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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
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the interplay of flavor-conserving and flavor-violating couplings of the ALP to leptons,
finding that constraints from lepton flavor-violating observables generally depend strongly
on both. Additionally, we analyze whether an ALP can provide an explanation for various
experimental anomalies including those observed in rare B-meson decays, measurements
at the ATOMKI and KTeV experiments, and in the anomalous magnetic moments of the
muon and the electron.
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1 Introduction

Axions and axion-like particles (collectively referred to as ALPs in this work) are pseudo
Nambu-Goldstone bosons (PNGBs), which appear in the spontaneous breaking of a global
symmetry. Their name derives from the QCD axion, which was introduced by Peccei, Quinn
and others to address the strong CP problem [1-4]. In this work we study the reach of flavor
observables in searches for ALPs, finding that they can set the most stringent constraints in
the mass range between an MeV and several GeV, thus filling the gap between tight limits
derived from astrophysical and beam dump experiments (for sub-MeV masses) and collider
bounds (for multi-GeV masses). ALP candidates in this mass window are motivated by
the fact that the typical light and weakly coupled QCD axion faces the so-called “axion



quality problem” [5-9]: any global symmetry is believed to be broken by the effects of
quantum gravity, and in the effective theory for the QCD axion this conjecture implies
that higher-dimensional operators introduce corrections to the axion potential, which can
destabilize its minimum, thereby reintroducing the strong CP problem. Requiring these
corrections to be small favors heavy-axion solutions to the strong CP problem with ALP
masses in the MeV, GeV or even TeV region [10-15]. This mass range is further motivated
by supersymmetric and composite-Higgs models featuring light PNGBs. For example, the
R-axion is the PNGB of the R-symmetry breaking together with supersymmetry at low
energies [16], while non-minimal coset structures in composite-Higgs models predict pseudo
Nambu-Goldstone bosons in addition to the Higgs boson [17, 18].

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

If the underlying global symmetry is flavor-dependent, the ALP can acquire flavor-
violating couplings to quarks and leptons, and this would provide new sources of flavor
and CP violation in addition to the SM Yukawa couplings. Examples include generalized
DFSZ models [23-26], in which the Peccei-Quinn charges of the quarks are not flavor-
universal [27-30], and axi-flavon models, in which the ALP is a light Froggatt-Nielsen
flavon with couplings that can also address the strong CP problem [31-34]. Even if the
underlying global symmetry is flavor-universal, flavor-violating ALP couplings are induced
radiatively [30, 35, 36]. 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 [37, 38].

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 [36, 39], 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 [36]. At a low scale of order 2 GeV,
and for the case of a very light ALP, we match our effective theory onto an effective chiral
Lagrangian describing the ALP interactions with photons and light pseudoscalar mesons.
In particular, we study the effects of the consistent treatment of the weak decay processes
K* — rtaand 7t — e'v.a as derived in [40], including also the corresponding calculation
of K;, — n%. We also consistently match the ALP effective theory to an ALP-nucleon
Lagrangian, taking into account the finite ALP mass for the first time.

A comprehensive study of the quark flavor phenomenology of an ALP is presented in
section 3. We first discuss a large set of relevant observables, including exotic two-body
decays such as K — ma, B — ma and B — K®a, D — 7a and D¢y — Ka, as well as
7t — eTiya and radiative J/1 and T decay. We then go on to study virtual ALP effects
in the leptonic decays By, — wrp, Bd7s—des 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 [41-48]. Bounds on flavor non-universality, flavor
off-diagonal quark couplings, the coupling to gluons, and the coupling to W bosons were
derived in [30, 35, 44, 45, 49-56] and [56-59], 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 — ~a) [60]. 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 [61-63], the anomalies in excited
Beryllium and Helium decays measured by the ATOMKI collaboration [64, 65], and the
excess in neutral pion decays 7% — eTe™ observed by KTeV [66].



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 [50-52, 67-72], and provides an update
to our work of ref. [73]. 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, p — eay, i — 3e, y — 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 u — 3e and
the analogous decays of tau leptons, if the ALP is too heavy to be produced resonantly in
pu — ea [67, 73]. For heavy ALPs, the radiative lepton decay p — ey currently provides
the strongest constraint on its LF'V 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 [74, 75] and the electron [76-78]. We discuss the impact of the flavor-conserving
couplings of the ALP on its phenomenology in LFV observables, and the complementarity
of lepton flavor-violating and -conserving constraints in different ALP mass ranges.

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

2 The effective ALP Lagrangian

In this section we summarize results derived in [36, 40, 79], which are relevant for the
phenomenology of ALP effects on flavor observables. In particular, we emphasize the
important fact that RG evolution 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 different scales, describing the most general interactions of an ALP with SM particles,
focussing on the operators of lowest dimension (D = 5). We begin by specifying the effective
theory at scales above the weak scale (section 2.1), assuming that the ALP theory respects
the SM gauge group and that the ALP is the only new particle below the scale of global
symmetry breaking. We then evolve this Lagrangian to the weak scale, integrate out the
heavy SM particles, and discuss the evolution of the effective Lagrangian below the weak
scale (section 2.2). If the ALP is very light (m, < 2 GeV), its couplings to light hadrons
can be described using a chiral Lagrangian. In particular, we comment on the consistent
treatment of weak-interaction processes (section 2.4) and of the ALP-nucleon couplings
(section 2.5) in such a framework. We finally discuss the most important decay channels of
the ALP (to leptons and photons in section 2.6, and to hadrons in section 2.7), and the
production of an ALP in exotic decays of Higgs and Z bosons (section 2.8).

2.1 Effective ALP Lagrangian at the UV scale

We consider a new pseudoscalar resonance, a, which transforms as a singlet under the SM
and arises as a pseudo Nambu-Goldstone boson in the spontaneous breaking of a global
symmetry at some new physics scale 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 mio.
This parameter would be absent for the classical QCD axion. The most general effective
Lagrangian including operators of dimension up to 5 reads [80]

ma o . Ola (4=
0S5 _ (aua)(aﬂa) -T2y 7“ S drer e + ey 7“ (¢'iDuo)

(2.1)
a nv,a A pv,A B Buu
+CGG4 fG G —I—CWW4 fVVMVW +CBB4 f v
Here G, Wﬁ, and B, are the field-strength tensors of SU(3)., SU(2)r and U(1)y,

B = L1em BB, g ete. (with €912% = 1) are the dual field-strength tensors, and a; = g2/ (47),
as = ¢g?/(4n) and o = ¢’?/(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 cp 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 = 4x f. In the literature on QCD axions f is



often eliminated in favor of the axion decay constant f, defined such that f, = —f/(2cqq).
This parameter thus governs the ALP coupling to gluons.

