and weakly coupled to be produced and
efficiently reconstructed at colliders. This comparison motivates a dedicated search for B → Ka with
subsequent a→ γγ decays, which could provide the most sensitive probe of ALPs in the parameter
space unconstrained by either astrophysical, beam dump or collider constraints.
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Figure 22: Left: Bounds on ALP couplings to photons [78]. The dashed contours indicate the part of the
plot shown in various shades of gray in the center and right panels. Center and right: In color, we show flavor
bounds on ALPs coupling only to SU(2)L gauge bosons (same as in Figure 20 above) and the U(1)Y gauge
boson (as in Figure 21), respectively. They are compared to the gray astrophysical, beam dump and collider
constraints on ALP couplings to photons with ceff

γγ = cWW (center) and ceff
γγ = cBB (right).

3.8.4 ALP coupling to right-handed up-type quarks

In Figure 23, we collect the constraints on ALPs with universal couplings to right-handed up-type
quarks cu(Λ) = ku(Λ) = cu1. The branching ratios of such an ALP are given in the upper right
panel of Figure 18. Leptonic decay channels dominate for ALPs with masses 2me < ma < few GeV,
because of the sizeable contribution of ctt to all fermionic couplings in (2.20). Above a few GeV,
hadronic ALP decay channels and, in particular, the tree-level induced Br(a → cc̄) dominate over
all other branching ratios. In contrast to the scenarios with ALP couplings to gauge bosons, the
ALP-photon coupling is one-loop suppressed. For light ALPs ma < 2me, constraints which rely on
the ALP escaping the detector are therefore important.

For masses ma . mπ, ALP couplings of |cu|/f & 4×10−4/TeV are excluded by the measurement
of Br(K+ → π+X) [152], with X decaying invisibly or escaping the NA62 detector shown in pink.
Constraints from searches for KL → π0X by KOTO [153], shown in yellow, and B → K∗νν̄ from
Belle [154], shown in light blue, are weaker. The three-body decay π+ → ae+νe from the PIENU
collaboration shown in dark blue [121] only constrains large values of |cu|/f & 5/TeV. Similarly
to an ALP with couplings to SU(2)L gauge bosons, larger couplings cu are excluded by constraints
from searches for K+ → π+γγ and K0 → π0γγ decays shown in purple and yellow. While the
constraints on cu from K+ → π+ν̄ν decays are stronger compared to the constraints on cWW in
Figure 20, constraints from photon decays are relatively weaker. This is due to the fact that the
ALP coupling to photons is generated at the one-loop level (second line of (2.72)) or suppressed
by m2

a/mpi
2 (first line of (2.72)). The tree-level couplings to up-type quarks induce sizeable lepton

couplings at the low scale (2.20) and therefore relatively large leptonic ALP branching ratios explain
the strength of the constraints from the vector meson decays Υ→ γa→ γµ+µ−, Υ→ γa→ γτ+τ−

and J/Ψ → γa → γµ+µ−, which are considerably stronger than constraints from B-meson mixing
and Bs → µ+µ− decays. The dominance of hadronic decay channels above ma & 1 GeV explains
why constraints from KL → π0e+e− and KL → π0µ+µ− are stronger than the constraints from
B → K∗µ+µ− and B+ → K+µ+µ− decays relevant for larger values of ma, where the branching
ratio to muons is correspondingly suppressed. Couplings |cu|/f & 6.5/TeV are ruled out throughout
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Figure 23: Left: Flavor bounds on universal ALP couplings to right-handed up-type quarks with cu = cu1,
with all other Wilson coefficients set to zero at Λ = 4πf and f = 1 TeV. Right: Comparison of flavor constraints
(light gray) with the constraint on Z → aγ decays from the LEP measurement of the Z boson width, contours
of constant Br(h→ aa) = 10−1, 10−2 and 10−3 depicted as red dotted, dashed and solid lines and contours of
constant Br(h→ Za) = 10−1, 10−2 and 10−3 shown as blue dotted, dashed and solid lines, respectively.

the parameter space by the measurement of the chromomagnetic dipole moment of the top quark
µ̂t, shown in magenta in Figure 23. Constraints of similar strength arise from the contribution of
virtual ALP exchange in B-meson mixing, even though the measurements are significantly more
precise than in the case of the chromomagnetic dipole moment of the top quark, because it requires
two loop-induced flavor-changing ALP vertices. In plotting the limits from B-meson mixing, we have
excluded the parameter space mb/2 < ma < 2mb as discussed in Section 3.5.

The horizontal purple region in the right panel of Figure 23 indicates the parameter space ex-
cluded by the contribution of Γ(Z → aγ) to the total Z width, |cu|/f & 146/TeV, which represents
a significantly weaker constraint relative to the constraints from measurements of flavor transitions
compared to Figure 20, because the ALP coupling to photons and Z- bosons are only induced at
one-loop here. Contours of constant Br(h → aa) = 10−1, 10−2 and 10−3 are depicted as red dotted,
dashed and solid lines, respectively. The ALP coupling to top quarks also induces the exotic Higgs
decay h → Za, and the corresponding contours of constant Br(h → Za) = 10−1, 10−2 and 10−3 are
shown as blue dotted, dashed and solid lines. In contrast to ALPs coupled to SU(2)L gauge bosons,
neither flavor constraints nor the measurement of the Z width exclude large branching ratios for
exotic Higgs decays for ma & 5 GeV, but Br(h → Za) & 1% is in conflict with the measurement of
the chromomagnetic dipole moment of the top quark in this scenario.

3.8.5 ALP coupling to right-handed down-type quarks

For universal ALP couplings to right-handed down-type quarks cd(Λ) = kd(Λ) = cd1, the ALP
branching ratios are shown in the lower left panel of Figure 18 and the constraints from flavor
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Figure 24: Left; Flavor bounds on universal ALP couplings to down-type quarks with cd = cd1, with all
other Wilson coefficients set to zero at Λ = 4πf and f = 1 TeV. Right: Constraints from flavor observables
(light gray) are compared to the constraint on Z → aγ decays from the LEP measurement of the Z boson
width. Contours of constant Br(h→ aa) = 10−1, 10−2 and 10−3 are depicted as red dotted, dashed and solid
lines, respectively. Contours of constant Br(h→ Za) = 10−1, 10−2 and 10−3 are shown as blue dotted, dashed
and solid lines, respectively.

observables are shown in Figure 24. Since only flavor-universal couplings to down-quarks are present
at Λ, flavor-violating couplings of the ALP to down-type quarks (2.31) are only generated by RG
evolution via c̃GG and c̃BB (2.16) or from the chiral Lagrangian in (2.48) and (2.49). Flavor-violating
ALP couplings are therefore 2-loop effects. Relatively strong limits result from searches for invisible
ALPs because of the lack of a tree-level ALP coupling to photons. The bounds from the search for
Br(K+ → π+X)[152], with invisible X by NA62 is shown in pink, the KL → π0νν̄ limit by KOTO
shown is yellow [153], and the bound from B → K∗νν̄ decays observed by Belle [154] shown in light
blue.

Constraints from B-meson mixing that require two flavor-changing ALP couplings are almost
irrelevant in this scenario and in fact all flavor constraints that rely on a down-type flavor-changing
transition are substantially weaker compared to the scenarios that allow for ALP couplings to up-type
quarks at the UV scale. ALP decays into photons are mediated at one-loop, whereas ALP-lepton
couplings are two-loop effects. As a result, observables with photon final states such as K+ → π+γγ
and KL → π0γγ are stronger relative to other constraints compared to the scenario in which ALPs
couple through cu in the UV. Radiative Υ decays lead to important constraints because of the tree-
level coupling of the ALP to b-quarks. Searches for resonances in Υ → γ + invisible [145] and
Υ → γ + hadrons [147] by BaBar provide the strongest limit for ALPs with masses ma & mπ.
The corresponding decays of J/Ψ→ γa are strongly suppressed because of the small ALP coupling
to charm quarks induced only by RGE effects. Couplings below |cd|/f . 10−2/TeV are almost
unconstrained by flavor observables. This does not mean that this parameter space is unconstrained
in this scenario. Astrophysical and cosmological constraints, such as energy loss of red giants [168–
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Figure 25: Left: Flavor bounds on universal ALP couplings to quark doublets with cQ = cQ1, and all other
Wilson coefficients set to zero at the scale Λ = 4πf and f = 1 TeV. Right: Constraints from flavor observables
(light gray) are compared to the constraint from Z → aγ decays from the LEP measurement of the Z boson
width. Contours of constant Br(h→ aa) = 10−1, 10−2 and 10−3 are depicted as red dotted, dashed and solid
lines, respectively. Contours of constant Br(h→ Za) = 10−1, 10−2 and 10−3 are shown as blue dotted, dashed
and solid lines, respectively.

170] and supernova observations [173, 175, 176, 190, 191] are sensitive to long-lived particles with
couplings to photons or nuclei and lead to strong constraints for ma < mπ. We leave it to future
work to quantify these constraints in this particular scenario.

The contribution of Γ(Z → aγ) to the total Z width results in the constraint |cd|/f & 442/TeV.
The excluded parameter space is shown in the right panel of Figure 24. Higgs decays are strongly
suppressed for ALP couplings to down-type quarks, because the amplitudes are proportional to the
Yukawa coupling of the b-quark. The corresponding sensitivity on h→ aa and h→ aZ are therefore
orders of magnitude weaker compared to Figure 23.

3.8.6 ALP coupling to left-handed quark doublets

Universal ALP couplings to quark doublets, cQ(Λ) = kU (Λ) = kD(Λ) = cQ1, lead to the ALP
branching ratios shown in the upper left panel of Figure 18 and constraints from flavor observables
shown in Figure 25. In this scenario, the ALP branching ratios are very similar to the case in which
only couplings to right-handed up-quarks are present in the UV, apart from the a → bb̄ decay rate
which dominates for ma > 2mb here. As a result, similar constraints to those seen in both Figure 23
and Figure 24 appear in Figure 25, because ALP couplings to both down-type and up-type quarks
are present. There are however some important differences with respect to ALPs coupling only to
right-handed up- or down-quarks.

In this scenario, any isospin violating effect is a consequence of running and matching from Λ to the
scale of the measurement. The ALP coupling to photons (2.72), when induced by isospin conserving
ALP couplings such as cQ, is proportional to the isospin breaking term (md−mu)/(mu+md) ≈ 0.35
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Figure 26: Left: Flavor bounds on universal ALP couplings to lepton doublets with cL = cL1, and all other
Wilson coefficients zero at the scale Λ = 4πf and f = 1 TeV. Right: Contours of constant Br(h → aa) =
10−1, 10−2 and 10−3 are depicted as red dotted, dashed and solid lines, respectively. Contours of constant
Br(h→ Za) = 10−1 and 10−2 are shown as blue dashed and solid lines, respectively.

and therefore suppressed compared to a scenario where the ALP has isospin breaking ALP couplings,
cu or cd. The decay width Γ(a→ γγ) is thus suppressed, the ALP branching ratios into leptons are
larger and the corresponding constraints from, e.g., KL → π0e+e− are slightly stronger compared to
scenarios in which the ALP has isospin breaking couplings in the UV. Since cQ couples the ALP to
both left-handed up-type and down-type quarks in the UV, constraints from J/Ψ and Υ decays are
comparable to the cu and cd scenarios.

The constraint from Z → aγ is slightly stronger than for ALP couplings to right-handed up and
down-type quarks, because all flavors contribute to the loop-induced coupling, whereas the sensitivity
to Higgs decays into ALPs is the same as in Figure 23.

3.8.7 ALP coupling to leptons

Constraints on ALPs with universal couplings to lepton doublets and singlets are shown in Figure 26
and Figure 27, respectively. For these scenarios, we set either cL = cL1 or ce = ce1, with couplings
to all other SM fields set to zero at the scale Λ = 4πf with f = 1 TeV. In these scenarios ALPs
dominantly decay into leptons if kinematically allowed, or into photons if ma < 2me, as shown in the
bottom right panel of Figure 18. Hadronic ALP decay modes are irrelevant, because ALP couplings
to quarks are suppressed by at least two loops. As a consequence, only observables with ALP decays
into lepton and photon final states are sensitive for the parameter space shown in Figure 26 and
Figure 27. ALPs with couplings to lepton doublets induce quark flavor-changing amplitudes at the
two-loop level. Due to the normalisation of the ALP gauge boson couplings, this leads to constraints
on |cL|/f similar in strength to the constraints on |cWW |/f in Figure 20. For ALP couplings to
right-handed leptons, these 2-loop contributions are absent and quark flavor-changing transitions are
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Figure 27: Left: Flavor bounds on universal ALP couplings to lepton doublets with ce = ce1, and all other
Wilson coefficients zero at the scale Λ = 4πf and f = 1 TeV. Right: Contours of constant Br(h→ aa) = 10−1

and 10−2 are depicted as red dashed and solid lines, respectively.

generated by the c̃BB contribution entering the amplitude through RG running (2.31). This leads
to universally weaker constraints from all observables sensitive to flavor-changing ALP couplings
in Figure 27 compared to Figure 26. In contrast, meson decays in which the ALP is produced
through flavor-conserving couplings to quarks, such as J/Ψ and Υ decays, are equally sensitive to
both scenarios. In both cases, all constraints allow values of |cL|/f, |ce|/f < 0.01/TeV for all ALP
masses. Exotic Higgs decays are more sensitive to ALP couplings to lepton doublets, which result in
larger values of ctt at the electroweak scale. The measurement of the Z decay width does not provide
a strong bound, because of the suppressed lepton coupling to Z bosons.

Finally, we compare the constraints from flavor observables with the constraints from cosmological
observables, collider and beam dump searches for ALPs that couple to leptons in Figure 28. The
constraints in the left panel are: searches by the Edelweiss and Edelweiss III collaborations (dark
and light purple respectively) [192, 193] for ALPs produced in the Sun; observations of red giants
(red) [170]; searches by the neutrinoless double-beta decay experiment GERDA [194]; searches by
dark matter direct detection experiment XMASS (red-brown) [195]; beam dump searches at KEK,
SLAC and Fermilab in orange [196], lighter blue, light green [197] and red [186, 198]; SN1987A
supernova bounds (dark blue) [199] and a dark photon search at BaBar (green) [200]. Note that the
light green beam dump constraint assumes the presence of ALP-muon and ALP-electron couplings
while the BaBar bound applies only to ALP-muon couplings. All other constraints have been derived
for the ALP-electron coupling. The ALP-tau coupling still remains unconstrained. In this section we
assume cee = cµµ = cττ and show the combined experimental constraints in the left panel of Figure 28.
For comparison these constraints are then overlaid with the flavor bounds on ALPs coupling only to
SU(2)L lepton doublets (as in Figure 26 above) and lepton singlets (as in Figure 27), respectively. It
can be seen that flavor constraints can provide competitive and complementary constraints on ALP
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Figure 28: Left: Astrophysical, beam dump, and collider constraints on ALP couplings to leptons c`` = ce−cL
(see text for further details). Center and right: In color, we show flavor constraints on ALPs coupling to either
SU(2)L lepton doublets (central, as in Figure 26 above) and lepton singlets (right, as in Figure 27), respectively.
For easy comparison, the black contours depict the bounds from the left panel.

couplings to leptons in the MeV-GeV mass range, particularly when the ALP couples to left-handed
leptons at the UV scale Λ. Astrophysical constraints dominate at smaller values of ma.

3.9 ALPs and low-energy anomalies

Various measurements of quark flavor-changing transitions show deviations from the SM predictions.
Here we discuss whether an ALP can explain hints of lepton flavor universality violation in b → s
transitions, the excess observed in the excited Beryllium and Helium decays, 8Be∗ → 8Be + e+e−

and 4He∗ → 4He + e+e−, or the longstanding KTeV anomaly in π0 → e+e−.

