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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 [IH4]. 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” [5H9]: 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 [I0H15]. 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 [27H30], and axi-flavon models, in
which the ALP is a light Froggatt—Nielsen flavon with couplings that can also address the strong CP
problem [31H33]. 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 A, which can be



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, B8], 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 2GeV, 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 Kt — 7ta and 77 — etv.a
as derived in [39], including also the corresponding calculation of K; — 7’a. 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
We first discuss a large set of relevant observables, including exotic two-body decays such as K — wa,
B — ma and B - K®a, D — 7a and D — Ka, as well as 7t — eTpa and radiative J/1 and
YT decay. We then go on to study virtual ALP effects in the leptonic decays Bgs — ptp~, Bgs—
Bdﬁ 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 [40H47]. 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], B4, [43], [44], 49-52], [53H55] and [55H58], 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 A. 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 — va) [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 [60H62], the anomalies in excited Beryllium and Helium decays
measured by the ATOMKI collaboration [63} [64], and the excess in neutral pion decays 7° — eTe™
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-H51) [66H71], 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



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 p — ea, u — eay, pu — 3e,
W — ey, 4 — 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
1 — 3e and the analogous decays of tau leptons, if the ALP is too heavy to be produced resonantly in
w — ea [66] [72]. For heavy ALPs, the radiative lepton decay p — ey 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 [75H77]. We discuss the impact
of the flavor-conserving couplings of the ALP on its phenomenology in LE'V 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



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 , 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 (m, < 2GeV), 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 and of the ALP—nucleon cou-
plings (Section in such a framework. We finally discuss the most important decay channels of
the ALP (to leptons and photons in Section and to hadrons in Section , and the production
of an ALP in exotic decays of Higgs and Z bosons (Section .

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 A. We will assume that A 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 m3,0~ This parameter would be absent for the classical
QCD axion. The most general effective Lagrangian including operators of dimension up to 5 reads

179 2
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Here G, Wlf‘y and By, are the field-strength tensors of SU(3)., SU(2)r and U(1l)y, B* =

36"P B, g5 etc. (with €91?% = 1) are the dual field-strength tensors, and as = g2/(47), as = ¢*/(4n)
and a1 = ¢’'2/(47) 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 ¢. The quantities
cr are 3 x 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); gauge fields the effect
of the shift, a — a+ constant, can be removed by field redefinitions. The ALP coupling to QCD



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 A = 4nf. In the
literature on QCD axions f is often eliminated in favor of the axion decay constant f, defined such
that fo, = —f/(2cqe). 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 , the physical ALP mass following from the

Lagrangian (2.1) is [20, 80} 81]

2 Zm?  2mymy
ms =m2 [1 + O<fg)] + c&a I ™ o :md)Z ’ (2.2)

where fr =~ 130.5MeV is the pion decay constant, and the corrections to the first term have been
calculated in [35]. The contribution to the mass proportional to cgq 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 mﬁ,o- 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 [82H87]. Some more recent realizations
included mirror copies of the SM, such that the complete particle spectrum inherits an additional
Zo 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 [10HI3| 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) x 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). group of the SM is extended to be a diagonal subgroup of a
parent SU(3) x SU(3) x ... 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 6 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 x 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 @4 as the charge of the Higgs doublet under

one of these symmetries, such that e.g. QgB)wd = %]lwd gives the baryon number of the down-type
quarks. Then a field redefinition

a

f

a

QF> Yr, ¢ — exp (iC 7

YE — exp (ic Q¢> o, (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)):

cr — cp—cQp,
C¢—>C¢—CQ¢,

CGG—>CGG‘|‘§TT(QU+Qd_2QQ)a (2.4)

C
ww = eww — g Tr(3Qq + Q1) ,

4 1 1 1
CBB—>CBB+CTr<3Qu+3Qd—6QQ+Qe—2QL>~

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

c¢—>c¢—%, cQ—>cQ—g]l, cL—>cL+g]1,
5 (2.5)
c c

cu—>cu—§]l, cd—>cd+§]l, Cce — ce+cl,

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 ¢ = 2c4. 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 proportional to baryon number, the ALP—
quark and ALP—gauge-boson couplings transform as

cQ—>cQ—§]l, cu—>cu—§]l, cd—>cd—§]l,
(2.6)

3¢ 3c
CGG — CGG » CWW = CWW — o CBB_>CBB+57
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 i*" lepton flavor (in the basis where the SM

Yukawa matrix Y. is diagonal), the ALP-lepton and ALP-gauge-boson couplings transform as

cr, —cr, —cly, c. —c.—cly,
c c (2.7)
wa—>cww—§, CBB_>CBB+§7

where 1; is a diagonal matrix with a 1 in the i entry and zeroes otherwise. The ALP couplings to
the quarks, the Higgs and gluons remain unchanged. Note that the sum (cyww + cpp) is invariant
in all cases. The transformations of cyw and cgp shown in and 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 and can be used to eliminate four coupling parameters (or linear
combinations thereof), e.g. the three diagonal elements of ¢, or ¢, and the ALP—boson couplings cpp
or cyyw (but not both). In this work we will refrain from making a particular choice about which



ALP couplings to remove (apart from setting c, = 0), mainly because there is a large literature on
ALP models in which bounds are derived on ¢y or cgp 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

5 1
CGGZCGG+§H(CU+CCJ—ZCQ),

. 1

cww =cww — 5 Tr (3cg +cr), (2.8)
- 4 1 1 1

cgp =cpp +'Ir gcu+§cd—6CQ+Ce—§CL )

and -
Y, =i(Yucu —cqYu—cyYa),

Yi=1i(Yacqa—coYa+cyYa), (2.9)

Ye=i(Yece —eLYe +¢pYe).

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 ¢4 = 0.

2.2 Effective ALP Lagrangian at the electroweak scale

The RG evolution of the ALP couplings from the UV scale A = 47 f to the electroweak scale modifies
the ALP—fermion couplings in significant ways, whereas the ALP-boson couplings cgq, cww and
cpp 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:

2

1 a a ~
Lo (pw) = 5 (8ua) (0"a) — Tap a®+ Ltermion (1) + CGG T Ga G Cyy 7= 7 P F
2 2 4 f 4 f
N " N . (2.10)
+C'YZ77FMVZ#V+CZZWFZMVZN‘V+CWW W+W NV
w Tw

52 f

where s,, = sinfy and ¢, = cos by denote the sine and cosine of the weak mixing angle, and [78]

2SSy Cw f

2 2 4 4
Cyy = CWW + CBB , CyvZ = Cop CWW — Sy, CBB Cz7 = Cp CWW + Sy, CBB - (2.11)
The ALP couplings to fermions are defined in the fermion mass basis and read

ota 1_ B - -
Lermion (1) = | ku(p)yuur + g ko(p) vour +dr kp(p) v dr + dr ka(p) vu dr
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+ k() vuve +erkp(p) vuer + erke(p) Vuer| - (2.12)

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

kp=VikyV, (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. k, = k.

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

Cfifi (:u) = [kf(ﬂ)]u - [kF(:“)]m (2’14)
In strong-interaction and electromagnetic processes, the flavor-conserving vector currents are con-
served, and hence the corresponding ALP couplings [kf ()]s + [kr(1)]is are unobservableﬂ Choosing
f = 1TeV as a reference value, one finds that RG evolution effects from the new physics scale
A =4z f down to the scale p,, = m; modify the ALP coupling to the top quark according to [35]

cu(me) ~ 0.826 cy(A) — [6.17 éga(A) + 0.23 Eww (A) +0.02¢pp(A)] x 1073, (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

caa(A) =caa + % > ca(N),
q
Eww(A) = eww — 3 T [3ku(A) + kis(A)] (2.16)
533(/\) =cBB + Z NéfQ?c Cff(A) + %Tr [3kU(A) + kE(A)] s
f

where the sum extends over all quark and fermion flavors. NJ denotes the number of color charges
of fermion f, while )y 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 }N’f in take the form

(Yf)ij =1 |:yfi [kf]ij = [krl;; yfj:| ) (2.17)

where yy, denote the eigenvalues of the Yukawa matrices (the physical Yukawa couplings of the
quarks and leptons). It follows that (f’f)” = iyy, cf,4,, which shows that the diagonal ALP—fermion
couplings cy, , in are physical parameters. For i # j, one finds that both (k f)ij and (kp),;; are
physical quantities, since for example z(fffT Y+ YfJr f’f) only involves the off-diagonal elements of k.
Moreover, from one sees that ¢ag and cgg are both unambiguous, because their difference is a
linear combination of the physical parameters cqq. The same statement applies for the combinations

Cyy = cww + ¢pp and ¢y, = cww + cBB, but not to the cyyw and cpp individually.

!This 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 Z° — at the scale 1, ~ m; and match the effective Lagrangian
onto a low-energy effective Lagrangian in which these degrees of freedom are no longer present as
propagating fields. Just below the scale p,,, this Lagrangian takes the form

1
D<5 0
ﬁeff_ (M 5 Mw) = 5 (aﬂa)(aua) ; 2 + ﬁferm( )
(2.18)
+CG’G ?GZVG“VG—FCT/ZI fF FV
where Lf s given by (2.12) but with the top-quark fields ¢;, and tp removed. In general, the

Wilson coefficients cqq, ¢yy, kr 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 ¢, 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

ia 3“@
‘C?en%uon - Z cff f/YuﬂYS f (219)
f#t
where the sum runs over all light fermion mass eigenstates. For the reference scale f = 1TeV, one
obtains [35]
Cune(10) 2 Cunce(A) = 0116 iy (A) = [6.35Eaa(A) +0.19 &ww (A) +0.0285(A)| x 1072,

Cadoss (M) = Caqss(A) + 0.116 cp(A) — [7.08 e (M) +0.22 &y (A) + 0.005 eBB(A)} x 1073,
(2.20)
Cbb(mt) ~ Cbb(A) + 0.097 Ctt(A) — [7.02 Egg(A) +0.19 5ww(A) + 0.005 533(/\)] x 1073 ,

Cores (M) == Corer (A) +0.116 ¢y (A) — [0.37 Gaa(A) + 0.22 G (A) + 0.05 5BB(A)} x 1073,
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 A. 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

11



Figure 1: Logarithmically enhanced loop diagrams (in lowest order) responsible for the RG evolution effects
proportional to ¢y (first graph), éyy (middle two graphs), and the cge contribution to ¢, (last graph) in

the results shown in (2.20)).

coupling (1) and one-loop expressions for the running electroweak couplings a;(p) and ag(p) as
well as for the running top-quark Yukawa coupling.

The most important evolution effect is the contribution of the ALP—top-quark coupling ¢4 (A)
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)

¢ A2
Ctt ? In mitQ s (221)
where ay = y2/(4r). It arises from the first diagram shown in Figure [1}f| The fact that this contribu-
tion generates ALP couplings to all SM fermions has profound consequences for the phenomenology
discussed in Sections [3] and [l

The contributions from the ALP-boson couplings éyy (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 A. These effects are due to logarithmically enhanced one- and two-loop
contributions of order (analogous contributions exist for ey and cpp)

2 2 2

g ) g A (as>2 A 5 (as>2 A

— — In—5, —) In— — —) In—s, 2.22
(7r €GG T . m% °rf T . m% GG T . m% ( )

which arise from the second and third diagrams in Figure[I] Note that the first term in this relation
correspond to a one-loop graph, because the second factor of as/m appears due to our choice of
the normalization of the ALP-boson couplings in @ . The contribution of the ALP—gluon cou-
pling to the ALP-lepton couplings in the last line of @D is further suppressed. It arises from a
logarithmically enhanced two-loop contribution of order

A2
(% cGG) e 2 (2.23)
v ™ T mt

corresponding to the last diagram in Figure 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 A.

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 Yf defined in 1!
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couplings in the form (with i # j)
ia -
LR (1 S 1) = =57 D [ (mg, =) ey ) + k()] £
255 ! (2.24)

+ (mfi + mfj) [kf(ﬂ) - kF(ﬂ)]ij JFz 75fj} )

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,lﬂ 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 A
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

Fup)liy = Ru(M)]iy5 4,5 # 3,

ko (pw)li; = kv (M5 6.5 # 3,

[Fa(pw))yy = [ka(A)]; (2.25)
[Fe(p)lij = [Re(M)];; 5

(ke (pw)lij = ke (A)]; -

Note that for k, and ky we only need the entries where i,j # 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 kp one obtains the more interesting result

kn ()l = k(M) = ViriVag (s + u = 20madag) (1= =000 [y (W),

(2.26)
1, )
— g VaiVs Ii(puws A) + [Akp (1))
where the evolution functions U (g, A) and I;(p,, A) are defined as
e dp i (1) /Mw dp 3y2 ()
U w9 A = — e P I w,A = _ . 227
) /A po 32m s A) = = =g culn) (2.27)

Explicit analytic expressions for these integrals can be found in egs. (3.14) and (3.21) of [35], while
the matching contribution [Akp (j4,)]ij can be found in eq. (5.7) 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 A respects the
principle of minimal flavor violation (MFV) [91]. One then finds that [35]

[y ()l = ()l = ra(ua)li = kel = ke(ua)lij =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 )
e )™ = B (™ + Vs { — § 1w )
oy () 1. w2 1 31—z+Inxy
w) | zgIh—F -~ ——— 55— .
0 [Ctt(ﬂ )(2 nm% 172 -y (2.29)
_ 3a : ( )1—xt+xtlnxt
72%3%0 Ww \Hw (1 — xt)2 s

with 2; = m?/m},. Note the important fact that even under the assumption of minimal flavor
violation the coefficients [kp(A)];; are not restricted to be flavor-diagonal. Instead,

(™ = ViV (o (Mlgg = (ko (M) ) = ViV Aku(A), (2.30)
which can be non-zero because minimal flavor violation allows the possibility that [ky(A)]ss #
[k (A)]11, and hence Aky(A) # 0.

Relation shows explicitly how flavor-changing effects are generated through RG evolution
from the new physics scale A 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 ¢y (left graph) and éyw (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
kp is diagonal at the new physics scale A (which would be a stronger assumption than minimal flavor
violation). The results for the evolution effects and the contribution proportional to ¢ (p.,) have
been derived in [‘%5]E| The terms proportional to cyyw in 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 p,, drops out. In fact, the flavor off-diagonal Wilson coeflicients 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 , (2.26)) and hold for all values p < fiyy.

The explicit solution for the evolution function I;(f,,A) involves again the ALP couplings cy
and ¢éyy. For the reference scale f = 1TeV, one finds numerically (for i # 7)

kp (me) 2PV ~ ViV [AkU(A) £ 1.9 x 10 2 ¢ (A) — 6.1 x 107 Gae(A)
(2.31)
— 2.8 x 1075 Gy (A) — 1.8 x 10—7533(/\)] .

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

®The logarithm of (u2, /m?) in the coefficient of c;¢, but not the x;-dependent remainder, was found in [57].
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RG evolution and weak-scale matching and scales like

Ot A2
— In—5. 2.32
Ctt . n mtg ( )

Very interestingly, the term with the second-largest coefficient involves the ALP coupling to gluons,
¢ca(A), which contributes at one-loop order to the evolution of ¢, (i) and is formally a two-loop
effect (enhanced by two powers of large logarithms) of orderﬂ

A2
(% CGG) T2 2 (2.33)
™ T m;

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

<% CWW) o ; (2.34)
T 7r
without a logarithmic enhancement. In [56], the contribution proportional to cpyw in 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 ¢y (A) with V = G, W, B can be expressed in terms
of the ALP couplings in the original effective Lagrangian . When combined with , these
relations show that, no matter to which SM field the ALP couples at the new physics scale A, 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 cf (1)
are still scale dependent at low energies due to loop diagrams involving gluons or photons. The
evolution of these coefficients from the scale p,, = my to the low scale py = 2 GeV yields [35]

Caq(h10) = Caq(me) — [S.OéGG(A) ~1dey(A) — O.60bb(A)] x 1072
Yoy [3.9&W(A) —4Ten(A) — O.2cbb(A)} %1075, (2.35)
co(pto) = coo(my) — [3.95W(A) — 4Teu(A) — O.QCbb(A)} % 1075 |
For an ALP lighter than the scale pg, 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.

5The extra pieces included through the replacement cag — ¢qa are three-loop contributions.
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2.4 ALP couplings to mesons in the chiral Lagrangian

At the scale pug =~ 2 GeV it is appropriate to match the Lagrangian ([2.18)) to a chiral effective theory
139, 78], 1791 [92]. The ALP—gluon coupling in the Lagrangian can be eliminated by performing a chiral
rotation of the quark fields,

a(x)
f

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

q(x) = exp | —i kg5 CGa q(z), (2.36)

2 2
X = =T (D= (D,®)] + %Bo Tr[1i4(a) =7 + h.c.]
2.37
1 " mZ,O 9 . O oa S ( )
+§8 a@ua— 5 a +CVWE?FILLVF ’

where 3(z) = exp [1}—? Am%(z)], defined with the pion decay constant fr ~ 130.5MeV and the
Gell-Mann matrices \,, contains the pseudoscalar meson fields,

mg(a) = exp (—Qinq caa ;) my (2.38)

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

iD,S =0, + eA,[Q, 5] + a‘}j"“ (ko= ~ k). (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

é,y,y = C'Y'Y — 2Nc CGG TI' [QQ H’Q] ’
ko = e Facc (kg — Ky caa) € ey, (240)

ikgcaa % —ikgcaa %
kg =e"1CC T (kg + kgeqa) e "1CCT

where Q = diag(Qu, Qq4, Qs) contains the electric charges of the quarks. The matrices kg and kg
have the texture

[kU] 11 0 0 [ku] 11 0 0
kq = 0 [kplyy [kplia | kq = 0 (kalyy  [kalie | (2.41)
0 [kD] 21 [kD] 22 [kd] 21 [kd] 22

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 [kpl;; and [kq];; with ¢ # j do not run below the weak scale,

and their values at the scale p,, have been given in (2.25)) and ([2.26)).
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For the case of the QCD axion (with miyo = 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
, thereby breaking the continuous shift symmetry of the classical Lagrangian to the discrete
subgroup a — a + nrwf/cgg. The first term in the first line of leads to a kinetic mixing of
the ALP with the pseudoscalar mesons 7%, 7z, K° and K°, while the second term gives rise to a
mass mixing. In order to eliminate the mass mixing, one can choose the matrix k4 in such a way
that kK,m, o 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 g,
we will refrain from adopting a particular choice in this paper.

Applying the Noether procedure to the effective Lagrangian , one finds that the chiral
representation of the left-handed quark currents (j’ifyHPL ¢’ is given by [39]

S "

(2.42)
if? : a 12 oka . 5
5 == [1+ilkg, — mqi)cGG? (20,21, + 7 F — [ko - SkoET

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 kq [39].

The Lagrangian 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 I%Q and kq and will play a role in our
discussion of K — wa 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 7~ — e~ . a the weak transition is a charged-current process
mediated by the effective Lagrangian

4G
Ly qg=— 7;

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

o __ 1G T
ZA(ﬂ' — € uea) = —Tg Vud gf ue'}’u(l - 75> (75

Vaa L2} ey Ppue. (2.43)

(2.44)

2

My — My, m
X w2 —— + |k, — k —2 A
(p7r +pa) (¢l g + o, + [ u d]n + mgr — m?;, Cud:| s

where £, 4 denotes the ALP couplings to the right-handed up- and down-quark currents, respectively,
and

mq — My,

Acyd = Cyu — Cad + 2caa (2.45)

mg +my
All quantities are evaluated at the scale pyg.