When QCD instanton effects are taken into account (for instance in the framework
of the chiral Lagrangian which will be discussed in section 2.4), the physical ALP mass
following from the Lagrangian (2.1) is [20, 81, 82]

2 2m?2  2mymyg
1 o P “ 2.2
w(ﬂ)]“@@ 72 (it ma)? (22

where fr =~ 130.5 MeV is the pion decay constant, and the corrections to the first term have

2 _ 2
mg = ma,O

been calculated in [36]. The contribution to the mass proportional to cga 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 mio. 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 [83—-88]. Some more recent realizations included
mirror copies of the SM, such that the complete particle spectrum inherits an additional
Z.o symmetry, which is broken. The symmetry-breaking scale of the mirror sector can be
larger than the electroweak scale, thereby enhancing significantly the axion mass [10-13, 15].
Another mechanism explored in [89] 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 [90], 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 45 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 [80], 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 Q4 as the charge of the Higgs doublet under one of these symmetries, such

that e.g. QEIB)wd = %Ih/}d gives the baryon number of the down-type quarks. Then a field



redefinition

bF — exp <z’c;QF> Yr, ¢ — exp (ic;Q¢>¢, (2.3)

where ¢ 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 —cr—cQr,

Co — Co —CQ¢,
C
caq — cae + §T1“ (Qu+Qa—2Qq), (2.4)

c
eww = eww — 5T (BQo +QL),
4 1 1 1
CBB _>CBB+CTr<3Qu+3Qd_6QQ+Q6_ 2QL>‘
To be more specific, we now consider each global symmetry in turn. Under a transfor-

mation (2.3) proportional to hypercharge, the ALP-Higgs and ALP-fermion couplings
transform as

c¢—>c¢—g, cQ—>cQ—E]l, cL—>cL+E]1,
. 0 2 (2.5)
cu—>cu—§]l, cd—>cd—|—§]l, Ce — Cco.+cl,

while the ALP couplings to gauge bosons remain unchanged. Canonically, this transforma-
tion is used to remove the ALP-Higgs coupling from the effective Lagrangian [80]. This is
accomplished by choosing ¢ = 2¢4. We adopt this choice for the remainder of this work and
define the ALP-fermion couplings in this particular operator basis. Then there remain four
other redundant linear combinations of couplings. Under a transformation (2.3) proportional
to baryon number, the ALP-quark and ALP-gauge-boson couplings transform as

cQ—>cQ—§]l, cu—>cu—§ﬂ, cd—>cd—§ﬂ,
3c 3c (2:6)
CGG —* CGG » CWW%CWW*?, CBB%CBBwLE,

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

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

where 1; is a diagonal matrix with a 1 in the ii entry and zeroes otherwise. The ALP
couplings to the quarks, the Higgs and gluons remain unchanged. Note that the sum
(cww + cpp) is invariant in all cases. The transformations of cyyw and cgp shown in (2.6)
and (2.7) reflect the fact that baryon number and lepton number are individually anomalous



in the SM. Under the anomaly-free combination (B — L) the ALP couplings to all three
gauge bosons are invariant.

The transformations (2.6) and (2.7) can be used to eliminate four coupling parameters
(or linear combinations thereof), e.g. the three diagonal elements of ¢y or ¢, and the
ALP-boson couplings c¢gp or ey (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
cww 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 [36], we have shown
that these physical ALP couplings can be chosen as

1
EGGZCGG+§TY(Cu+Cd—QCQ),
- 1
CWW = CWWwW — 5 Tr (3CQ + CL) , (2.8)

- 4 1 1 1
épp=cpp+1r gCutgca—geQtc—gcrl,

3
and ~
Y, =i(Yucu —cQYy —cpYs),
Vo= i(Yiea—cqYa+eyYa)., (2.9)
Y.=i(Yece —c Y. +c,Ye).
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 [36] 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 cqa, cww and cpp are scale invariant at least to two-loop order [36, 39]. We
will show that these RG effects have a profound impact on the flavor phenomenology of
ALP models by radiatively generating couplings that lead to ALP decays into SM particles.
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 [91].

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

m2

1 V. a a n v
Lot (pw) = ) (@La)(aua) ;O 2“‘Efelrmlon (,U)"'CGG ? GZV G* 7a+67“/ Z ? F F*
(6% [0
_— F A —_— W+ W,
tevz 2T S Cow f me +CZZ4 s 2 f i f
(2.10)



where s, = sin 0y and ¢, = cos Oy denote the sine and cosine of the weak mixing angle,
and [79]

2 2 4 4
Cyy = CWW + CBB , CyvZ = Cop CWW — Sy, CBB czz = Cyeww + Sy, cpp. (2.11)

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

oHa 7_ _ = =
Ltermion (1) = —= [ k() vy ur, + 0 () 7 e+ dr ko () 7 dr + d ka(p) 7 dr

+ 01k (1) Y v + e k() er + Er ke(n) Yuer| - (2.12)

They are related to the flavor matrices ¢ in (2.1) by the unitary rotations which diagonalize
the SM Yukawa matrices. The two matrices ki 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, = kg.

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

et () = k()]s = (ke ()] - (2.14)

In strong-interaction and electromagnetic processes, the flavor-conserving vector currents are
conserved, and hence the corresponding ALP couplings [k ¢(11)]si+[kr(i)]i; are unobservable.!
Choosing f = 1TeV as a reference value, one finds that RG evolution effects from the new
physics scale A = 47 f down to the scale p,, = m; modify the ALP coupling to the top
quark according to [36]

ce(my) ~ 0.826 cy(A) — [6.17 Ea(A) + 0.23 G (A) + 0.02E55(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

- 1
cac(N) = caa + 3 > cgq(A),
q

e (A) = eww — 3 Te[3ku(A) + ki(A)], (2.16)

enp(A) = cnp + 3 N Q2 epp(A) + %TY [3ku(A) + ki (4)]
f

where the sum extends over all quark and fermion flavors. NJ denotes the number of color
charges of fermion f, while @ 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

!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 [40].



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 Y} in (2.9)
take the form

(Yf)ij =1 [yfi [kf]ij - [kF]z] yfji| J (2.17)

where yy, denote the eigenvalues of the Yukawa matrices (the physical Yukawa couplings of
the quarks and leptons). It follows that (Y); = iy, cf,f,, which shows that the diagonal
ALP-fermion couplings cy,f, in (2.14) are physical parameters. For i # j, one finds that
both (ky),; and (kp),; are physical quantities, since for example z(f’fT Y + YJ:f Y}) only
involves the off-diagonal elements of k;. Moreover, from (2.16) one sees that ¢gg and
caa are both unambiguous, because their difference is a linear combination of the physical
parameters c4q. The same statement applies for the combinations é,, = ¢ww + ¢pp and

Cyy = cww + cpg, but not to the cyyw and cpp individually.

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 p,, ~ my
and match the effective Lagrangian (2.10) onto a low-energy effective Lagrangian in which
these degrees of freedom are no longer present as propagating fields. Just below the scale
Iy, this Lagrangian takes the form

2

1 m
D ,0
‘Cei"f§5(1u 5 /Lw) = 5 (aﬂa)(aua) - ; a’ + 'c/ferm(:u) (2 18)
as a o, o a ~ ’
+CGGE?GZVGM(I+C’Y’YE?F/,LVFM R

where Lf,  is given by (2.12) but with the top-quark fields ¢;, and ¢g removed. In general,
the Wilson coefficients cqq, ¢y, kr and kj 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
caa and ¢y, 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 [36]. 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

~10 -
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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 cga contribution to c.,e,
(last graph) in the results shown in (2.20).