3.9.1 Anomalies in rare B decays

The ratios of two neutral-current B meson decays have been measured by the LHCb collaboration
to be (where q2 is the invariant mass squared of the final state lepton pair)

RK =
Br(B+ → K+µ+µ−)

Br(B+ → K+e+e−)
= 0.846 +0.042 +0.013

−0.039 −0.012 for 1.1 GeV2 < q2 < 6 GeV2 , [62] (3.52)

RK∗ =
Br(B0 → K∗0µ+µ−)

Br(B0 → K∗0e+e−)
=

{
0.66 +0.11

−0.07 ± 0.03 for 0.045 GeV2 < q2 < 1.1 GeV2

0.69 +0.11
−0.07 ± 0.05 for 1.1 GeV2 < q2 < 6 GeV2

, [60]

(3.53)

which deviate from the SM expectation by 3.1σ (RK), 2.3σ (R∗K low q2-bin) and 2.5σ (R∗K high q2-
bin), respectively. Overall, these measurements seem to indicate a deviation from the SM prediction
of lepton flavor universality.

Heavy ALPs In principle, ALPs could address this discrepancy as they can mediate the decays
B → K(∗)`+`− with different interaction strengths for ` = e and ` = µ. ALP couplings to different
lepton flavors are naturally non-universal due to the fact that the ALP-fermion coupling in (2.24) is
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Figure 29: The parameter space where a light ALP resonance with flavor universal couplings cee/f =
cµµ/f = cττ/f can explain the low-q2 bin of the RK∗ measurement at 68.27% CL (green). The bounds from
B → K∗e+e− [159] (dashed) and from searches for peaks in the di-muon mass spectrum [201] (solid) are shown
at 95% CL in grey. The preferred regions of ∆χ2 = χ2−χ2

min corresponding to 68.27% CL and 95.45% CL are
shown in light and dark purple, respectively.

proportional to the corresponding fermion masses after using the equations of motion. A heavy ALP
(m2

a � q2) can, in principle, provide an explanation of RK for [122, 202]

11 . Re[CµP+]−
∣∣CµP+

∣∣2 +
∣∣CeP+

∣∣2 . 20 , (3.54)

where C`P+ = C`P+C`′P and C`P is the Wilson coefficient corresponding to the operator OP = s̄RbR ¯̀γ5`

in the normalisation of 3.17. C`′P denotes the Wilson coefficient of the chirality flipped operator.
Matching onto our notation we find

C`P+ = c``
π

α(µb)

v2

f2

2m`mb

m2
a

[kD + kd]32

V ∗ts Vtb
. (3.55)

The ALP-muon coupling alone can not explain the discrepancy in RK , as it contributes with the
wrong sign [122]. For an ALP coupling only to electrons the tension can be explained if

2.7× 10−3 TeV−2 .

∣∣∣∣
cee[kD + kd]32

f2

memb

m2
a

∣∣∣∣ . 3.7× 10−3 TeV−2 . (3.56)

The limit on Br(Bs → e+e−) < 9.4× 10−9 [99], however, results in the constraint

∣∣∣∣
cee[kD − kd]32

f2

memb

m2
a

∣∣∣∣ . 1.9× 10−4 TeV−2 . (3.57)

An explanation of RK is thus only possible if [kD]32 and [kd]32 are similar in size and mostly cancel in
Br(Bs → e+e−). To achieve this we must assume tree-level flavor-violating couplings; in the scenarios
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discussed in Section 3.8, where flavor off-diagonal couplings are induced at one-loop, only [kD]32 is
non-zero. The ratio RK∗ , on the other hand, is a function of [kD − kd]32 and cannot be explained at
all by a heavy ALP, given the constraint (3.57).

The coupling combination [kD + kd]32 entering (3.56) can be constrained by Bs − B̄s mixing.
Assuming that [kD − kd]32 = 0 and demanding that the ALP contribution to Bs − B̄s mixing in
(3.37) does not exceed the 2σ limit gives

∣∣[kD + kd]32

∣∣
f

≤ 0.017 TeV−1 . (3.58)

for ma = 10 GeV. For a value of [kD + kd]32 which saturates this bound, it follows from (3.56) that
an explanation of RK requires an ALP coupling to electrons in the range

6.5× 103 TeV−1 .
|cee|
f

. 8.8× 103 TeV−1 . (3.59)

The required coupling values get even larger with increasing ALP mass. Such large values are
however in conflict with the measurement of the anomalous magnetic moment of the electron, see the
discussion in Section 4.8. As a result, an explanation of RK by an ALP coupling only to electrons is
ruled out by a combination of Bs−B̄s mixing constraints and the ALP contribution to the anomalous
magnetic moment of the electron.

Light ALPs A light resonance with a mass up to 10 MeV below the di-muon threshold domi-
nantly decaying to electrons can provide an explanation of the low q2-bin of RK∗ , as pointed out
in Ref. [203].12 It can not, however, account for the deviations observed in RK , or RK∗ in the
1.1 GeV2 < q2 < 6.0 GeV2 bin. The deviation seen in the 0.045 GeV2 < q2 < 1.1 GeV2 bin of
RK∗ can be reduced to less than 1σ by an ALP with 6 × 10−8 < Br(B → K∗a) < 1.7 × 10−7,
ma ∈ [200, 210] MeV and a branching ratio Br(a → e+e−) = 1. This B branching ratio corresponds
to a flavor-violating ALP coupling of 5.4 × 10−7 < |[kD − kd]32| < 9.1 × 10−7. Figure 29 shows the
best fit region in purple and the constraints from B → K∗e+e− [159] and B → K∗a(µ+µ−) [201]
in grey. Details of the fitting procedure are given in [203]. Note that universal lepton couplings
cee = cµµ = cττ are allowed for an ALP of this mass since decays into muon and tau pairs are kine-
matically forbidden. As seen in Figure 18, non-zero ALP-lepton couplings in the UV, cL or ce, lead
to Br(a→ e+e−) ≈ 1 for ALPs with ma ∼ 200 MeV, irrespective of the exact values of the couplings.

3.9.2 The ATOMKI 8Be and 4He anomalies

The ATOMKI collaboration measured the transitions of excited Beryllium and Helium nuclei to
their respective ground states and finds a discrepancy from the SM expectation of 7.37σ and 4.9σ
for two independent Beryllium runs [63] and 7.2σ for Helium [64]. The Helium measurement was
not obtained from a single resonant transition but from a collective population of 4He(20.21) and
4He(21.01) excited states. The best fit parameters for these measurements are [208]

Γ(8Be∗(18.15)→ 8Be e+e−) = (1.2± 0.2)× 10−5 eV , mee = (17.01± 0.16) MeV , (3.60)

Γ(4He∗(20.49)→ 4He e+e−) = (4.0± 1.2)× 10−5 eV , mee = (16.98± 0.16stat ± 0.20sys) MeV .
(3.61)

12For further explanations of the low q2-bin of RK∗ using a light resonance see, e.g., [204–206].
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cee/f = 1TeV�1 cee/f = 1TeV�1 cee/f = 1TeV�1

cee/f = 20TeV�1 cee/f = 20TeV�1cee/f = 20TeV�1

Figure 30: Parameter space where an ALP can explain the anomalies in the Beryllium (green) and Helium
(orange) nuclear transitions measured by the ATOMKI collaboration at 3σ for different ALP-couplings to
quarks (columns) and different values of the ALP-electron coupling (rows). The light purple regions are ruled
out by KL → π0νν̄ decays [152] while the light orange regions correspond to limits from K− → π−a(e+e−)
measurements [207].
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The origin of these large discrepancies has been widely discussed in the literature. For references
exploring the possibility of a new resonance being responsible for the anomalous measurements of
the Beryllium transition see the recent review [209] and references therein. A light pseudoscalar
explanation was proposed in [210], while a SM explanation of the Beryllium anomaly was suggested
in [211]. Combined new physics explanations of the Beryllium and Helium transitions were discussed
in [212, 213].

In the following we consider an ALP as a possible explanation of the Beryllium and Helium
transitions. A potential spin-0 resonance with mass ma = mee ≈ 17 MeV would need to have a large
branching ratio into electron positron pairs,13 Br(a→ e+e−) ≈ 1, to avoid the stringent constraints
from a → γγ decays in this mass range. Here, we focus on 8Be(18.15) and 4He(21.01) transitions
since parity and angular momentum conservation require pseudoscalar couplings for their decays but
scalar couplings for the 4He(20.21) transition [212]. We therefore assume that the measured decay
width given in (3.61) is solely due to a 4He(21.01) transition. Since 8Be(18.15) is a JP = 1+ state
its transition into a pseudoscalar proceeds through a p-wave, whereas 4He(21.01), as a 0− state, can
decay into a pseudoscalar through an s-wave.

The ALP couplings to nucleons are given in (2.60). Note that the combinations gpa + gna and
gpa − gna are the coefficients of the isosinglet and -triplet currents, respectively. Since the excited
states, 8Be(18.15) and 4He(21.01), and the corresponding ground states have the same isospin, we
expect an ALP mediating these nuclear transitions to couple to the isosinglet current as opposed to
the isotriplet current, which would mediate transitions between states differing by one unit of isospin.
Here we neglect the mass splitting between the neutron and the proton, mn −mp = 1.3 MeV, and
collectively denote the nucleon mass by mN ≈ 1 GeV. Matching onto the Lagrangian of the form
[213]

L = a ψ̄ iγ5(g
(0)
aNN + g

(1)
aNNτ

3)ψ , (3.62)

at the amplitude level we find

g
(0)
aNN = −mN

4f
(gpa + gna) , g

(1)
aNN = −mN

4f
(gpa − gna) . (3.63)

For reference, we give g
(0)
aNN in terms of the Wilson coefficients at the UV scale

g
(0)
aNN =10−4

[
1 TeV

f

]
×
[
− 4.2 cGG + 9.7× 10−4 cWW + 9.7× 10−5 cBB − 2.0 cu(Λ)

− 2.0 cd(Λ) + 4.0 cQ(Λ) + 2.9× 10−4 ce(Λ)− 1.6× 10−3 cL(Λ)
]2
. (3.64)

The ratio of the ALP emission rate of 8Be(18.15) to the corresponding photon emission rate was
derived in [213, 215, 216] and is given by

Γ(8Be∗ →8Be + a)

Γ(8Be∗ →8Be + γ)
≈ 1

2πα

∣∣∣∣∣
g

(0)
aNN

µ0 − 1/2

∣∣∣∣∣

2(
1− m2

a

∆E2

)3/2

, (3.65)

where the isoscalar magnetic moment is given by µ0 ≈ 0.88 [215]. The ratio is independent of the
momentum, because both the ALP and the photon emission rates scale with the third power of the

13See [214] for constraints on the electron coupling for a dark photon explanation of the 17 MeV resonance.
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ALP and photon momentum, respectively. Note that the ALP emission rate is indeed proportional
to gpa + gna.

14 Numerically, we find

Γ(8Be∗ →8Be + a)

Γ(8Be∗ →8Be + γ)
= 6.5 |g(0)

aNN |2. (3.66)

Since the photon emission rate has been determined to be Γ(8Be∗(18.15) →8 Be + γ) ≈ 1.9 ±
0.4 eV [213, 217], the experimental constraint on their ratio is given by

Γ(8Be∗ →8Be + a)

Γ(8Be∗ →8Be + γ)
≈ (6± 1)× 10−6 . (3.67)

The 4He(21.01) transition to the ground state cannot occur through single photon emission but
instead proceeds through two-photon transitions or electron conversion effects. The ALP emission
rate scales as |~pa|5 ≈ (∆E2 −m2

a)
5/2 and is given by [213, 215]

Γ(4He∗ →4He + a) ≈ 2(∆E2 −m2
a)

5/2

m2
NQ

2
|a0

M0 g
(0)
aNN |2 , (3.68)

where the nuclear momentum scale Q ≈ 1/RN ≈ 250 MeV is set by the inverse nuclear radius. The
coefficient a0

M0 is unknown and we vary it between 1/3 < |a0
M0| < 3. Numerically, we find

Γ(4He∗ →4He + a) = 9.2 |a0
M0 g

(0)
aNN |2 eV. (3.69)

We can now use (3.65) and (3.68) to determine the parameter space allowed by the experimental
measurements. The 3σ regions for an ALP explanation of the Beryllium and Helium anomalies are
shown in Figure 30 in green and orange, respectively. We assume just two couplings to be present at
a time: cGG and either cu (left), cd (centre) or cQ (right), where all couplings are defined at the UV
scale Λ. The top row shows the parameter regions for cee/f = 1 TeV−1 while the bottom row depicts
cee/f = 20 TeV−1. The different shape of the right hand plots (cQ) compared to the left and middle
column (cu, cd) is explained by the different sign of cQ(Λ) compared to cu(Λ) and cd(Λ) in (3.64) .
As can be seen from the figure and as previously pointed out in [213] it is possible to explain the
Helium and Beryllium anomalies simultaneously. The required couplings for an ALP explanation are,
however, already mostly excluded byK → πameasurements. The light purple regions in Figure 30 are
ruled out by KL → π0X decays [152], with X decaying invisibly or escaping the NA62 detector, while
the light red regions correspond to limits from a K− → π−a(e+e−) search [207]. Constraints from
K− → π−γγ [155] are relevant but subdominant in this region of parameter space and have therefore
been omitted in Figure 30 for clarity. For large ALP-electron couplings, there is still a viable region
of parameter space that could account for the ATOMKI Helium anomaly for cGG(Λ) ∼ 1 TeV−1 and
cu(Λ), cd(Λ), cQ(Λ) � 1 TeV−1. The Beryllium anomaly cannot be explained for these parameters.
Note, however, that sizeable ALP couplings to electrons are strongly constrained. As shown in the left
panel of Figure 28, an ALP with a mass of 17 MeV is already excluded by beam dump experiments.
The presence of additional ALP couplings, e.g., to gluons as required here, may alter these constraints
and a dedicated beam dump analysis would be necessary to understand whether an ALP explanation
of the Helium anomaly is still viable.
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Figure 31: ALP-induced contributions to the P 0 → `+`− decay amplitude.