The leading-order operators mediating flavor-changing non-leptonic meson decays such as K~ —
770 Kg — ntn~ and Kg — 770 read [94-96]

AGp _,
Lot =75 ViaVas (95 Os + 92" O)" + 631 O3’ (2.46)
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Figure 3: Feynman graphs contributing to the K~ — 7~ a and K° — 7%a decay amplitudes at leading order
in the chiral expansion. Weak-interaction vertices mediated by the SU(3) octet operator Og are indicated by
a crossed circle, while dots refer to vertices from the Lagrangian . 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 Og mediates weak transitions with isospin change
Al = %, while the 27-plet operators 0542 and (’)342 mediates transitions with Al = % and Al = %,
respectively. These operators can be expressed in terms of products of the left-handed operators ij

defined in (2.42)). One finds
Os = Z Lsi Lo,
(’)%2 = LagL11 + Lg1 L12 + 2L33 Loy — 3L32 L33, (2.47)

0:2)’42 = L3p L11 + L31 L12 — L3a Lo,

where contraction over the Lorentz indices is implied. The coefficient of the octet operator, |gg| ~ 5.0
[97], is larger than the coefficient | ggf\ by about a factor of 30, and in the SU(3) symmetry limit the

coefficient |g¥2] is smaller than | g%z| by a factor of 5 [98]. The strong dynamical enhancement of
1

Al = % over Al = % transitions is known as the Al = 5 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~ — 7~ a and K° — 7%a decay amplitudes from the Lagrangians
and , evaluating the Feynman graphs shown in Figure |3l 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 . 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 n~ 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 kg and k, in (2.24). The amplitudes for K — ma 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 m, = mg = m in
order to eliminate the 7%-7n mass mixing. The meson masses are then given by m2 = 2Bym,
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m%( = By (ms + m), and 3m,27 = 4m§< —m2. Corrections to the decay amplitudes proportional to

the mass difference (m, — mgy) are suppressed by a factor 1/ms and hence are very small. We also
neglect mixing with the 7’ meson, which is an effect of higher order in the chiral expansion. We then
obtain [39]

) _ _ N, m2. —m2)(m2 —m?
TAK™ > 7 a)= 4—; 16cqa ( fm%( —Wr)n(Q f?,mz o) + (2¢uu + Caa + css) (M3 —m?2)
™ a

my (mic —mg)

2
— (2¢yu + caq — 3css) mi + 6 (Cun + Cag — 2¢s5) 4m%{ “m2 — 3m2

(2.48)
+ ([ka + kplyy — [ka + Ekplyy ) (M3 +m2 —m?)
d T kD] d +kplyy ) (M +mz —mg
m2 — m2
= P [kt kol
and
2 2 2 2
. 0 0.\ _ (mK_m)(mK_m) 2 2
_l\/iA(K — T CL) = E 16 GG 4m%( _ngr - 3mg a + (3Cdd + CSS) (mK — mﬂ.)
2 2 2
m m —m
+ (2¢uu — Ca — Css) Mg — 2(Cun + Cad — 20s5) 4m%“{(_ 717(1% — 3’;23
2.2 2
9 — cag) M ) (2.49)
maz — My
+ ([ka + kpliy — [ka + kplys ) (M +m2 —m})
m2 — m2
= T [kt kol
where o
Ny = ——Z V¥ Viis gs f2 = |Ng| %, (2.50)

V2

with |[Ng| ~ 1.53 x 1077. Here dg denotes the strong-interaction phase of the phenomenological
parameter gg, and we adopt the standard phase convention for the CKM matrix, in which the matrix
elements V4 and Vs are real [99]. Note that the flavor-diagonal ALP—fermion couplings ¢4, in the
above relations are evaluated at the low scale pug ~ 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 ¢ = (p n)” containing the proton
and the neutron[]

"In the extension to three light flavors, the spin—é octet of the ground state baryons is instead described by a traceless
3 X 3 matrix.
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In order to describe the interactions of baryons with pions it is convenient to introduce a field
£&(z) defined such that &2(x) = X(x), where X(x) = exp [i o®7(z)]. Under an SU(2)1, x SU(2)g
transformation, the non-linear transformations of the meson fields follow from ¥ — LXR'. The
quantity & transforms according to

¢ LEUN =UER', ¢S REUT=UELT. (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 v» — U+t). The covariant derivative of
the nucleon field takes the form (neglecting electromagnetic interactions for simplicity)

iDuY =i(0, + )¢ (2.52)

¢ (i) € el (50 ¢

[g (10, +r,) €t + €T (10, +1,) s} +ol1,

with the connection

iT, =
(2.53)

= N

where k, = diag(ky, kq) and IAcQ = diag(ky, kp) 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

0 ky —k w—
Tu:ﬂ [ dlin +oogg T 8
f 2 2
(2.54)
1 — @ [ku — kply — coc Fu — Rd ') 3
B f 2 2 ’
and the iso-scalar vector coupling
opa ([ku+kalyy kv + kD]
() = 11 2.55
- ( >t ’ (2.55)

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

I3 <¢8M + 850“ l%q> ¢ — ¢t <i8u + a,}a 12:Q> E=u,+ul), (2.56)
with
wy, =€ (0, +r,) € — € (10, +1,) €,

uwl®) — Oua [[ku +kalyy  [ku +kply

H f 2 2
These quantities transform as axial vectors under parity. Note that the iso-scalar axial-vector coupling
aff) is invariant under SU(2);, x SU(2)g. The condition k, + kg = 1 ensures that this quantity is
independent of the auxiliary parameters x,. A dependence on these parameters remains in the
expressions for the chiral couplings 7, and [, in , but it must cancel in all predictions for
physical quantities.

(2.57)

+ cea (Ky + Iid):| 1= 2a£f) 1.
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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

Loy =1 (Uﬁ —my + g?A Yys wy, + 92—0 Y5 u/(f)) v, (2.58)

where my is the (leading-order) nucleon mass, and g4 and go 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 x, and kg4 cancels, as it should be. We obtain

MN Gpa _

iA(p(k) = p(K') + a(q)) = —%? un (k') gvs un (k) = 2f un (k') vs un (k)
. (2.59)
FA(n(R) = n(k) +a(0) = =5 an(F ) dhs (k) = Z5L ax ()15 un (k).
with )
9pa = 90 (Cuu + Cqq + 2CGG) + 94 ﬁ Acyq s
o (2.60)

m
9na = 90 (Cuu + Cqa + 2CGG) —JA 27”2 ACud,
moz —m

m a

where Ac,q has been defined in . 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 , 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 @y (k')7ys un (k) scales like
s+ (k—k')/my in the limit where k¥’ — k, where the spin vector s* will be defined below.

The phenomenological coupling g4 can be determined with very good precision from nucleon
B decay, with the result that g4 = 1.2754(13) [99]. In order to determine the parameter gy 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

Alp(k) = p(K) +ala) = > C“;}L ) g oK) 2130 )}
K (2.61)

caa as(po) o Fuva
+ T A <p(k/)‘ Guu G" ‘p(k»ﬂo )
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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 pg. 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 GG mixes into the current matrix elements under scale evolution. This mixing is the source of the
scale dependence of the parameters cq4q(po). Matching the above expression with , we find that

m2
(90-+0 53" ) A ()rs (1) =2 0| s ()

(2.62)
m72'(' — / / 7
Y= 945" 3 un (k') dvs un (k) = 2 (p(K)| dgvsd |p(k)) ,
where ¢2 = (k — k’)2. A third relation relates the gluon matrix element of the proton to go and g4.

Considering the limit ¢" — 0 (i.e. K — k) in these relations, defining the expectation value of the
nucleon spin as

= San(k)y s un(k); ks =0, (2.63)
and introducing hadronic quantities Ag by [105]
(p(k)av"vsq|p(k)) = 25" Aq, (2.64)
we obtain
go+9a =2Au, go —ga =2Ad. (2.65)

Solving these equations we obtain gy = Au+ Ad. The matrix elements Au and Ad 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 Ag in lattice QCD with Ny = 2 + 1 dynamical fermions performed by the xQCD
collaboration [106], which achieves a pion mass of 171 MeV close to the physical value. This study
reports the values Au = 0.847(18)(32) and Ad = —0.407(16)(18), from which we obtain gy =
0.440(44). The reported value g4 = Au — Ad = 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 onto a
heavy-baryon chiral effective Lagrangian by replacing

W(z) = e-imN v “f N(z), (2.66)

where v# is the 4-velocity of the nucleon. At leading order in the expansion in 1/my, one then

obtains from ([2.58))
LﬂN—>N(iv-D+gAS-u+gOS-u(S)>N, (2.67)

where S* = %O’MV’)/g, v, denotes the Pauli-Lubanski spin operator.

The effective ALP—nucleon couplings in depend on the ALP mass, and the corresponding
results for the QCD axion are recovered in the limit m, — 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
Cuy = ¢qq = 0 at the low scale g, 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 gsinglet = (gpa + gna)/2 (blue), in units of the ALP—gluon coupling cgg. The
ALP couplings to quarks are set to zero (cy, = cqqa = 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

_ Mg M2 4m?
T(a—(t07) = 87rf2e cz(ma) (|1 — m—;’ (2.68)

where ¢ = e, p or 7 and we assume that m, > 2my.

The a — v 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” Cgfyf, such that

a?m3 2
I(a—~yy) = 7647r3;2 Cﬁg (2.69)
with
CM(ma) = cyy + > N/ Q% cpp(ma) Bi(rp);  for ma > Aqop . (2.70)

f#t

23



Figure 6: Representative diagrams contributing to the off-shell ALP—photon vertex at one-loop order in
ALP interactions.

Here 77 = 4m% /m2, and we have defined

B 9 arcsin f ; T>1,
1(T):1_Tf (T>7 f(T): E Zlnl—h/ﬁ " (271)
\/7 b
This function satisfies By (7y) = 1 for my < m, and B;(7y) = —ma/(12m ) for my > mg, meaning
that each electrically charged fermion lighter than the ALP makes a 51gn1ﬁcant contribution to
Cﬁg. Note that for the light quarks the running coefficients cys(mg) contain important contributions
proportional to the ALP—gluon coupling cgg from RG evolution effects. For example, with m, =
2GeV we find cgq(mq) = cqq(A) £ 0.1¢4(A) — 0.04 cqi, 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 and can be expressed as [78] [79], 92] 03]

2
a

m mq — My, Cuu — Cdd

GG
—m2 [ mq + my, 2

Cgfvf(ma) = cyy — (192£0.04) coe — m2
(2.72)

+ Z 3Q2 Cqq(100) B1(1q) + Z co Bi(mg);  for mg < po,
q=c,b l=e,p,T

where we neglect small corrections of order m, q/m,. In this expression, the running quark masses
and the ALP—fermion couplings are evaluated at pug ~ 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 FW +q+ (¢, k) shown in Figure @ where ¢ denotes
the inflowing momentum of the external on-shell photon (¢? = 0) with polarization index u, k is the
outflowing momentum of the off-shell ALP (k? # m2), and p = k — q is the inflowing momentum of
the off-shell photon with polarization index a. 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 («/m). We find that the vertex function is
finite and can be expressed in terms of the parameter integral

po _iﬂ af
Fwa*( /{:)—er“ T qp ky (2.73)
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The term involving k - ¢ must be kept for flavor off-diagonal dipole transitions such as y — ey, 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

iox 4m’
F/’;”O; - ( k) — ?fe.“‘@ﬂ'y qs k’Y |:C'Y'Y+ZN!Q§ Cff Bl <k‘2>:| . (274)
f
In the limit where the ALP is taken on-shell (k> — m?2), one recovers the expression for the effective

coefficient C’gg entering the a — v decay rate in |D The off-shell vertex function exhibits the
same familiar behavior, that heavy fermions with m > |k2| decouple from the vertex function,

whereas light fermions with m?c < |k?| contribute 1 inside the rectangular bracket.

2.7 ALP decays into hadrons

If the ALP mass is in the perturbative regime (i.e. for mq > Aqcp), the inclusive decay rate into
light-flavored hadrons can be calculated under the assumption of quark-hadron duality [107) [10§].
Including the one-loop QCD corrections to the decay rate as calculated in [I09], one obtains [7§]

2 3 2
I'(a — light-flavored hadrons) = W [1 + 843 % (ma ] ‘C’GG mae)| (2.75)
where )
C (mg) = cag + 3 D egq(ma) Bi(rg);  for mg > Aqep - (2.76)

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

3mami(mg)

8 f2
and an analogous expression holds for I'(a — c¢).

If the ALP is lighter than 2 GeV the number of kinematically accessible hadronic decay channels
is limited. The two-body decays a — 77 and a — 7%y are forbidden by parity invariance and
angular momentum conservation, and the three-body modes a — w7y, a — 7%y and a — 7Vete™
are strongly suppressed by phase space and powers of the fine-structure constant a. The dominant
decay modes in this region are a — 37° and a — 77~ 7% induced by the ALP couplings to pions in
the effective chiral Lagrangian . At leading order in the chiral expansion, one obtains [35], [78]

(a — bb) = oy (ma)[2 VI =75, (2.77)

4 2
T a_b,_0 MMy A 2 me 9.
with Acyg as defined in (2.45), and (with 0 < r < 1/9)
2 (1=v)? 4r
—_— dzy[1— = \/?
w0 = ), I,

(2.79)

12 [O=v? 4r
b= g [ dn 1= T =),



where \(z,7) = (1 — 2 — )2 — 4zr. Both functions are normalized such that g,,(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 — va, h — Za and h — aa. In [7§] the corresponding decay rates were
calculated at one-loop order in the effective ALP interactions. Setting the matching scale p,, equal
to the mass of the decaying particle, one finds [78]

my  aa(mz) | o2 m2\°
[(Z = na) = CE (11— )

C96m3f2 822 m3,
D(h = Za) = |2 a3/2( M2 ™
a) = —_——
16mf2 | 2h m2’ m2 )’ (2.80)
3,2 2\ 2 2
ms; v 2 2m 4dm,
D(h — aa) = —— |Cf)* (1 - =2 1——=2.
( aa) 327 f4 ‘ ah ( mi ) mi

In the case of Z — va decay we have defined

1 4m?2 4m?
C’ig =cCyz + Z chQf (2 Tgf - Qf%) crr(mz) By <m2fa mQZf> ’ (2.81)
f a

where T3f denotes the weak isospin of fermion f, and

Ba(mi, ) = 1+ —2— [f2(r1) — f*(m)], (2.82)

T — T2
with f(7) as given in . This function is approximately equal to 1 for all light fermions other
than the top quark, for which Bg(%, fnﬂ;) ~ —0.024 is very small.

The decay h — Za is interesting, becZause the effective ALP Lagrangian 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]

chT s ) a;f 66 (6'D,0). (2.83)

The effective coupling C%f,fl is defined as

3ay(mp)

Ceff —
Zh A

v
cu(mp) F+ 5 ¢ (my,). (2.84)

where
2

1 2 2 2
om2 _ _
F= / dlwyz] —5—t—Th — T2 10,930 4 2.64 x 1076 4
0 m; — xym; — yzmy — rzm? GeV

with d[zyz] = dedydzd(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

(2.85)

coefficients ¢ and c((;) and on the value of the ratio v/f.

26



The decay amplitude for the process h — aa starts at O(1/f?). 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

£b=6 5 CT;‘ (Ba) (8"a) p1 6. (2.86)

The coeflicient ng reads

3ag(m m2 4m?
C = con(mp) + Sar(mn) ¢y (ma) [ln —L— g <;>}
v m h

; m
3a3(mp) m 4m3,
— m wa(mh) In % + (51 — g2 m% (287)

3ad(my) m3 4m?,

with the loop functions
gi(r) =7 f4(r) +2vT =1 f(r) -2,

- (2.88)
pr) = T )+ 2T LH() - 5

The parameter 67 in is a scheme-dependent constant related to the treatment of the Levi—
Civita symbol in D = 4 — 2¢ spacetime dimensions. One finds §; = —% is a scheme where 7 ig
treated as a D-dimensional object (our default choice), and §; = 0 is a scheme where it is treated as a
four-dimensional quantity [78]. The dimension-6 Wilson coefficient cq5(mp,) 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

3ar(mp) 5 3a%(mp,) ~2 3a®(mp) ) A?
Cah(mh) = Cah(A) + T Ctt(mh) - W wa(mh) - m sz(mh) ln mii . (289)
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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 ki, kp, kqy
and kg , the flavor-diagonal ALP—fermion couplings cyy defined in , and the ALP-boson
couplings cyy defined in . 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 — wa. 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 A = 47 f. 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 — va
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 A. 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 Fach benchmark is defined by
assuming that either one of the ALP couplings to gauge bosons cgg, cww and cgp or a single ALP
flavor universal coupling to SM fermions ¢y, = ¢y 1 with ¢ = u,d, @, e, E is non-zero at the scale A.
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 A. 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 7 — ete™.

There has been a lot of recent work studying the constraints on ALPs from quark flavor-changing
processes (see e.g., [30, B4, 41H44, 48, 0], 54H57, 112]), and it is worth outlining what our current
work adds to these studies:

e 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 and @ 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
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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

We study in general the contributions of a light ALP to Bgs—Bgs 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 — 7 observables using our recent
calculation of the K — ma decay amplitudes in chiral perturbation theory [39]. We take into
account one-loop running and matching contributions from the high scale A down to the chiral
scale ~ 2 GeV, and we find that for most scenarios involving flavor-universal ALP couplings at
the scale A, 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)r, x U(1)y invariant cou-
plings defined at the UV scale A, 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(u,u) at LHCb provide the strongest
constraints on a 1 GeV ALP which at the scale A 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 A, 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/1 and
T 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 — séf 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 7° — ete~
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-¢? bin of the R observable,
but not the high-¢? bin of Rxg and not Rg+. 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 — ma 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 — wa, D — ma, B — mwa
etc. We will discuss this in detail for the kaon decays K~ — 7~ a and K; — 7'a, 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 — mwa decays is a mono-energetic final state pion with energy

2

m%(—i-mfr—ma (3 1)

Er=

2mp

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

1 2 2
T(K — 7a) = JA(K — ma)|? \1/2 <m; Ta ) , (3.2)
16mmg mzi My
where
Nriyry) =141+ 7"]2» — 2y — 2rj — 2rirj . (3.3)

As discussed in Section there are contributions to the decay amplitudes involving both flavor-
violating and flavor-conserving ALP couplings. The decay amplitude for the charged mode K~ —
7~ a and the neutral mode K° — 7% have been given in and (2.49)), respectively, in terms of
the ALP mass and the ALP couplings to gluons and quarks. For m, = 0, one finds numerically

1TeV

PAK™ = 77 a) ~ =112 x 107 GeV [ ] [ka+ kD] |,

1TeV]| .
+1071 GeV [fe] e’ [3'50 caG + 0.86 (2cuu + cad + Css)

+1.01 ([k‘d—l—k‘D]ll - [k‘d—i-k'p]m)} , (3.4)

1TeV
/

—ivV2A(K® — 7%) ~ —1.15 x 10" GeV [ ] [ka + k],

+ 1071 GeV [1Tfev] €% [3.58 caa + 0.88 (3caq + css) + 1.02 ([kq + kply; — [ka + kplys )] ,
where the ALP couplings are defined at the low scale g = 2GeV. 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 KT — 7ta and K° — 7% can be obtained from these expressions by
reversing the overall sign and replacing [kq + kplys — [kd + kplyy = [ka + kD)5 (One should also
take the complex conjugate of the product V', V,s of CKM matrix elements in the definition of the
quantity Ng in , which has no effect since these parameters are real in the standard convention
for the CKM matrix.) The amplitude for the decay K — m%a, on which constraints can be derived
using existing searches for K — 797 and K — 7°X, is then obtained using the relation [I13]

1+e)KY'+(1-e)K°

Kj, =
2(1+ [e?)