ALP-fermion couplings can be written as

_ 0'a

L (H)—? crr() frus f s (2.19)
At

fermion

where the sum runs over all light fermion mass eigenstates. For the reference scale f = 1 TeV,
one obtains [36]

Cuu,cc(mt) ~ Cuu’cc(A) —0.116 ¢4 (A) — [635 caa (A) +0.19 5WW(A) +0.02 533(1\)] x1073 ,
Cdd,ss (M) > Cdd,ss(A)+0.116 ¢ (A) — [7.08 ¢ca(N)+0.22¢yw (A)+0.005 EBB(A)} x1073,
cbb(mt) ~ Cbb(A> +0.097 Ctt (A) - {7.02 5GG (A) +0.19 5WW (A) +0.005 533 (A) X 1073 y

)
Core, (M) = Core, (A)+0.116 cp (A) — [0.37&GG(A)+0.22 éWW(A)Jro.osaBB(A)} x1073

(2.20)

As mentioned earlier, all ALP-fermion couplings are generated radiatively even if only a
single ALP coupling to a SM field is non-zero at the UV scale A. To obtain these solutions
(from [36]), 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 coupling as(p) and one-loop expressions for the running
electroweak couplings o (u) and () as well as for the running top-quark Yukawa coupling.
The most important evolution effect is the contribution of the ALP-top-quark cou-
pling ¢y (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)

2 oy

T my
where a; = y?/(47). It arises from the first diagram shown in figure 1.2 The fact that this
contribution generates ALP couplings to all SM fermions has profound consequences for

the phenomenology discussed in sections 3 and 4.
The contributions from the ALP-boson couplings éyy (with V = G, W, B) have smaller
coefficients, 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

2The diagram shown in the figure yields a contribution to the ALP-fermion couplings f/f defined in (2.9).
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enhanced one- and two-loop contributions of order (analogous contributions exist for ey
and cpp)

s s A2 s 2 A2 s 2 A2
(Oz ng> &s In —5, Cff (a ) In — —  Caa (a> In —5 (2.22)
T 7 T

T m T my

which arise from the second and third diagrams in figure 1. Note that the first term in this
relation correspond to a one-loop graph, because the second factor of a,/7 appears due to
our choice of the normalization of the ALP-boson couplings in (2.1). The contribution of
the ALP-gluon coupling to the ALP-lepton couplings in the last line of (2.20) is further
suppressed. It arises from a logarithmically enhanced two-loop contribution of order

S S A2
(0‘ CGG) O W (2.23)

corresponding to the last diagram in figure 1. The presence of the bosonic ALP couplings
in the RG-improved expressions for the ALP-fermion couplings has important implications
for ALP models in which the ALP-fermion couplings are absent (or strongly suppressed) at
the UV scale 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 couplings in the form (with ¢ # j)

ﬁFCNC

fermion(ﬂ ,S Mw) = |:(mfz - mfj) [kf(u) + kF(M)]Z‘j fTZ fj

57 f _
+ (my, +myg,) [kp(p) — kp(p)l;; fi 'Y5fj} :

(2.24)

where we suppress the scale dependence of the running quark masses. This form of the
Lagrangian makes it evident that the ALP-fermion couplings are suppressed with the fermion
masses,® 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 [36]. Neglecting all fermion
masses other than the top quark mass,

(2.25)

3This is in accordance with the fact that the physical ALP-fermion couplings defined in (2.9) contain the
SM Yukawa matrices.
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Figure 2. Representative diagrams contributing to the flavor-changing ALP coupling in (2.29).

Note that for k, and ky we only need the entries where 7,5 # 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

[kD(:uw)]ij = [kD(A)]ij - Vrjn‘vnj (6m3 + 0n3 — 26m306n3) (1 - e_U(#w’A)) [kU(A)}mn

1 A (2.26)
6 VaiVaj It (pw, A) + [AkD(Nw)L'j )
where the evolution functions U(p, A) and I;(jy, A) are defined as
o dyy y2(p) /“w dp 3y; (1)
U(ppa, A) = — | 22 o L, N = [ : 2.27
(o) = =[BT Ry = [ ) (2.27)

Explicit analytic expressions for these integrals can be found in egs. (3.14) and (3.21) of [36],
while the matching contribution [Ak:p(uw)]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) [92]. One then finds that [36]

[kU(/iw)]%'[FV = [kU(Nw)]%‘[FV = [kd(ﬂw)]?g/‘mv = [kE(Mw)]%[FV = [ke<ﬂw)]%‘[FV =0, (2.28)

whereas

N 1
o B = o (AR + ViV { = § Bl )

o (paw) 1. w2 1 31—x+Inay
e Y Bt .
+ = [Ctt(ﬂw) <2 Yo T1T 2 (1-a) (2.29)
3a _ ( )1—xt+xtlnxt}}
- —5 CWw
271'812” My (1 —th)Q I

with @y = 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,

kp ()] = ViVl ([ku(A))ss — (ku(A))) = ViV Ako(8), (2:30)

4These equation references apply to the published version of the paper.
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which can be non-zero because minimal flavor violation allows the possibility that [ky(A)]ss #
[ku(A)]11, and hence Aky(A) # 0.

Relation (2.29) 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 ¢yw (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 ¢y (f,,) have been
derived in [36].5 The terms proportional to cyw in (2.29) agree with a corresponding
expression derived in [57]. 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 coefficients do not run below the weak scale (in the approximation
where the Yukawa couplings of the light quarks are put to zero). Hence, the expressions
shown in (2.25), (2.26) and (2.29) hold for all values p < .

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

kp(mo)lyT ~ Vi Vi [AkU(A) + 1.9 x 1072 ¢ (A) — 6.1 x 107° éag(A)

(2.31)
—2.8x 1077 Gww (A) — 1.8 x 1077 égp(A)] .

Besides the possible matching contribution Aky(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 RG evolution and weak-scale matching and scales like

(673 A2
— In—. 2.32
Ctt7T nth ( 3)

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

(O‘S CGG> X Ds 2 Afz : (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 « 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

(0‘2 CWW) %, (2.34)

™

®The logarithm of (u2/m}) in the coefficient of ci, but not the z;-dependent remainder, was found
in [58].
5The extra pieces included through the replacement cqe — égc are three-loop contributions.
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without a logarithmic enhancement. In [57], the contribution proportional to cyyw in (2.31)
was considered as the only source of flavor violation in ALP-induced interactions, which
obviously makes the strong assumption that the remaining couplings in that equation vanish.

In (2.8) we have shown how the parameters éyy(A) with V' = G, W, B can be expressed
in terms of the ALP couplings in the original effective Lagrangian (2.1). When combined
with (2.31), these relations show that, no matter to which SM field the ALP couples at the
new physics scale 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 approxi-
mation where the Yukawa couplings of the light quarks are set to zero). The flavor-diagonal
couplings cs¢(u) are still scale dependent at low energies due to loop diagrams involving
gluons or photons. The evolution of these coefficients from the scale p,, = m; to the low
scale g = 2 GeV yields [36]

caq(10) = Cqq(mi) = [3.0¢G6(A) = LAcu(A) = 0.6 cp(A)] x 1072
— Q2 [3.96,(A) = 4.7eu(A) — 0.2c(A)] x 1077, (2.35)
cue(p0) = ceo(my) — [3.9¢,(A) = 4.Teu(A) = 0.2¢5(A)] x 1077,
For an ALP lighter than the scale ug, 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.
2.4 ALP couplings to mesons in the chiral Lagrangian

At the scale pg ~ 2 GeV it is appropriate to match the Lagrangian (2.18) to a chiral effective
theory [40, 79, 80, 93]. 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(z), d(z) and s(z).

q(x) = exp | —i kg5 Caa q(z), (2.36)

The transformation parameters k4 are hermitian matrices, which we choose to be diagonal
in the quark mass basis. The condition Tr k, = 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

X _jr H T fé A 1
Ly =g T D' (D,®)1] + By Tr [ () =T+ hec|

2.
1 " mZ’O 9 . O oa S (2:37)
—i—i(‘? adua — 5 0 —i—cwE?Fle ,
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where X(z) = exp [l}—? A7?(z)], defined with the pion decay constant fr ~ 130.5MeV and
the Gell-Mann matrices A,, contains the pseudoscalar meson fields,

mg(a) = exp (—Qiﬁq ele. ;) my (2.38)

with m, = diag(m,, mq, ms) is the modified mass matrix, and the derivative ALP couplings
to fermions enter in the covariant derivative [40]

iD,Y =i0,2 +eA,[Q, %] + @‘Jf‘ (1%@2 -3 icq) : (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

Cyy = Cyy — 2No e Tr [QQ "Lq} ’
’%Q _ efquCGG% (kQ — Kyq cgg) equGG% ) (2'40)

ikgcaa % —ikgcaa %
ky=e"1°CT (kg + kgcaa) e 99T

where Q = diag(Qy, Qq, Qs) contains the electric charges of the quarks. The matrices kg
and k; have the texture

[kU]n 0 0 [ku]n 0 0
ko = 0 [kD]n [thz J kq = 0 [kd]n [kd]n ] (2.41)
0 [kD]Ql [kD]22 0 [kd]m [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 [kg];; with ¢ # j do not run
below the weak scale, and their values at the scale y,, have been given in (2.25) and (2.26).