3.9.3 The KTeV anomaly

The KTeV collaboration has measured the branching ratio [65]

Br(π0 → e+e−)no−rad = (7.48± 0.29± 0.25)× 10−8 , (3.70)

which is 1.8σ above the predicted SM value of Br(π0 → e+e−) = (6.25 ± 0.03) × 10−8 obtained in
[218], taking into account the 2-loop QED corrections [219, 220]. The leading contribution in the SM
arises from triangle diagrams, in which the pion couples to two virtual photons via the axial anomaly,
which then couple to a lepton pair [221]. The corresponding decay rates are strongly suppressed, see
[218, 222] for recent analyses. The leading SM contribution to the amplitude can be written as [223]

A(π0 → e+e−) = − α2

√
2π2

me

fπ0

ASM ūe(k1)γ5ve(k2) , (3.71)

where fπ0 ≈ 130 MeV and α is evaluated at mπ. The imaginary part of the SM contribution is
model-independent [221]

ImASM = − π

2β
ln

1 + β

1− β , β =

(
1− 4

m2
e

m2
π

)1/2

, (3.72)

which establishes a unitarity bound on the branching ratio Br(π0 → e+e−) using |A|2 ≥ (ImA)2.
For the real part of the reduced amplitude we use ReASM=10.11(10) from [218]. Including a new
physics contribution, the prediction for the π0 → e+e− branching ratio can be expressed as

Br(π0 → e+e−) = 2

(
α

π

me

mπ

)2

β |ASM +AALP|2 Br(π0 → γγ) (3.73)

and Br(π0 → γγ) = 0.988 [224]. Computing the diagrams in Figure 31, we find an ALP contribution
to the reduced amplitude

AALP = cee
2π2

α2

f2
π0

f2

m2
π0

m2
π0 −m2

a

[ √
2

fπ0 m2
π0

(
cGG a

G
π0 + cγγ a

F
π0

)
− cuu − cdd

2

]

= cee
2π2

α2

f2
π0

f2

m2
π0

m2
π0 −m2

a

[
− md −mu

md +mu
cGG −

cuu − cdd
2

]
, (3.74)

where the three terms in the first line correspond to the contributions from the three different
diagrams shown in Figure 31 and we have used

aGπ0 =
〈
0
∣∣ αs

4π
GAµν G̃

µν,A
∣∣π0(q)

〉
= −fπ0m2

π0√
2

md −mu

md +mu
, (3.75)

14There is an admixture of the isospin-1 component in 8Be∗, for which the relative transition rate depends on unknown
nuclear structure-dependent parameters. The effect of this contribution was estimated in [213].
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Figure 32: Parameter space for which an ALP can explain the KTeV anomaly by ALP couplings to electrons
and first generation quarks (left) or gluons (right) at 2σ (orange) and 1σ (green), respectively.

and neglected the contribution from aFπ0 , which is suppressed by α/αs. In principle, the coupling cee
and cqq for light fermions are not constrained by perturbativity, and values significantly larger than 1
are thus not excluded. Note that the effect would also be enhanced if by chance the masses of the
ALP and the pion are close to each other. In Figure 32 we show the parameter space for which the
KTeV anomaly can be explained assuming ALP couplings only to electrons and gluons (left panel)
or electrons and first generation quarks (right panel). The plot in the right panel agrees with the
recent analysis in [218], for ma < 100 MeV. Note that any ALP explanation of the KTeV anomaly
requires sizeable ALP couplings to electrons or nucleons which are already severely constrained. An
exception is the mass range ma ≈ mπ for which the required couplings are smaller.
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4 Probes of flavor-changing ALP couplings to leptons

In this section we discuss the phenomenology of ALPs with lepton flavor-violating (LFV) interactions
and the experimental constraints on them. In contrast to the quark sector, in the lepton sector there
are negligible SM contributions to flavor-changing observables since these effects are proportional to
the neutrino masses. For the same reason flavor-violating effects from MFV-type ALP couplings in
the lepton sector are either absent or proportional to neutrino masses, meaning that constraints on
these couplings will only apply to models in which the ALP inherits explicit lepton flavor-violating
interactions from the new physics which generates it.

Here, we extend our work in [72] and present general expressions for lepton flavor-conserving
and lepton flavor-changing form factors, and decay rates of lepton flavor-violating decays. We also
study non-decay observables such as the electron (muon) electric dipole moment e(µ)EDM and
muonium-antimuonium oscillations. Furthermore a detailed study of how ALPs could underlie the
long-lasting discrepancy in the anomalous magnetic moment of the muon (and that of the electron) is
performed, with particular attention to lepton flavor-violating scenarios. We summarize the relevant
measurements and constraints, and present exclusion plots for ALPs in the mass range 0.1 MeV to
10 GeV, including projected reaches of future experiments where available.

Lepton flavor-changing couplings of ALPs are an active field of research (e.g., [49–51, 66–72, 225,
226]), so we outline what our current work adds.

• The ALP can have macroscopic decay lengths which greatly affect the sensitivity of certain
experiments to its parameter space. For example in searches for µ → eγγ it is mandatory for
the ALP to decay before reaching the detector, whereas for µ→ ea (invisible) the ALP has to
escape detection. We derive these effects specifically for each experiment and apply relevant
event selection criteria.

• When studying limits on µ → eγ, we show that the process µ → ea with subsequent a →
γγ decay can increase the sensitivity in the parameter region where the two photons are so
collimated that they hit the detector at points closer than its spatial resolution, thus mimicking
µ→ eγ. This is an example of the vastly increased sensitivity that is achieved in regions where
resonant ALP decays are kinematically allowed.

• We discuss the interplay between flavor-conserving and flavor-violating ALP couplings to charged
leptons in detail, and show the complementarity between flavor bounds and constraints from
astrophysical, beam dump and collider experiments. Restricting our attention to values of
flavor-conserving lepton couplings which are not in conflict with other measurements can have
a large impact on the relative strengths of different LFV constraints. For example, it has
previously been observed [66, 72] that in the parameter space regions for which an on-shell
ALP can be produced in µ → ea decays, strong constraints can be set by limits on µ → 3e,
much stronger than those from µ → eγ limits. We find that this remains true even when the
ALP coupling to electrons is small enough to evade other constraints in this mass region, from
supernova and beam dump bounds. However, other LFV observables such as µ → eγγ and
µ→ ea (invisible) provide equally stringent limits with current data.

• We deliver a comprehensive study of ALP contributions (including the most important 2-
loop diagrams with ALP-fermion couplings) to the long-lasting discrepancies of the anomalous
magnetic moments of the muon and electron.
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Figure 33: Diagrams contributing to LFV electromagnetic form factors.

• To the best of our knowledge, constraints on ALP-lepton flavor-violating couplings derived from
limits on the electron (muon) electric dipole moment (e(µ)EDM) are presented in this work for
the first time.

4.1 Form Factors

If the ALP has LFV couplings at tree-level, it follows from eq. (2.24) that these couplings are
suppressed by the charged lepton masses. Given the large hierarchy in charged lepton masses,
loop-induced contributions to leptonic observables can hence be important if the lepton in the loop is
heavier than the external leptons. In lepton flavor-changing decay observables such as µ→ eγ, µ→ 3e
or similar tau decays, ALP contributions to electromagnetic form factors may therefore dominate
over e.g., tree-level ALP-exchange contributions to four-fermion operators.15 Likewise, if an ALP
has lepton flavor-violating couplings, it can induce additional mass-enhanced loop contributions to
flavor-conserving observables such as anomalous magnetic moments.

Below, we calculate the ALP contributions to the electromagnetic form factors induced by the
diagrams shown in Figure 33. The expressions below cover the general case in which the exter-
nal leptons may be different from each other as well as from the lepton in the loop. We further
give analytical expressions for the corresponding loop functions, in various limits motivated by the
phenomenological applications discussed in the remainder of the paper. For the case of identical
leptons in the initial and final state, we additionally provide a calculation of the two-loop form factor
contribution shown in Figure 34.

4.1.1 Different initial and final state leptons, `i 6= `j

We first assume that the initial `i and final state `j leptons are not the same. The corresponding form
factors are relevant for processes such as µ → eγ, and µ → 3e. The ALP-generated contribution to
the interaction between initial lepton `i, final lepton `j and a photon is defined such that the matrix
element Mµεµ(−q) for the interaction between leptons and a photon is found by

Mµ = ūj(p2)Γµui(p1), (4.1)

which can be parameterised in terms of form factors F
(5),i→j
2 (q2) and F

(5),i→j
3 (q2) as follows, where

p = p1 + p2, and q = p1 − p2 is the outgoing photon momentum,

15Look ahead to Figure 39 for an illustration of these two contributions.
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Figure 34: Two-loop diagram contributing to lepton anomalous magnetic moments, involving only ALP-
fermion couplings. The fermion label f runs over all fermion species.

¯̀
j(p2)Γµ(p1, p2) `i(p1) =

¯̀
j(p2)

[
F i→j2 (q2)

(
pµ − (mi +mj)γ

µ
)

+ F i→j3 (q2)
(
qµ − q2

mi −mj
γµ
)

(4.2)

+ F 5,i→j
2 (q2)

(
pµ + (mi −mj)γ

µ
)
γ5 + F 5,i→j

3 (q2)
(
qµ +

q2

mi +mj
γµ
)
γ5

]
`i(p1) .

One flavor-changing coupling
If only one flavor-changing coupling is present, the form factor is calculated from all the diagrams in
Figure 33, where in the last diagram the sum is taken over situations in which lk = li and lk = lj .
Assuming mi > mj and keeping only the zeroth order contribution in an expansion in mj/mi, the
ALP contribution to the electromagnetic form factors is given by

F i→j2 (q2) = − mieQi
16π2f2

(
[kE ]ij − [ke]ij

)( α

4π
cγγg2(q2,mi,ma) +

1

4
ciig1(q2,mi,ma)

+
α

4π

(4s2
w − 1)

2(swcw)2
cγZ

(
log

Λ2

m2
Z

+
3

2
+ δ2

))
, (4.3)

F 5,i→j
2 (q2) = − mieQi

16π2f2

(
[kE ]ij + [ke]ij

)( α

4π
cγγg2(q2,mi,ma) +

1

4
ciig1(q2,mi,ma)

+
α

4π

(4s2
w − 1)

2(swcw)2
cγZ

(
log

Λ2

m2
Z

+
3

2
+ δ2

))
, (4.4)

F i→j3 (q2) = − mieQi
16π2f2

(
[kE ]ij − [ke]ij

)( α

4π
cγγl2(q2,mi,ma) +

1

4
ciil1(q2,mi,ma)

)
, (4.5)

F 5,i→j
3 (q2) = − mieQi

16π2f2

(
[kE ]ij + [ke]ij

)( α

4π
cγγl2(q2,mi,ma) +

1

4
ciil1(q2,mi,ma)

)
, (4.6)

where the loop functions are given in terms of Feynman integrals in Appendix B. The results for the
F i→j2 and F 5,i→j

2 loop functions when q2 = 0 (i.e., for an on-shell photon) are

g1(0,mi,ma) = 2x
3/2
i

√
4− xi arccos

√
xi
2

+ 1− 2xi +
x2
i (3− xi)
1− xi

log xi, (4.7)
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g2(0,mi,ma) = 2 log
Λ2

m2
i

+ 2δ2 + 4− x2
i log xi
xi − 1

+ (xi − 1) log(xi − 1), (4.8)

where we have set the scale µ = Λ = 4πf and xi = m2
a/m

2
i . The scheme dependent constant δ2 arises

from the treatment of the Levi Civita symbol in d dimensions, and for us δ2 = −3. The functions l1,
g1 and l2 all tend to zero as m2

a/m
2
i →∞, while l2(0,mi, 0) = 1 and g1(0,mi, 0) = 1.

Two flavor-changing couplings
Although generically it is expected that flavor-changing couplings should be suppressed relative to
flavor-conserving ones, it is possible that diagrams containing two flavor-changing couplings may be
enhanced by a heavier mass (relative to diagrams with only one flavor-changing coupling) and should
therefore be considered. This occurs if the mass of the fermion in the loop is much larger than that
of either of the external fermions, for example µ→ eγ via an internal τ . In this case, the form factor
is calculated from the last diagram in Figure 33 with `k 6= `i 6= `j .

Assuming mk > mi > mj (where k is the flavor index of the lepton in the loop) and keeping only
the zeroth order contribution in an expansion in mi/mk, the ALP contribution to the electromagnetic
form factors is given by

F i→j2 (q2) =
mkeQk
32π2f2

(
[ke]ik[kE ]kj + [kE ]ik[ke]kj

)
g3(q2,mk,ma) , (4.9)

F 5,i→j
2 (q2) =

mkeQk
32π2f2

(
[ke]ik[kE ]kj − [kE ]ik[ke]kj

)
g3(q2,mk,ma) , (4.10)

with

g3(q2,mk,ma) =
1− 3xk

2(xk − 1)2
+

x2
k

(xk − 1)3
log xk , (4.11)

where xk = m2
a/m

2
k. No terms involving q2 appear in this function, because q2 ≤ m2

i , so these terms
are suppressed by a factor proportional to q2/m2

k ≤ m2
i /m

2
k, and have been dropped, along with

terms dependent on m2
i . The F

(5),i→j
3 (q2) form factors are suppressed by a factor ∼ m2

i /m
2
k relative

to the F
(5),i→j
2 (q2) form factors, so we do not quote them here.

4.1.2 Same initial and final state leptons, `i = `j

The relevant form factors for dipole moments are found if the initial and final state leptons are
identical. The gauge invariant form factor parameterisation is now

¯̀
i(p2)Γµ(p1, p2) `i(p1) = ¯̀

j(p2)

[
F i→i2 (q2)

(
pµ − 2miγ

µ
)

+ 2miF
i→i
3 (q2)γµ

+ F 5,i→i
2 (q2)pµγ5 + F 5,i→i

3 (q2)
(
qµ +

q2

2mi
γµ
)
γ5

]
`i(p1) , (4.12)

where p = p1 + p2, and q = p1− p2 is the outgoing photon momentum. This is defined such that the
matrix element Mµεµ(−q) for the interaction between leptons and a photon is found by (4.1) with
i = j and at tree-level in the SM, ΓµSM,0 = Qieγ

µ, where Qi is the charge of `i.
Then the anomalous magnetic moment of the lepton `i is defined by

ai =
(g − 2)i

2
, (4.13)
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and expressed in form factors

ai =
2mi

e
F i→i2 (0) . (4.14)

If the ALP has purely flavor-conserving interactions then all the diagrams in Figure 33 contribute
with `i = `j = `k and we also include the contribution from the 2-loop diagrams shown in Figure 34
where we sum over all internal fermions f ,

F i→i2 (0) =
eQi
32π2

mi

f2

{
c2
iih1(xi)−

2α

π
cii

[
c̃γγ

(
log

µ2

m2
i

− h2(xi)

)
+
∑

f

Nf
c Q

2
fcff

1∫

0

dz F (yz, xf )

]

− α

2π

1− 4s2
w

swcw
ciicγZ

(
log

µ2

m2
Z

+ δ2 +
3

2

)}
(4.15)

where

h1(x) = 1 + 2x+ (1− x)x log x− 2x(3− x)

√
x

4− x arccos

√
x

2
, (4.16)

h2(x) = 1− x

3
+ x2 log x+

x+ 2

3

√
(4− x)x arccos

√
x

2
− δ2 − 3 , (4.17)

F (yz, xf ) =
1

1− yz

[
h2

(
xf
yz

)
− h2 (xf )

]
. (4.18)

Here we have defined

yz = z(1− z)m
2
a

m2
f

, c̃γγ = cγγ +
∑

f

Nf
c Q

2
fcff . (4.19)

In the two limits (a) m2
a � m2

µ and (b) m2
f � m2

a,m
2
µ, the integral of F (yz, xf ) can be given explicitly

1∫

0

F (yz, xf ) dz

=





−4√
xf (xf − 4)

[
π2

12
+ ln2

(
1

2
(
√
xf −

√
xf − 4)

)
+ Li2

(
−1

4

(√
xf −

√
xf − 4

)2
)]

, (a)

− ln
m2
f

m2
µ

+ h2

(
m2
a

m2
µ

)
− 7

2
+O

(
m2
a

m2
f

,
m2
µ

m2
f

)
, (b)

(4.20)

Our results in these limits are in good agreement with Ref. [227]. Flavor-violating vertices can
contribute via the rightmost diagram in Figure 33, when there is a different flavor fermion in the
loop, `k 6= `i. The relevant form factors are

F i→i2 (0) = −eQkmk

32π2f2

{
m3
i

m3
k

(
|[kE ]ik|2 + |[ke]ik|2

)∫ 1

0
dx

x(1− x)2

∆i→i
(4.21)

+ 2 Re [[kE ]∗ik[ke]ik]

∫ 1

0
dx

(1− x)2

∆i→i
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+ 2
m2
i

m2
k

Re [[kE ]∗ik[ke]ik]

∫ 1

0
dx

(1− x)2(1− 2x)

∆i→i

+
mi

mk

(
|[kE ]ik|2 + |[ke]ik|2

)∫ 1

0
dx

(1− x)2(x− 2)

∆i→i

}
,

F 5,i→i
2 (0) = − eQk

16π2f2

(
1− m2

i

m2
k

){
mi

(
|[kE ]ik|2 + |[ke]ik|2

)
(4.22)

+ 2imkIm [[kE ]∗ik[ke]ik]

}∫ 1

0
dx

(1− x)2

∆i→i
,

where

∆i→i = x
m2
a

m2
k

+ x(x− 1)
m2
i

m2
k

+ (1− x) . (4.23)

There are two important limits, discussed below.

mk � mi This is the limit where the internal fermion is much heavier than the external fermion,
for example in the case of a contribution to the anomalous magnetic moment of the electron via a
diagram with an internal muon.