, (3.5)
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where € = 2.228(11) x 1073 €< with ¢, ~ 43.5° is the parameter measuring CP violation in K- K?°
mixing [99]. We find numerically

1TeV

IAKL — a) ~ 107! GeV [ } [1.15¢ Im [kq + kp) ., — 2.56 x 1072 "% Re [kq + kp)| 12}

1TeV]
+1071 GeV [ fe ] i(Os+¢c) [7.97 cac + 1.95 (3¢aq + css) + 2.27 ([ka + kplyy — [ka + kD]QQ)} .

(3.6)
A comparison with the result for the charged mode in shows that the decay K7 — m%a is useful
primarily for probing the imaginary part of the flavor-changing ALP—fermion coupling [kq + kpl5-
The sensitivity to all other ALP couplings is reduced, compared to the decay K~ — 7~ a, by a factor
le] =2 x 1073,

When one squares the decay amplitudes to obtain the decay rates in , the interference terms
involving one flavor-changing and one flavor-diagonal ALP coupling are sensitive to the strong-
interaction phase dg, 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 X — ma decay modes can constrain the
flavor off-diagonal ALP couplings [kq],, and [kp],, 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

- mi - 2 m2\” m2 m?
DB = 70) = gyt [ + byl | P72 (1= 25 ) a2 (22,72 ),

- - m? 2 m2\ > m2 m?2
DB = Ka) = Gk + bl P [EE ) (1= 228 ) 2 (2, 1),

2 R A
- *— B B—K*( 2 3/2 mi my

DB~ K'a) = g1y oo — ko P[40 ) [ 2072 (2, 20, (3.7)
B B

I(B° - K®%) =1(B~ = K®~q),

3 2\ 2 2 2
(DT — k k Dﬁ\fr PNE 1 — My )\1/2 mzy M,
( Q0 CL) 641 f2 H U+ 12’ ‘ (ma)‘ m% m%’ m% )

1
(D° — 7%) = §F(D+ — nta),

31



3 2\ 2 2 2

I'(Df — K*a) = GT:;Q ko + kal o |EL 5 (m2)| (1 - mK) )\1/2<mK m) .

For B —+ K*a decays the K™ meson is longitudinally polarized, since the ALP is a pseudoscalar
particle. The quantities Fyy(g?) and Ag(g?) are scalar form factors defined in [I14]. We take FP 5 (¢?)
and FP~™(¢?) from the lattice averages of [I05], AF7X" (¢?) from the light-cone QCD sum-rule
calculation of [I15], F?~7(¢?) from the lattice calculation of [IT6], and F’* % (¢?) 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 . This is justified by the observation we made for K — ma decays, that contributions
to the amplitude involving the SM weak transition s — uud 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~ — 7~ — 7~ a via ALP-pion mixing give rise to subdominant contri-
butions to the B~ — 7~ 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 — vy and
a — (T¢~. Constraints on a long-lived ALP can be derived from searches for rare decays such as
K — nvi and B — K®vp, 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 [kq];; and [kp];; with ij = 12,13,23 and
[ku]12 and [kyli2 from exotic decays of kaons, B mesons and D(,) mesons are compiled in Table
For ALPs with O(1) flavor off-diagonal couplings, these searches can probe new physics scales of
f < 10°TeV x vB. The constraints scale with the square root of the branching ratio of the ALP
into the signal final state, B = Br(a — yy,ete™, utu~,7777), 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 7,
changes the strength of the constraints shown in Table [I] because the fraction of ALPs decaying in
the range of sensitivity of the experiment depends on the ALP decay length

he leV
Za = CTq = ? =~ 0197,um T s (38)

where I 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 [§ and Figure[J]
(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

coupling c;;

Limit (95% CL) on
ey (%Y VB

Limit (95% CL) on
cij/ |V Vg - (%) VB

Figure

Br(K~ — ma(inv)) 0 < mg <261 long-lived [kp + kal12 1.2 x 107 3.9 x 1076
Br(K [, — 7%a(inv)) 0 <mg < 261 long-lived [Im[[kp + ka]12| 8.1x 1077 7.0 x 107°
Br(K~ — 7 yy) m, < 108 Y kD + kal12 2.1 %1078 6.9 x 107°
Br(K~ — 7 vy) 220 < m, < 354 Ty |kp + kql12 2.0 x 1077 6.5x 1074
Br(Kp — 7%v7) me < 110 1y [Im([kp + kal12]| 1.3x 1078 1.1x 1074
Br(KL — 70%y7) ma < 3630%%) vy [Tm[[kp + ka)12]| 1.3 x 1077 1.1x 1073
Br(K+ — nta(ete)) 1< m, < 100 ete” |kp + kal12 3.4 %1077 1.1x 1073
Br(Kp, — m%te™) 140 < m, < 362 ete” [Im([kp + kal12]| 3.1x 107 2.6 x 107°
Br(Ky, — mutu) 210 < mqy < 350 wtp~ [Im[[kp + kal12]| 4.0 x 1072 3.4 x107°
Br(B* — nteter) 140 < m, < 5140 ete™ |kp + kal13 7.0 x 1077 8.7 x 107°
Br(BY = ntputu™) 211 < m, < 5140 whp~ [kp + kal13 1.2 x 1077 1.4 x107°
Br(B~ = K~ vi) 0 < mg < 4785 long-lived |kp + kal2s 6.2 x 1076 1.6 x 1074
Br(B — K*vv) 0 < mg <4387 long-lived |kp — kqlas 4.1x107° 1.1x 1074
dBr/dg*(B" — K*%¢*e™)(0.0,0.05) 1<m, <224 ete” |kp — kal2s 6.4 x 1077 1.6 x 1072
dBr/dg*(B" — K*%*e™)(0.05,015) 224 < m, < 387 ete” |kp — kal2s 9.3 x 1077 2.4 x107°
Br(B~ = K~ a(u*p™)) 250 < mg < 4700 () whp |kp + kal2s 4.4 x 1078 1.1 x 1076
Br(B® — K*0a(utp)) 214 < mg < 43501 whp |kp — kal23 5.1 x 1078 1.3 x 1076
Br(B~ —» K~ 7Fr7) 3552 < m, < 4785 T |kp + kqlaz 8.2 x107° 2.1x 1073
Br(D° — mlete) 1< mg < 17300 ete” |ky + kul12 2.8 x 1075 -
Br(D* — nteteT) 200 < m, < 1730(H) ete” |ky + kul12 8.4 x 1076 -
Br(D} — Ktete™) 200 < m, < 147509 ete” |k + k12 2.4 %1075 -
Br(Dt = atutu) 250 < mgy < 1730(+%) e [ku + kul12 2.1 %1076 -
Bl(DJr — Ktutu ) 200 < mg < 1475(++%) whp~ [ku + kul12 5.7 x 107° -

Table 1: Summary of indicative constraints on quark flavor-violating ALP couplings renormalized at the
scale i, = my, 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 |ViV;;| 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. (x): 100 < m,; < 161 MeV; (xx): 525 < my, < 1250 MeV; (wkx):
990 < m,,,, < 1050 MeV' (F): 950 < mee < 1050 MeV' (F0X): 100 < myy < 160 MeV; (f): 935 < mee < 1053
MeV; (11): 8.0 < m?, < 11.0GeV? and 12.5 < my,, <15. 0GeV?; (1): various cuts are applied to exclude the

fupe
regions around the J/v, ¢(25) and 1 (3370) resonances; (11): 525 < my, < 1250 MeV.
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Figure 7: Constraints on the flavor-violating ALP couplings [k4]12 and [kp]i2 from kaon decays, collected in
Tablel[l] for different values of the total ALP width. The observables are Br()~ — 7~ v7) (top left and center),
Br(K~ — 7 77) (top right and middle left), Br(K? — 7%y~) (middle center and right), Br(K; — m%Te™)
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Figure 8: Constraints on the flavor-violating ALP couplings [kq]13 and [kp]13 from B meson decays, collected
in Table [1} for different values of the total ALP width. The observables are Br(Bt — 7TeTe™) (left) and

Br(BT — mtutp™) (right).
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Figure 9: Constraints on the flavor-violating ALP couplings [kq]a3 and [kp]2s from B meson decays, collected
in Table [} for different values of the total ALP width. The observables are Br(B~ — K vi) (top left),
Br(B — K*vv) (top center left), Br(B~ — K~ a(u™p™)) (top center right), Br(B® — K*%a(utu™)) (top
right), Br(B~ — K~ 7777) (bottom left), dBr/dg?(B® — K*%eTe™)(9 .05 (bottom center) and dBr/d¢*(B® —
K*%te™)0.05,0.15 (bottom right).
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Figure 10: Constraints on the flavor-violating ALP couplings [ky]12 and [ky]iz from D meson decays,
collected in Table |1} for different values of the total ALP width. The observables are Br(D® — 7%%e™) (top
left), Br(D* — 7wtete™) (top center), Br(D} — Ktete™) (top right), Br(DT — 7t u*u™) (bottom left) and
Br(D}f — K*tutu™) (bottom right).

widths. We show constraints for three different values of the ALP width T 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(—m,T'). ALPs with a decay width of I' > 107%eV and a corresponding lifetime
of £, 2 0.2m 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[7h), [7b) and Figure[9p), [0b) 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, < m, < my;, — myy, for a meson decay
M; — Msa. 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 [k:D]%-[FV ox ViiVij (with @ # j) [35], whereas all
other flavor-changing ALP couplings vanish. An explicit expression of the couplings [kzD]ij in terms
of ALP parameters defined at the new physics scale A = 47 f has been given in . The relevant
CKM suppression factors for the various transitions are |V;;Vis| = 3.1 x 10~% for s — d transitions,
|ViiVip| = 8.0 x 1073 for b — d transitions, and |V;iV;| ~ 3.9 x 1072 for b — s transitions. The
constraints from on-shell ALP production in ALP models respecting MFV are shown in the last
column of Table 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 — mwa, where it reduces the relevant
flavor-changing ALP coupling [kp],, 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 [kal1y — [Falas = [kDl1y — [kDloy = 0, (3.9)

which further simplify the expressions for the K — mwa decay amplitudes given in . In the
K1 — 7% decay rate one primarily probes the imaginary part of the flavor-changing ALP coupling,
see . With the standard phase convention for the CKM matrix, this coupling satisfies
[kp]1y * o VisVis = —[ViyVis| € [1 + O(A)] (3.10)
where (3 is one of the angles of the unitarity triangle (with sin28 = 0.70), and A =~ 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 A, for which all ALP—fermion
coupling matrices cp = cpl (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
A. Throughout our analysis we use f = 1 TeV as a reference scale (corresponding to a new physics
scale A ~ 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 A. For the flavor-changing couplings, we obtain from

[k (me) 820 ~ 1075 ViV [ ~6.lege — 28w — 0.02¢p5 (3.11)

+ 1.9 x 10% ¢, (A) — 9.2 ¢4(A) — 1.9 x 10 co(A) — 0.05co(A) +4.2cL(A)] .

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 A 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(p0)]"™ = 0.84 ¢, (A) — 0.049 ¢4(A) — 0.79 cq(A) — 0.037 caa

— 107 [1.0 ce(A) = 3.7er(A) + 2.1 e + 0.34 cBB] :
. (3.12)
[Cdd(,uo)]umv ~ (0.074 Cu(A) + 0.95 Cd(A) —1.02¢q (A) —0.037 caa

— 1074 [0.30 ce(A) — 3.6 c1(A) + 2.3 ey + 0.10 cBB} .

Let us return one last time to the K — ma 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~ — 7~ a decay amplitude evaluated for mq, = 0

1TeV]
/

PAK™ = 7 a) =107 GeV {
y {ez‘ﬁ [ —0.21cgg — 0.10 ey — 6.4 x 104 epp + 67cy(A)

— 032 c4(A) — 66 cg(A) — 1.9 x 1073 co(A) + 0.15cL(A)} (3.13)

+ eids [3.4 cee—T7.5x 10 ey — 7.5 x 105 epp + 1.6 cu(A)

+1.5c4(A) — 3.1co(A) — 2.2 x 107 co(A) + 1.2 x 1073 cL(A)] } ,

which makes it explicit that the coefficients in the contribution associated with flavor-changing ALP
couplings (terms proportional to s ) are now more or less commensurate with the coefficients in
the contribution to the amplitude mediated by the weak transition s — uud of the SM (terms
proportional to €%). 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 [kp];,
in the low-energy theory.
For the K — n%a decay amplitude, we obtain in the flavor-universal ALP scenario

1 TeV]
f

iA(Kp — 7%a) = 1071 GeV [
X {iei& [0.083 caa +0.037 ey + 2.5 x 1074 epp — 26 ¢, (A)
+0.12¢4(A) + 26 co(A) + 7.4 x 107* ¢, (A) — 0.056 c,(A) (3.14)
+ ¢ +ec) {7.7 x 103 cae — 1.8 x 10 C ey — 7.8 X 1078 cpp + 5.8 x 1074 ¢, (A)

+ 7.4 %1072 cg(A) — 8.0 x 1072 cg(A) — 2.4 x 107" ce(A) +2.8 x 107° cL(A)} } :

where & ~ —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 A would give a 40
times larger contribution to the K~ — 7~ a amplitude than to the K; — 7% 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 A, then the K~ — 7~ a amplitude
is about 2.6 times larger than the K; — 7%a amplitude.

3.3 Three-body pion decays 7~ — ae i,

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 m~ — ae 7, can be used to search for ALPs with
masses M, < My — Mme. The amplitude for this decay is given in . Neglecting contributions

suppressed by m?2/(m2 — m?2), one finds the decay rate

NN(r~ —ae ) = G% |VUd|2 ﬁm5 (z4) |2¢ Md — M + [ku)y; — k)1 + 71713 Ac i
)= apT6es g2 I |60G o T, T e T R T e g Sud |
(3.15)
where x, = mg / m72r, and the phase-space function is given by
g(x) =1—-8z — 1222 Inz 4 8z — z*. (3.16)

This result agrees with corresponding expressions derived in [120] and [93] (for m, = 0). The PIENU
collaboration has recently put a limit on the branching ratio Br(z~ — ae™7.) < 1075Br(z~ —
p~v,) [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 4 — ptu~

Because of their chiral suppression in the SM, the decays Bs — u™p~ and By — pu~ are sensitive
probes of flavor-changing ALP couplings. In the SM the first of these processes is induced by the
operator O19 = 517,br, {y*75¢ in the effective weak Hamiltonian (see e.g., [122])

4G _ o
Hog " = _T2F VisVi o Ciro(p) Oro(p) + .| - (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 (m, > my), the corre-
sponding operators in the effective Lagrangian are (neglecting the strange-quark mass for simplicity)

eav, mpm _ _ -
Elelff yALP _ Z Cop # [[kd]23 Spbr, + [kD]Qg Srbr| £yt (3.18)
Z a

where ¢ = p in the present case. For a light ALP (m, ~ my 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 B, — ptp~ 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

2
BI‘(BS — M+u_) _ g C,u,u(ﬂb) T 02 1 [kD — kd]gg

Br(Bs — ptp-)sm | O5M(wp) o) f2 1—m2/m3 ViV

(3.19)

An analogous expression holds for the case of By — p*u~ decay. Here py, ~ my is an appropriate
choice of the renormalization scale. In the SM, one finds C{)(my) ~ —4.2 [122]. According to
and (2.35)), the value of ¢, at the scale j is approximately equal to ¢, (A) +0.12¢(A). The above
formula exhibits the decoupling (~ 1/m2) for a heavy ALP as mentioned above. It becomes singular
if the ALP is degenerate in mass with the Bs; (or By) meson. This case can be safely excluded,
because it would lead to a significant mixing of the ALP with the pseudoscalar (5b) or (db) 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(Bg — pp™) = (0.6707) x 1071 (3.20)
Brexp(Bs — ptp™) = (2.697031) x 1079, (3.21)
These measurements differ from the SM prediction [124]
Broym(Bg — pp”) = (1.03 +0.05) x 10719 (3.22)
Brsm(Bs — ) = (3.66 £0.14) x 1072, (3.23)

by 0.640 and 2.40, respectively. The measurements provide model-independent constraints on the
coupling product ¢, () [kp — kal13/f? and ¢, () [kp — kal2s/ f* as a function of m, as shown in
the left (By) and right (Bs) panel of Figure respectivelyﬁ Green (yellow) indicates the region
where the ALP contribution is within 1o (20) from the theory prediction and the experimentally
measured value. The orange regions are excluded at 2c.

The left panel of Figure [11| depicts the constraints from By — p*p~ for ¢, Relkp — kql1z > 0
(top) and c,,Re[kp — kqli3 < 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(By — ptu™)/Br(By — ptu )sm < 1.3. For m, > mp,, the 10 region is mass depen-
dent. Larger ALP masses allow for larger couplings to lie within the 1o region. The top right panel
depicts the constraints from Bs — upu~ for [kp — kglos > 0. We find that the presence of an ALP
can only alleviate the tension in Bs — u*u~ for my > mp,. The ALP contribution to the branching
ratio must be such that 0.64 < Br(Bs — u™pu~)/Br(Bs — pTu)sm < 0.84 at 1o. The quadratic
form of leads to the appearance of two 1o branches. As the ALP mass approaches mp,, ever
smaller couplings are required to compensate for the growing denominator. For m, < mp,, the sign
of the ALP contribution in flips and the branching ratio becomes too large to be within the
20 region, even for vanishing coupling values.

8Note that an ALP with m, < 300MeV and sizeable couplings to quarks could also be discovered in B, — uua
decays where the ALP can be produced resonantly [125].
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m, where the tension in B, — pu+u~ can be explained by an ALP with flavor-violating couplings.

The situation is reversed for ¢, (1) Re[kp —kq)2s < 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 1o region for m, < mp,. Again we find two branches of the 1o
region due to the quadratic nature of . As my gets closer to mp,, smaller couplings compensate
for the large denominator.

3.5 Modification of By ,— By, mixing

Mixing of neutral By 4 mesons with their anti-particles can be induced by the exchange of a flavor-
changing ALP via both s- and ¢-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 m, ~ my
or mg, < myp. The case of a heavy ALP (m, > m;) 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 B, — B, mixing. The relative signs between the s-channel
and t-channel exchange is relevant for the case of a light ALP m, < my,.