For the case of the QCD axion (with mio = 0), the chiral effective ALP Lagrangian
was first introduced in [80] and has been explored in great detail in [93]. By studying the
ALP potential following from this Lagrangian, one finds that QCD dynamics generates a
mass for the ALP, see (2.2), thereby breaking the continuous shift symmetry of the classical
Lagrangian to the discrete subgroup a — a + nnf/cgg. The first term in the first line
of (2.37) leads to a kinetic mixing of the ALP with the pseudoscalar mesons 7°, g, 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 K, in such a way that k,m, o< 1; however, eliminating
both types of mixings requires a different choice [36]. Since all predictions for physical
quantities must be independent of the choice of the auxiliary parameters x4, we will refrain
from adopting a particular choice in this paper.

Applying the Noether procedure to the effective Lagrangian (2.37), one finds that the
chiral representation of the left-handed quark currents 'y, Pr¢’ is given by [40]

.. ) 2 N a
1 = - ito=ra)ecs [, m)]
! (2.42)

5 —if {1 t i (g, = g, cGGﬂ = auzqﬂ + {f a;“ ko — Dk, 2|

J
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Figure 3. Feynman graphs contributing to the K~ — 7~ a and K° — 7% 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 (2.37).
Analogous graphs exist for the two 27-plet operators. The first two diagrams in the second row
vanish for the case of neutral mesons.

The derivative ALP couplings in the last term have been omitted in previous treatments of
the effective chiral ALP Lagrangian, but they are crucial to ensure the independence of
physical amplitudes from the choice of the auxiliary parameters rq [40].

The Lagrangian (2.37) contains flavor-conserving ALP couplings to mesons, which
govern the decays 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
Ith and will play a role in our discussion of K — ma 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 vea
the weak transition is a charged-current process mediated by the effective Lagrangian

4G
Losa = _72F Vaa L2 ey Prue . (2.43)

The decay amplitude for this process obtained from the chiral Lagrangian (neglecting
contributions suppressed by the electron mass) reads [40, 94]

. 7 e 1G _
AT — e Dea) = —7\/5 Viud éf; teYu(1 = 75) Vg,
2
mqg — My, m
ARSI § M S — e A
md+mu+[u d]11+m§—m§ Cud |
(2.44)

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

X (pr + pa)" |2¢cca

respectively, and
Mg — My,

Acyd = Cyu — Cad + 2caa (2.45)

mg+my,
All quantities are evaluated at the scale pg.
The leading-order operators mediating flavor-changing non-leptonic meson decays such
as K~ =771 Kg — ntn~ and Kg — 7°7° read [95-97]
4G

Lo = =75 ViaVus (9505 + 037" 0% + g3 O3L7) (2.46)
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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 (9;42 and (9342 mediates transitions with
Al = % and Al = %, respectively. These operators can be expressed in terms of products
of the left-handed operators L7/ defined in (2.42). One finds

Os = LsiLi,
i
0%42 = L3o L1 + L31 L1 + 2L32 Loy — 3L32 Lag (2.47)

0342 = L3oL11 + L31L12 — L32 Loa,

where contraction over the Lorentz indices is implied. The coefficient of the octet operator,
lgs| = 5.0 [98], is larger than the coefficient ]9342] by about a factor of 30, and in the
SU(3) symmetry limit the coefficient | g;éQ| is smaller than | gg’é?| by a factor of 5 [99]. The
strong dynamical enhancement of Al = % over Al = % transitions is known as the Al = %
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% decay amplitudes from the La-
grangians (2.37) and (2.46), evaluating the Feynman graphs shown in figure 3. The first two
diagrams account for the ALP-meson mixing contributions, while the third graph contains
the ALP interactions at the weak vertex derived from (2.42). The following two graphs
describe ALP emission of an initial or final state meson. They only exist for the case of the
charged mesons K~ and 7~ and give nonzero contributions if the ALP has non-universal
vector-current interactions with down and strange quarks. The last diagram contains possi-
ble 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 the calculation is
performed in the isospin limit and we set m, = mg = m, which eliminates the 7°-7 mass

mixing and the mass difference between the neutral and charged Kaons and pions. The

meson masses are then given by m2 = 2Bym, m% = By (ms + m), and 3m% = 4m?3 — m2.
The decay amplitudes are correct up to isospin-breaking terms that are proportional to
the mass difference (m,, — mg)/ms. We also neglect mixing with the 1’ meson, which is an

effect of higher order in the chiral expansion. We then obtain [40]

. _ _ N, m2 —m2) (m% — m?2
iA (K - a) = T; 16cca ( fm%{ _ﬂzn(% _K3mg a) + (2cuu + Cad + Css) (m%( - mi)

2 (2 .2
- (20uu + Cqd — 3Css) mg +6 (Cuu + Cdad — 2053) T (mK ma)

2 2 32
dmy, — mz — 3m;

(ot kplyy = [k + kplys) (i +m? — i)
2 2
— mKTcmw[kd-i-thg,
(2.48)
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and
(mi —mz) (M —ma)

Ng
—’L\[A( — T a) = 4f {16 4mZ — m2 — 3m? + (3caa + ¢ss) ( )
m2
(2Cuu — Cdd — Css) m -2 (Cuu + Cdd — 2055) g ( m 3TT)L2
my
my (mi —me)
-2 (Cuu - Cdd) mgr — mg
+ ([ka + kplyy = [ka + kply) (m +m?2 — mi)}
2 2
_szifmﬂ[kd_i_kD]m’
(2.49)
where
Ng = _Gr Vi Vs gs 12 = | Ng| €% | (2.50)
V2

with |Ng| =~ 1.53 x 10~7. Here dg denotes the strong-interaction phase of the phenomeno-
logical parameter gs, and we adopt the standard phase convention for the CKM matrix,
in which the matrix elements V,4 and Vs are real [100]. Note that the flavor-diagonal
ALP-fermion couplings cy4q in the above relations are evaluated at the low scale g ~ 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 [80, 101, 102] (see also [103] for a
more recent review). For the purposes of this discussion we restrict ourselves to the effective
theory containing two light quark flavors w and d. We describe the nucleons by a spinor
field ¢ = (p n)T containing the proton and the neutron.”