F i→i2 (0) = −mkeQk
32π2f2

Re ([kE ]∗ki[ke]ki)h(xk) +O
(
mi

mk

)
, (4.24)

where xk = m2
a/m

2
k and

h(x) =
2x2

(x− 1)3
log x− 3x− 1

(x− 1)2
. (4.25)

mk � mi This is the limit where the internal fermion is much lighter than the external fermion,
for example in the case of the anomalous magnetic moment of the muon via an internal electron.

F i→i2 (0) =
mieQk
64π2f2

(
|[kE ]ki|2 + |[ke]ki|2

)
j(xi) +O

(
mk

mi

)
, (4.26)

where xi = m2
a/m

2
i and

j(x) = 1 + 2x− 2x2 log
x

x− 1
. (4.27)

4.2 µ→ ea

If the ALP is light enough, it can be produced on-shell in LFV decays of muons and taus. The decay
rate for the decay of a muon into an electron and an ALP is given by

Γ(µ→ ea) =
1

32πmµf2
λ1/2

(
xµ, xe/µ

)
× (4.28)

{(
|[ke]12|2 + |[kE ]12|2

) [
m4
µλ

1/2
(
xµ, xe/µ

)
−m4

a

(
1− xµ − xe/µ

)]
+ 4Re [[kE ]12[ke]

∗
12]mµmem

2
a

}

75



Observable Mass Range [MeV] ALP decay mode Constrained Limit (95% CL) on Figure

coupling c |c| ·
(

TeV
f

)
·
√
B

Br(µ→ ea(invisible)) 0 < ma < 13 Long-lived cµe 1.2× 10−6 35a)

Br(µ→ ea(invisible)) 13 < ma < 80 Long-lived cµe 5.0× 10−7 35a)

Br(µ→ ea(invisible)γ) 0 < ma < 105 Long-lived cµe 1.0× 10−5 35b)

Br(µ→ eγγ) 0 < ma < 105 γγ cµe 1.3× 10−9 35c)

Br(µ→ eγeff) 0 < ma < 105 γγ cµe 1.0× 10−10 35d)

Br(µ→ 3e) 0 < ma < 105 e+e− cµe 1.6× 10−10 35e)

Br(τ → ea(invisible)) 0 < ma < 1600 Long-lived cτe 3.6× 10−4 36a)

Br(τ → eγeff) 0 < ma < 1776 γγ cτe 1.3× 10−6 36b)

Br(τ → 3e) 200 < ma < 1776 e+e− cτe 1.1× 10−6 36c)

Br(τ− → e−µ+µ−) 211 < ma < 1776 µ+µ− cτe 1.1× 10−6 36d)

Br(τ → µa(invisible)) 0 < ma < 1600 Long-lived cτµ 4.9× 10−4 37a)

Br(τ → µγeff) 0 < ma < 1671 γγ cτµ 1.5× 10−6 37b)

Br(τ− → µ−e+e−) 200 < ma < 1671 e+e− cτµ 9.3× 10−7 37c)

Br(τ → 3µ) 211 < ma < 1671 µ+µ− cτµ 1.0× 10−6 37d)

Table 2: Summary of constraints on the lepton flavor-violating ALP couplings derived from measurements
of branching fractions (first column) for various muon and tau decays, in which the lepton can decay to an
on-shell ALP. The measurements and SM predictions (where appropriate) are given in Table 9 in Appendix
C. The limit cited is the strongest limit found within the mass range probed by the measurement. In the fifth
column the symbol B denotes the ALP branching ratio into the relevant final state. The final column refers
to figures showing the dependence of the bound on the ALP mass and lifetime.
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Figure 35: Constraints on the flavor-violating ALP couplings cµe from muon decays, collected in Table 2,
for different values of the total ALP width. The observables are Br(µ → ea(invisible)) (upper left), Br(µ →
ea(invisible)γ) (upper center), Br(µ → eγγ) (upper right), Br(µ → eγeff) (lower left), and Br(µ → 3e) (lower
right)
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Figure 36: Constraints on the flavor-violating ALP couplings cτe from tau decays, collected in Table 2, for
different values of the total ALP width. The observables are Br(τ → ea(invisible)) (left), Br(τ → eγγ) (center
left), Br(τ → 3e) (center right), and Br(τ → eµ+µ−) (right).
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with xe/µ = m2
e/m

2
µ and λ(ri, rj) defined in (3.3). Analogous expressions hold for the tau decays

τ → µa and τ → ea. In the limit me/mµ → 0,

Γ(µ→ ea) ≈
m3
µ

32πf2

(
1− m2

a

m2
µ

)2 (
|[ke]12|2 + |[kE ]12|2

)
. (4.29)

Due to its resonant nature, the rate of this decay can be enhanced relative to other processes in
which the ALP is off-shell, so searches for these processes can be some of the most stringent tests
of LFV ALPs. Depending on the ALP lifetime and the branching fractions of the various ALP
decay modes, this process can mediate the decays µ → 3e, µ → eγγ or µ → e + invisible (and
analogous processes with an initial τ lepton). For ALPs decaying into collimated photons below the
experimental angular resolution, the signature µ→ eγγ can be reconstructed as µ→ eγ. We discuss
this in detail in Section 4.11. A comprehensive list of experimental searches and the respective limits
on the flavor-violating ALP couplings cµe, cτe and cτµ from exotic lepton decays is given in Table 2.
For ALPs with O(1) flavor off-diagonal couplings, these searches can probe new physics scales of up
to f ∼ 1010 TeV ×

√
B. Note that the constraints scale with the ALP branching fraction. As in the

case of meson decays discussed in Section 3.1, these constraints also crucially depend on the ALP
lifetime since the fraction of ALPs decaying within the detector volume of the relevant experiment
depends on the decay length of the ALP. This effect is shown for µ → e transitions in Figure 35,
τ → e transitions in Figure 36 and τ → µ transitions in Figure 37. The colors encode different
ALP decay modes, where an invisible signature is depicted in blue, while the decays into photons
or leptons (electrons or muons) are shown in yellow and red, respectively. Lighter colors correspond
to smaller decay widths and darker colors to larger decay widths. For each experimental limit in
Table 2, we show the corresponding exclusion region in the ALP mass vs lepton flavor-violating ALP
coupling for three different values of the ALP width Γ. For the purpose of these plots, we assume a
100% branching ratio for ALPs decaying into the respective final state. Missing energy searches for
long-lived ALPs are most sensitive for small decay widths since the fraction of ALPs which escape
the detector is suppressed by exp(−maΓ). For larger ALP widths the fraction of ALPs escaping
the detector decreases and searches for missing energy signatures lose sensitivity. The blue panels
in Figure 35a), 35b), 36a) and 37a) therefore extend towards smaller ALP masses. The situation is
reversed for ALPs decaying into photons or leptons. The dark shaded regions with shorter lifetimes
correspond to the most stringent constraints. The ALP mass range of the constraints is dictated
either by the experimental cuts or by the kinematic window 2m` ≤ ma ≤ m`1 −m`2 for the decay
`1 → `2a.

4.3 µ→ eaγ

Further constraints arise from the very similar decay µ → eaγ which can be regarded as µ → ea
decay with additional initial or final state radiation as portrayed in the Feynman diagrams Figure 38.
The differential decay rate is given by

dΓ(µ→ eaγ) =
αQED

4π2

1

32mµ

|[kE ]12|2 + |[ke]12|2
f2

F ds12ds23 (4.30)

with (in the limit m2
e/m

2
µ → 0)

F =
1

s12(m2
a − s12 − s23)2

[
m6
a − s2

23(s12 + s23)−m4
a(2m

2
µ + s12 + s23)
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Figure 37: Constraints on the flavor-violating ALP couplings cτµ from tau decays, collected in Table 2, for
different values of the total ALP width. The observables are Br(τ → µa(invisible)) (left), Br(τ → µγγ) (center
left), Br(τ → µe+e−) (center right), and Br(τ → 3µ) (right).
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Figure 38: Diagrams contributing to µ→ eaγ decays.

+ 2m2
µ(s12 + s23)(2s12 + s23)− 2m4

µ(4s12 + s23) +m2
a(2m

4
µ + 4m2

µs12 + s2
23)
]
, (4.31)

where sij = (pi + pj)
2 and the electron carries momentum p1, the photon carries momentum p2 and

the ALP carries momentum p3. Up to a prefactor, F is the squared matrix element summed over
electron spins and photon polarisations and averaged over muon spins. Our findings are in good
agreement with [68].

4.4 µ→ 3e

If the ALP is too heavy to be produced on-shell in lepton decays, it can nevertheless mediate the
lepton flavor-violating decays µ → 3e (and similarly τ → 3e, τ → 3µ, τ → eµµ, τ → µee). In
this case both the tree-level exchange of the ALP and the contribution from photon penguins with
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Figure 39: Diagrams contributing to µ→ 3e decays.
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subsequent γ → e+e− decays contribute. The corresponding diagrams are shown in Figure 39. The
differential decay width for the three-body decay µ+ → e+e−e+ is given by

dΓ =
1

(2π)3

1

32m2
µ

|M|2ds12ds23 , (4.32)

where sij = (pi + pj)
2 and the two indistinguishable positrons carry momenta p1 and p2, while the

momentum of the e− is given by p3. The squared matrix element summed over electron and positron
spins and averaged over muon spin states is given by

|M|2 =
(
|[ke]12|2 + |[kE ]12|2

)
|cee|2

m2
em

2
µ

f4

×
{

2s23 (s12 + s13)

|s23 −m2
a + imaΓa|2

− s13s23

Re[(s23 −m2
a + imaΓa)(s13 −m2

a − imaΓa)]

}

+ 4e2

[
2 (s12 + s13) Re

[
F ∗2 (s23)F3(s23) + F 5∗

2 (s23)F 5
3 (s23)

]

+
1

s23
(m2

µ (s12 + s13)− 2s12s13)(|F2(s23)|2 + |F 5
2 (s23)|2)

+
1

m2
µ

(s23 (s12 + s13) + 2s12s13)(|F3(s23)|2 + |F 5
3 (s23)|2)

+ s12

(
F ∗2 (s23)F2(s13) + F 5 ∗

2 (s23)F 5
2 (s13) + F ∗2 (s23)F3(s13)

+ F 5 ∗
2 (s23)F3(s13) + F 5

2 (s13)F 5 ∗
3 (s23) + F2(s13)F ∗3 (s23)

)

+
s12 (s13 + s23)

m2
µ

(
F3(s23)F ∗3 (s13) + F 5

3 (s23)F 5 ∗
3 (s13)

) ]

+
2es23me

f2
cee Re

[
[ke]21 + [kE ]21

s23 −m2
a − imaΓa

(
m2
µF

5
2 (s13) + (s12 + s13)F 5

3 (s13)
)

+
[ke]21 − [kE ]21

s23 −m2
a − imaΓa

(
m2
µF2(s13) + (s12 + s13)F3(s13)

)]
+ (1↔ 2) . (4.33)

where we have suppressed the µ→ e superscript which should appear on all the form factors.

4.5 µ→ eγ

The partial decay width for µ→ eγ is given by

Γ(µ→ eγ) =
m3
µ

8π

(
1− m2

e

m2
µ

)[
|Fµ→e2 (0)|2 + |F 5,µ→e

2 (0)|2
]

(4.34)

with

Fµ→e2 (0) = −mµeQµ
16π2f2

(
[kE ]12 − [ke]12

)(1

4
cµµ g1(0,mµ,ma) +

α

4π
cγγ g2(0,mµ,ma)

)
, (4.35)

F 5,µ→e
2 (0) = −mµeQµ

16π2f2

(
[kE ]12 + [ke]12

)(1

4
cµµ g1(0,mµ,ma) +

α

4π
cγγ g2(0,mµ,ma)

)
, (4.36)
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and where the loop functions g1(0,mi,ma) and g2(0,mi,ma) are given in Eqns. (4.7) and (4.8).
Similar equations hold for radiative tau decays with obvious replacements.

4.6 µ→ e Conversion

Experiments searching for µ → e conversion in the presence of an atomic nucleus have put strong
limits on the branching ratio Br(µAu→ eAu) < 7.0×10−13, which was measured by the SINDRUM-
II collaboration [228] and looked for conversion in the presence of a gold target. Future experiments
aim for increased sensitivity by multiple orders of magnitude, for example Mu2e [229] and COMET
[230] which will use aluminum as a stopping target material and hope to reach limits as low as
Br ∼ O(10−17). We limit ourselves here to the case that only ALP-lepton and/or ALP-photon
couplings are present. Then only the Feynman diagrams that are also responsible for µ → eγ will
contribute. Using results from Ref. [231], we may write

Br(µN → eN) =
8α5

QEDmµZ
4
effZF

2
p

Γcapt

(∣∣F2(−m2
µ) + F3(−m2

µ)
∣∣+
∣∣F 5

2 (−m2
µ) + F 5

3 (−m2
µ)
∣∣) , (4.37)

where Zeff is the effective atomic charge, F 2
p is the nuclear matrix element squared, Γcapt is the total

muon capture rate, and we suppress the µ→ e superscript on the form factors. The numerical values
for these quantities for the cases of gold and aluminum can be found in [66, 232, 233]. For heavy
ALPs, i.e., ma > mµ, the evaluation at q2 = 0 is a good approximation and simplifies the calculation.

4.7 Muonium-antimuonium oscillations

Muonium is a bound state of an antimuon and an electron (µ+e−) which can oscillate with antimuo-
nium (µ−e+) in the presence of e-µ flavor-violating interactions. The LFV ALP can mediate these
transitions via both s- and t-channel tree-level diagrams [67, 225]. In both cases, we have s ≈ t ≈ m2

µ;
where the equality becomes exact in the limit that both the electron mass and the binding energy
of muonium are taken to be zero (both are very small relative to mµ). This means that there are
two limits in which the ALP propagators tend to a constant, and so the effects of the ALP can be
mapped onto effective four-fermion operators; either ma � mµ or ma � mµ. In the limit ma � mµ,

Hma�mµeff = − 1

4f2
([ke]12 + [kE ]12)2 (µ̄e)(µ̄e)− 1

4f2
([kE ]12 − [kE ]12)2 (µ̄γ5e)(µ̄γ5e), (4.38)

while in the limit ma � mµ:

Hma�mµeff =
m2
µ

4m2
af

2
([ke]12 + [kE ]12)2 (µ̄e)(µ̄e) +

m2
µ

4m2
af

2
([kE ]12 − [kE ]12)2 (µ̄γ5e)(µ̄γ5e). (4.39)

The muonium-antimuonium transition probability is then given in the ma � mµ limit by [67, 225]

P ma�mµ =
τ2
µ

2π2a6
B

1

f4

[
|c0,0|2

∣∣∣4[kE ]12[ke]12 − δB
(
[ke]12 − [kE ]12

)2∣∣∣
2

+ |c1,0|2
∣∣∣4[kE ]12[ke]12 + δB

(
[ke]12 − [kE ]12

)2∣∣∣
2
]
, (4.40)

and in the ma � mµ limit by

P ma�mµ =
τ2
µ

2π2a6
Bm

4
a

m4
µ

f4

[
|c0,0|2

∣∣∣4[kE ]12[ke]12 − δB
(
[ke]12 − [kE ]12

)2∣∣∣
2
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+ |c1,0|2
∣∣∣4[kE ]12[ke]12 + δB

(
[ke]12 − [kE ]12

)2∣∣∣
2
]
, (4.41)

where the muon lifetime τµ = 3.34 × 1018 GeV−1 and the muonium Bohr radius aB = 2.69 × 105

GeV−1. The population probabilities of the muonium angular momentum states cJ,mJ and the value
of δB depend on the experimental setup. Specifically, we define δB in terms of the magnetic field B

as δB ≡
(
1 +X2

)−1/2
, with X the dimensionless parameter

X =
µBB

a

(
ge +

me

mµ
gµ

)
≈ 6.24

B

Tesla
, (4.42)

where µB = e/(2me) is the Bohr magneton, ge ≈ gµ ≈ 2 are the magnetic moments of the electron
and muon, and a ≈ 1.864× 10−5 eV is the muonium 1S hyperfine splitting.