3.5.1 Light ALP (mg ~ myp or mg, < my)

The propagator of the s-channel diagram carries the full momentum of the B, meson. For the t-
channel graph, we assign incoming momenta p = mpvt + kI, pq = Av# — kY to the b quark and light
anti-quark, respectively, where A = mp, —my, and my, denotes the pole mass of the b quark. Similarly,
we label the outgoing momenta as pb mpot + kY, pf = AvH — k. Here v* denotes the 4-velocity
of the B mesons, which equals v* = (1,0) in the meson rest frame. The t-channel propagator can
then be expanded as

X 2
1 = 71 1-— 2(m9 _ A) U-(lﬁ + k‘Q) + O([}QCD)
(po = pg)*> —mg  (mp — A)? —m3 (mp — A)* —mj [(my — A)? — mg]Q
(3.24)
where we neglect terms of quadratic order in the soft momenta of the light quarks. The expansion
is valid only if }(mb —A)?% - mZ’ > AéCD, 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 Aqcp. 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 b, satisfying ¢ b, = b, and
iv- Db, = 0 [127]. The first-order correction term on the right-hand side of corresponds
to higher-dimensional HQET operators in which one of the two heavy-quark fields is replaced by
iv - Db,. The matrix elements of these operators vanish by virtue of the equations of motion of

HQET. At the scale i, ~ |(my — A)? — mg‘lﬂ, we thus define the effective Hamiltonian

3
M= Z Ci(up) Oi + > Ci(w) Oy, (3.25)
=1

where the basis of local operators is (with ¢ = d, s) [12§)]

O = Qrbl @A"Y, Oa=qnblp@pbl, . Os=agb),  Thbl 1,
S (3.26)
O4ZQ}%bZ,L(ﬁ,bZ,7Ra bquL v,R

as well as operators (’5?’273 obtained by exchanging L <+ R in (9‘11’273. Here ¢ and j are color indices, and
b, denotes the effective heavy-quark field in HQET. For the Wilson coefficients relevant for B, — B,
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mixing we obtain
C1(m) = CTM () ,

_mu) N2A; — A

o) =~ B = A

) = ~) e =)

Cuti) = "5 NG ol (3.27)
R

) = =8 MR g,

) =~ DA g

where Ay = 1/[(mp£A)? —m2] and N. = 3 is the number of colors. Analogous expressions involving
the 13 entries of the flavor-changing ALP couplings hold for the case of By — B, mixing. Note that in
the strict heavy-quark limit m; — coone has AL = A_ =1 / mg, in which case the Wilson coefficients
Cs, C5 and Cs vanish. In practice, however, the corrections governed by the parameter A are rather
significant. With m; = 4.8 GeV, we find (A_ — A, )/A; ~ 0.61 for m, = 0 and 0.78 for m, = 2 GeV.

The mass difference observable from the B, — B, oscillation frequency is given by [113]

1 P
AMy = [(By| HAP=2|B,)| . (3.28)

q
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 can
then be written in terms of hadronic parameters B](;l)z defined as

1 - i
——(B,| 0;|By) = f3,mp, (i) B (1), (3.29)

q
q

where fp, is the decay constant of the B; meson. The normalization factors n(up) are conventionally
obtained using the naive vacuum insertion approximation for the matrix elements. One obtains
(neglecting mg, meaning that the superscript on 7}(u) can also be dropped since 17 (up) = nd () =
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ni(p)) [129]

. ] (3.30)

1|1 [ mp, >2 1
5\Hb) = 5 | v +-1-
slin) =5 RE (mb(ﬂb) 2
Note that the factors mg (1) contained in the Wilson coefficients in 1j cancel against correspond-

ing factors of 1/ mg (11p) contained in the definitions of the n; parameters except for 74 5, where some
extra terms remain. We take values of the hadronic parameters Bgz (1p) at the scale pp = mp(my)
from the lattice calculations of [130]. Parity invariance of QCD implies that the parameters Bg;
with ¢ = 1,2, 3 are equal to Bg;. Eventually, the mass difference observable is obtained as

5

m(my) BG) (my)CEM(my) + 37 C(my) 13(my) B (my)
=2

SM+ALP __ (2
Ajw’q - qumBq

+ 3 Cm) mi(my) BY) (my)
i=2,3

: (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 [I31], we obtain the numerical
expressions for a light ALP

AMEMFALP _ ‘AMgM —0.07GeV? (cg<mb) + ég(mb)) +0.01 GeV? (Cg(m,,) + ég(m,,>)

+0.14 GeVZ C{(myp) + 0.08 GeV?2 CZ(1my) | GeV (3.32)

AMSMFALP _ ‘AMSSM ~0.12GeV? (cg(mb) + é;(mb)) +0.02 GeV? <C§(mb) + ég(mb))

+0.20 GeV? C5(my) + 0.12 GeV2 Cf (my)| GeV . (3.33)

3.5.2 Heavy ALP (mg > my)

Let us now discuss the case where the ALP is much heavier than the b-quark mass, mg > myp. In
this case, the propagators in both the s- and t-channel diagrams can be approximated as —1/m2,
and hence one generates the local 4-quark operators in @ — with QCD b-quark fields rather than
HQET fields — at the scale p, ~ mq. In analogy with @, we find that the relevant Wilson
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Figure 13: ALP couplings for which the mass difference AMj is reproduced within 1o (green) or 20 (yellow)
for m, = 0.5 GeV (two left panels) and m, = 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 20.

coeflicients are given by
2
m a
Calpa) = T (5, ]5)?,

2mg f?
Calia) = ZB2) () (339
2\Ha 2m2 f2 D]23)" .
m2
Ca(pa) = Trl;z(?;) [kal2s [kDlos ,

whereas Cs, Cs and Cjs vanish in this limit. For the case of a heavy ALP, these coefficients should
be run down to the scale i, ~ m; using the evolution equations [129]

Co(mp) = (0.983 77242 4+ 0.017 9> ™) Co(pta) ,

Ca(mp) = 0" Ca(pa) , (3.35)

where 7 = [ (fta) /s (115)]%/%3. In this way, large logarithms of the scale ratio m,/my, are resummed
at leading logarithmic order. Since QCD preserves parity, the equation for Cy is obtained simply by
replacing Cy — éz on both sides of the equality.

For m, = 10 GeV we obtain the numerical expressions

AM, = ]AMgM — 0.08 GeV? (cg(ma) + ég(ma)) +0.17GeV2 Cd(my)| Gev, (3.36)

AM, = ]AMEM —0.13 GeV? (cg(ma) + ég(ma)) +0.24GeV2 O3 (ma)| GeV, (3.37)

where the Wilson coefficients here have units of GeV~2 and AM 32{1 are the SM predictions as given
below.

9C5 and Cs are also generated by mixing from Cs and Cb, but their values remain numerically very small, so we
neglect them.
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Figure 14: ALP couplings for which the mass difference AM; is reproduced within 1o (green) or 20 (yellow)
for m, = 0.5 GeV (two left panels) and m, = 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 20.

3.5.3 Bounds on ALP couplings

Recent weighted averages give [132]
AMP = (0.53310022) ps™! = (1.055001) AMG™, (3.38)
AMM = (18.4707) ps™ = (104508 AMEP (3.39)
and we also consider the values reported by FLAG in 2019 [105] [133],
AV = (0.582508) ps~! = (L15%51,) AN 3.10
AMSM = (20.1112) ps™! = (1.137007) AMEP (3.41)
which imply a 1.260 and 1.17¢ tension with the following measured values

AMEP = (0.5064 + 0.0019) ps " [134] ,
(3.42)

AME® = (17.7656 & 0.0057) ps~* [135] .

Figures and show constraints from By — By and B, — B, mixing, respectively, on flavor-
violating ALP couplings for m, = 0.5GeV in the first and second panels from the left and for
mg = 10GeV in the right two panels. The first and third panels show the constraints using the
average values in @ and for the SM prediction while the values reported by FLAG in 2019
in and @ are depicted in the second and fourth panels. Parameter space shown in red is
excluded at 20 while the regions in green and yellow are within 1o and 20 of the theoretical and
experimental central values. For small ALP masses, the tension in AMy; and AM; can be lifted for
de]lg/f‘ = |[/€D]13/f‘ < 6.3x107*TeV~! and de]23/f’ = HkD]23/f’ < 3.2x1073 TeV~!. The shape
of the 20 region is symmetric in k4 and kp as can be seen from the form of the Wilson coefficients
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Figure 15: Diagrams contributing to the decays V' — ~ya of heavy vector mesons.

in (3.27). Switching the sign of kg, however, changes the relative importance of the last two terms
in (3.36]) and . Since the numerical factor in Cy(up) is one order of magnitude larger than the
corresponding factor in Cj(up), large negative values of kg 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 k4 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 1o away from the theoretical prediction,
which implies that arbitrarily small coupling values do not satisfy the 1o but only the 20 constraint.

A heavy ALP can also lift the tension between experimental and theoretical values. For a mass of
mg = 10GeV the ALP contribution lies within 1o when |[kg]13/f| = |[kp]13/f] < 1.8 x 1073 TeV~!
and |[kal2s/f| = |[kplas/f| < 6.3 x 1073 TeV~! as shown in the third panels of Figures [13| and
respectively. The 1o and 20 regions are again symmetric in the couplings k4 and kp but differ when
the sign of kg is reversed. Large negative couplings turn the ALP contribution in and
negative which makes AM; and AM; too small to lie within the 20 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 k; or kp is small enough to render C’Z’d in or negligible which
is why the solution exists for positive and negative values of kg. The second solution looks different
at large and small ALP mass due to the opposite sign in the Wilson coefficients in and .
The FLAG 2019 values for the SM prediction are used in the rightmost plots in Figures [13]| and
As for small masses, arbitrarily small couplings only lie within 20 of the central value.

Outside of the region for which m, =~ mj, the results depend only mildly on the ALP mass. From
Table[T]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®)~~,
which could discover an ALP contributing to By — By and Bs — B, mixing.

3.6 Radiative J/v and Y 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 [I36HI39] and photons [140,
147]. 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 Including one-loop radiative corrections, we find
for the decay rate

: , (3.43)

my f2 m?2
NV — va) = 6‘}2‘/ Qg o' (1 — m2>
v

Caqtq) [1 - m;gfq)ap(x)] X e (1 _ Z%%)
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Figure 16: Diagrams contributing to the chromomagnetic dipole moment of the top.

where ¢ = ¢, b as appropriate, and p, ~ my is an appropriate matching scale.
The scale dependence of the coefficients ¢y, and c.. are such that, if A = 4w f TeV,

Cbb(mb) ~ Cbb(A) + 0.09Ctt(A) —0.02 cgg, (3.44)
Cee(me) = cee(A) —0.13¢c4(A) — 0.04 e - (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]

3—Tx 1—Tzx+ 82 11—z 11—z
ap(x>:1—2m+ 122 In 2z + 44/ . arctan .

2(1-2 l—z 1-4 5— 8z 72
—l—M arctan® * xLig(1—2aj)— 5 x%’
x

T 2z

(3.46)

where r = E,/E7* =1 — m2/ m%/. This is an increasing function of its argument, which varies
between ap(0) = 2 and ap(l) = %2 +2In2 + 4 ~ 6.62, thus giving rise to a rather large correction.
Note that the contribution proportional to the coefficient ¢, in does not receive any QCD
radiative corrections. In the calculation of the decay amplitude we have used the identity

(0BT b|V (p,e)) = ifv%tr [ﬂ(H/)] (3.47)

based on Heavy Quark Effective Theory [127], where v* = p#/my denotes the 4-velocity of the
quarkonium state and e* is its polarisation vector. This identity also serves to define the decay
constant fi,. The O(a?) 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
a27ng &

DV = efer) = — . [1 - "3(;@)] . (3.48)

Searches have been done in the dimuon final state for radiative .J/1 decays [143], and in the invisible
[144], dimuon [145], ditau [146] and hadronic [I47] final states for radiative T 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 cqg (left), cww (central) and cpp (right)
at A =4nf and f = 1TeV. 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, fi;. At 95% CL the limit is [148]

—0.014 < Re(jy) < 0.004. (3.49)

The chromomagnetic dipole moment is defined as the coefficient of the following effective operator
[149]
~ gS ¥ uva a
L D) —/,LtTW tot’'T tGl“/' (350)
At one-loop order, the ALP contributes to this operator via the two diagrams shown in Figure
and is given by

2 2 3 2
ooomy 1 9 20 A 250 o 9 A
it = J@W{Ctt ha () + eaiigele [log e ha ()| — FW;CGG log mif

(3.51)
where z; = m2/m? 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. and
and satisfy hj2(x) — 1 in the limit that # < 1, which applies in the mass range we focus on in this
paper mg, < 10 GeVB 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 A = 47 f with f = 1 TeV. Flavor-violating couplings are induced at a lower
scale through RG running and matching using the equations in Section Effects induced at two-
or higher-loop order are calculated to leading logarithm. A UV structure with a single dominant

The ALP contribution to (; was studied in the opposite limit, m2/m? > 1, in Ref. [I50].
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Figure 18: Branching ratio for an ALP with couplings to either cg (top left), ¢, (top right), ¢q (bottom
left), ¢, and ¢, (bottom right) at A = 47 f and f = 1TeV. 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)r, x U(1)y singlets, can be described by an ALP with a coupling to gluons, cqq, at A
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 , 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 [I51]. These couplings do not respect
the MFV structure of the SM and are strongly constrained, as shown in Table

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 [I7} Constraints from flavor observables on an ALP
with a single non-vanishing coupling to gluons, cgg, at the UV scale A are shown in Figure con-
straints on an ALP with couplings only to SU(2), gauge bosons, cyyw, at A are shown in Figure
and constraints on an ALP with couplings only to the hypercharge gauge boson, cgp, at A are shown
in Figure 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



dBr/dg*(B — K*ee) K —nlete” T — ya(up)

10*

Bs — B, mixing

10°

10?

Ky — nutp~

X B — K*a(up)

legol/ f [TeV™]

Bt = K*a(pp)

Kp — myy

107! 1 10 10°10210" 1 10
m, [GeV] m, [GeV]

1074 1073 1072

Figure 19: Left: Flavor bounds on ALP couplings to gluons with all other Wilson coefficients set to zero at
A =4nf and f = 1TeV. Right: Comparison of the same flavor constraints (light gray) with the constraints
on Z — a7y decays from the LEP measurement of the Z boson width (violet), contours of constant Br(h —
aa) = 107,102 and 1073, depicted as red dotted, dashed and solid lines, and contours of constant Br(h —
Za) =1071,1072 and 1073, shown as blue dotted, dashed and solid lines, respectively.

The branching ratios of an ALP with couplings to SM fermions are shown in Figure Con-
straints for an ALP with a flavor-universal coupling to singlet up-type quarks (¢, = ¢,1), singlet
down-type quarks (cq = cql) or SU(2)r, quark doublets (cg = cgl) at the scale A are shown in
Figures and respectively. Limits on ALPs with either flavor-universal SU(2); doublet
(er, = cr1) or singlet (ce = ce1) lepton couplings are displayed in Figures 26| and

Note that we consider the relatively low UV scale A = 4rnf with f = 1TeV in all scenarios
discussed here. However, the numerical impact of the RG running from a much larger scale A is
small. For example, choosing a UV scale of f = 10'2 TeV changes the coefficients in and
by less than one order of magnitude [35]. This implies that the constraints on the ALP couplings,
in the combination ¢/ f, derived below depend only weakly on the UV scale and that the exclusion
plots would change only minimally for different values of A.

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 cg¢ is non-
zero at the scale A. We focus on ALPs with masses m, < 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 m, < Aqcp,
as shown in Figure The branching ratios of such an ALP into leptons are Br(a — ¢1/7) < 1%.
Since the ALP-gluon coupling for m, < Aqcp induces an order one ALP coupling to photons
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Cyy(mg = 0) = —(1.92 £ 0.04) g, one can estimate the ALP lifetime as 7, &< 1/(cZ,om3), so that
the lifetime exceeds the typical size of the experiment (gt < 10 m) for m, ~ 0.05 c?;/é GeV, and

hence lighter ALPs are more likely to decay outside the detector.

As a consequence, the strongest bounds for m, < m, and small cqg arise from the NA62
constraint on Br(Kt — 77 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 cqg/f 2
0.072/TeV. Constraints from the neutral mode K; — 7mYa are considerably weaker, because of the
suppression of the CP conserving part in by € = 2.228 x 1073. The parameter space ruled
out by the KOTO [I53] search for K, — 7°X 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*v from Belle [154] in light blue, and 7" — ae* v, from the PIENU collaboration in dark blue
[121]. For larger ALP masses, decays into photons become relevant and constraints from searches for
Kt — 1t~y and K — 7%y~ performed at E949, NA48, NA62 and KTeV exclude the parameter
space for larger values of cgq/f [I55H158]. The corresponding parameter space is shown in purple
and yellow in Figure These searches provide important constraints even for m, > 2m, when
decays to electrons are allowed, because of the dominant ALP branching ratio Br(a — ~v7v) > 99% at
My < 3m7rjz|

Leptonic ALP decay channels lead to comparatively weak constraints. The excluded parame-
ter space from the LHCb measurement of B — K*ete™ decays [159] is shown in peach, LHCb
searches [160] [161] for the charged and neutral B meson decays B* — KTa(u*p~) and B —
K*a(ptp~) provide the dominant constraints for m, > 2m,, and rule out couplings of the order of
cea/f 2 1/TeV for ALP masses m, < mp. The parameter regions excluded by these searches are
shown in light orange and red. The weaker constraint from the measurement of the BT — 7t pu™pu~
decay rate by LHCDb is shaded in green in Figure [162]. For m, > mp, the dominant con-
straints come from a search for flavor diagonal ALP production through T — v + a with subsequent
a — hadrons decays by BaBar [147] shown in dark green in Figure

Non-resonant ALP contributions to By — B meson mixing and By — pp~ 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 cgqg. For ALPs with masses m, > m~y the ALP
contribution to the chromomagnetic dipole moment of the top quark leads to a universal constraint
of caa/f 2 30/TeV.

On the right panel in Figure[I9 we compare all the aforementioned constraints from flavor physics
(in gray) with the constraints on Z — a7y 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) =
107*,1072 and 1073, respectively and the blue dotted, dashed and solid contours show constant values
for Higgs decays into Z bosons and ALPs with Br(h — Za) = 107!,1072 and 103, respectively.

For light ALPs with couplings to gluons, there are very strong constraints from beam dump
searches and astrophysical observables below m, < 100 MeV. These constraints are shown for an
effective coupling of ALPs to photons in Figure 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);, or U(1l)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

"Refs. [54] T12] calculate projected limits from Belle IT 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), gauge bosons with all other Wilson coefficients
set to zero at A = 4nf and f = 1TeV. Right: Comparison of the same flavor constraints (light gray) with
the constraints on Z — a7y decays from the LEP measurement of the Z boson width (violet) and contours of
constant Br(h — aa) = 1071,1072 and 102 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)r gauge bosons

An ALP with couplings only to SU(2)1, gauge bosons in the UV, so that only ¢y is non-zero at the
scale A, 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 cyw
induces a tree-level coupling of the ALP to photons which implies a dominant ALP decay width
into photons Br(a — ) ~ 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 The ALP
lifetime is therefore well approximated by 7, o< 1/(c%ym2), so that the ALP has a decay length

of more than 10m for m, ~ 0.1 c%iv 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+ — 7 X) [152], with
X decaying invisibly or escaping the NA62 detector, provides the strongest constraint for m, < my
and small cyy. The parameter space excluded by this constraint is shown in pink in Figure
and excludes values of cyyw/f 2 0.25/TeV. The bound on |cyww|/f from the equivalent neutral
mode search Kj — 71X [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
lcag|/f discussed in the previous subsection. The reason for this is that the K — 7n7a and the
K1 — 7% amplitudes have similar numerical dependences on ¢y, as discussed in Section
The three-body decay 7+ — etav. provides only a weak constraint on |cyw|/f compared to the
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constraint in the scenario with ALP couplings to gluons, because the coupling ¢y only enters the
amplitude through RG effects. The constraint from B — K*vv from Belle [154] is shown in
light blue in Figure

For a sizeable cyw coupling, the branching ratio of ALP decays into photon pairs can be large
enough to allow prompt ALP decays. Constraints from searches for KT — 7ntyy and K° — 70y
exclude the parameter space shown in purple and yellow in Figure [20] [I55HI58].