In order to describe the interactions of baryons with pions it is convenient to introduce
a field &(x) defined such that £?(x) = X(z), where X(z) = exp [“[ 7%(z)]. Under an
SU(2)1, x SU(2)g transformation, the non-linear transformations of the meson fields follow

from ¥ — LY R'. The quantity £ transforms according to
¢ > LEUT =UERT, ¢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 ¢ — U1). The covariant
derivative of the nucleon field takes the form (neglecting electromagnetic interactions
for simplicity)

iD, =1i(0,+T)) ¢ (2.52)

with the connection
1 oua a,a ~

i {(z@ — ) T—i-T(z@—i- £ k)}
1

(2.53)
€0+ 7)€ +€ (10, +1,) €] +u01,

2
"In the extension to three light flavors, the spin-% octet of the ground state baryons is instead described
by a traceless 3 x 3 matrix.
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Figure 4. Diagrams contributing to the effective ALP-nucleon coupling in chiral effective theory.

where I%q = diag(ky, kq) and I%Q = 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

_ O ([ky — kalyy Ky — Kd\ _3
T, = f ( 5 + cqa 5 )0',

(2.54)
g — e <[kU_kD]1l _CGGKU—"%)U:’)
mof 2 2 ’
and the iso-scalar vector coupling
o) _ Oua ([ky + kd] [ku + kp]
Ugu;f( Sty BT 11), (2.55)

which is invariant under SU(2)z, x SU(2)g.
There exist two additional hermitian building blocks called vielbeins [104], which are
defined by

3 <¢au + a“fa icq> ¢h—¢f (i&u + 8;;“ 12:@) €=u,+ul), (2.56)

with
w, =€ (i0, +1,) € — €7 (10, +1,) €,

s 8& ku+l€ k ‘I’k S
u&):;[[ d]ll_[U D]11+CGG(Hu+5d)]ﬂE2ag)ﬂ'

2 2
These quantities transform as axial vectors under parity. Note that the iso-scalar axial-

vector coupling agf) is invariant under SU(2), x SU(2)g. The condition x,, + k4 = 1 ensures

(2.57)

that this quantity is independent of the auxiliary parameters x,. A dependence on these
parameters remains in the expressions for the chiral couplings r, and [, in (2.54), but it
must cancel in all predictions for physical quantities.

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 (UZ) —my + %"Y“% uy, + %7“’75 Uff)) Y, (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 [105] 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
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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
Ky and kg cancels, as it should be. We obtain

. 9pa — MmN Gpa _
iA(p(k) — p(K') + a(q)) = —f un (k) s un (k) = gfp un (k) s un (k)
(2.59)
. na — MmN dna —
() = 1k + a(a) = =52 iy () g5 un () = ™59 () u (h),
with )
m
Gpa = 90 (Cuu + Cda + 2cqa) + ga anﬂ Acyd,
“m2 ¢ (2.60)
Ina = 90 (Cun + Cad + 2cca) — ga 27”2 Acyd,
my — My

where Ac,y has been defined in (2.45). Note that the iso-vector contributions depend in a
non-trivial way on the ALP mass, which is an effect not considered in the literature until
now. We stress that the expressions on the very right in (2.59), which are frequently used
in the literature on QCD axions, can be misleading, because they seem to suggest that the
N — N + a amplitudes scale with the nucleon mass. This is, however, not the case; rather,
the spinor product uy(k")vs 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 f decay, with the result that g4 = 1.2754(13) [100]. In order to determine the
parameter gg we exploit the fact that the ALP-nucleon couplings can also be derived
directly from the effective ALP Lagrangians in (2.18) and (2.19), without recourse to a
chiral effective theory. For the proton one obtains

A = ) + al0) = 5“0 i, (1) g5 o))

elel Oés(/,bo) a Aupv,a
190 000 41 G, G (0

(2.61)

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
Cqq(p0). Matching the above expression with (2.59), we find that

m2
<go + 94 m2—ﬂq2> un (k') dvs un (k) = 2 (p(K')| @ gysu Ip(k)) ,
" (2.62)

m2 _
<90 —ga m?—ﬂq2> un (k) dvs un (k) = 2 (p(k")| d g5 d |p(k)) ,

where ¢?> = (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) in these relations, defining the
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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 gginglet = (gpa + gna)/2 (blue), in units of the ALP-gluon
coupling cge. The ALP couplings to quarks are set to zero (cyy = cqq = 0).

expectation value of the nucleon spin as

st = %ﬂw(k) Yasun(k); k-s=0, (2.63)
and introducing hadronic quantities Ag by [106]
(p(B)| @y 5.4 |p(k)) = 25" Aq, (2.64)
we obtain
go +9ga = 2Au, go —ga = 2Ad. (2.65)

Solving these equations we obtain gg = Au 4+ Ad. The matrix elements Au and Ad
can be determined using lattice gauge theory (see [106] 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 Aq in lattice QCD with Ny =2 +1
dynamical fermions performed by the yQCD collaboration [107], 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 go = 0.440(44). The reported value
ga = 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 (2.58) onto a heavy-baryon chiral effective Lagrangian by replacing [102, 108]

V(@) = e-mN v “;J 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)

EWN—>N(iv-D+gAS-u+gOS-u(s))N, (2.67)

where S* = %0“”’)/5 v, denotes the Pauli-Lubanski spin operator.
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The effective ALP-nucleon couplings in (2.60) depend on the ALP mass, and the
corresponding results for the QCD axion are recovered in the limit 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 ¢y, = c4q = 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 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 ¢ 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 [79]. They are sensitive to the effects of scale evolution and
weak-scale matching discussed above. For the leptonic decay modes, one finds

mams 4 4m?

S f? cp(meg) (/1 — —- (2.68)

m2 "’
where £ = e, u or 7 and we assume that m, > 2my.

D(a—0T07) =

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” C°f, such that

Rek
a?m? |2
with
Cf;l;f(ma) = Cyy + Z NCfQ?c Cff(’ma) By (Tf) ; for mg > Aqop. (2.70)
17t
Here 74 = 4m%/mj;, and we have defined
) arcsin % ; T>1,
Bi(r)=1-7f(7), [f(r)= . (2.71)
14+VI=7 .
g+%ln1_\/é7 T<1.

This function satisfies By (7¢) ~ 1 for my < m, and B;(7¢) = —mﬁ/(lQm?) for my > my,
meaning that each electrically charged fermion lighter than the ALP makes a significant
contribution to C’,‘;fvf. Note that for the light quarks the running coefficients cys(mg) contain
important contributions proportional to the ALP-gluon coupling cqg from RG evolution
effects. For example, with mq = 2GeV we find cyq(mq) >~ c4q(A) £ 0.1¢y(A) — 0.04 cqa,
where the plus (minus) sign of the second term refers to down-type (up-type) quarks.
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Figure 6. Representative diagrams contributing to the off-shell ALP-photon vertex at one-loop
order in ALP interactions.

For ALP masses below the QCD scale this gluon-induced contribution is further
enhanced. Hadronic contributions to the effective ALP-photon coupling can be calculated
using the effective chiral Lagrangian (2.37) and can be expressed as [79, 80, 93, 94]

2
mq — My, Cuu — Cdd
cft =y — (1.92 4 0.04 — {
S (Ma) = iy — ( ) cca mZ —m2 cGa —— 5 (272)
+ ) 3Q2cgq(po) Bilrg)) + > cuBi(r); for mg < po,
q=c,b l=e,p,T

where we neglect small corrections of order m,, q/ms. In this expression, the running quark
masses and the ALP-fermion couplings are evaluated at pg =~ 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 TS, . (q
where ¢ denotes the inflowing momentum of the external on-shell photon (¢? = 0) with

, k) shown in figure 6,

polarization index p, k is the outflowing momentum of the off-shell ALP (k? # m?2), and
p = k — ¢ is the inflowing momentum of the off-shell photon with polarization index «.
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 (a/m). We find that the vertex function is finite and can be
expressed in terms of the parameter integral

o o
- P g5 k. (2.73)

2
my
{CW—FZN chff[ /dm/ dymf z(1— x)(kQ—ka‘-q)—iE}}'