The strongest constraint on the transition probability has been reported by the MACS collabo-
ration which obtained P < 8.3× 10−11 at 90% CL [234]. For the MACS experiment, the population
probabilities have been estimated as |c0,0|2 = 0.32 and |c1,0|2 = 0.18 and the magnetic field is
B = 0.1 Tesla, giving δB = 0.85 [225, 235].

4.8 The anomalous magnetic moment of the muon and the electron

Precise SM predictions for the anomalous magnetic moment aµ = (g − 2)µ/2 have been calculated
using experimental input from LEP measurements of the R-ratio to determine the hadronic vacuum
polarization contributions terms by the g − 2 theory initiative paper (TI) [73] and, alternatively,
by using only input from lattice calculations by the Budapest, Marseille and Wuppertal (BMW)
collaboration (BMW) [236]. These theory predictions disagree at the level of 2 standard deviations.
The comparison to the combination of the measurements of aµ from the Brookhaven [237] and
Fermilab [74] experiments

∆aTI
µ = aexp

µ − aTI
µ = (25.1± 5.9)× 10−10 , (4.43)

∆aBMW
µ = aexp

µ − aBMW
µ = (10.7± 6.9)× 10−10 , (4.44)

leads to a tension with the TI prediction with a statistical significance of 4.2σ, whereas the BMW
determination is in better agreement with the measured value. In the following we will use the TI
value and suppress the superscript ∆aµ = ∆aTI

µ , and discuss the coupling structure of a potential
ALP explanation for this tension.16

Furthermore, a slight deviation of the electron anomalous magnetic moment ae = (g − 2)e/2 has
been observed. The central value of aexp

e [75, 239] deviated from the SM prediction [240] previously,
but is now statistically more significant due to an improved measurement of the fine-structure con-
stant [76] in Caesium atoms, which contributes to the error budget of the SM prediction. There
exists a competing measurement of the finestructure constant in Rubidium [77], which would result
in a deviation in the opposite direction,

∆aCs
e = (−88± 36)× 10−14 , (4.45)

∆aRb
e = (48± 30)× 10−14 . (4.46)

16If the BMW calculation is correct it would imply a tension between the experimental value of the R-ratio and the
BMW prediction with different, potentially interesting implications [238].
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The statistical significance of the deviation is 2.4σ and 1.6σ, respectively. Interestingly, if rescaled by
the lepton masses, one finds that the relative size of the effects in the anomalous magnetic moments
are

∆aCs
e

∆aµ
≈ −15.0

m2
e

m2
µ

, (4.47)

∆aRb
e

∆aµ
≈ 8.1

m2
e

m2
µ

. (4.48)

There are several ALP contributions to the lepton anomalous magnetic moments. At the one-loop
level, there are penguin diagrams with the ALP attached only to fermion lines as well as Barr-Zee
diagrams with the ALP connected to fermions and the photon. At two-loop level there is also a
contribution from the ALP-photon coupling only [226], and from the ALP-fermion coupling only,
shown in Figure 34. For the case of flavor-conserving ALP couplings the different contributions have
been discussed in [78, 226, 227, 241–243], and one finds with (4.15) at one loop,

∆aµ = −
m2
µc

2
µµ

16π2f2

[
h1(xµ) +

2α

π

cγγ
cµµ

(
log

µ2

m2
µ

− h2(xµ)
)]

, (4.49)

where xµ = m2
a/m

2
µ and we have neglected the contribution from Barr-Zee diagrams with internal

Z bosons, which are suppressed by the Z vector coupling (1 − 4s2
w) ≈ α. The loop functions (4.16)

for vanishing and large xµ are given by h1,2(0) = 1 and h1(xµ � 1) ≈ (2/xµ)(log xµ − 11/6),
h2(xµ � 1) ≈ (log xµ + 3/2). Note that the contribution proportional to c2

µµ has the wrong sign to

explain the deviation of aexp
µ with respect to the SM value, but the analogous expression for ∆aCs

e

would have the correct sign.
For ALPs with lepton flavor-violating couplings, significant additional contributions to the anoma-

lous magnetic moment of the muon can arise from the tau or the electron in the loop. For the case
of a tau in the loop, we find from the rightmost diagram in Figure 33

∆aµ =
mµmτ

16π2 f2
Re
[
[ke]23[kE ]∗23

]
h(xτ ) +O

(mµ

mτ

)
, (4.50)

where the function h(x) is given in (4.25), and h(x) = 1 for x → 0 and h(x) = 0 for x � 1. The
right diagram in Figure 33 with an electron in the loop also contributes to aµ as

∆aµ = −
m2
µ

32π2f2

(
|[kE ]12|2 + |[ke]12|2

)
j(xµ) +O

(me

mµ

)
, (4.51)

where the function j(x) is given in (4.27) and j(x) = 1 for x → 0 and j(x) = 0 for x � 1. The
anomalous magnetic moment of the electron receives a contribution from the tau running in the loop
(analogous to (4.50) with the replacement µ → e) as well as from the muon in the loop with the
replacements µ→ e and τ → µ in (4.50).

Notably, equation (4.50) can have either sign, whereas the sign of (4.51) is fixed and positive for
ma > mµ. The contributions from (4.50) and (4.51) can have the right sign to explain the anomalous
magnetic moment of the muon. In the following we discuss three different scenarios to address the
tension in aµ and ae with an ALP coupling to leptons and photons. We assume a different set of
two of these couplings to be dominant, but a combination of these different mechanisms might be
feasible as well. In the following we will explore the possibility to explain both ∆aµ and ∆aCs

e with
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Figure 40: Parameter space for which ∆aµ (orange) and ∆aCs
e (yellow) can be explained at 95% CL by flavor-

conserving ALP couplings to muons and electrons for ma = 100 MeV, 1 GeV and 10 GeV. The corresponding
parameter space for ∆aRb

e is not shown as the deviation is < 2σ.

I. Large effective photon couplings. A contribution from (4.49) can explain ∆aµ for large
ALP couplings to photons and a relative sign between the photon and muon coupling, −ceff

γγ/cµµ ∼
10−30 [78, 226, 241–243]. The effective ALP photon coupling is given by (2.70) and for ma � m`

simplifies to ceff
γγ ≈ cγγ +

∑
`
c`` where ` = e, µ, τ , when only the contribution of lepton loops is taken

into account. For an ALP heavier than the electron, a large ALP-photon coupling can be induced even
if cγγ is small or vanishing at tree-level. An explanation of ∆aµ therefore requires non-universal ALP-
lepton couplings −cee/cµµ ≈ 10−30 and ma > 2me. The relative sign is important since ceff

γγcµµ < 0
is necessary to explain ∆aµ. Interestingly, an ALP-electron coupling of this magnitude and sign can
simultaneously explain ∆aCs

e , since both terms in (4.49) are negative. A similar combined explanation
with ∆aRb

e would not be possible. In Figure 40 we show the parameter space for which ∆aµ and
∆aCs

e can be explained at 95% C.L. by an ALP with ma = 0.1, 1, 10 GeV in orange and yellow,
respectively. The ALP contribution to ∆ae is almost constant in cµµ. For large |cµµ| and ma > 2mµ,
the effective photon coupling is reduced and cee needs to be larger to compensate. For small |cµµ|,
the only sizeable contribution to ∆aµ comes from the cee induced photon coupling and cee needs to
be large to explain the muon anomalous magnetic moment. Sizeable values of |cµµ| increase the ceff

γγ-
independent term and cee needs to be large again to overcome this contribution. The combination
of these two effects leads to the parabolic shape of the orange region. For cµµ/f ≈ −O(10)/TeV
and cee/f ≈ O(100)/TeV both anomalies can be explained without additional ALP couplings. Even
though such an explanation is possible for ALPs with masses ma < 1 GeV, it is in tension with
constraints from beam dump searches for ALPs coupled to leptons as shown on the left panel of
Figure 28. Any ALP model aiming to explain the anomalous magnetic moment of the muon or the
electron would need to be heavy enough or have additional couplings to evade these bounds.

II. Flavor-violating ALP couplings to µ and e. For small or vanishing ALP couplings to
leptons, cγγ , cee � 1, an explanation for ∆aµ and ∆ae can in principle be provided by flavor-changing
ALP couplings to muons and electrons. The diagram on the right of Figure 33 with external muons
and internal electrons gives rise to expression (4.51) and the same diagram with external electrons and
internal muons gives the leading order contribution to ∆ae given by (4.50) with the replacements
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µ → e and τ → µ. These two contributions can have opposite signs and the right magnitude to
explain both ∆aCs

e and ∆aµ. As was pointed out by the authors of [67], the constraint imposed by
muonium-antimuonium oscillations excludes such an explanation for ∆aµ for all values of ma. The
parameter space for an explanation of ∆ae is strongly constrained as well, but for ALPs with masses
ma & 2 GeV, ∆aCs

e can be accommodated.

III. Flavor-violating ALP couplings to τ , µ and e. A contribution to both aµ and ae arises
from tau leptons in the loop of the rightmost diagram of Figure 33 if the external fermions are muons
or electrons, respectively. This contribution is given by (4.50) (for the electron with the replacement
µ→ e) and chirally enhanced by the tau mass. Even though (4.50) can have either sign, it requires
both [kE ]32 and [ke]31 to be non-zero (and [kE ]31, [ke]31 6= 0 in the case of ∆ae) and a simultaneous
explanation of both anomalies is ruled out by the ALP contribution to µ→ eγ

Γ(µ→ eγ) =
m3
µm

2
τα

1024π4f4

(
1− m2

e

m2
µ

)[
|[ke]23[kE ]31|2 + |[kE ]23[ke]31|2

]
g3(0,mτ ,ma)

2 (4.52)

with g3(q2,mτ ,ma) given in (4.11). From the constraint on µ→ eγ follows that for ma = 1 GeV

(∣∣[ke]23[kE ]31|2 + |[kE ]23[ke]31

∣∣2
)1/2

≤ 2× 10−5 f2

TeV2 . (4.53)

In order to explain ∆aµ or ∆aCs
e one needs coefficients Re[[kE ]∗32[ke]32] ≈ 4 and Re[[kE ]∗31[ke]31] ≈ 0.32

for f = 1 TeV. This conclusion does not change for different ALP masses. An explanation of either
∆aµ or ∆aCs

e can be obtained from tau-flavor-violating ALP couplings if cττ < 1. In Figure 45 and 46
we show the parameter space in the ma− cτµ and ma− cτe plane for which the measured values can
be reproduced in orange and yellow assuming [ke]ij = [kE ]ij = cij/

√
2. A sizeable value of either

cµµ or cee could provide a contribution large enough to explain the tension in the respective other
magnetic moment, as shown in Figure 40, however this would imply a large Ceff

γγ coupling, and is
ruled out by τ → µγ or τ → eγ bounds. This constraint can only be avoided if other contributions
to Ceff

γγ cancel the contribution induced by c``. Therefore, a hybrid explanation of this sort in which
one anomaly is explained by off-diagonal couplings and the other is explained by diagonal couplings
is under tension. A better option is to explain ∆aµ via τ − µ couplings, and ∆ae via µ− e couplings
(viable for ALP masses above around a GeV), while keeping the diagonal couplings rather small.

4.9 The electric dipole moment of the muon and the electron

The SM prediction for the electric dipole moment of the electron (eEDM) is |de| . 10−37ecm
[244, 245] and for the electric dipole moment of the muon (µEDM) |dµ| . 10−25ecm [246]. By
measurements, they are excluded by |de| < 1.1 × 10−29ecm [247] and |dµ| < 1.9 × 10−19ecm [246].
An ALP with non-vanishing off-diagonal lepton couplings can generate an EDM at 1-loop level
through the rightmost diagram in Figure 33 where both external leptons are of the same flavor and
the internal ones belong to either of the other17. The eEDM is then defined in terms of the form
factor F 5,i→i

2 as

|de| =
|F 5,i→i

2 (q2 = 0)|
2

. (4.54)

17Note that for a general spin-0 field with CP-even and -odd couplings additional contributions arise [248, 249].
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Figure 41: Bounds on ALP induced eEDM with c̃e` ≡
√

Im
(
[kE ]∗j1[ke]j1

)
, assuming universal ALP couplings

to leptons cee/f = cµµ/f = cττ/f = 1 TeV−1 and all other Wilson coefficients zero at tree-level.

with F 5,i→i
2 given in eq. (4.22). When using the limit me � mk, where k = µ, τ , this simplifies to

F 5,i→i
2 (q2 = 0) = −mkeQk

32π2f2
i Im

(
[kE ]∗j1[ke]j1

)
h(xk), (4.55)

where h(x) is given in eq. (4.25). The µEDM can be taken as a constraint on the τ − µ couplings,
since the µ − e couplings are already much more strongly constrained by the measurement of the
eEDM. The constraints on the imaginary parts of the off-diagonal ALP couplings to leptons are
shown in Figure 41.

4.10 Interplay of flavor-violating and flavor-conserving ALP couplings to leptons

In contrast to the quark sector, charged lepton flavor symmetry is conserved in the SM and any
charged lepton flavor-violating effects vanish in the limit of zero neutrino masses. ALP couplings that
conserve lepton flavor in the UV, e.g., a flavor-universal coupling to lepton doublets cL, will therefore
only induce flavor-conserving interactions at low energy scales. If, however, the ALP couplings are
not flavor-universal, flavor off-diagonal ALP couplings are induced by the rotation into the charged
lepton mass eigenbasis. For example, in an ALP model in which contributions to both aµ and ae arise
from ALP couplings |cee| � cµµ as discussed in Section 4.8, the flavor off-diagonal ALP couplings
[ke]ij , [kE ]ij do not automatically vanish as in the case of flavor-universal ALP couplings. Similarly,
for a UV theory which contains any of the ALP couplings [ke]ij , [kE ]ij , there is no reason to expect
universal flavor-conserving ALP couplings in the charged lepton mass basis.

As discussed in Section 3.8.7, flavor-conserving ALP couplings to leptons are already severely
constrained by astrophysical, beam dump and collider experiments. We show the excluded parameter
space again in the left panel of Figure 42. Some of the flavor observables discussed earlier in this
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Figure 42: Left: Astrophysical, beam dump, and collider constraints on ALP couplings to leptons c`` =
ce − cL (as in Figure 28). Center: Bounds on ALP mediated flavor off-diagonal µ → e transition with
cµe/f ≡

√
|[kE ]21|2 + |[ke]21|2/f = 1 TeV−1 as a function of the universal ALP coupling to leptons, cee/f =

cµµ/f = cττ/f , and the ALP mass, ma. All other Wilson coefficients are set to zero at tree-level. Right:
Overlay of the flavor constraints (shown in the central panel) in color and the astrophysical, beam dump and
collider limits (shown in the left panel) depicted by black contour lines.

section, such as e.g., muonium oscillations, depend solely on flavor off-diagonal ALP couplings and
are independent of the flavor-diagonal ALP couplings c``. Other observables, such as the decay
process µ→ 3e, depend on both flavor-violating and -conserving ALP couplings.

In order to compare the experimental sensitivities to the various ALP couplings, we show the
constraints from flavor observables for a single flavor off-diagonal ALP coupling cµe/f ≡

(
|[kE ]21|2 +

|[ke]21|2
)1/2

/f = 1/TeV as a function of the ALP mass ma and the universal flavor-conserving ALP
coupling |c``|/f in the centre panel of Figure 42. While the constraints from muonium oscillations,
µ→ ea(invisible) and µ→ eaγ are independent of c``, limits from µ→ eee and µ→ eγγ require the
ALP to decay and become irrelevant below |c``| . 10−6/ TeV.18 The latter constraints are also only
relevant for ALP masses 2me < ma < mµ.