Currently, there is no published search for the decay B — K'*v~, 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 range myg < m, < mp. Our estimate based on the search
for BY — KT7% — K*vv at Belle [163] and Babar [164] results in a constraint cyw /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) p-coupled ALPs decaying
into leptons are comparatively stronger than for an ALP with only a gluon coupling in the UV. Above
the muon threshold, LHCD searches for the charged and neutral B meson decays BT — KTa(utu™)
and BY — K*a(upu~) therefore provide the dominant constraints [160} [161] and rule out couplings
of the order of cyyw/f 2 2/TeV for ALP masses m, < mp. 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 By — u™p~. Radiative
YT = yutp™, Y =777~ and J/U — yutp~ decays yield constraints for mg > 2m,, and mg > 2m,
respectively, which are of similar strength to the constraint from Bs — pu™p~ [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 — a7y decays from the LEP measurement of the Z boson width,
excluding cyw/f 2 400/TeV throughout the ALP mass range.

The red dotted, dashed and solid contours show constant values of Br(h — aa) = 1071,1072 and
1073, 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 cyyyy .

3.8.3 ALP coupling to hypercharge gauge bosons

Flavor constraints on ALPs with a coupling to hypercharge gauge bosons, cpp, at the UV scale A
are shown in Figure The constraints are considerably weaker compared to both Figure 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
cpp (see ) Similarly to an ALP with couplings to SU(2)1, 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 — 7v) &~ 1 throughout the parameter space as shown in Figure The
dominant constraint for ALPs with small masses is induced by the search Br(K+ — 7+ X) [152] with
X decaying invisibly or escaping the NA62 detector, shown in pink in Figure which rules out
couplings larger than cpp/f = 30/TeV. Constraints from searches for K — 7°X by KOTO [153]
shown in yellow and B — K*vv from Belle [I54] are significantly weaker.

The constraint from searches for T — « + invisible shown in turquoise is similar in strength to
the corresponding constraint shown in Figure because of the contribution of the ALP coupling
to photons induced by the righthand diagram of Figure The constraints from kaon decays Kj —
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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 A = 4w f and f = 1 TeV. Right: Comparison of the same flavor constraints (light
gray) with the constraints on Z — a7 decays from the LEP measurement of the Z boson width (violet) and
contours of constant Br(h — aa) = 107! and 102 as depicted in red dotted, dashed and solid lines.

799y and K+ — 7%y are the strongest flavor constraints for promptly decaying ALPs with masses
up to the muon threshold. For m, > 2m,,, the strongest constraints arise from B* — K a(p™p™)
and BY — K*a(u*p™), but only rule out very large ALP hypercharge couplings of order cgp/f >
320/TeV. ALPs with masses m, > my 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 Branching ratios of Br(h — aa) = 107!
and 1072 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 [I75, I76], collider experiments [78, 144, 177HI85] and beam
dump searches [I86H189] for ALPs that couple to photons. In Figure we show the flavor observ-
ables superimposed with the results from these searches for the case of an ALP photon coupling given
by c?fﬁ = cww (centre) and c%ff/ = cpp (right). For light ALPs and very small couplings, bounds
from astrophysical observables are much stronger than flavor constraints, and for ALPs with masses
mg 2 10 GeV collider observables are more sensitive. For the case of an ALP with a ¢y 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 — 77y 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);, gauge bosons (same as in Figure above) and the U(1)y gauge

boson (as in Figure , respectively. They are compared to the gray astrophysical, beam dump and collider

constraints on ALP couplings to photons with 2T = cyw (center) and 2% = cpp (right).

3.8.4 ALP coupling to right-handed up-type quarks

In Figure we collect the constraints on ALPs with universal couplings to right-handed up-type
quarks ¢, (A) = ky(A) = ¢, 1. The branching ratios of such an ALP are given in the upper right
panel of Figure Leptonic decay channels dominate for ALPs with masses 2m, < m, < few GeV,
because of the sizeable contribution of ¢y to all fermionic couplings in . Above a few GeV,
hadronic ALP decay channels and, in particular, the tree-level induced Br(a — ¢¢) 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 m, < 2m,, constraints which rely on
the ALP escaping the detector are therefore important.

For masses mq < my, ALP couplings of |c,|/f = 4x 107*/ TeV are excluded by the measurement
of Br(K*T — 7t X) [152], with X decaying invisibly or escaping the NA62 detector shown in pink.
Constraints from searches for K; — 79X by KOTO [I53], shown in yellow, and B — K*v from
Belle [154], shown in light blue, are weaker. The three-body decay 7+ — aetv, from the PIENU
collaboration shown in dark blue [I2I] only constrains large values of |c,|/f 2 5/TeV. Similarly
to an ALP with couplings to SU(2), gauge bosons, larger couplings ¢, are excluded by constraints
from searches for K+ — ntyy and K° — 7%y decays shown in purple and yellow. While the
constraints on ¢, from KT — 77 r decays are stronger compared to the constraints on cyy in
Figure 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 ) or suppressed
by m2/ mpi2 (first line of ) The tree-level couplings to up-type quarks induce sizeable lepton
couplings at the low scale and therefore relatively large leptonic ALP branching ratios explain
the strength of the constraints from the vector meson decays T — va — yu™pu=, T — va — y7 7~
and J/¥ — ya — yuTpu~, which are considerably stronger than constraints from B-meson mixing
and Bs — ptp~ decays. The dominance of hadronic decay channels above m, > 1GeV explains
why constraints from K; — 7%%e™ and K; — 7%t pu~ are stronger than the constraints from
B — K*u*p~ and BT — KTputp~ decays relevant for larger values of m,, where the branching
ratio to muons is correspondingly suppressed. Couplings |¢,|/f 2 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 ¢,, = ¢, 1,
with all other Wilson coefficients set to zero at A = 47 f and f = 1 TeV. Right: Comparison of flavor constraints
(light gray) with the constraint on Z — a7 decays from the LEP measurement of the Z boson width, contours
of constant Br(h — aa) = 107%,1072 and 10~2 depicted as red dotted, dashed and solid lines and contours of
constant Br(h — Za) = 107!,1072 and 1073 shown as blue dotted, dashed and solid lines, respectively.

the parameter space by the measurement of the chromomagnetic dipole moment of the top quark
f1¢, shown in magenta in Figure 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 my/2 < m, < 2m;, as discussed in Section

The horizontal purple region in the right panel of Figure indicates the parameter space ex-
cluded by the contribution of I'(Z — a) to the total Z width, |c,|/f 2 146/ TeV, which represents
a significantly weaker constraint relative to the constraints from measurements of flavor transitions
compared to Figure because the ALP coupling to photons and Z- bosons are only induced at
one-loop here. Contours of constant Br(h — aa) = 107!,1072 and 10~ 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) = 107,102 and 1072 are
shown as blue dotted, dashed and solid lines. In contrast to ALPs coupled to SU(2), gauge bosons,
neither flavor constraints nor the measurement of the Z width exclude large branching ratios for
exotic Higgs decays for m, 2 5GeV, but Br(h — Za) 2 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 cq(A) = kgq(A) = ¢41, the ALP
branching ratios are shown in the lower left panel of Figure and the constraints from flavor
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Figure 24: Left; Flavor bounds on universal ALP couplings to down-type quarks with c¢g = ¢41, with all
other Wilson coefficients set to zero at A = 4w f and f = 1TeV. Right: Constraints from flavor observables
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lines, respectively. Contours of constant Br(h — Za) = 107!,1072 and 1072 are shown as blue dotted, dashed
and solid lines, respectively.

observables are shown in Figure Since only flavor-universal couplings to down-quarks are present
at A, flavor-violating couplings of the ALP to down-type quarks (2.31)) are only generated by RG
evolution via ¢gg and ¢pp 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+ — #ntX)[152], with invisible X by NA62 is shown in pink, the K; — 7'v7 limit by KOTO
shown is yellow [153], and the bound from B — K*vv decays observed by Belle [I54] 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+ — 7T~y
and K; — 7m0y~ are stronger relative to other constraints compared to the scenario in which ALPs
couple through ¢, in the UV. Radiative T decays lead to important constraints because of the tree-
level coupling of the ALP to b-quarks. Searches for resonances in T — ~ + invisible [145] and
T — 7 + hadrons [147] by BaBar provide the strongest limit for ALPs with masses m, = m..
The corresponding decays of J/W — ~a are strongly suppressed because of the small ALP coupling
to charm quarks induced only by RGE effects. Couplings below |cgq|/f < 1072/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-

o8



T — ya(pp)

10°
B, — B,

1 02 A S mixing

10

K, — nlete”

107!

leol/f [TeV™']

B — K*a(pp)

1072

K, = nutp

10—3 [BJr — K*a(pp) J

107

107! 1 10 10°%10210" 1 10
m, [GeV] m, [GeV]

1073 1072
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and solid lines, respectively.

[I70] 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 m, < m,. We leave it to future
work to quantify these constraints in this particular scenario.

The contribution of I'(Z — a) to the total Z width results in the constraint |cq|/f 2 442/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

3.8.6 ALP coupling to left-handed quark doublets

Universal ALP couplings to quark doublets, cqg(A) = ky(A) = kp(A) = cgl, lead to the ALP
branching ratios shown in the upper left panel of Figure [18 and constraints from flavor observables
shown in Figure 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 — bb decay rate
which dominates for m, > 2my, here. As a result, similar constraints to those seen in both Figure 23]
and Figure appear in Figure 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 A to the
scale of the measurement. The ALP coupling to photons , when induced by isospin conserving
ALP couplings such as cg, is proportional to the isospin breaking term (mq —my,)/(my+mq) =~ 0.35

99



10°

B— Kt~

10?

L‘—‘ 10 Bt > atptus
>
=
.y 1 J
5
> 5 B — K*a(puw)
10 1
-2
1077 BY = Kta(up)
107 : : : : : T
10 1073 1072 107! 1 10 1010721070 1 10

m, [GeV] m, [GeV]

Figure 26: Left: Flavor bounds on universal ALP couplings to lepton doublets with e¢f, = ¢ 1, and all other
Wilson coefficients zero at the scale A = 4w f and f = 1 TeV. Right: Contours of constant Br(h — aa) =
1071,1072 and 103 are depicted as red dotted, dashed and solid lines, respectively. Contours of constant
Br(h — Za) = 107! 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,
¢y or ¢q. The decay width T'(a — ~) is thus suppressed, the ALP branching ratios into leptons are
larger and the corresponding constraints from, e.g., K; — m%ete™ are slightly stronger compared to
scenarios in which the ALP has isospin breaking couplings in the UV. Since cg couples the ALP to
both left-handed up-type and down-type quarks in the UV, constraints from J/¥ and T decays are
comparable to the ¢, and ¢y scenarios.

The constraint from Z — a+y 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 respectively. For these scenarios, we set either ¢, = ¢p1 or ¢ce = c.1, with couplings
to all other SM fields set to zero at the scale A = 4xf with f = 1TeV. In these scenarios ALPs
dominantly decay into leptons if kinematically allowed, or into photons if m, < 2m,, as shown in the
bottom right panel of Figure 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 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 |cp|/f similar in strength to the constraints on |cyw/|/f in Figure 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 ¢ = ¢.1, and all other
Wilson coefficients zero at the scale A = 47 f and f = 1 TeV. Right: Contours of constant Br(h — aa) = 1071
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generated by the épp 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/¥ and T decays, are equally sensitive to
both scenarios. In both cases, all constraints allow values of |cp|/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 ¢y 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 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) [I70]; 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 = €y = C7 and show the combined experimental constraints in the left panel of Figure
For comparison these constraints are then overlaid with the flavor bounds on ALPs coupling only to
SU(2)y, 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 ¢yp = cc—cp,
(see text for further details). Center and right: In color, we show flavor constraints on ALPs coupling to either
SU(2)1, lepton doublets (central, as in Figure[26labove) 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 A. Astrophysical constraints dominate at smaller values of m,,.

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* — ®Be 4 ete™
and *He* — 4He + efe™, or the longstanding KTeV anomaly in 77 — ete™.

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 ¢? is the invariant mass squared of the final state lepton pair)

Br(BT — Ktutu™)

Ry = BB Kicte) — 0.846 10038 10013 for 1.1GeV? < ¢* < 6GeV?, [62] (3.52)
Rl Br(B® — K*%u*tpu™)  [0.661051£0.03  for 0.045GeV? < ¢ < 1.1 GeV? 0]
BT Br(BY = K%tem) 06970 £0.05  for 11GeV? < 2 < 6GeV?

(3.53)

which deviate from the SM expectation by 3.10 (Rk), 2.30 (R} low ¢*>-bin) and 2.50 (R} high ¢*-
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®¢t¢~ with different interaction strengths for ¢ = e and ¢ = u. 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 ce./f =
cup/f = cr7/f can explain the low-¢? bin of the R~ measurement at 68.27% CL (green). The bounds from
B — K*eTe™ [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 Ax? = x? — x2,, 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 > ¢?) can, in principle, provide an explanation of Ry for [122] 202]

11 S Re[Ch,] — |Ch, |* +|Ch, | S 20, (3.54)

where C’f; L= C’f;+CfZ and Cf; is the Wilson coefficient corresponding to the operator Op = 5pbg 5/
in the normalisation of C’f;’ denotes the Wilson coefficient of the chirality flipped operator.
Matching onto our notation we find

m v* 2mymy [kp + ka]32

ct, = 3.55
PSP ViV (3.55)

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

Cee [kD + kd]32 memmyg
o

2.7 x 1073 TeV 2 < <3.7x1073TeV 2, (3.56)

The limit on Br(Bs — ete™) < 9.4 x 1079 [99], however, results in the constraint

Cee[kD - k;d]32 MmeMnyp

7 3 | S19x 107 Tev 2, (3.57)

An explanation of Ry is thus only possible if [kp|32 and [kg]s2 are similar in size and mostly cancel in
Br(Bs — ete™). To achieve this we must assume tree-level flavor-violating couplings; in the scenarios
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discussed in Section where flavor off-diagonal couplings are induced at one-loop, only [kplss is
non-zero. The ratio R+, on the other hand, is a function of [kp — k432 and cannot be explained at
all by a heavy ALP, given the constraint .

The coupling combination [kp + kg]s2 entering can be constrained by By — By mixing.
Assuming that [kp — kg|s2 = 0 and demanding that the ALP contribution to Bs; — Bs mixing in
does not exceed the 20 limit gives

kD + ka]32]
f

for m, = 10 GeV. For a value of [kp + kg]s2 which saturates this bound, it follows from (3.56)) that
an explanation of R requires an ALP coupling to electrons in the range

<0.017TeV~!, (3.58)

6.5 x 10> TeV ™! < Cf’ <8.8x103TeV~L. (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 As a result, an explanation of Ry by an ALP coupling only to electrons is
ruled out by a combination of B, — B, 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 ¢?-bin of Ry~, as pointed out
in Ref. [QOB]H It can not, however, account for the deviations observed in Rk, or Rg+ in the
1.1GeV? < ¢> < 6.0GeV? bin. The deviation seen in the 0.045 GeV? < ¢®> < 1.1GeV? bin of
Ry~ can be reduced to less than 1o by an ALP with 6 x 107® < Br(B — K*a) < 1.7 x 1077,
mg € [200,210] MeV and a branching ratio Br(a — eTe™) = 1. This B branching ratio corresponds
to a flavor-violating ALP coupling of 5.4 x 1077 < |[kp — ka|32| < 9.1 x 10~7. Figure [29| shows the
best fit region in purple and the constraints from B — K*ete™ [159] and B — K*a(u™p~) [201]
in grey. Details of the fitting procedure are given in [203]. Note that universal lepton couplings
Cee = Cpuy = Crr are allowed for an ALP of this mass since decays into muon and tau pairs are kine-
matically forbidden. As seen in Figure non-zero ALP-lepton couplings in the UV, ¢, or ¢, lead
to Br(a — eTe™) &~ 1 for ALPs with m, ~ 200 MeV, irrespective of the exact values of the couplings.

3.9.2 The ATOMKI 8Be and *He 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 7.37¢ and 4.90
for two independent Beryllium runs [63] and 7.20 for Helium [64]. The Helium measurement was
not obtained from a single resonant transition but from a collective population of *He(20.21) and
4He(21.01) excited states. The best fit parameters for these measurements are [208]

I'(®Be*(18.15) — %Bee'e™) = (1.24£0.2) x 107°eV,  me. = (17.01 & 0.16) MeV, (3.60)

I'(*He*(20.49) — *Hee'e™) = (4.0 +£1.2) x 107°eV,  mee = (16.98 + 0.16a; + 0.205ys) MeV .
(3.61)

12For further explanations of the low ¢?-bin of R+ using a light resonance see, e.g., [204H206].
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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 3¢ for different ALP-couplings to
quarks (columns) and different values of the ALP-electron coupling (rows). The light purple regions are ruled
out by K — 7w decays [152] while the light orange regions correspond to limits from K~ — 7~ a(ete™)
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 m, = me. ~ 17 MeV would need to have a large
branching ratio into electron positron pairsﬂ Br(a — ete™) &~ 1, to avoid the stringent constraints
from a — 7y decays in this mass range. Here, we focus on ®Be(18.15) and *He(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 is solely due to a *He(21.01) transition. Since ®Be(18.15) is a J© = 1F state
its transition into a pseudoscalar proceeds through a p-wave, whereas ‘He(21.01), as a 0~ state, can
decay into a pseudoscalar through an s-wave.

The ALP couplings to nucleons are given in . Note that the combinations gpq + gne and
9pa — 9na are the coefficients of the isosinglet and -triplet currents, respectively. Since the excited
states, ®Be(18.15) and *He(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, m, —m, = 1.3 MeV, and
collectively denote the nucleon mass by my ~ 1GeV. Matching onto the Lagrangian of the form
[213]

L=adbin(gy + 9N, (3.62)
at the amplitude level we find
0 mn 1 mpy
g((l]\)[N = _?(Qpa + gna) ) g((lj\)fN = _?(gpa - gna) . (363)

For reference, we give gg\)f y in terms of the Wilson coefficients at the UV scale

1TeV
g% =107* [ fe ] X [— 42caa+9.7x 10 e + 9.7 x 10 % cgp — 2.0 cu(A)

2
—2.0¢g(A) +4.0cg(A) +2.9 x 1074 ¢, (A) — 1.6 x 1073 cL(A)} . (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
2 \ 3/2
(1 - Amb22> : (3.65)

where the isoscalar magnetic moment is given by u° ~ 0.88 [2I5]. The ratio is independent of the
momentum, because both the ALP and the photon emission rates scale with the third power of the

o |
9aNN

pud —1/2

P(®Be* »*Be+a) 1
L(®Be* =8Be +1)  2ma

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-E Numerically, we find
I'(®Be* —®Be + a)
I'(®Be* —%Be + )

0
=6.5]90n 1% (3.66)
Since the photon emission rate has been determined to be I'(3Be*(18.15) —% Be + ) ~ 1.9 +

0.4 eV [213] 217], the experimental constraint on their ratio is given by

I'(®Be* —®Be + a)
I'(8Be* —8Be + )

~(6+£1)x1075, (3.67)

The *He(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 |p,|> ~ (AE? —m2)%? and is given by [213, 215]

2(AE? — m2)°/?
m?\,Q2

where the nuclear momentum scale @ ~ 1/Ry =~ 250 MeV is set by the inverse nuclear radius. The
coefficient ayy, is unknown and we vary it between 1/3 < |al;,| < 3. Numerically, we find

I'(*He* —'He 4 a) ~ a0 9Nl (3.68)

T'(*He* —'He + a) = 9.2]ad0 g% y|? V. (3.69)

We can now use (3.65)) and (3.68) to determine the parameter space allowed by the experimental
measurements. The 30 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 ¢, (left), cq (centre) or cq (right), where all couplings are defined at the UV
scale A. The top row shows the parameter regions for ce./f = 1 TeV~! while the bottom row depicts
cee/f =20TeV~L. The different shape of the right hand plots (cg) compared to the left and middle
column (cy, ¢q) is explained by the different sign of cg(A) compared to ¢, (A) and cg(A) in .
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 by K — mwa measurements. The light purple regions in Figure[30|are
ruled out by K, — 7°X decays [152], with X decaying invisibly or escaping the NA62 detector, while
the light red regions correspond to limits from a K~ — 7~ a(ete™) search [207]. Constraints from
K~ — m~~yy [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(A) ~ 1 TeV~! and
cu(A), ca(A),co(A) < 1TeV~t. 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 an ALP with a mass of 17MeV 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® — ¢/~ decay amplitude.