The term involving k - ¢ must be kept for flavor off-diagonal dipole transitions such as

Tho (g k) =

@ — ev, 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

px 1 0B
Lo (g, k) — ﬁfua 7 qp ky

f

A2 4m?c
C’Y'Y—I_ZNC QfofBl ? . (274)
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In the limit where the ALP is taken on-shell (k? — m?2), one recovers the expression for
the effective coefficient C’f‘yfyf entering the a — 7 decay rate in (2.70). The off-shell vertex
function exhibits the same familiar behavior, that heavy fermions with mfc > |k?| decouple
from the vertex function, whereas light fermions with m% < |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 m, > Aqcp), the inclusive decay
rate into light-flavored hadrons can be calculated under the assumption of quark-hadron
duality [109, 110]. Including the one-loop QCD corrections to the decay rate as calculated
in [111], one obtains [79]

, a?(mg)m3 83 as(ma)] | ~eff 2
I'(a — light-flavored hadrons) = o {1 T - ] ’CGG(ma) , (2.75)
where
eff 1
Céa(my) = caa + 5 E Cqq(mq) Bi(1q); 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 ay, but including the effects of RG evolution)

3mam£(ma)

T'(a — bb) = 37 /2

‘Cbb(ma)‘z\/ﬁ, (2.77)
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 — mm and a — 7'y are forbidden by parity
invariance and angular momentum conservation, and the three-body modes a — w7y,
a — 19y and a — wlete™ are strongly suppressed by phase space and powers of the
fine-structure constant . The dominant decay modes in this region are a — 37° and
a — w77~ 7% induced by the ALP couplings to pions in the effective chiral Lagrangian (2.37).
We consider the chiral Lagrangian together with the ALP to be valid for ALP masses
mg < 2GeV for which each pion in the decay modes a — 37 has energy of the order of the
QCD scale. At leading order in the chiral expansion, one obtains [36, 79]

I'(a — 77b70) = M (Acyq)? Tﬁr fi < 2GeV 2.78
= Glddr3p2p2 (o Cud g“”<m2>’ O Ma = 2CV, (2.78)

a

with Ac,q as defined in (2.45), and (with 0 < r < 1/9)

2 A=vr? [T A
gOO(r) (1 _ 7’)2 [17“ dz /1 P A (Z, T) ;
12 A=vr)? [Ty 51
=~ _ —(y— /2
g+_(7’) (1 — 7’)2 AT dzy/1 P (Z T) A (Z7T)7

where A\(z,7) = (1 — 2 —r)? — 4zr. Both functions are normalized such that gq;(0) = 1, and
they vanish at the threshold r = 1/9.

(2.79)
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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 [79] the
corresponding decay rates were calculated at one-loop order in the effective ALP interactions.
Setting the matching scale ju,, equal to the mass of the decaying particle, one finds [79]

3 2\ 3

my  aa(mz) | o2 m

I'(Z = a) = 96732 s2,¢2 |C$Z| ( - mg> )
w rw

Z
m eff 12 y3/2 2 m(21
2
_ 2my 4m2
I'(h — aa) | m2a 1- m; .
32 f4 mj my

In the case of Z — va decay we have defined

4m2 4m
C =cyz+ Z N/ Qy ( T - Qf512u> crr(mz) Bs < ! 2f> ; (2.81)

2
mg My

where T. :{ denotes the weak isospin of fermion f, and

T1T2

By(ri,m2) = 1+ [P2(m) = f2(m2)] (2:82)

T — T2

with f(7) as given in (2.71). This function is approximately equal to 1 for all light fermions
2 2
other than the top quark, for which Bg(%t , :m;) ~ —0.024 is very small.
a Z
The decay h — Za is interesting, because the effective ALP Lagrangian (2.1) does not

contain an interaction that mediates this mode at tree-level. Note, in particular, that the
redundant operator involving the Higgs current does not contribute to the decay amplitude,
and that a tree-level contribution first arise from the dimension-7 operator [112, 113]

Lo ‘?f 6'¢ (61iD,0) . (2.83)

The effective coupling Ce %, is defined as

3ay (mp,) v 7
CZh T i cie(mp) F + ﬁ CE;, )(mh) ) (2.84)
where
1 Im2 — rm2 — 2m2 2
F= / dlwyz] ——t _Th — TZ 1 0.930 +2.64 x 1076 =2 (2.85)
0 my — TYym; — yzmsy — rzm; eV

with d[zyz] = dedydz6(1 —x —y — z). In (2.84) a loop-suppressed contribution competes
with a power-suppressed term, and which of the two dominates depends on the relative size

)

of the Wilson coefficients ¢;; and Co and on the value of the ratio v/f.
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The decay amplitude for the process h — aa starts at O(1/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

Cah
LE70 5 ¥ (9,a) (0" a) ¢ 6. (2.86)
The coefficient C’eh reads
eff 3at(mh) 2 dm
CS = can(mp) + ———— ¢ (mp) n —n_ 2
my
3a3(m ) o 4m%v

s (1) [1n+51 (4:;%)],

647358 6 2z 2
with the loop functions
g1(1) = T A1) + 2V =1 f(7) —

2.88
92(7) = *fQ()+2\/Tf1f(T)_, (2.88)

The parameter ¢; in (2.87) 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 ¢/®# is treated as a D-dimensional object (our default choice), and §; = 0 is a
scheme where it is treated as a four-dimensional quantity [79]. The dimension-6 Wilson
coefficient cqp(my) 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

Bag(mp) o 3ad(my) 3a’(mp) A?
Can(mn) = can(A)+ 7Ctt(mh)_m Eww (M) — W ¢z (mn) lnm—%.
(2.89)

3 Probes of flavor-changing ALP couplings to quarks

The focus of this section is on deriving experimental constraints on the ALP couplings
from observables 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 ky, kp, k, and kg (2.12), the flavor-diagonal ALP-fermion
couplings cy¢ defined in (2.14), and the ALP-boson couplings cyy defined in (2.10). We
distinguish processes in which ALPs are produced on-shell, processes with virtual ALP
exchange and processes that do not involve any flavor change. The most sensitive probes of
flavor-violating ALP couplings are rare meson decays into mono-energetic final state mesons
and ALPs produced on-shell, such as K — ma. We begin by deriving constraints from an
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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 contribution 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 2.3. Each
benchmark is defined by assuming that either one of the ALP couplings to gauge bosons
caa,cww and cpp or a single ALP flavor universal coupling to SM fermions ¢y = ¢y 1
with ¢ = u,d, Q, 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, 35, 42—-45, 49, 51, 55-58, 114]), 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 7, 8, and 9) showing explicitly
the dependence of the constraint on the ALP decay width, within the plane of the
ALP mass and the relevant flavor-changing coupling. To calculate these dependences
we account for the specifics of the particular experimental setup, and event selection
criteria such as kinematic cuts. These ALP width effects are also taken careful account
of when plotting the constraints on simplified scenarios in section 3.8.

e We study in general the contributions of a light ALP to Bd’Sde,s mixing, including
RG evolution effects and subleading terms in the heavy-quark expansion, which turn
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out to be non-negligible. For example (assuming the ALP couples only to one chirality
of quark for simplicity), for an ALP of 20 GeV, the inclusion of RG evolution increases
the ALP contribution to AM;, by 20%, while for a massless ALP, the inclusion of
subleading terms in the heavy-quark expansion decreases the ALP contribution to
AMjg by 30%.