In the right panel of Figure 42 we compare constraints from charged lepton flavor observables
(central panel) with limits on flavor-conserving ALP couplings from astrophysical, beam dump and
collider experiments (left panel). As we can see, the flavor bounds are highly competitive and
outperform astrophysical, beam dump and collider experiments throughout the entire mass range
under consideration. Note that this comparison neglects the fact that a non-zero value of cµe/f
might alter the parameter space excluded by some of the astrophysical, beam dump and collider
experiments, possibly reducing their importance further.

We note that most of the constraints in the left panel of Figure 42 only apply to the ALP-
electron coupling. In fact, for ALP masses ma < 2me a coupling structure with cee/f = 10−6/
TeV, cµµ/f = cττ/f = 1/TeV is still allowed while ALP masses in the range 2me < ma < 2mµ

only require ALP couplings cee/f = 10−3/ TeV, cµµ/f = cττ/f = 1/TeV and for ma > 2mµ,
cee/f = cµµ/f = cττ/f = 1/TeV is still unconstrained. We will thus choose a mass dependent ALP
coupling structure to show the maximal reach of different experimental observables in the following
discussion of lepton flavor observables.

18A detailed description of the experimental limits shown here can be found in Section 4.11 below.
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4.11 Discussion of constraints from lepton flavor-violating observables

We present constraints on the ALP-induced µ → e, τ → µ or τ → e transitions in Figures 43, 45
and 46, respectively. In each case we assume that only a single flavor-changing lepton coupling is
present and that the flavor-diagonal ALP couplings to leptons are chosen such that they are not
excluded by any of the constraints shown in Figure 42,

|cee|
f

=
|cµµ|
f

=
|cττ |
f
≡ |c``|

f
= 0 , for ma < 2me ,

|cee|
f

=
10−3

TeV
,
|cµµ|
f

=
|cττ |
f

=
1

TeV
, for 2me < ma < 2mµ ,

|cee|
f

=
|cµµ|
f

=
|cττ |
f
≡
|c``|
f

=
1

TeV
, for ma > 2mµ

(4.56)

The flavor-conserving ALP couplings are relevant for the branching ratios and decay lengths of the
ALP, which can decay into leptons, or photons through the loop-induced coupling given in Section
(2.6).

The results presented in this section are useful to constrain UV models in which one coupling dom-
inates over the others. However, in the absence of additional assumptions, a UV completion, in which
a horizontal global symmetry group is broken to produce a pseudo-Nambu Goldstone boson, could
induce all possible flavor off-diagonal couplings to leptons. A discussion of lepton flavor-violating
ALP decays in the context of such explicit UV models can be found in [51].

We show the excluded parameter space by experimental searches sensitive to cµe ≡
(
|[kE ]21|2 +

|[ke]21|
)1/2

in Figure 43. The different values of cee, cµµ and cττ given in (4.56) are indicated above
the plot which is split at ma = 2me and ma = 2mµ.

For masses ma > mµ, the lepton flavor-changing transitions µ → eγ and µ → 3e are induced
by the form factors defined in 4.1.1 and the four-fermion operators obtained by integrating out the
ALP. The excluded parameter space is shown in light blue and purple in Figure 43 and their relative
strength (for ma > mµ) reflects the expected hierarchy between the muon decay widths from the
additional factor of α and the phase space factor in Γ(µ→ 3e) compared to Γ(µ→ eγ) for this mass
region [52, 250]. The situation changes for masses ma < mµ, for which the ALP can be produced
on-shell in muon decays. Constraints from µ → ea with subsequent decays a → γγ, a → e+e− and
a → invisible are shown in orange, purple and red, respectively, and provide stronger constraints
than µ → eγ in a mass range of a few MeV< ma < mµ. The limits are obtained by SINDRUM for
µ→ 3e [251] and LAMPF for µ→ γγe [252].

If the ALP decay is delayed, this parameter space cannot be excluded even if the decay still
happens within the detector. A search for resonances in the dataset without the strong cut on the
time of detection of the decay products would be sensitive to much smaller ALP masses. This limit
on µ → eγγ has been improved recently by [253] and expands the excluded region of our model in
the range of 20 MeV< ma < 35 MeV. The Collaboration states limits for muon branching ratios for
different lifetimes in bins of 1 MeV and we have adapted the appropriate limit by calculating the ALP
lifetime in the respective mass region. We further show constraints from µ → ea → eγγ transitions
where the ALP is boosted such that the opening angle between the two collimated photons from
the ALP decay is below the angular resolution of the experiment. The excluded parameter space is
obtained from the limit set by the MEG collaboration [254] and is shown in dark green in Figure 43.
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Figure 43: Bounds on ALP mediated flavor off-diagonal transitions between muons and electrons with
cµe ≡

√
|[kE ]21|2 + |[ke]21|2, assuming universal ALP couplings to leptons as indicated above the plot for the

different ALP mass regions.

The decay a → invisible is defined as an ALP leaving the detector before decaying. Details of
the calculation of lifetimes effects can be found in Appendix D.2. The corresponding constraint on
the ALP-lepton coupling is derived from the limits on the branching ratio of µ→ ea(inv.) obtained
by the TWIST collaboration [255], and is sensitive to the ALP decay length which is set by the
ALP coupling to electrons in this mass range. For masses 13 MeV < ma < 80 MeV, the bound is
largely independent of the angular distribution of the electrons, whereas for masses ma > 80 MeV,
the bound depends on whether the decay is (an)isotropic. The angular distribution depends on the
relative values of [kE ]21 and [ke]21 and we use the most conservative bound from [255] in this mass
region.

A slightly weaker constraint is derived from searches for the decay µ → eaγ shown in dark blue
in Figure 43. The decay µ → eaγ can be regarded as a µ → ea decay with additional initial or
final state radiation, where the ALP leaves the detector before decaying. Past searches for this type
of decay have been performed with the Crystal Box detector [252]. The experiment required large
photon and electron energies of Ee > 38−43 MeV and Eγ > 38 MeV, respectively. Here, we take the
most conservative limits on the energy cuts for our plots. Though theoretically sub-dominant when
compared with µ→ ea due to the additional radiation, the angular distribution is less dependent on
the chiral structure of the ALP couplings and therefore can be almost competitive in constraining
parameter space of ALP couplings and masses. Future searches at the upcoming MEG II experiment
could exceed current bounds from TWIST by a factor of 5, assuming optimal conditions and relaxed
energy and angular cuts [68].

The lifetime of the ALP strongly affects the reach of the different experiments. The constraint
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Figure 44: Bounds on ALP mediated flavor off-diagonal transitions between muons and electrons with
cµe ≡

√
|[kE ]21|2 + |[ke]21|2, assuming universal ALP couplings to leptons c`` ≡ cee/f = cµµ/f = cττ/f and

ma = 10 MeV, 1 GeV and 10 GeV, respectively. All other Wilson coefficients are set to zero at tree-level.

from the measurement of muonium-antimuonium oscillations from the MACS experiment [234] shown
in gray is weaker than other constraints throughout the ALP mass range, but relevant for masses
ma > mµ, because it is independent of c``, whereas both the constraints from µ → eee and µ → eγ
vanish for cee → 0 [67]. The form factors (B) entering the µ → 3e and µ → eγ amplitudes also
contribute to µ → e conversion in µN → eN transitions, because under the assumption that only
ALP couplings to leptons are present at tree-level only diagrams with internal photons contribute.
The constraint from the SINDRUM-II collaboration [256] shown in green in Figure 43 is therefore
weaker throughout the parameter space and not enhanced by on-shell ALP exchange. Since the form
factors vanish if the ALP coupling to photons is zero, muon conversion is not sensitive if c`` = 0
as considered here for ma < 2me. For the ALP couplings considered here, even the significant
improvement in sensitivity expected at Mu2e [257] and COMET [258] shown by the green dashed
contour cannot compete with the constraints from µ→ 3e and µ→ eγ.

In Figure 43 we also show projections for future lepton flavor experiments indicated by the dashed
lines. The dashed blue contours show the sensitivity reach of MEGII [254] and the dashed purple
contours indicate the future sensitivity of Mu3E [259? ].

The parameter space for which the anomalous magnetic moment of the electron ∆aCs
e can be

explained is shown in yellow in Figure 43. The dominant contribution from ALP flavor-violating
couplings is independent of cee, but requires both [kE ]21 and [ke]21 to be non-zero and we choose
cµe = |[kE ]21| = |[ke]21| here. A successful explanation requires couplings Re

[
[kE ]∗21[ke]21

]
. −1

which is excluded for all values of ma for f = 1 TeV. An explanation of the anomalous magnetic
moment of the muon is only possible for ma > mµ and ruled out by µ → eγ and µ → eee for all
values of ma as indicated by the orange contour. In order to understand how the parameter space
preferred by the anomalous magnetic moment of the muon and electron changes as a function of
the flavor-diagonal ALP couplings c``, we show the exclusion contours and sensitivity reach of the
various experimental searches in the c`` − cµe plane for fixed ALP masses ma = 10 MeV, ma = 1
GeV and ma = 10 GeV in the left, centre and right panel of Figure 44, respectively.

Any explanation of ∆aCs
e or ∆aµ is only possible for ma > mµ and requires very small values of

cµe < 10−4. For ma & 2 GeV, ∆aCs
e can also be explained if cµe ≈ 50 TeV−1. Otherwise it is ruled

out by the constraint from muonium-antimuonium oscillations [67].
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Figure 45: Bounds on ALP mediated flavor off-diagonal transitions between taus and muons with cτµ ≡√
|[kE ]32|2 + |[ke]32|2, assuming universal ALP couplings to leptons as indicated above the plot for the different

ALP mass regions.

Constraints on the lepton flavor-changing ALP coupling cτµ ≡
(
|[kE ]32|2 + |[ke]32|

)1/2
are shown

in Figure 45. Flavor off-diagonal couplings of the ALP to muons and electrons, or to taus and
electrons are assumed to be zero here and we assume flavor-diagonal couplings in the three different
ALP mass regions as given in (4.56) and indicated above the plot. The decay τ → µγ is induced by
the form factors F2(0) and F 5

2 (0) given in (4.35) and the parameter space excluded by the limit from
BaBar [260] is shown in light blue in Figure 45. The decay τ → µee is excluded for off-shell ALPs for
cτµ/f & 10 TeV−1 and depicted in dark green. For on-shell ALPs, the constraints are significantly
stronger and searches for the decays τ → µee and τ → µµµ, shown in dark green and purple, are
excluded for values down to cτµ/f & 10−6 − 10−4 TeV−1 for ma > 2mµ and ma > 2me, respectively.
For both decays the most stringent measurements come from Belle [261]. ALP decays into photons
for collimated photons that cannot be distinguished from a single photon leads to a τ → µγeff final
state. The constraint on this branching ratio is currently too weak to lead to any relevant constraint
in the scenario considered here.

We further show the constraint from invisible ALP decays obtained by the ARGUS collaboration
[262, 263] in light green in Figure 45. Here, invisible decays are defined again as the ALP leaving the
detector before decaying and details of the calculation of the ALP lifetime are given in Appendix D.2.
For masses 2mµ < ma < mτ , the constraint is irrelevant, because the decay width of the ALP is
determined by the partial decay width into muons. Below the muon pair threshold, the constraint
is constant in ma. While the ALP lifetime changes significantly for ma < 2me the bound on cτµ
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Figure 46: Bounds on ALP mediated flavor off-diagonal transitions between taus and electrons with cτe ≡√
|[kE ]31|2 + |[ke]31|2, assuming universal ALP couplings to leptons as indicated above the plot for the different

ALP mass regions.

is unaffected because almost 100% of the ALPs produced decay outside the detector into photons
a → γγ. The ALP contribution to the anomalous magnetic moment of the muon is dominated by
the diagram with a tau in the loop. In contrast to flavor-conserving ALP couplings, which are purely
axial, this diagram can contribute with the right sign to address the tension between the measure-
ment and the SM prediction if Re

[
[ke]23[kE ]∗23

]
> 0. We show the corresponding parameter space

assuming cτµ = |[ke]23| = |[kE ]23| in orange in Figure 45. However, the parameter space for which the
ALP contribution is large enough to explain the tension is excluded by searches for τ → µγ decays.
Finally, we show projections for the sensitivity of future ALP searches by dashed contours. The
dashed red line corresponds to the reach of a future high energy e+e− collider FCC-ee for τ → µγ
and τ → 3µ decays [264]. The blue and black dashed contours are projections for the sensitivity for
τ → 3µ at LHCb and Belle II [265], respectively.

Figure 46 shows the bounds on a dominant LFV coupling cτe ≡
(
|[kE ]31|2 + |[ke]31|2

)1/2
. The

constraints look similar to those on cτµ shown in Figure 45. We again assume all other flavor-
violating ALP couplings to vanish and assume flavor-diagonal couplings in the three different ALP
mass regions as given in (4.56) and indicated above the plot.

BaBar searches for τ → eγ [260] exclude the parameter space in light blue. Searches for the three-
body decays τ → eµµ and τ → 3e from Belle [261] only yield meaningful limits for on-shell ALPs
and are shown in green and purple, respectively. ALPs with macroscopic decay lengths are excluded
by the search for τ → e+ invisible by ARGUS [262, 263] shown in light green. For boosted ALPs
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with subsequent decays τ → ea → eγγ the photon pair cannot be reconstructed by the detector,
and the yellow parameter space is excluded by the limit on the τ → eγ branching ratio obtained by
BaBar [260].

The large contribution from the tau loop to the anomalous magnetic moment of the electron
∆aCs

e can explain the observed deviation from the SM prediction in the yellow band region assuming
cτe = |[kE ]31| = |[ke]31| here. The limit on τ → eγ does not exclude this possible explanation, but
the limits from τ → eµµ and τ → e+X searches rule it out for almost all masses with ma < mτ .

The results presented in this section may be compared with constraints obtained in the recent
work of Ref. [66]. Many of our bounds are very similar to theirs (accounting for differences in coupling
normalisation), however some of our constraints, for example from µ → 3e, µ → eγγ and τ → µee,
extend to lower masses. The difference arises from how we account for long-lived decays of the ALP.
The authors of Ref. [66] assume that if the lab-frame decay length of the ALP is larger than 1 m,
the ALP will escape the detector. They moreover take the decaying lepton to be at rest in the lab
frame, which is true for µ→ e decays, but not for τ decays which have been measured at B factories.
We instead estimate the fraction of ALPs which will decay sufficiently promptly, taking into account
the boost of the ALP and the geometry of the detector. The formulae we use, and the assumptions
and approximations made, are described in Appendix D.2. We find that even for rather long decay
lengths, a significant number of ALPs still decay within the detector due to the exponential nature
of decay, resulting in bounds even for rather low ALP masses. Moreover, our analysis of the effects of
boosted ALPs allow us to draw the constraints for `j → `iγγ decays in which the lab frame opening
angle is narrow enough that it is mistaken for `j → `iγ.

However we do not consider LFV couplings in combination with hadronic or quark flavor-violating
processes, as the authors of Ref. [66] do. Their analysis therefore takes into account measurements
that ours does not.
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5 Conclusions

Axions or axion-like particles are pseudo Nambu-Goldstone bosons that originate from a sponta-
neously broken global symmetry in UV extensions of the SM. The ALP coupling structure is deter-
mined by the details of this UV theory and the coupling strengths to SM particles sensitively depend
on it, not least in being inversely proportional to the new physics scale.

In this paper, we have explored the sensitivity of quark and lepton flavor-changing processes
within a general ALP effective field theory focussing on the MeV-GeV mass range. To do this, we
have defined the effective ALP Lagrangian at the UV scale, and at and below the electroweak scale.
We discussed RG running and matching effects and highlight the unavoidable contributions to quark
flavor-changing couplings they induce. Below the QCD scale, the ALP couplings to QCD resonances
are described by the chiral Lagrangian which we used to calculate the charged and neutral K → πa
amplitudes, and to derive the ALP couplings to nucleons taking into account the finite ALP mass.
We discussed possible ALP decay modes and exotic Higgs and Z-boson decays into ALPs.