3.9.3 The KTeV anomaly
The KTeV collaboration has measured the branching ratio [65]
Br(m” = e )noraqd = (7.48 £0.29 +0.25) x 1073, (3.70)

which is 1.8 above the predicted SM value of Br(r® — ete™) = (6.25 4 0.03) x 1078 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? me
\/5772 fTrO

where fro ~ 130MeV and « is evaluated at m,. The imaginary part of the SM contribution is
model-independent [221]

A(r® = ete™) = - AM G, (k1) y5ve (ko) (3.71)

28 1-4 m;

™
which establishes a unitarity bound on the branching ratio Br(7" — ete™) using |A|? > (Im.A)2.
For the real part of the reduced amplitude we use Re ASM=10.11(10) from [2I8]. Including a new
physics contribution, the prediction for the 7° — eTe™ branching ratio can be expressed as

2\ 1/2
TmASM = — 11+ﬁ ﬁ:(1—4m6> , (3.72)

a Me

2
Br(n? = eTe™) =2 ( ) BASM 4 AALP 2By (70 5 ) (3.73)

™My

and Br(7® — yv) = 0.988 [224]. Computing the diagrams in Figure we find an ALP contribution
to the reduced amplitude

2 2
JALP _ 27T fao Mmoo V2 G F Cuu — Cdd
Cee f2 mZ, —m2 | from? (CGG Ao + Cyy awo) - 9
0 iy 70
272 f2 m2 mg —m Cuu — C
= oo m |y — (3.74)
a? 2 m? 2 —m2 myg + my, 2 ’

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

>_ _fwﬂmgro Mg — My,
V2 mag+my’

M There is an admixture of the isospin-1 component in Be*, for which the relative transition rate depends on unknown
nuclear structure-dependent parameters. The effect of this contribution was estimated in [213].

ago = <0} o G G |7 (0) (3.75)
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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 20 (orange) and 1o (green), respectively.

and neglected the contribution from af o, which is suppressed by a/as. In principle, the coupling ce.
and cyq 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 m, < 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 m, ~ m, for which the required couplings are smaller.

69



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(x)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), [66H72, 225,
226]), so we outline what our current work adds.

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

e When studying limits on p — ey, we show that the process u — ea with subsequent a —
~v7y 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
1 — e7y. This is an example of the vastly increased sensitivity that is achieved in regions where
resonant ALP decays are kinematically allowed.

e 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 u — ea decays, strong constraints can be set by limits on u — 3e,
much stronger than those from p — e~y 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 u — ey and
u — ea (invisible) provide equally stringent limits with current data.

e 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.

e To the best of our knowledge, constraints on ALP-lepton flavor-violating couplings derived from
limits on the electron (muon) electric dipole moment (e(u)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. 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 u — ey, u — 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 operatorsﬂ 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 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

4.1.1 Different initial and final state leptons, £¢; # ¢;

We first assume that the initial /; and final state ¢; leptons are not the same. The corresponding form
factors are relevant for processes such as y — e, and y — 3e. The ALP-generated contribution to
the interaction between initial lepton /;, final lepton ¢; and a photon is defined such that the matrix
element M*¢,(—q) for the interaction between leptons and a photon is found by

MM = i (p2)THu;(p1), (4.1)

which can be parameterised in terms of form factors F2(5)’i—>j (¢?) and F3(5)’i_>j (¢?) as follows, where
p = p1 + p2, and ¢ = p1 — ps is the outgoing photon momentum,

151,00k 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.

Ci(p2)T*(p1,p2) bi(p1) =
2

Go) | B3 (@) (0 = (mi+mp)y?) + By (@) (¢ = — ) (4.2)
i j
2
i—j i—j q
+ Fz5 %J(QQ)(PM + (m; — mj)W“)% + F35 HJ(QQ) (qu + M’Y“)%]fz‘(pl) .
i j

One flavor-changing coupling

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

i mieQ); a 1
F2HJ (q2) = 7167T2f2 ([kE]Zj - [ke]ij) <471_67792(q27mia ma) + Zciigl (q2,miama)
o (452 —1) A% 3
lo 4.
47 2(50c0)2 aeyror(loe mZ 2 +0) ), (4.3)
i—j m;eQ; 1
}?257 - (q2) = 167T2f2 <[ 6 < Cv’ng q my, ma) + Zciigl (q27mi7ma)
o (452 —1) A% 3
-_— 1 1) 4.4
47 (S Cu ) 'YZ< Bz m? + + 2) (4.4)
Fi™I(g2) — mieQi J 2 R A - Io(a?. m: 1 1 (a? e 4.5
3 (q ) - _W [ E]’Lj - [ e]zy Ecvv 2((] 7mlyma) + Zcu l(q 7mzama) ) ( . )
FOid 2y — mieQ; kel 4 (k1. o Io(a2. m.; 1 (a2 e 4.6
3 (q ) = _WG E]Zj + [ e]l]) Ec'y'y 2((] 7mzama) =+ ZC“ l(q amuma) ) ( . )

where the loop functions are given in terms of Feynman integrals in Appendix B} The results for the
FQZ%J and F;’Z%j loop functions when ¢? = 0 (i.e., for an on-shell photon) are

3 -
91(0,m;,mg) = 3/2\/ — T; arccos ~—— \/> +1—2x; + 1( zi) log x;, (4.7)

T
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AQ
92(07 my, ma) = 210g W + 252 +4—

)

2] ,
TiO8TE L (@ — 1) log(x; — 1), (4.8)
Ty — 1
where we have set the scale u = A = 47 f and z; = m?2/ m?. The scheme dependent constant do arises
from the treatment of the Levi Civita symbol in d dimensions, and for us do = —3. The functions 1,
g1 and Iy all tend to zero as m2/m? — oo, while I3(0,m;,0) = 1 and ¢1(0,m;,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 yu — ey via an internal 7. In this case, the form factor
is calculated from the last diagram in Figure 33| with £}, # ¢; # {;.

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

By (q?) = g;’jfg?f; <[ke]ik[kE]kj + [kE]ik[ke]kj) g3(¢%, g, ma) , (4.9)
B ) = s (Iklalbelss = sl 9a(6% e ma). (4.10)

with

1— 3z L :c%
Q(xk — 1)2 (a:k — 1)

93(q%, my, ma) = 5 log (4.11)

where xj, = m2/ mi No terms involving ¢? appear in this function, because ¢> < mf, so these terms

are suppressed by a factor proportional to ¢/ mi < m? /mi, and have been dropped, along with

terms dependent on mz2 The F3E5)’i_>j (¢?) form factors are suppressed by a factor ~ m? / mi relative

to the F2(5)’iﬁj (¢?) form factors, so we do not quote them here.

4.1.2 Same initial and final state leptons, £; = ¢;

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

Ci(p2)TH(p1,p2) Li(p1) = Lj(p2) | F5 7 (q®) (P — 2miy™) + 2m By (g% )"

2
. . . . q

s ) (0 s |6, a2

(2
where p = p1 + p2, and ¢ = p1 — po is the outgoing photon momentum. This is defined such that the
matrix element M*e,(—q) for the interaction between leptons and a photon is found by (4.1) with

i = j and at tree-level in the SM, 1“‘SLM,0 = Q;ev*, where @); is the charge of /;.
Then the anomalous magnetic moment of the lepton ¢; is defined by
(9 —2)i

a == (4.13)
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and expressed in form factors
Qmi

Fi740) . (4.14)

a; =

e
If the ALP has purely flavor-conserving interactions then all the diagrams in Figure contribute
with ¢; = {; = {}, and we also include the contribution from the 2-loop diagrams shown in Figure

where we sum over all internal fermions f,

1
i—i eQi my 200 [ 1
Fi7H0) = 327r2f2{c§ih1(wi) -G [CW (logml2 - h2($¢)> + : Nngchf/dz F(yz,a:f)]
0
a1—4s2 u? 3
2 icoz (log Lo 4+ 60+ 2 4.1
T a— CC’YZ<Ogm2Z+ 2+2 (4.15)
where
hi(z) =142z + (1 —z)zlogz — 22(3 — x) arccos \25 , (4.16)
-z
2
ho(x) =1— g + 2% log z + %\/(4 — )z arccos\gE — g — 3, (4.17)
1 Ty
F(y,,x¢) = [hg () — ho (x ] . 4.18
o) = = | () = ha o) (415)
Here we have defined )
m;
ye=2(1=2) 5, Ey =yt > NIQjesy. (4.19)
/ !

In the two limits (a) m2 > mi and (b) mfc > m2, mi, the integral of F'(y.,xs) can be given explicitly

F(y,,xy)dz

o _

. [7{; +In? (;(\/:Tf— W>) + Li <—i (Vs — W)Qﬂ , (a)

a:f(a:f —4)
- m2 2 2 m2
—1n§+h2<mg)—;+0(””‘g,§ , (b)
m'u m“ mf mf
(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 when there is a different flavor fermion in the
loop, £ # £;. The relevant form factors are

o 3 1 1— )2
FE0) =~ (gl + k) [ T (421
k 1—1
1 1— 2
+ 2Re [[ka] kel /0 d:v(Ai_i)
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M el ] [ (L 020~ 20
27 Rellelililal | e S

+ % (![/fE]z‘k\2 + er}ikﬁ) /01 i Z)j—(j = } 7

o 2
0= () L el ) w2

1 —x)?
—+ Zimklm HkE]:k[ke]zk} } /0 dx (IAHl) ’

where
2 2

Ajsi =28 (e — 1)t 4 (1 — ). (4.23)
my my

There are two important limits, discussed below.
my, > m; 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.

i mreQx . m;
FI0) = ~ 2 Re (bl il ) + O (2 ) (1:21)
where z, = m2/m? and
212 3z —1
h(z) = ’ log x < (4.25)

my <K m; 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.

imi oy _ MieQ 12 2Y s Mk
FEI0) = S0 (Dl + k) ) + 0 (2 (4.26)
where x; = m2/m? and
jlx) = 1+2x—2x210gxf1 . (4.27)

4.2 p— 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

1

Tormr 2 N (T Tefi) % (4.28)

I'(p— ea) =

{(|[k€]12]2 + [[kg]i2l?) [mﬁAl/Q (@ Tegp) —mg (1 — zp — xe/u):| + 4Re [[kg]i2[ke]12] mumemg}

75



Observable Mass Range [MeV] ALP decay mode Constrained Limit (95% CL) on Figure
coupling ¢ le| - <¥) VB

Br(p — ea(invisible)) 0<mgq <13 Long-lived Cpe 1.2 x 1076
Br(p — ea(invisible)) 13 <m, < 80 Long-lived Cue 5.0 x 1077
Br(p — ea(invisible)y) 0 < mg <105 Long-lived Cpe 1.0 x 107°
Br(p — eyy) 0 < mg <105 ¥y Cpe 1.3 x 107
Br(p — evest) 0 < mg <105 ¥y Cpe 1.0 x 10710
Br(u — 3e) 0 < mg <105 ete” Cpe 1.6 x 10710
Br(7 — ea(invisible)) 0 < mgq < 1600 Long-lived Cre 3.6 x 1074
Br(t = eYet) 0 < mg <1776 7y Cre 1.3 x 1076
Br(r — 3¢) 200 < myg < 1776 ete Cre 1.1 x 1076
Br(r™ — e utu) 211 < mg, < 1776 php” Cre 1.1 x1076
Br(r — pa(invisible)) 0 < mq < 1600 Long-lived Cru 4.9 x 1074
Br(T = pyesr) 0<mg <1671 Ny Cru 1.5 x 106
Br(t— — pete™) 200 < mgy < 1671 ete™ Crp 9.3x 1077
Br(t — 3u) 211 < mg < 1671 ptp Cru 1.0 x 1076

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 |§| 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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with ./, = m2 /mi and A(r;,r;) defined in (3.3). Analogous expressions hold for the tau decays
T — pa and 7 — ea. In the limit m./m, — 0,

3 2\ 2
I'(p— ea) ~ 3;::}2 (1 - :Zg) (Ike)r2l® + |[kE)12]?) - (4.29)
P

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 u — 3e, u — eyy or u — e + invisible (and
analogous processes with an initial 7 lepton). For ALPs decaying into collimated photons below the
experimental angular resolution, the signature u — ey can be reconstructed as y — ey. We discuss
this in detail in Section[£.11] A comprehensive list of experimental searches and the respective limits
on the flavor-violating ALP couplings ce, ¢re and c;, from exotic lepton decays is given in Table
For ALPs with O(1) flavor off-diagonal couplings, these searches can probe new physics scales of up
to f~ 1010 TeV x+/B. Note that the constraints scale with the ALP branching fraction. As in the
case of meson decays discussed in Section [3.I] 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 y — e transitions in Figure
T — e transitions in Figure and 7 — pu transitions in Figure 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 I". 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(—m,I"). 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 [35h), [35b), [36k) and [37h) 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, < m, < my, — my, for the decay
61 — 62 a.

4.3 p — eavy

Further constraints arise from the very similar decay p — eay which can be regarded as pu — ea
decay with additional initial or final state radiation as portrayed in the Feynman diagrams Figure
The differential decay rate is given by

agep 1 |[kg)ia|® + [[ke]12]?
472 32m,, 12

dl'(pn — eary) = F dsiadsas (4.30)

with (in the limit m?/m? — 0)

1
F= 2

6 2 4 2
= m, — S5a(S12 + S23) — m_ (2m; + S12 + So3
S12(ma — S12 — 323)2 [ ¢ 23( ) a( g )
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Figure 37: Constraints on the flavor-violating ALP couplings c,, from tau decays, collected in Table [2} for
different values of the total ALP width. The observables are Br(r — pa(invisible)) (left), Br(7 — uyy) (center
left), Br(t — pete™) (center right), and Br(r — 3u) (right).

Figure 38: Diagrams contributing to p — eay decays.

+ Qmi(slg + 823)(2812 + 823) — 2mﬁ(4512 + 823) + mi(2mﬁ + 4mi«912 + 5%3)], (4.31)

where s;; = (p; + pj)2 and the electron carries momentum pp, the photon carries momentum po and
the ALP carries momentum ps. 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 p— e

If the ALP is too heavy to be produced on-shell in lepton decays, it can nevertheless mediate the
lepton flavor-violating decays p — 3e (and similarly 7 — 3e, 7 — 3u, 7 — eup, 7 — pee). In
this case both the tree-level exchange of the ALP and the contribution from photon penguins with

Figure 39: Diagrams contributing to y — 3e decays.
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subsequent v — ete™ decays contribute. The corresponding diagrams are shown in Figure The
differential decay width for the three-body decay u* — eTe~e™ is given by

1 1 —
= s |M|*dsiadsas, 4.32
(27)3 32m3’ Fdsiadszs (432)
where s;; = (p; + pj)2 and the two indistinguishable positrons carry momenta p; and po, 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

2, 2
P miom
IM|? = (|[ke]i2l® + |[kE]12]?) ceel® %
" 2s93 (512 +813) 513523
|sag — m2 4+ imaLyl?2  Re[(s2s — m2 +imaLy)(s13 — m2 — imgTy)]

+ 4e? [2 (s12 + s13) Re [Fi(s23)F3(s23) + F25*(823)F35(523)]

1
+ g(mi (s12 4 513) — 2512513) (| Fa(s23)[* + | F5 (s23)[%)

L
M

+ s12 (F5(823)F2(813) + F*(s03) F3 (s13) + Fi (523) F3(s13)

(s23 (s12 + s13) + 2812513)(\F3(523)|2 + |F§?(523)|2)

+ Fy*(s23) Fs(s13) + F5 (s13) Fy *(s23) + F2(813)F§(823))

1 31205 4 95) () B (513) + F (523) FS* (513)) ]

mi;
2es93m k + |k
%Cee Re |:82£ ibnlﬂ _[ Zf’l]%zll_‘ (miFQE)(SB) + (812 + 813)F§)(813))
a a’* a

[kelo1 — [kE]21
Sa3 —m2 —imgl,

(miFQ(Slg) + (512 + S13)F3(513)):| + (1 > 2) . (4.33)

where we have suppressed the u — e superscript which should appear on all the form factors.

4.5 p— ey
The partial decay width for u — ev is given by
m> m?2 5
e e0) = 52 (1 2 ) [l P + |5 )] (4.39)
1
with
FEe(0) = — "9 (1ol — [heluo) <1c 9100, M0, M) + ——cry 92(0, My, m )) (4.35)
1672 2 el12) \ g Cum G1E Mo M) 057 Cyy G245, Wi Ma) |5
FQS’#—}G(O) = _m#€2Qu ([kE]H + [k’e]m) <1Cw 91(0,my, M) + gcfw 92(07mmma)> ) (4.36)
1672 f2 4 47
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and where the loop functions ¢1(0,m;, m,) and g¢2(0,m;, m,) are given in Eqns. (4.7) and (4.8).
Similar equations hold for radiative tau decays with obvious replacements.

4.6 p — e Conversion

Experiments searching for ;1 — e conversion in the presence of an atomic nucleus have put strong
limits on the branching ratio Br(u Au — e Au) < 7.0x 10713, which was measured by the SINDRUM-
IT 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(107'7). 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 y — ey will
contribute. Using results from Ref. [231], we may write

5 4 2
802 oMy 225 ZF?

Br(uN — eN) = -
cap

(|Fo(=m2) + F3(—m2)| + | F5 (—m2,) + F3(—m2)|) ,  (4.37)

where Z.g is the effective atomic charge, Fg is the nuclear matrix element squared, I'capt is the total
muon capture rate, and we suppress the y — 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., mgqg > my,, the evaluation at ¢*> = 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 (" e™) which can oscillate with antimuo-
nium (g~ e') in the presence of e-p flavor-violating interactions. The LFV ALP can mediate these
transitions via both s- and ¢-channel tree-level diagrams [67, [225]. In both cases, we have s &~ t ~ mi;
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 m,). 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 m, < my, or mq > m,. In the limit m, < my,

Mg <" = —4;2 ([kehz + [kpl12)® (7e)(fie) — 4;2 (kgli2 — [krli2)® (in°e) (iy’e), (4.38)
while in the limit m, > my,:
B T (b sl () e) + —E (ks — (bele)? (%) (). (4.39)
off = 4m§f2 e]12 E|12 pe) 4m§f2 E|12 E|12 ny puy-€). .