We derive bounds on the ALP from recent measurements of K — 7 observables
using our recent calculation of the K — mwa decay amplitudes in chiral perturbation
theory [40]. 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)z x U(1)y
invariant couplings 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
example, we find that searches for the rare decay B — K (*)a(,uu) 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/i 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 — sf¢ decays as
measured at LHCb [61, 63], discrepancies from SM expectations in excited Beryllium
and Helium transitions measured by the ATOMKI collaboration [64, 65], and an
excess in the branching ratio of 7 — eTe™ measured at the KTeV experiment [66].
When confronted with constraints from other measurements, we find that an ALP
could explain the deviation in the low-¢? bin of the Rx observable, but not the high-¢?
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bin of Rx and not Ri+. 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.

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 — mwa, B — ma etc. We will discuss this in detail for the kaon
decays K~ — n~a and K — 7a, 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 — ma decays is a mono-energetic final state pion with energy

2

m%(—i-mfr—ma (3'1)

E, =
2mK

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 — 7a)[? AM2 (7"; T ) : (3.2)
16mmg % My
where
A(ri,ry) = 14717 +15 — 2r; — 2rj — 2r1; . (3.3)

As discussed in section 2.4, there are contributions to the decay amplitudes involving both
flavor-violating and flavor-conserving ALP couplings. The decay amplitude for the charged
mode K~ — 7~ a and the neutral mode K° — 7% have been given in (2.48) and (2.49),
respectively, in terms of the ALP mass and the ALP couplings to gluons and quarks. For
mg = 0, one finds numerically

iA(K™ =7 a)
1TeV

:—1.12><104G6V[ ] (ka+kD]15

1TeV] .
+10" 11 GeV [fe] €% [3.50cge+0.86 (2¢uu+cdatcss)
+1.01 ([kd-i-kD]ll_[kd—i_kD]??)} 7 (34
[10pt] —iv3A (KO = 7l)
1TeV
f

] €”*® [3.58 ¢ +0.88 (3caa+Css) +1.02 ([ka+kplyy —[katkply)]

:—1.15><104GeV[

1TeV
f

} [ka+kplis

+10~ 1 GeV[
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where the ALP couplings are defined at the low scale pg = 2 GeV and dg is an unknown
strong interaction phase. 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 — nta and K° — 7°
overall sign and replacing [kq + kplyy — [ka + kDly; = [ka + kp]]s- (One should also take
the complex conjugate of the product V;;,V,s of CKM matrix elements in the definition

a can be obtained from these expressions by reversing the

of the quantity Ng in (2.50), which has no effect since these parameters are real in the
standard convention for the CKM matrix.) The amplitude for the decay K; — 7'a, on
which constraints can be derived using existing searches for K; — 7°vi and Kj — 7X, is
then obtained using the relation [115]

(14+e) K4 (1 —e)K°
2(1 4 [el)

K = , (3.5)

where € = 2.228(11) x 1073 ¢/ with ¢, ~ 43.5° is the parameter measuring CP violation in
K9 K9 mixing [100]. We find numerically

iA(KL—MrOa)
1TeV .
:104Ge\/[ - ][1.15i1m[kd+kp]12—2.56><1036’¢6Re[kd+kD]12]
—14 LTeVY is55160)
1071 Gev | | el |7.97 ca+1.95 (3caa+cos) +2.27 ([ka+ by — [ka+kplyy) |

(3.6)
A comparison with the result for the charged mode in (3.4) shows that the decay K — 7%
is useful primarily for probing the imaginary part of the flavor-changing ALP-fermion
coupling [kq + kpl,,. The sensitivity to all other ALP couplings is reduced, compared to
the decay K~ — 7~ a, by a factor |¢| ~ 2 x 1073,

When one squares the decay amplitudes to obtain the decay rates in (3.2), the interfer-
ence 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 K — 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,
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we find the decay rates

T(B~ 7 a)= e+l 2 [EP (m2)]
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2
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For B — K*a decays the K* meson is longitudinally polarized, since the ALP is a
pseudoscalar particle. The quantities Fp(¢?) and Ag(q?) are scalar form factors defined
n [116]. We take FP7%(¢?) from the lattice average of [106] (based on the calculations of
the HPQCD [117] and FNAL/MILC [118] collaborations), FZ 7™ (¢?) from the FNAL/MILC
lattice calculation [119], AF~%"(¢?) from the light-cone QCD sum-rule calculation of [120],
FP=7(¢?) from the ETM lattice calculation of [121], and FP* 7% (¢?) from the covariant
light-front calculation of [122].

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. Contributions 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 energies, see (2.31). 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~ 71° — 7~ a via ALP-pion mixing give rise to subdominant contributions to the
B~ — 7w 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 [123, 124].

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

reference coupling c¢;; Cij - (%) VB cii/|ViiVig) - (T‘f"v) VB
Br(K* — mta(inv)) NA62 2021 [125] 0 < m, < 261 long-lived |kp + k|12 1.2 %1079 3.9x 1076 7Ta)
Br(Kp, — nla(inv)) KOTO 2018 [126] 0 < mg <261 long-lived [Im[[kp + ka]12| 8.1x 107 7.0 x107° 7b)
Br(Kt — 7tyy) 949 2005 [127] me < 108 Ty |kp + ka2 2.1 %1078 6.9 x 1075 7c)
Br(Kt — 7tyy) NA62 2014 [128] 220 < m, < 354 Ty |kp + kal12 2.0 x 1077 6.5 x 1074 7d)
Br(Kp, — 7%yy) NA48 2002 [129] 30 < mg <110 vy [Im[[kp + kal12]| 1.3x 1078 1.1 x 1074 Te)
Br(Kp — n%y7) KTeV 2008 [130] ma < 36307 vy [Tm([[kp + kal12]| 1.3x 1077 1.1 %1072 7f)
Br(Kt — wta(ete)) BNL 1987 [131] 1< mg <100 ete” |kp + Kal12 3.4 %1077 1.1x 1073 7g)
Br(K* — rteter) ES865 1999 [132] 150 < mee < 350 ete” |kp + k|12 1.7 %1077 5.5 x 1074 7h)
Br(Kt — ntete) NA48/2 2009 [133] 140 < m, < 350 ete” |kp + k|12 1.8 x 1077 5.7 x 1071 7i)
Br(Kp — nleteT) KTeV 2004 [134] 140 < m, < 362 ete” [Im([[kp + ka]12]| 3.1x 1079 2.6 x 107° 7j)
Br(Kp — n'utp™) KTeV 2000 [135] 210 < mq < 350 php [Im[[kp + ka]12]| 4.0 x 107° 3.4x107° 7k)
Br(Kt — mta(utp™)) NA48/2 2016 [136] 211 < m, < 350 whp |kp + k|12 3.2x 1079 1.0x 1073 7¢)
Br(BT — mteter) Belle 2008 [137] 140 < m, < 5140 ete [kp + ka3 7.0x 1077 8.7x107° 8a)
Br(BT = ntutu) LHCb 2015 [138] 211 < m, < 5140 () whp |kp + ka3 1.2 %1077 1.4 x107° 8b)
Br(Bt — Ktvir) BaBar 2013 [139) 0 <mg <4785 long-lived |kp + kal23 4.8 x 1076 1.2 x 1074 9a)
Br(B? — K*0vp) Belle 2017 [140] 0 < mg <4387 long-lived |kp — kal2s 4.1 %1076 1.1x107* 9b)
Br(BT — KTa(yy)) BaBar 2021 [141] 175 < m, < 4780(ft1) ¥y |kp + kal2s 3.9x 1077 1.0 x 107 9c)
dBr/dg*(B® — K*%*e )i 00057 LHCb 2015 [142] 1< mg <224 ete” |kp — kal2s 6.4 %1077 1.6 x 107° 9d)
dBr/dg*(B® — K*%*e )i 05015 LHCb 2015 [142] 224 < m, < 387 ete” |kp — kal2s 9.3x 1077 2.4 x107° 9e)
Br(B* — K*a(u*tu™)) LHCb 2016 [143] 250 < m, < 4700 () wrp |kp + kal2s 4.4 %1078 1.1x 1076 9f)
Br(B® — K*a(utp)) LHCb 2015 [144] 214 < m, < 4350 () W |kp — kal2s 5.1x 1078 1.3x 1076 9g)
Br(B~ = K~7777) BaBar 2016 [145] 3552 < m, < 4785 (e [kp + Kalos 8.2 x 1077 2.1x1073 9h)
Br(D° — nl¢te) BESIII 2018 [146] 1 < m, < 1730() ete” [ku + kul12 2.8 x107° - 10a)
Br(Dt — mteter) BaBar 2011 [147] 200 < m, < 1730(1") ete” kv + ku 12 8.4 %1076 - 10b)
Br(Df — Ktete™) BaBar 2011 [147] 200 < m, < 14750 ete” |ku + kul12 2.4 %1075 - 10c)
Br(Dt = ntputu) LHCb 2013 [148] 250 < m, < 17300+*) whp |ku + k12 2.1x10°6 - 10d)
Br(Df — Ktptu™) BaBar 2011 [147] 200 < m, < 14750+%) whp |k + K12 5.7 x 1075 - 10e)