To study flavor-changing processes in the quark sector, we have calculated a variety of processes,
including rare meson decays, flavor oscillations of neutral mesons and the chromomagnetic dipole mo-
ment of the top-quark, in terms of ALP flavor-changing and flavor-conserving couplings at the scale
of the measurement. The most sensitive observables are rare meson decays to an on-shell ALP. The
sensitivity of the experimental measurements depends strongly on the branching ratios of the ALP
and its lifetime. We have presented individual plots for each such measurement, showing the depen-
dence of the resulting exclusion regions on the ALP decay length. Given that quark flavor-changing
couplings are unavoidably induced by renormalisation group evolution and matching effects from the
new physics scale down to the scale of the measurements, we further derived bounds on benchmark
ALP models, in which only a single ALP coupling to gauge bosons or a single flavor-universal ALP
coupling to a fermion species is present in the UV. This lets us compare the constraints from flavor
observables on flavorless or flavor-diagonal ALP couplings with limits from collider searches, e.g.,
Higgs, Z-boson and Υ decays into ALPs, beam dumps, and astrophysical experiments within the
same parameter spaces. We highlight the complementarity and competitiveness of flavor bounds
which set some of the most stringent constraints in the MeV-GeV mass range, even for the most
flavorless of ALP models. In particular, the measurements of K+ → π+a and KL → π0a, where a
escapes the detector, provide the strongest flavor constraints for ALPs lighter than a few hundred
MeV. Searches for B0 → K∗a(µ+µ−) often provide the dominant constraints for ma > 2mµ. We
emphasize that future searches for B → K(∗)a with further ALP decay modes, in particular a→ γγ
and a→ e+e−, could probe currently unconstrained regions of parameter space.

We discussed current experimental anomalies and critically examined whether they could be the
first sign of an ALP. Regarding the neutral B-physics anomalies, we find that a heavy ALP cannot
account for the discrepancies in RK or R∗K . The deviation in the low q2-bin of RK∗ can be accounted
for by a light ALP with 200 MeV < ma < 210 MeV and Br(a → e+e−) = 1. However, such a light
ALP is not sufficient to address the observed discrepancies in RK , or the high q2-bin of R∗K . The
ATOMKI Beryllium and Helium anomalies can in principle be simultaneously explained by an ALP
with a mass of 17 MeV and couplings to electrons and nucleons. However, a combined explanation is
already ruled out by the measurement of rare kaon decays. We found that a small region of parameter
space accounting for the Helium transition remains unconstrained by kaon decays but is in strong
tension with beam dump constraints on the ALP-electron coupling. The KTeV anomaly can be
explained by an ALP but requires large ALP couplings to electrons as well as a large ALP-pion
mixing, which can either be achieved by sizeable ALP-gluon or -quark couplings or by an ALP with
a mass close to that of the pion.
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We have further studied lepton flavor-violating ALP couplings. In contrast to the quark sector,
lepton flavor-violating couplings are not induced at loop-level if they are zero in the UV theory and
LFV observables are therefore only sensitive to ALPs which have explicitly LFV couplings in the
UV. We have derived general expressions for lepton form factors from ALP loops including the full
mass and q2 dependence and the most important two-loop diagrams with ALP-fermion couplings.
We discussed the effects of the ALP lifetime in detail and carefully took them into account in our
calculation of exclusion contours and projections for experiments looking for lepton flavor-violating
decays. Our results were shown in three benchmark models in which we allowed for a single flavor-
violating coupling to be present in addition to ALP-mass dependent flavor-diagonal ALP-lepton
couplings which agree with current bounds from astrophysics, beam dumps, collider searches and
quark flavor bounds induced by RG running. This leads to a range of constraints from rare muon
and tau decays, µ → e conversion and muonium-antimuonium oscillations. In agreement with the
expectation for heavy lepton flavor-violating new physics, we find that for ma > mµ, searches for
µ→ eγ provide the strongest constraints on flavor-violating µ-e-a couplings, and similarly, searches
for tau decays τ → `γ yield the strongest constraints on flavor-violating τ -`-a couplings for ma > mτ .
For lighter ALPs, 2me < ma < mµ, the muon decay µ→ 3e is enhanced by the ALP going on-shell.
Current limits are up to five orders of magnitude stronger than the limit from µ → eγ in this
region of parameter space, similar to constraints from the other on-shell observables µ → eγγ and
µ→ ea(invisible), when taking into account all constraints on flavor-diagonal ALP-lepton couplings.
A similar hierarchy is present for the analogous tau decays. We have further explored the parameter
space for which MEGI and MEGII are sensitive to the decay µ→ ea→ eγγ where the two photons
are so collimated that they mimic a single photon γeff in the detector, as well as for the tau decays
τ → eγeff and τ → µγeff. We find that upcoming data from the Mu3E experiment is projected to
provide the best sensitivity on cµe for ALPs with masses ma > 2me.

The anomalous magnetic moments of the electron ae and the muon aµ receive contributions from
flavor-violating and flavor-diagonal ALP-lepton couplings. We present a comprehensive analysis of
all possible ALP contributions and show the parameter space for which an ALP could explain the
observed tension between the experimental measurements and the SM predictions for the anomalous
magnetic moments. A simultaneous explanation of both ∆aµ and ∆aCs

e is possible for an ALP with
non-universal couplings of opposite signs to electrons and muons, and ALP masses of ma ≥GeV,
but is ruled out for purely flavor off-diagonal ALP couplings to leptons. However, ALPs with masses
ma ≥GeV and flavor-changing couplings cµe can address either the anomalous magnetic moment of
the muon or of the electron if a sufficiently large flavor-diagonal ALP coupling to leptons is present.
Similarly, ALPs with masses ma > mτ and either a cτµ or cτe coupling could explain ∆aµ or ∆aCs

e ,
respectively.

Experiments sensitive to flavor-changing transitions involving quarks and leptons provide an im-
portant avenue to search for both flavorful and flavorless axions and axion-like particles. These
searches are highly competitive and complementary to astrophysical, beam dump and collider ob-
servables and can set the most stringent constraints for ALP masses between a few hundred MeV
and tens of GeV, thereby closing important gaps in parameter space and offering promising future
opportunities to discover ALPs.
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A Contributions to the K → πa decay amplitudes from SU(3)
27-plet operators

Here we report the contributions from the 27-plet operators to the K+ → π+a and KL → π0a
amplitudes discussed in Section 2.4. In analogy to (A.1) we define where

N i
27 = −GF√

2
V ∗udVus g

i
27 f

2
π (A.1)

with i = 1/2, 3/2 and find for the charged kaon decay

iA1/2
27 (K− → π−a) =

N
1/2
27

4f

[
m2
a − 4m2

K + 3m2
π

m2
η −m2

a

(
2cGG(2m2

a − 3m2
η +m2

π) +m2
a(2css − cuu − cdd)

)

+m2
K(−16cGG + 3cdd + 4cuu − 7css) +m2

a(4cGG + css − cuu)

+m2
π(12cGG + 7css − 4cuu − 3cdd) + (m2

K −m2
a +m2

π)([kD + kd]11 − [kD + kd]22)

]
,

(A.2)

iA3/2
27 (K− → π−a) =

N
3/2
27

4f

[
m2
K −m2

a

m2
η −m2

a

(
2cGG(3m2

η − 2m2
a −m2

π)−m2
a(2css − cuu − cdd)

)

+
m2
a + 3m2

K − 4m2
π

m2
a −m2

π

m2
a(cdd − cuu)

+m2
a(4cGG − cdd + css) +m2

π(3cdd − 4cuu + css)

+m2
K(−4cGG + 4cuu − 3cdd − css) + (m2

K +m2
π −m2

a)([kD + kd]11 − [kD + kd]22)

]
,

(A.3)

and for the neutral kaon decay we find

iA1/2
27 (K0 → π0a) =

N
1/2
27

4
√

2f

[
m2
a − 4m2

K + 3m2
π

m2
a −m2

η

(2cGG(3m2
η − 2m2

a −m2
π) +m2

a(cuu + cdd − 2css))

+
m2
a − 2m2

K +m2
π

m2
a −m2

π

m2
a(cdd − cuu)

+m2
a(4cGG − cdd + css) +m2

π(12c2
GG + 7css − 5cdd − 2cuu)

+m2
K(−16cGG − 7css + 5cdd + 2cuu) + (m2

π +m2
K −m2

a)([kD + kd]11 − [kD + kd]22)

]
,

(A.4)

iA3/2
27 (K0 → π0a) =

N
1/2
27

2
√

2f

[
m2
K −m2

a

m2
η −m2

a

(2cGG(2m2
a − 3m2

η +m2
π)−m2

a(cuu + cdd − 2css))
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+
m2
a − 2m2

K +m2
π

m2
a −m2

π

m2
a(cuu − cdd)

+m2
a(−4cGG + cdd − css) +m2

π(2cdd − css − cuu)

+m2
K(4cGG + css − 2cdd + cuu) + (3m2

π −m2
K +m2

a)([kD + kd]11 − [kD + kd]22)

]
.

(A.5)

B Form factors

The loop functions for the form factors in Section 4.1 are given by the Feynman integrals

g1(q2,mi,ma) = 2

∫ 1

0
dx

∫ 1−x

0
dy

1− x− yx
∆′′i→j

, (B.1)

g2(q2,mi,ma) = −
∫
dx

∫ 1−x

0
dy

[
4 log

m2
i

µ2
+ 2 log ∆i→j + 2 log ∆′i→j − 4δ2 −

(
x(1− y)

∆′i→j
− yx

∆i→j

)]
,

(B.2)

l1(q2,mi,ma) = 2

∫ 1

0
dx

∫ 1−x

0
dy

1− x− yx− 2y2

∆′′i→j
, (B.3)

l2(q2,mi,ma) =

∫
dx

∫ 1−x

0
dy

(
x(1− y)

∆′i→j
− yx

∆i→j

)
, (B.4)

and

∆i→j = y
m2
a

m2
i

− q2

m2
i

y(1− x− y)− xy , (B.5)

∆′i→j = (1− x− y)
m2
a

m2
i

− q2

m2
i

y(1− x− y) + x(1− y) , (B.6)

∆′′i→j = x
m2
a

m2
i

+ (1− x− yx)− q2

m2
i

y(1− x− y) . (B.7)

The scheme dependent constant δ2 arises from the treatment of the Levi Civita symbol in d dimen-
sions, and for us δ2 = −3.

C Measurements and SM predictions for flavor observables

The measured values and SM predictions for observables used to derive constraints are given in
Tables 3 to 9.
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Observable Mass Range [MeV] Measurement SM prediction

Br(K+ → π+X) 0 < mX < 261 (∗) [152] (search) -

Br(K+ → π+X) 110 < mX < 155 [266] (search) -

Br(KL → π0X) 0 < mX < 261 [153] (search) -

Br(B+ → K+ν̄ν) 0 < mνν < 4785 < 1.6× 10−5 [267] (4.0± 0.5)× 10−6 [268]

Br(B0 → K∗0ν̄ν) 0 < mνν < 4387 < 1.8× 10−5 [154] (9.2± 1.0)× 10−6 [268]

Br(Υ→ γa(invisible)) ma < 9200 [144] (search) -

Table 3: Observables relevant for a long lived ALP. Bounds are at 90% CL. (∗): cuts are applied to exclude
the region around mπ (100 < mX < 161 MeV).

Observable Mass Range [MeV] Measurement SM prediction

Br(K+ → π+γγ) mγγ < 108 < 8.3× 10−9 [155] 6.1× 10−9 [269]

Br(K+ → π+γγ) 220 < mγγ < 354 (9.65± 0.63)× 10−7 [156] (10.8± 1.7)× 10−7 [269]†
Br(KL → π0γγ) mγγ < 110 < 0.6× 10−8 [157] (8+7

−5)× 10−8 [270]∗
Br(KL → π0γγ) mγγ < 363 (‡) (1.29± 0.03± 0.05)× 10−6 [158] 1.12× 10−6 [270]

Table 4: Observables with a photon pair in the final state. Bounds are at 90% CL. (‡): cuts are applied
to exclude the region around the pion pole (100 < mγγ < 160 MeV). (†: calculated from results in the given
reference. Error bars estimated from varying parameter ĉ between its quoted errors.) (∗: calculated from
results in the given reference. Error bars estimated from varying parameter aV between its quoted errors.)

Observable Mass Range [MeV] Measurement SM prediction

Br(K+ → π+a(e+e−)) ma < 100 < 8× 10−7 [207] -

Br(KL → π0e+e−) 140 < mee < 362 < 2.8× 10−10 [271]
(
3.1+1.2
−0.8

)
× 10−11 [272]

Br(B+ → π+e+e−) 140 < mee < 5140 < 8.0× 10−8 [273] (2.26+0.23
−0.19)× 10−8 [274]

dBr/dq2(B0 → K∗0e+e−)[0.0004,0.05] 20 < mee < 224 (4.2± 0.5)× 10−6 GeV−2 [159] (3.3± 0.7)× 10−6 GeV−2

dBr/dq2(B0 → K∗0e+e−)[0.05,0.15] 224 < mee < 387 (2.6± 1.0)× 10−7 GeV−2 [159] (3.9± 0.8)× 10−7 GeV−2

RK∗ [0.045, 1.1] 212 < mee < 1049 0.66+0.11
−0.07 ± 0.03 [275] 0.906± 0.028 [276]

Br(D0 → π0e+e−) mee < 1730 (†) < 4× 10−6 [277] 1.9× 10−9 [278]

Br(D+ → π+e+e−) 200 < mee < 1730 (∗) < 1.1× 10−6 [279] 9.4× 10−9 [278]

Br(D+
s → K+e+e−) 200 < mee < 1475 (∗) < 3.7× 10−6 [279] 9.0× 10−10 [278]

Table 5: Observables with an electron pair in the final state. Bounds are at 90% CL. Here we only include
observables for which the electron invariant mass can be below or near the dimuon threshold, on the grounds
that above it muonic observables will generically provide stronger bounds. Predictions without accompanying
citations have been calculated using flavio [280]. In the measurements of the D(s) branching ratios, cuts
are applied to exclude the region around the φ resonance. For the Babar measurements with a (∗), the
excluded region is 950 < mee < 1050 MeV, while the BESIII measurement with a (†) excludes the region
935 < mee < 1053 MeV. Since the long-distance contributions to these decays peak around this excluded
resonance, we take the SM prediction to be only due to the short-distance contributions, as calculated in
Ref. [278].
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Observable Mass Range [MeV] Measurement SM prediction

Br(KL → π0µ+µ−) 210 < mµµ < 350 < 3.8× 10−10 [281] (1.5± 0.3)× 10−11 [282]

Br(B+ → K+a(µ+µ−)) 250 < ma < 4700 (†) [160] (search) -

Br(B0 → K∗0a(µ+µ−)) 214 < ma < 4350 (†) [201] (search) -

Br(J/ψ → γa(µ+µ−)) 212 < mµµ < 3000 [143] (search) -

Br(Υ→ γa(µ+µ−)) 212 < mµµ < 9200 [145] (search) -

Br(B+ → π+µ+µ−) 211 < mµµ < 5140 (‡) (1.83± 0.25)× 10−8 [162] (2.26+0.23
−0.19)× 10−8 [274]

Br(B0
s → µ+µ−) 5320 < mµµ < 6000 (2.69+0.37

−0.35)× 10−9 [123] (3.66± 0.14)× 10−9 [124]

Br(B0 → µ+µ−) 4900 < mµµ < 6000 (0.6+0.7
−0.7)× 10−10 [123] (1.03± 0.05)× 10−10 [124]

Br(D+ → π+µ+µ−) 250 < mµµ < 1730 (∗) < 7.3× 10−8 [283] 9.4× 10−9 [278]

Br(D+
s → K+µ+µ−) 200 < mµµ < 1475 (∗∗) < 21× 10−6 [279] 9.0× 10−10 [278]

Table 6: Observables with a muon pair in the final state. Bounds are at 90% CL. (†): cuts are applied to
exclude regions around the J/ψ, ψ(2S) and ψ(3370) resonances. (‡): cuts are applied to exclude charmonium
resonance regions (8.0 < m2

µµ < 11.0 GeV2 and 12.5 < m2
µµ < 15.0 GeV2 are excluded).(∗): a large region

containing the η, ρ/ω and φ resonances is excluded (525 < mµµ < 1250 MeV).(∗∗): cuts are applied to exclude
the region around the φ resonance (990 < mµµ < 1050 MeV). Since the long-distance contributions to the D(s)

decays peak around the excluded resonance(s), we take the SM prediction to be only due to the short-distance
contributions, as calculated in Ref. [278].