The muonium-antimuonium transition probability is then given in the m, < m,, limit by [67, [225]
7'3 1 2

Pma<<mu _ -
2m2a$, f4

[|Co,0|2‘4[7€E]12[7€e]12 — 0([ke]12 — [kE]12)2‘

+ IC1,0\2‘4[/€E]12 [kel12 + 65 ([kel12 — [kE]12)2’2} ; (4.40)

and in the m, > m, limit by

7_2
P mae>my, __ s

mi 2
= m?ﬁ [|Co,0|2‘4[l€E]12 [keli2 — 0B ([ke]12 — [k‘E]lQ)Q}
B'""a
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+ |e1,0?|4lkgli2[kel12 + 65 ([ke)12 — [kE]12)2‘2:| : (4.41)

where the muon lifetime 7, = 3.34 x 10'® GeV~! and the muonium Bohr radius ag = 2.69 x 10°
GeV~!. The population probabilities of the muonium angular momentum states c J.m, and the value
of dp depend on the experimental setup. Specifically, we define dp in terms of the magnetic field B

as dp = (1 + X 2)_1/ 2, with X the dimensionless parameter

X = # (ge + :Z;gu) ~ 6.2 %, (4.42)
where g = e/(2me) is the Bohr magneton, g. ~ g, ~ 2 are the magnetic moments of the electron
and muon, and a ~ 1.864 x 10~° 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 x 107! at 90% CL [234]. For the MACS experiment, the population
probabilities have been estimated as |cop|> = 0.32 and |c10/> = 0.18 and the magnetic field is
B = 0.1 Tesla, giving 65 = 0.85 [225, 235].

4.8 The anomalous magnetic moment of the muon and the electron

Precise SM predictions for the anomalous magnetic moment a, = (g — 2),/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 a, from the Brookhaven [237] and
Fermilab [74] experiments

Ad’ =aSP —all = (251 £5.9) x 10717, (4.43)
AaBMW = g oBMW — (10,7 £ 6.9) x 1071, (4.44)

leads to a tension with the TI prediction with a statistical significance of 4.2¢0, 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 Aa, = AaEI, and discuss the coupling structure of a potential
ALP explanation for this tension

Furthermore, a slight deviation of the electron anomalous magnetic moment a. = (g — 2)/2 has
been observed. The central value of ag © [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,
AaS® = (—88 £ 36) x 10714, (4.45)

AalP = (48 +30) x 10714, (4.46)

161f 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 2.4 o and 1.6 o, respectively. Interestingly, if rescaled by
the lepton masses, one finds that the relative size of the effects in the anomalous magnetic moments
are

Cs 2
AA% ~ 150 (4.47)
au mu
A Rb 2
A“e SERELY (4.48)
CLH mu

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 For the case of flavor-conserving ALP couplings the different contributions have
been discussed in [78], 226], 227, 241-243], and one finds with at one loop,

Aa, — i ha () + 2‘”W(log“z — ha(ay)) (4.49)
K 1672 f2 K T Cup m K ’

where z,, = m2/ mi and we have neglected the contribution from Barr-Zee diagrams with internal
Z bosons, which are suppressed by the Z vector coupling (1 — 4s2) =~ «. The loop functions
for vanishing and large xz, are given by h12(0) = 1 and hi(z, > 1) = (2/z,)(logz, — 11/6),
hao(xz, > 1) = (logx, + 3/2). Note that the contribution proportional to ciﬂ has the wrong sign to
explain the deviation of a;® with respect to the SM value, but the analogous expression for Aa$®
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

MMy

~ 1672 /2

Aay, Re[[kelaslknlss] hler) + O( L), (4.50)

msr

where the function h(z) is given in (4.25), and h(z) = 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 a, as

2

By =~ g5 575 (el + kel ) + O (). (451)

where the function j(x) is given in and j(x) = 1 for x — 0 and j(z) = 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 p — €) as well as from the muon in the loop with the
replacements u — e and 7 — p in (4.50)).

Notably, equation can have either sign, whereas the sign of is fixed and positive for
mq > my. 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 a, and a. 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 Aa, and AaS® with

83



10°

Aay,

(=3
&
T

E Cs
L Aae

ccel/ f [Tevgl]

me = 100MeV | me =1GeV | me = 10GeV

102 1 102 1 10%

10 10 10
—leuul/f [Tevil] —lewul/ f [Tevil] —lewul/ f [Tevil}

Figure 40: Parameter space for which Aa,, (orange) and AaS® (yellow) can be explained at 95% CL by flavor-
conserving ALP couplings to muons and electrons for m, = 100 MeV, 1 GeV and 10 GeV. The corresponding
parameter space for AalP is not shown as the deviation is < 20.

I. Large effective photon couplings. A contribution from can explain Aa, for large
ALP couplings to photons and a relative sign between the photon and muon coupling, —ciﬁ [Cup ~
10—30 [78|, 226| 241-243]. The effective ALP photon coupling is given by and for my, > my
simplifies to C?g R Cyy Y ¢ Coe where £ = e, p, 7, 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 ¢, is small or vanishing at tree-level. An explanation of Aa,, therefore requires non-universal ALP-
lepton couplings —cee/cpy = 10—30 and mg > 2m.. The relative sign is important since ci%cw <0
is necessary to explain Aa,. Interestingly, an ALP-electron coupling of this magnitude and sign can
simultaneously explain Aags, since both terms in are negative. A similar combined explanation
with Aa?b would not be possible. In Figure we show the parameter space for which Aa, and
AaS* can be explained at 95% C.L. by an ALP with m, = 0.1,1,10 GeV in orange and yellow,
respectively. The ALP contribution to Aa, is almost constant in ¢,,. For large |c,,| and m, > 2m,,,
the effective photon coupling is reduced and c. needs to be larger to compensate. For small |c,,l,
the only sizeable contribution to Aa, comes from the c.. induced photon coupling and c.. needs to
be large to explain the muon anomalous magnetic moment. Sizeable values of |c,,| increase the ceﬁ—
independent term and c.. 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 ¢,,/f ~ —0(10)/TeV
and ce./f ~ O(100)/TeV both anomalies can be explained without additional ALP couplings. Even
though such an explanation is possible for ALPs with masses m, < 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 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.

I1. Flavor-violating ALP couplings to y and e. For small or vanishing ALP couplings to
leptons, ¢y, cee < 1, an explanation for Aa, and Aa, 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 and the same diagram with external electrons and
internal muons gives the leading order contribution to Aa. given by with the replacements
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pu — e and 7 — u. These two contributions can have opposite signs and the right magnitude to
explain both Aags and Aa,. As was pointed out by the authors of [67], the constraint imposed by
muonium-antimuonium oscillations excludes such an explanation for Aa, for all values of m,. The
parameter space for an explanation of Aa, is strongly constrained as well, but for ALPs with masses
mq 2> 2 GeV, AaS® can be accommodated.

III. Flavor-violating ALP couplings to 7, 1 and e. A contribution to both a, and a. 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 (for the electron with the replacement
i1 — e) and chirally enhanced by the tau mass. Even though can have either sign, it requires
both [kg]s2 and [ke]31 to be non-zero (and [kg|si1, [ke]s1 # 0 in the case of Aa.) and a simultaneous
explanation of both anomalies is ruled out by the ALP contribution to u — ey

m3m2a m2
L(p—ey) = 102“47#1}@4 <1 - mfi) [er]z?,[kEbl\Q + ‘[kE]23[ke]31|2}g3(07 My, mg)? (4.52)

with g3(q?, m,, m,) given in (4.11]). From the constraint on u — ey follows that for m, = 1 GeV

2
(er]%[kEbl\Q + I[kE]zs[ke]31\2)1/2 <2 x 10_5T£V2 . (4.53)

In order to explain Aa,, or Aa$® one needs coefficients Re[[kg|3,[ke]s2] ~ 4 and Re[[kg]}; [kels1] ~ 0.32
for f =1 TeV. This conclusion does not change for different ALP masses. An explanation of either
Aa,, or AaS® can be obtained from tau-flavor-violating ALP couplings if ¢,, < 1. In Figure [45/and
we show the parameter space in the m, — ¢, and m4 — ¢;. plane for which the measured values can
be reproduced in orange and yellow assuming [kc];; = [kglij = cij/V/2. A sizeable value of either
Cup OF Cee could provide a contribution large enough to explain the tension in the respective other
magnetic moment, as shown in Figure however this would imply a large Cﬁg coupling, and is
ruled out by 7 — py or 7 — ey bounds. This constraint can only be avoided if other contributions
to Cgl;f cancel the contribution induced by ¢g. 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 Aa,, via 7 — p couplings, and Aa, via p — 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| < 10737ecm
[244) 245] and for the electric dipole moment of the muon (WEDM) |d,| < 107%°ecm  [246]. By
measurements, they are excluded by |de| < 1.1 x 107%ecm  [247] and |d,| < 1.9 x 107 %ecm [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 otherﬂ The eEDM is then defined in terms of the form
factor F25 T as

E (g =0)

2

4] = | (4.54)

'"Note 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 ¢., = \/ Im ([k £l5 kel j1), assuming universal ALP couplings
to leptons cee/f = cup/f = ¢z /f = 1TeV~! and all other Wilson coefficients zero at tree-level.

with F25 i given in eq. (4.22). When using the limit m. < my, where k = p, 7, this simplifies to

F25,z—>z(q2 —0) = _;nszQl;iIm ([kE];l[ke]jl) h(x), (4.55)
T f

where h(x) is given in eq. . The pEDM can be taken as a constraint on the 7 — u couplings,

since the pu — 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

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 cy,, 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 a, and a. arise
from ALP couplings |cee| > ¢y, as discussed in Section the flavor off-diagonal ALP couplings
[ke)ij, [kElij 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, [kr]i;, 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 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 cp, =
ce — cr, (as in Figure 28). Center: Bounds on ALP mediated flavor off-diagonal p — e transition with
cue/ f = VIlkg)21]? + |[ke]211?/f = 1 TeV~! as a function of the universal ALP coupling to leptons, ce./f =
cup/f = crr/f, and the ALP mass, m,. 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 cg. Other observables, such as the decay
process u — 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 c,e/f = (|[kg]a|* +

er]m]?)l/ 2 /f =1/TeV as a function of the ALP mass m, and the universal flavor-conserving ALP
coupling |cg|/f in the centre panel of Figure While the constraints from muonium oscillations,
i — ea(invisible) and p — eay are independent of ¢y, limits from p — eee and p — ey require the
ALP to decay and become irrelevant below |cg| < 1076/ TeVE The latter constraints are also only
relevant for ALP masses 2m, < m, < my,.

In the right panel of Figure 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 ¢,/ 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 only apply to the ALP-
electron coupling. In fact, for ALP masses m, < 2m. a coupling structure with ce./f = 1076/
TeV, cuu/f = crr/f = 1/TeV is still allowed while ALP masses in the range 2m. < mq < 2my,
only require ALP couplings ce./f = 1073/ TeV, cuu/f = crr/f = 1/TeV and for mq > 2my,
Cee/f = cuu/f = ¢r7/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.

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

We present constraints on the ALP-induced yp — e, 7 — p or 7 — e transitions in Figures
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 (2]

|c;e| = ‘C’}”‘ = ‘C}T| = |C;€| =0, for Me < 2Me ,
|Ceel N 1073 ‘Cuu| _ |lerr 1
T eV F T T Tev for 2me < mg < 2my, , (4.56)
‘Cee‘ _ ’Cuu‘ _ ’cT’T| |C€é| . 1

for mq > 2my,

f f f = f  TeV’

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
25).

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 ¢ . = (|[l<:E]21|2 +
er]gll)l/ % in Figure The different values of cee, ¢, and ¢, given in (4.56) are indicated above

the plot which is split at m, = 2m. and m, = 2m,,.

For masses m, > m,, the lepton flavor-changing transitions y — ey and u — 3e are induced
by the form factors defined in 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 m, > m,) reflects the expected hierarchy between the muon decay widths from the
additional factor of a and the phase space factor in I'( — 3e) compared to I'(u — e) for this mass
region [52 250]. The situation changes for masses m, < m,, for which the ALP can be produced
on-shell in muon decays. Constraints from g — ea with subsequent decays a — 77, a — e*e™ and
a — invisible are shown in orange, purple and red, respectively, and provide stronger constraints
than pu — ey in a mass range of a few MeV < m, < m,. The limits are obtained by SINDRUM for
w — 3e [251] and LAMPF for u — ~yvye [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 p — ey has been improved recently by [253] and expands the excluded region of our model in
the range of 20 MeV< m, < 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 pu — ea — ey~ 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
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Figure 43: Bounds on ALP mediated flavor off-diagonal transitions between muons and electrons with
cue = \/|[kE]21]? + [[kel21|?, 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 The corresponding constraint on
the ALP-lepton coupling is derived from the limits on the branching ratio of u — 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 < m, < 80 MeV, the bound is
largely independent of the angular distribution of the electrons, whereas for masses m, > 80 MeV,
the bound depends on whether the decay is (an)isotropic. The angular distribution depends on the
relative values of [kg|2; and [k.]2; and we use the most conservative bound from [255] in this mass
region.

A slightly weaker constraint is derived from searches for the decay yu — ea7y shown in dark blue
in Figure The decay u — eay can be regarded as a u — 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 F, > 38 —43 MeV and £, > 38 MeV, respectively. Here, we take the
most conservative limits on the energy cuts for our plots. Though theoretically sub-dominant when
compared with p — 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
cue = \/IlkE]21]? + |[ke]21]?, assuming universal ALP couplings to leptons o = cee/f = cuu/f = ¢rr/f and
mq = 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
mq > my, because it is independent of ¢y, whereas both the constraints from y — eee and p — ey
vanish for c.e — 0 [67]. The form factors entering the ¢ — 3e and pu — ey amplitudes also
contribute to u — e conversion in u/N — 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 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 ¢y = 0
as considered here for m, < 2m,. 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 p — 3e and u — e7y.

In Figure [£3] 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 [2597 ].

The parameter space for which the anomalous magnetic moment of the electron Aaecs can be
explained is shown in yellow in Figure The dominant contribution from ALP flavor-violating
couplings is independent of c.., but requires both [kg]a1 and [ke]21 to be non-zero and we choose
cue = |[kE)21] = |[kela1| here. A successful explanation requires couplings Re[[kg]3[kelo1] < —1
which is excluded for all values of m, for f = 1 TeV. An explanation of the anomalous magnetic
moment of the muon is only possible for m, > m, and ruled out by u — ey and p — eee for all
values of m, 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 ¢y, we show the exclusion contours and sensitivity reach of the
various experimental searches in the ¢y — ¢, plane for fixed ALP masses mq = 10 MeV, mq = 1
GeV and m, = 10 GeV in the left, centre and right panel of Figure [44] respectively.

Any explanation of AaS® or Aay, is only possible for mg > m,, and requires very small values of
Cpe < 10~%. For m, = 2 GeV, AaS® can also be explained if Cpe = 50 TeV~!. 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 ¢, =

VI[kE]s2]? + |[kels2|?, 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 ¢,, = (|[kE]32|2 + |[ke] 32|)1/ % are shown
in Figure 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 and indicated above the plot. The decay 7 — v is induced by
the form factors F»(0) and F(0) given in and the parameter space excluded by the limit from
BaBar [260] is shown in light blue in Figure The decay 7 — pee is excluded for off-shell ALPs for
cru/f 2 10 TeV~! and depicted in dark green. For on-shell ALPs, the constraints are significantly
stronger and searches for the decays 7 — pee and 7 — ppp, shown in dark green and purple, are
excluded for values down to c;,/f 2 1076 — 104 TeV~! for m, > 2m,, and mg, > 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 7 — puveg 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 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 2m, < mg < mg, 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 m,. While the ALP lifetime changes significantly for m, < 2m, the bound on ¢,
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Figure 46: Bounds on ALP mediated flavor off-diagonal transitions between taus and electrons with ¢, =

VIkg]31]? + |[ke]s1|?, 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 — vy. 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]2s[kr]3s] > 0. We show the corresponding parameter space
assuming ¢,y = |[ke]2s| = |[kg]23| in orange in Figure 5] However, the parameter space for which the
ALP contribution is large enough to explain the tension is excluded by searches for 7 — p7y 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 eTe™ collider FCC-ee for 7 — uy
and 7 — 3 decays [264]. The blue and black dashed contours are projections for the sensitivity for
7 — 3 at LHCb and Belle II [265], respectively.

Figure @l shows the bounds on a dominant LFV coupling c-. = (|[kg]s1|* + |[k;e]31|2)1/2. The
constraints look similar to those on ¢, shown in Figure 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 and indicated above the plot.

BaBar searches for 7 — e~y [260] exclude the parameter space in light blue. Searches for the three-
body decays 7 — eup and 7 — 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 7 — e+ invisible by ARGUS [262), 263] shown in light green. For boosted ALPs
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with subsequent decays 7 — ea — ey~ the photon pair cannot be reconstructed by the detector,
and the yellow parameter space is excluded by the limit on the 7 — e~ branching ratio obtained by
BaBar [260].

The large contribution from the tau loop to the anomalous magnetic moment of the electron
AaS® can explain the observed deviation from the SM prediction in the yellow band region assuming
cre = |[kE]31| = |[kels1| here. The limit on 7 — ey does not exclude this possible explanation, but
the limits from 7 — epp and 7 — e + X searches rule it out for almost all masses with m, < m..

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 y — 3e, u — eyy and 7 — pee,
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 1m,
the ALP will escape the detector. They moreover take the decaying lepton to be at rest in the lab
frame, which is true for 4 — e decays, but not for 7 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 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 £; — ¢;y decays in which the lab frame opening
angle is narrow enough that it is mistaken for £; — £;7.

However we do not consider LF'V 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 — mwa
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 T 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+ — 77a and K — 7%a, where a
escapes the detector, provide the strongest flavor constraints for ALPs lighter than a few hundred
MeV. Searches for B® — K*a(u"p™) often provide the dominant constraints for m, > 2m,. We
emphasize that future searches for B — K®q with further ALP decay modes, in particular a — v
and a — eTe™, 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 Ri or R}.. The deviation in the low ¢*-bin of Rx~ can be accounted
for by a light ALP with 200 MeV < m, < 210MeV and Br(a — eTe™) = 1. However, such a light
ALP is not sufficient to address the observed discrepancies in Ry, or the high ¢?-bin of Rj-. 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 ¢?> 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, y — e conversion and muonium-antimuonium oscillations. In agreement with the
expectation for heavy lepton flavor-violating new physics, we find that for m, > m,,, searches for
1 — ey provide the strongest constraints on flavor-violating u-e-a couplings, and similarly, searches
for tau decays 7 — f~ yield the strongest constraints on flavor-violating 7-¢-a couplings for m, > m..
For lighter ALPs, 2m, < m, < my, the muon decay u — 3e is enhanced by the ALP going on-shell.
Current limits are up to five orders of magnitude stronger than the limit from p — ey in this
region of parameter space, similar to constraints from the other on-shell observables u — eyy and
1 — 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 p — ea — eyy where the two photons
are so collimated that they mimic a single photon 7.g in the detector, as well as for the tau decays
T = eYer and T — pyeg- We find that upcoming data from the Mu3E experiment is projected to
provide the best sensitivity on ¢, for ALPs with masses m, > 2me.