Observable Mass Range [MeV] Measurement SM prediction

Br(B+ → K+τ+τ−) 3552 < mττ < 4785 < 2.25× 10−3 [284]

Br(Υ→ γa(ττ)) 3500 < mττ < 9200 [146] (search) -

Table 7: Observables with a tau pair in the final state. Bounds are at 90% CL.

Observable Mass Range [MeV] Measurement SM prediction

Br(Υ→ γa(hadrons)) 290 < mhadrons < 7100 [147] (search) -

Table 8: Observables relevant for hadronic decays of the ALP.
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Observable Mass Range [MeV] Measurement

Br(µ→ 3e) - < 1.0× 10−12 [251]

Br(µ→ eγ) - < 4.2× 10−13 [254]

Br(µ→ eγγ) 0 < ma < 105 < 7.2× 10−11 [252]

Br(µ→ ea(invisible)) 0 < ma < 13 < 5.8× 10−5 [255]

Br(µ→ ea(invisible)) 13 < ma < 80 . 10−5 [255]

Br(µ→ eγa(invisible)) 0 < ma < 105 < 1.1× 10−9 [252]

Br(µN → eN) - < 7.0× 10−13 [256]

Br(τ → ea(invisible)) 0 < ma < 1600 < 2.7× 10−3 [263]

Br(τ → µa(invisible)) 0 < ma < 1600 < 5× 10−3 [263]

Br(τ → 3µ) 211 < ma < 1671 < 2.1× 10−8 [261]

Br(τ → 3e) 200 < ma < 1776 < 2.7× 10−8 [261]

Br(τ− → µ−e+e−) 200 < ma < 1776 < 1.8× 10−8 [261]

Br(τ− → e−µ+µ−) 211 < ma < 1776 < 2.7× 10−8 [261]

Br(τ → µγ) - < 4.4× 10−8 [260]

Br(τ → eγ) - < 3.3× 10−8 [260]

Table 9: Lepton flavor-violating observables. Where a mass range for ma is given, the range refers to masses
that are consistent with the experimental cuts and for which the decay can proceed via a resonant ALP. For
some of the observables (for example µ→ 3e), an ALP lying outside of this mass range may still be constrained
by the experiment, if it can mediate the decay off-shell. Where the mass range is left blank, the measurement
can never involve a resonant ALP.

Decay Experiment Initial state Time cut (ns)

µ→ 3e SINDRUM [251] at rest 0.8

µ→ eγγ Crystal Box [252] at rest 2.5

µ→ eγ MEG [254] at rest 0.7

µ→ eγa(invisible) Crystal Box [252] at rest 1.5

Table 10: Cuts on the decay time of the ALP that should be applied in various LFV experiments.
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D Details of experimental cuts

In this Appendix we describe how we approximate the effects of experimental cuts in order to obtain
our bounds.

D.1 Lab frame lifetimes

A few of the measurements we use to set bounds require cuts on the time for the ALP to decay in
the lab frame. The momentum of an ALP produced in a decay M1 →M2 a in the rest frame of the
decaying M1 is given by

pa(mM1 ,mM2 ,ma) =
1

2mM1

√(
m2
M1
− (mM2 +ma)2

)(
m2
M1
− (mM2 −ma)2

)
, (D.1)

from which the Lorentz factor for the boost of the ALP in the rest frame of the decaying M1 can be
found as

√
γ2
a − 1 = pa(mµ,me,ma)/ma. The fraction of ALPs which decay within a time tmax in

the rest frame of the decaying M1 is

fτ<tmax =
1

τ0γa

∫ tmax

0
dt exp

(
− t

τ0γa

)
, (D.2)

where τ0 is the proper lifetime of the ALP. We summarise the time cuts that we use in Tab. 10.
Sometimes the actual cut as done by the experiment is on the time difference between the detection
of various particles in the final state; but we approximate the effects of this by taking this time
difference to be a cut on the maximum lab-frame lifetime of the ALP.

D.2 Decay lengths

Whether the ALP is long-lived enough to escape a detector – and be constrained by measurements
with final state missing energy – will depend on its proper lifetime, its lab frame boost and the size
of the detector. Conversely, for an ALP to be detectable via its visible decay modes, it must decay
sufficiently promptly. This is an important consideration especially for decays to pairs of photons or
electrons; in some regions of parameter space (in particular below the µ+µ− threshold and for small
couplings) the ALP can be rather long-lived. Therefore the fraction of ALPs that would decay within
the detector must be taken into account before bounds from, e.g., K → πγγ measurements can be
applied. A summary of the relevant measurements and parameters are given in Table 11, with the
necessary formulae explained below.

D.2.1 Initial state at rest in the lab frame

In some experiments the decaying meson is at rest, or has zero transverse momentum, in the lab
frame. Then the fraction of ALPs produced in the decay which escape a detector of transverse radius
Rmax is

FT (mM1 ,mM2 ,ma, Rmax) =

∫ π/2

0
sin θ dθ exp

(
−maRmax

τ0 |pTLAB|

)
(D.3)

with (using Eqn. (D.1) above)

pTLAB = pa(mM1 ,mM2 ,ma) sin θ, (D.4)

and where τ0 is the proper lifetime of the ALP.
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D.2.2 Initial state boosted in the lab frame

In the case that the initial state is longitudinally boosted in the lab frame, with a boost defined by
the Lorentz factor γM1 , then the longitudinal momentum of the ALP in the lab frame is given by

pLLAB(βM1 , γM1) = γM1 (Ea + βM1 pa cos θ) . (D.5)

where pa = pa(mM1 ,mM2 ,ma) as given in Eqn. (D.1), and E2
a = p2

a+m2
a. Then the fraction of ALPs

produced in this decay which escape a detector of length Lmax is

FL(mM1 ,mM2 ,ma, βM1 , γM1 , Lmax) =

∫ π/2

0
sin θ dθ exp

(
− maLmax

τ0 |pLLAB(βM1 , γM1)|

)
. (D.6)

If the direction of the boost of the initial particle is unknown, things become more complicated.
This is the situation, for example, of decaying τ leptons at B factories such as BaBar and Belle, in
which τ pairs are produced at an unknown angle θ from asymmetric beams. The probability that
the ALP will escape a cylindrical volume with transverse radius xTmax and longitudinal length ±zmax
is

Fθ
(
mM1 ,mM2 ,ma, γ, zmax, x

T
max

)
= (D.7)

1

2π

∫ 2π

0
dφa

∫ π/2

0
sin θ dθ

∫ π/2

0
sin θa dθa exp

(
−zmax

z0

)
exp

(
−x

T
max

xT0

)
.

Here, γ is the boost of the centre-of-mass (CM) in the lab frame,19 and

z0 =
cτ0

ma
(pa cosφa sin θa sin θ + γM1 (βM1Ea + pa cos θa) cos θ) (D.8)

xT0 =
cτ0

ma

√
(pa cos θa sin θa cos θ − γM1 (βM1Ea + pa cos θa) sin θ)2 + (pa sinφa sin θa)

2 (D.9)

where pa = pa(mM1 ,mM2 ,ma) is given in Eqn. (D.1). The boost of the decaying M1 along the
direction of its momentum in the lab frame is given by γM1 , with

γM1βM1 =
1

mM1

√
(pM1 sin θ)2 + γ2 (βEM1 + pM1 cos θ)2, (D.10)

where EM1 =
√
s/2, pM1 =

√
s/4−m2

M1
.

D.3 Two photons mimicking one

D.3.1 µ→ eγeff

The measurement of µ→ eγ [254] can also set bounds on the µ→ ea process with subsequent a→ γγ
decay, if the two photons land within a distance smaller than the resolution of the detector. This can
happen if the ALP is sufficiently boosted, and/or it decays sufficiently close to the photon detector.
The distance between the muon decay point and the LXe photon detectors is approximately 1m, and
the spatial resolution of the LXe detector is 5mm.

19In the case of BaBar and Belle, the e− beam has 9 GeV energy in the lab frame (and defines the +z direction),
and the e+ beam has 3.1GeV energy. This means the boost of the CM frame is γβ=0.56.
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Decay Experiment Initial state Dimension (m) Fraction

K+ → π++inv. NA62 [152] boosted Lmax = 140 FL(mK ,mπ,ma, β
NA62
K , γNA62

K , Lmax)

KL → π0+inv. KOTO [153] boosted Lmax = 4.148 FL(mK ,mπ,ma, β
KOTO
K , γKOTO

K , Lmax)

B → K+inv. BaBar [267] at rest (T) Rmax = 3.0 FT (mB,mK ,ma, Rmax)

B → K∗+inv. Belle [154] at rest (T) Rmax = 3.0 FT (mB,m
∗
K ,ma, Rmax)

K+ → π+γγ E949 [155] at rest Rmax = 1.45 1− FT (mK ,mπ,ma, Rmax)

K+ → π+γγ NA62 [156] boosted Lmax = 140 1− FL(mK ,mπ,ma, β
NA62
K , γNA62

K , Lmax)

K0
L → π0γγ NA48 [157] boosted Lmax = 140 1− FL(mK ,mπ,ma, β

NA48
K , γNA48

K , Lmax)

K0
L → π0γγ KTeV [158] boosted Lmax = 105 1− FL(mK ,mπ,ma, β

KTeV
K , γKTeV

K , Lmax)

B → π l+l− Belle [273] at rest (T) Rmax = 0.005 1− FT (mB,mπ,ma, Rmax)

µ→ ea (inv.) TWIST [255] at rest Rmax = 0.165 FT (mµ,me,ma, Rmax)

τ → 3µ BaBar [261] boosted {zmax, x
T
max} = {0.03, 0.005} 1− Fθ

(
mτ ,mµ,ma, γ

BaBar
CM , zmax, x

T
max

)

τ → µee BaBar [261] boosted {zmax, x
T
max} = {0.03, 0.005} 1− Fθ

(
mτ ,mµ,ma, γ

BaBar
CM , zmax, x

T
max

)

τ → 3e BaBar [261] boosted {zmax, x
T
max} = {0.03, 0.005} 1− Fθ

(
mτ ,me,ma, γ

BaBar
CM , zmax, x

T
max

)

τ → eµµ BaBar [261] boosted {zmax, x
T
max} = {0.03, 0.005} 1− Fθ

(
mτ ,me,ma, γ

BaBar
CM , zmax, x

T
max

)

Table 11: Summary of maximum/minimum ALP decay lengths for relevant experiments, and the fraction
of ALPs that pass the decay length cuts, in terms of the F functions given in the text. “At rest (T)”
means that the initial state is at rest in the transverse plane of the experiment. The various Lorentz factors
involved are taken to be βNA48

K γNA48
K = βNA62

K γNA62
K = 75 GeV/mK [285], βKTeV

K γKTeV
K = 70 GeV/mK [286],

βBaBar
CM γBaBar

CM = 0.56, βKOTO
K γKOTO

K = 1.5 GeV/mK [287].

If we approximate the lab frame opening angle of the photons by20

cos θ ≈ βa, (D.11)

then the ALP’s decay will mimic a single photon event if

2 tan θ (Ldetector − Ldecay) < σ (D.12)

where σ is the resolution of the photon detector. In MEG, Ldetector = 1m, σ = 5mm, and so a
µ→ eγγ event will look like µ→ eγ if Lmin < Ldecay < 1m, where

Lmin = Ldetector −
σ

2 tan θ
(D.13)

The fraction of ALPs which will decay within this range is calculated as

fLmin<L<1.0 =
1

La

∫ 1.0

Lmin

dx exp

(
− x

La

)
(D.14)

where La =
√
γ2
a − 1 τ0 is the lab-frame decay length of the ALP.

D.3.2 τ → µγeff and τ → eγeff

The bounds on τ → µγ and τ → eγ were measured at the Babar experiment [260]. The initial τ
is boosted in the lab frame, as described in Sec. D.2.2. The radius of the Babar electromagnetic

20It turns out that the bound does not change noticeably if this is calculated more carefully
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calorimeter is 1.375m, and it is segmented into square crystals of dimension 47×47mm [288]. Then,
similarly to the case for µ→ eγeff, defining REMC = 1.375m and σ = 4.7× 10−3m, the ALP’s decay
will mimic a single photon event if Rmin < Rdecay < REMC, where

Rmin = REMC −
σ

2 tan θ
(D.15)

where Rdecay is the radial distance at which the ALP decays. Here, the boosts of the ALPs are
distributed according to the initial momentum of the τ , and the angle of the ALP’s momentum
relative to the lab frame, so the fraction of decays which will mimic a single photon event is given by

fRmin<R<REMC
=

1

2π

∫ 2π

0
dφa

∫ π/2

0
sin θ dθ

∫ π/2

0
sin θa dθa

1

xT0

∫ REMC

Rmin

dr exp

(
− r

xT0

)
, (D.16)

where xT0 is given in Eqn. (D.9), with M1 = mτ , and M2 = mµ for τ → µγeff, or M2 = me for
τ → eγeff.

Instead of performing the full angular integration in (D.16), we adapt (D.14) to set the limits
shown in Figure 45, Figure 46, Figure 36 and Figure 37. We define the maximal decay length for an
ALP produced in τ decays as the maximal transverse distance it travels from the interaction point
Lmax,τ
a = Max(xT0 ) for any angle θa, θ and φa and define the fraction of ALPs that decay before the

corresponding ECAL component of the respective experiment as

f τLmin<L<Lmax
=

1

Lmax,τ
a

∫ Lmax

Lmin

dx exp

(
− x

Lmax,τ
a

)
. (D.17)

We checked that (D.17) is a good approximation to (D.16) for the parameter space shown in Figure 45,
Figure 46, Figure 36 and Figure 37.

D.4 Binned B → K(∗)e+e−

The bounds from the differential distribution of Br(B → K∗e+e−) at LHCb [159] were calculated
as follows. The longitudinal momentum distribution of B0 mesons produced at 7/8 TeV collision
energy was approximated by taking an average B transverse momentum of 〈pT 〉 = 5.5 GeV and using
the measured B0 pseudorapidity distribution given in [289]. The longitudinal momentum at a given
pseudorapidity y is given by

pL =
1

2
e−y

(
e2y − 1

)√
m2
B + 〈pT 〉2. (D.18)

From this, the distribution of longitudinal boosts of the CM frame (βLHCb
B and γLHCb

B ) can be derived.
We then assume that an ALP will be detected in this measurement if it decays to a pair of electrons
within LLHCb

max =0.74m longitudinal distance. The fraction of ALPs which decay within this distance
is 1−FLHCb, where FLHCb = FL(mB,mK∗ ,ma, β

LHCb
B , γLHCb

B , LLHCb
max ) is defined in Eqn. (D.6) above.

We approximate the effects of finite experimental resolution of the electron pair invariant mass by
using a Gaussian smearing function, following the method in Ref. [203]. The smearing function is
defined

G(qmin, qmax) =
1√

2πre

∫ qmax

qmin

d|q| exp

(
−(|q| −ma)

2

2r2
e

)
(D.19)

where the resolution is taken to be re = 10 MeV [203, 290]. Then the total NP contribution to a bin
is given by

〈Br (B → K∗ee)〉
∣∣∣
qmax

qmin

=
(

1− FLHCb
)
× G(qmin, qmax)× Br (B → K∗a)× Br

(
a→ e+e−

)
. (D.20)
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