The anomalous magnetic moments of the electron a,. and the muon a, 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 Aa, and AaS® is possible for an ALP with
non-universal couplings of opposite signs to electrons and muons, and ALP masses of m, > GeV,
but is ruled out for purely flavor off-diagonal ALP couplings to leptons. However, ALPs with masses
mg > GeV and flavor-changing couplings ¢, 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 m, > m, and either a c;, or c¢,. coupling could explain Aa,, or Aaecs,
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 — mwa decay amplitudes from SU(3)
27-plet operators

Here we report the contributions from the 27-plet operators to the KT — nta and K; — 7%

amplitudes discussed in Section In analogy to (A.1]) we define where

GFr 9
Vo Vs Gor [2 Al
\/§ ud g27f ( )

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

i
N27*_

Ny [m2 — dm3 + 3m2

4f mz —m2

Al/z(Kf — 7T a)= (2CGg(2m - 3m +m2) + m2(2css — Cuu — cdd))

+ m%((—16cGG + 3cqq + 4cyy — Tess) +m (4CGG + Css — Cun)

+m (126@(} + 7635 4Cuu — 3Cdd) (m%{ m +m )([kD + kd]ll — [k‘D + kd] )
(A.2)

3/2 )

Nog mK my

2

Af | mg —m2

mz—i—?)m%(—élm%
m2 —m2

zAs/Q(K_ — 7 a)= (20@@(3771727 — 2m3 — mgr) - 7712(263S — Cuu — cdd))

m2(Cad — Cuu)
+ m2(4eGa — Cdd + Css) + M2 (3caq — Acyu + Css)
+ m%((—lchG + 4cyy — 3¢qq — Css) + (mK + m —-m )([kD + kdhl — [kD -+ kd]zg) ,
(A.3)
and for the neutral kaon decay we find

N;7/2 m2 — 4m?2 + 3m?
42 f m2 — m%

2 2 2
mg — 2my, +my

1A1/2( — woa) = (20G0(3m — 2m —-—m ) +m (cuu + Caq — 2¢s5))

+ mg (Cdd — Cuu)

m2 — m2
(4CGG — Cdq + Css) +m (126GG + Tcss — BCaa — 2Cuu)

"‘m%((_l(;CGG_7Css+5cdd+20uu) (m —l—mK m )([kD+kd]11 — [kD+kd]22)
(A.4)

2 r 2

2
a
2V2f [ my —mg

1A3/2( — %) = (2cqa(2m? — 3m3] +m2) — m2(cuy + Caq — 2¢ss))
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2 2 2
my — 2my, +my

2

2
m2 ma(cuu - Cdd)

—m2
My

+ mZ(_4CGG’ + Cdd — Css) +m (2Cdd Cuu)

+m2 (4eag + Css — 2C4q + Cun) + (3mE —m3 + m2)([kp + kal11 — [kp + kal22)

(A.5)
B Form factors
The loop functions for the form factors in Section are given by the Feynman integrals
-z
—x—yr
91(¢%,mi,mg) =2 / dx / NI Y , (B.1)
i—j
11—z 2
1—
g(q mi, Mg) = /dm/ [410g+210gAZ_>]+210gA — 469 — z( - y)_ yr }’
AZ—}] Ai_’j
(B.2)
1 -z 2
l—z—yzx—2
ll(q2;mz’7ma) = 2 / d.’IJ / dy A/:/y y i (B3)
0 0 i—j
e 1 -y) T
la(q?, mi, mg) dx — , (B.4)
z—)] Ai—ﬁ'
and
mZ ¢
Aisj=y—5 — 5yl -z —y) —ay, (B.5)
m;  m;
. m2 ¢
Al=(0-2-y)—5 - Sy(l-z-y)+z(l-y), (B.6)
m;  ms;
" mg 7
A1_>J:xﬁg—l—(l—x—yx)—m—%y(l—m—y). (B.7)

The scheme dependent constant o arises from the treatment of the Levi Civita symbol in d dimen-
sions, and for us d5 = —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 [0
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Observable Mass Range [MeV] Measurement SM prediction

Br(KT — ntX) 0<mx <261 (x) [152] (search) -
Br(Kt — ntX) 110 < mx < 155 [266] (search) -
Br(Kp — 7X) 0 <mx <261 [153] (search) -
Br(B+ — K*ov) 0<my, <4785 < 1.6 x 10~° [267] (4.0 £ 0.5) x 10~ [268]
Br(B? — K*v) 0<m,, <4387 < 1.8x107° [[54] (9.2+1.0) x 1075 [268]
Br(YT — ~a(invisible)) mq < 9200 [144] (search) -

Table 3: Observables relevant for a long lived ALP. Bounds are at 90% CL. (x): cuts are applied to exclude

the region around m, (100 < mx < 161 MeV).

Observable Mass Range [MeV] Measurement SM prediction
Br(K* — ntyy) Moy < 108 < 8.3 x 1079 [I55] 6.1 x 1079 [269)
Br(KT — ntyy) 220 < my, < 354 (9.65 £ 0.63) x 10~7 [156] (10.8 £1.7) x 1077 [269]1
Br(Kp — n0yy) My < 110 < 0.6 x 1078 [157] (877) x 107% [270]*
Br(K7, — 79v7) My < 363 (1) (1.29 4 0.03 & 0.05) x 107 [I58] 1.12 x 1075 270]

Table 4: Observables with a photon pair in the final state. Bounds are at 90% CL. (f): cuts are applied
to exclude the region around the pion pole (100 < m., < 160 MeV). (f: calculated from results in the given
reference. Error bars estimated from varying parameter ¢ between its quoted errors.) (x: calculated from
results in the given reference. Error bars estimated from varying parameter ay between its quoted errors.)

Observable Mass Range [MeV] Measurement SM prediction
Br(K+ — nta(ete)) me < 100 <8 x 1077 207 -

Br(Kj, — neter) 140 < My < 362 < 2.8 x 10710 277] (3.1553) x 1071 P72
Br(BT — nteter) 140 < mee < 5140 < 8.0 x 1078 273] (2.26703%) x 107% [274]
dBr/dq*(B® — K*%¢*e™)(0.0004,0.05) 20 < Mee < 224 (4240.5) x 1076 GeV—2 [I59] (3.340.7) x 1076 GeV 2
dBr/dg*(B® — K*%te™)(0.05,0.15) 224 < My < 387 (2.6 +1.0) x 1077 GeV~2 [159] (3.940.8) x 1077 GeV 2
R+[0.045,1.1] 212 < mee < 1049 0.6610 0 £ 0.03 [275] 0.906 + 0.028 [276]
Br(D? — mVete) Mee < 1730 (1) <4 x 107 277) 1.9 x 1072 [278]
Br(Dt — ntete) 200 < Mee < 1730 () < 1.1 x107% P79 9.4 x 1079 278
Br(D} — Ktete) 200 < Mee < 1475 (%) < 3.7x 1075 279 9.0 x 10710 [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, branching ratios, cuts
are applied to exclude the region around the ¢ resonance. For the Babar measurements with a (x), the
excluded region is 950 < me. < 1050 MeV, while the BESIIT measurement with a (f) 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(Ky — mutu™) 210 < My, < 350 < 3.8 x 10710 [287] (1.5£0.3) x 107! 282
Br(Bt — Kta(uTu™)) 250 < mg < 4700 (1) [160] (search) -

Br(B® —» K*%a(utp™)) 214 < m, < 4350 (1) [201] (search) -

Br(J/v — ya(utp™)) 212 < my, < 3000 [143] (search) -

Br(T — va(utp™)) 212 < my,, < 9200 [145] (search) -

Br(Bt — ntutpu™) 211 < my,, < 5140 () (1.83 £0.25) x 10~8 [162] (2.26702%) x 10~® [274]
Br(BY — utu™) 5320 < my,, < 6000 (2.697037) x 1079 [123] (3.66 £ 0.14) x 107° [124]
Br(B® — ptpu™) 4900 < m,,, < 6000 (0.6707) x 10710 [123] (1.03 £ 0.05) x 10710 [124]
Br(Dt — 7tputu™) 250 < my,, < 1730 (%) < 7.3 %1078 283 9.4 x 107° 278
Br(DF — Ktutp™) 200 < My, < 1475 () < 21 x 1076 [279] 9.0 x 10710 278

Table 6: Observables with a muon pair in the final state. Bounds are at 90% CL. (f): cuts are applied to
exclude regions around the J/v, 1(2S5) and 1(3370) resonances. (): cuts are applied to exclude charmonium
resonance regions (8.0 < mfm < 11.0GeV? and 125 < mfm < 15.0GeV? are excluded).(x): a large region
containing the 7, p/w and ¢ resonances is excluded (525 < my,, < 1250 MeV).(**): cuts are applied to exclude
the region around the ¢ resonance (990 < my,, < 1050 MeV). Since the long-distance contributions to the Dy
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*rt77) 3552 < m,, <4785 < 2.25x 1073 28]
Br(T = ~va(r7)) 3500 < m,» < 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(Y — ~a(hadrons)) 290 < Mpadrons < 7100 [I47] (search) -

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

Br(u — 3e) - < 1.0 x 10712 [257]
Br(p — e) - < 4.2 x 10713 254]
Br(p — evy) 0 < m, <105 <72x1071 P52
Br(p — ea(invisible)) 0<mge <13 < 5.8 x 1075 [255]
Br(p — ea(invisible)) 13 < mgy < 80 < 107° [255]
Br(p — eya(invisible)) 0 < mg < 105 < 1.1 x107° [252]
Br(uN — eN) - < 7.0 x 10713 [256]
Br(7 — ea(invisible)) 0 < mg < 1600 < 2.7x 1073 [263]
Br(r — pa(invisible)) 0 < m, < 1600 < 5x 1073 [263]
Br(r — 3p) 211 < mgy < 1671 < 2.1 x 1078 [261]
Br(r — 3¢) 200 < mg < 1776 < 2.7 x 10~ [261]
Br(r— — pete) 200 < mg < 1776 < 1.8 x 1078 [261]
Br(r~ = e putuT) 211 < m, < 1776 < 2.7 x 1078 [261]
Br(r — py) - < 4.4 x 1078 [260]
Br(r — ev) - < 3.3 x 10~ [260]

Table 9: Lepton flavor-violating observables. Where a mass range for m, 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 1 — 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)
w— 3e SINDRUM [251] at rest 0.8
= eyy Crystal Box [252] at rest 2.5
w— ey MEG [254] at rest 0.7
p — eya(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 M7 — Ms a in the rest frame of the
decaying M is given by

1

Pa(Mar, Mag,, Ma) = ZmM\/(m?Wl — (mp, + ma)2> (m?wl — (mp, — ma)2> , (D.1)
1

from which the Lorentz factor for the boost of the ALP in the rest frame of the decaying M; can be
found as \/72 — 1 = pa(mu, me,mq)/mqa. The fraction of ALPs which decay within a time ¢™** in
the rest frame of the decaying M is

1
fremoe=—— [ ) , (D.2)
T0%a Jo

where 7( is the proper lifetime of the ALP. We summarise the time cuts that we use in Tab.
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.

¢max

dt exp <— o
a

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 p*u~ 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 — 7yy measurements can be
applied. A summary of the relevant measurements and parameters are given in Table 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
Rpax is

71—/2 maRmaX
Er(mar, , mazy, May Rmax) = / sin 0 df exp <—T> (D.3)
0 70 ’pLAB|
with (using Eqn. (D.1)) above)
pfAB = pa(Mmar,, Mg, Mg) sin 6, (D.4)

and where 7y is the proper lifetime of the ALP.
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D.2.2 1Initial 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 vz, , then the longitudinal momentum of the ALP in the lab frame is given by

p%AB(BM17/7M1) = YM; (Ea + BM1 Dq COS 9) . (D'5)

where p, = pa(mas, mar,, Ma) as given in Eqn. (D.1)), and E? = p2 + m?2. Then the fraction of ALPs
produced in this decay which escape a detector of length L.y is

(D.6)

/2 : MaLmax
FL(liamMgamaaBM1;7M1,Lmax) = Sln@d@exp —
0

T0 ’p%AB(BM1 > ’YM1)‘

If the direction of the boost of the initial particle is unknown, things become more complicated.
This is the situation, for example, of decaying 7 leptons at B factories such as BaBar and Belle, in
which 7 pairs are produced at an unknown angle # from asymmetric beams. The probability that
the ALP will escape a cylindrical volume with transverse radius =, and longitudinal length 2,4,
is

Fy (li,mngmaa% Zmazmx;l;zax) = (D7>

1 2m /2 /2 Zmazx zl
dq / sin 0 df / sin 0, df, exp (— ) exp (— mﬁ) :
2 0 0 0 <0 Lo

Here, v is the boost of the centre-of-mass (CM) in the lab frameH and

CTQ

20 = — (Pa €OS Qg sin b, sin 0 + var, (Bar, Ea + Pa cos 0y) cos 6) (D.8)
T CTo . . 2 . . 2
x5 = —\/ (Pa cos by sin b, cos 0 — vy, (Bar, Ea + pa cosb,) sin)” + (pg sin ¢q sin 6,) (D.9)
Mg

where p, = pa(man, mar,, mq) is given in Eqn. (D.1). The boost of the decaying M; along the
direction of its momentum in the lab frame is given by 7, , with

1

man

where En, = +/5/2, pan, = (/s/4 —m7,, .

D.3 Two photons mimicking one

V (par, sin 0)2 + 42 (BEng, + par, cos0)?, (D.10)

Y, B, =

D.3.1 p — evesr

The measurement of u — ey [254] can also set bounds on the ;i — ea process with subsequent a — 7
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 LLXe photon detectors is approximately 1m, and
the spatial resolution of the LXe detector is 5mm.

In the case of BaBar and Belle, the e~ beam has 9 GeV energy in the lab frame (and defines the +z direction),
and the et beam has 3.1GeV energy. This means the boost of the CM frame is v5=0.56.
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Decay Experiment Initial state Dimension (m) Fraction
KT — nt+inv.  NA62 [152] boosted Lmax = 140 Fr(mp, My, mg, BRAGZ ARAGZ T 00
K — 7%inv.  KOTO [153] boosted  Lyax = 4.148 Fr(mp, Mg, mg, BROTO 4KOTO T )
B — K+inv. BaBar [267] at rest (T) Rmax = 3.0 Fr(mp,mg, mq, Rmax)
B — K*+inv. Belle [154] at rest (T)  Rmax = 3.0 Fr(mp, mj;, Mq, Rinax)
KT — ntyy E949 [155] at rest Ryax = 1.45 1 — Fr(mg, mz, Mg, Rmax)
KT — ntyy NA62 [156] boosted Lyax = 140 1 — Fr(mx, My, M, BNAG2 ARACZ 1)
K9 — 709y NA48 [157] boosted Linax = 140 1— Fr(mg,mz, mq, 5NA48 7NA48 Liax)
K9 — 709y KTeV [158] boosted Lnax = 105 1 — Fr(mg, Mg, Mg, BTV ARTV [ ax)
B — it~ Belle [273] at rest (T)  Rmax = 0.005 1— Fp(mp, mz, Mg, Rmax)
u—ea (inv.) TWIST [255] at rest Rpyax = 0.165 Fr(my, me, Ma, Rmax)
T— 3 BaBar [261] boosted {Zmax; i} = {0.03,0.005} 1— Fp (mT, My, Ma, 'ygf\‘/IBar Zmazs xﬁaz)
T — uee BaBar [261] boosted {Zmax, Thax} = {0.03,0.005} 1 — Fy (mr,mpu, Ma, YoaP™, Zmazs Tz )
T — 3e BaBar [261] boosted {Zmax, Thax b = {0.03,0.005} 1 — Fp (mT, Me, Mg, 'ng R maz)
T — el BaBar [261] boosted {Zmax; L} = {0.03,0.005} 1— Fp (mT7 Me, M, vgi‘%{ ) Zmaws T mm)
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 gRA48NA48 — gNAG2 NAG2 — 75 GeV /my [285], BKTeVAKTY = 70 GeV/my [286],

ﬂ(]%ﬁ/[Bar,_YBaBar _ 056, KOTOVKOTO 1.5 GGV/mK [287]

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

cos 0 = [, (D.11)
then the ALP’s decay will mimic a single photon event if
2tan6 (Ldetector - Ldecay) <o (D12)

where o is the resolution of the photon detector. In MEG, Lgetector = 1m, 0 = 5mm, and so a

p — eyy event will look like p — ey if Ly < Ldecay < 1m, where

o
Lnin = Ldetector - m (D'l?’)
The fraction of ALPs which will decay within this range is calculated as
f _ / Y v (D.14)
Linin<L<1.0 = Lo Ji. €T exXp L, .

where L, = /72 — 179 is the lab-frame decay length of the ALP.

D.3.2 T — puvesr and T — e7esr

The bounds on 7 — p7y and 7 — ey were measured at the Babar experiment [260]. The initial 7
is boosted in the lab frame, as described in Sec. The radius of the Babar electromagnetic

20Tt 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 47x47mm [288]. Then,

similarly to the case for y — eveq, defining Rpnvc = 1.375m and o = 4.7 x 10~2m, the ALP’s decay

will mimic a single photon event if Ryin < Rgecay < REMC, Where
o

2tan 6

where Rgecay is the radial distance at which the ALP decays. Here, the boosts of the ALPs are
distributed according to the initial momentum of the 7, 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

1 27 /2 ) /2 ) 1 ReMmc r
FRuin<R<Rpnc = 27r/ dqﬁa/ 51n9d9/ sin 6, df, .CET/ dr exp <_33T> , (D.16)
0 0 0 0 Rmin 0

Ruin = Remc — (D.15)

where :UOT is given in Eqn. , with My = m;, and My = m,, for 7 = pvyeg, or My = m, for
T — €Yeff-

Instead of performing the full angular integration in , we adapt to set the limits
shown in Figure [45] Figure [46] Figure [36] and Figure We define the maximal decay length for an
ALP produced in 7 decays as the maximal transverse distance it travels from the interaction point
L™ = Max(xl) for any angle 0,,6 and ¢, and define the fraction of ALPs that decay before the
corresponding ECAL component of the respective experiment as

- 1 Lmax T

fLmin<L<Lmax = max,T d:l: exp - max,T . (D 17)
La‘ Lmin La‘

We checked that (D.17) is a good approximation to (D.16)) for the parameter space shown in Figure

Figure Figure [36| and Figure

D.4 Binned B —» K®ete~

The bounds from the differential distribution of Br(B — K*ete™) at LHCb [159] were calculated
as follows. The longitudinal momentum distribution of BY mesons produced at 7/8 TeV collision
energy was approximated by taking an average B transverse momentum of (py) =5.5 GeV and using
the measured B° pseudorapidity distribution given in [289]. The longitudinal momentum at a given

pseudorapidity y is given by
1 _
pr=5e" (e — 1) \/m% + (pr)2. (D.18)

From this, the distribution of longitudinal boosts of the CM frame ( 6%3H0band ’y]I;,HCb) can be derived.
We then assume that an ALP will be detected in this measurement if it decays to a pair of electrons
within LLICP—0 74m longitudinal distance. The fraction of ALPs which decay within this distance

max

is 1 — FMHCP where FYHCP = By (mp, mpcs, mq, B{L}HCb, 'y%HCb, LLHCDY g defined in Eqn. 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 . (dl )2
1 max q _ma

g miny §max) = / d|g|ex (-) D.19

(qmin, Gmax) Nz lq| exp 512 (D.19)

where the resolution is taken to be r. = 10 MeV [203] 290]. Then the total NP contribution to a bin
is given by

Qmax

(Br (B — K*ee))‘ - (1 - FLHCb> % G(Gumin: Gmax) X Br (B — K*a) x Br (a — eTe™) . (D.20)

Gmin
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