Table 1. Summary of indicative constraints on quark flavor-violating ALP couplings renormalized
at the scale p,, = 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
experimental reference is given in the second column, while full details of the measurements and SM
predictions (where appropriate) are given in Tables 3 to 8 in appendix C. In each line, the limit
cited is the strongest limit found within the mass range probed by the measurement. In the sixth
and seventh columns the symbol B denotes the ALP branching ratio to the relevant final state,
while in the seventh column the constraints are divided by |V;iV;| as an estimate of the strength
of the bounds on the MFV case (since this is only relevant for left-handed down type couplings,
the up-type decays are not included in this column). The final column refers to figures showing the
dependence of the bound on the ALP mass and lifetime. Asterisks next to the mass range mean that
cuts are applied within the mass range to exclude resonance regions, and therefore the corresponding
measurement is insensitive to an ALP with mass in the excluded ranges. The excluded regions are as
follows. (¥): 100 < myp < 161 MeV; (s%): 525 < my,, < 1250 MeV; (s#x): 990 < m,, < 1050 MeV;
(F): 950 < mee < 1050MeV; (T0K): 100 < myy < 160MeV; (1): 935 < mee < 1053 MeV; (1f):
8.0 < m?, < 11. 0GeV? and 125 < m2, < 15. 0GeV?; (1): various cuts are applied to exclude
the regions around the J/v, 1(25) and (3370) resonances; (1): 525 < mee < 1250 MeV; (T 1 1):
0.45 < myy < 0.63GeV and 0.91 < m,, < 1.01 GeV.
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Figure 7. Constraints on the flavor-violating ALP couplings [kg]12 and [kp]i12 from kaon decays,
collected in table 1, for different values of the total ALP width. The color-coding indicates the
final state: red is for a — eTe™ decays and purple for a — ppu~ decays. The different contours in
panel a) and g) are the result of the experiments providing different constraints depending on the
ALP lifetime.
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Figure 8. Constraints on the flavor-violating ALP couplings [kq]15 and [kp]13 from B meson decays,
collected in table 1, for different values of the total ALP width. The color-coding indicates the final
state: blue for invisible final states, yellow for ALP decays into photons, red for a — eTe™ decays
and purple for @ — put =~ decays.
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Figure 9. Constraints on the flavor-violating ALP couplings [kq]25 and [kp]a3 from B meson decays,
collected in table 1, for different values of the total ALP width. The color-coding indicates the final
state: blue for invisible final states, yellow for ALP decays into photons, red for a — eTe™ decays
and purple for @ — pu~p and @ — 777~ decays. The different contours in panel ¢) and f) are the
result of the experiments providing different constraints depending on the ALP lifetime.
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Figure 10. Constraints on the flavor-violating ALP couplings [k,]12 and [ky]i2 from D meson
decays, collected in table 1, for different values of the total ALP width. The color-coding indicates
the final state: red for @ — eTe™ decays and purple for a — u~u™ decays.

ALP decay modes, such as a — 7y and a — ¢*¢~. Constraints on a long-lived ALP can be
derived from searches for rare decays such as K — mvv and B — K® v, 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 [kpl;; with ij = 12,13,23 and [k,]12 and
[kr]12 from exotic decays of kaons, B mesons and D,y mesons are compiled in table 1.
For ALPs with O(1) flavor off-diagonal couplings, these searches can probe new physics
scales of f < 109 TeV x v/B. The constraints scale with the square root of the branching
ratio of the ALP into the signal final state, B = Br(a — vy,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 1, because the fraction of ALPs decaying in the range of sensitivity of the

experiment depends on the ALP decay length

by =cTy = % ~ (0.197 pm ?’ (3.8)
where I' is the total decay width of the ALP. The effect of the ALP lifetime depends
on the experimental setup, because of the boost of the initial state meson used in the
experiment. Details about the lifetime effects and experimental parameters can be found in
appendix D.2. For the limits in table 1, we show the effect of a finite ALP lifetime in figure 7
(kaon decays), figure 8 and figure 9 (B-meson decays), and figure 10 (D-meson decays). The
color coding distinguishes constraints on invisible ALPs (blue), ALPs decaying into photons
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(yellow), electrons (red), and muons or taus (purple). In all cases, lighter colors correspond
to smaller decay widths and darker colors to larger decay widths. We show constraints for
three different values of the ALP width I' 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. We further use the ALP width and boost factor calculated based
on the experimental setup to determine the number of ALPs decaying inside the respective
detectors. For invisible final states we instead calculate the number of ALPs that escape the
detector in the same way. Details on the experimental parameters and cuts are collected
in D.2. 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,I'). ALPs with a decay width of I' > 107%eV and a corresponding lifetime of
l, 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 7a), 7b) and figure 9a), 9b)
the blue areas therefore always extend towards ALPs with smaller masses. If the ALP
width is larger the fraction of ALPs escaping the detector decreases and searches for missing
energy constrain only smaller ALP masses. In the case of searches for ALPs decaying
into photons or leptons, the dark shaded regions corresponding to shorter lifetimes lead to
the most stringent constraints. A smaller ALP mass requires a larger ALP width for the
ALPs to decay inside the detector. This explains the slope towards lighter ALP masses
and smaller flavor-violating couplings in the plots corresponding to decays with visible final
states. For resonant ALPs decaying into leptons, the range of constrained ALP masses
is limited either by experimental cuts or the kinematic window 2m, < mq, < mar, — mar,
for a meson decay M7 — Msa. Complementary experimental searches for ALPs with
macroscopic decay lengths and ALPs that decay promptly are important to fully constrain
the parameter space.

3.2 Flavor symmetries in the UV theory

The stringent bounds shown in table 1 can be relaxed very efficiently by imposing a flavor
symmetry. If the UV theory respects minimal flavor violation (MFV), the flavor-changing
ALP couplings to left-handed down-type quarks satisfy [kD]%FV o ViiVij (with @ # j) [36],
whereas all other flavor-changing ALP couplings vanish. An explicit expression of the
couplings [kD]z’j in terms of ALP parameters defined at the new physics scale A = 47 f has
been given in (2.31). The relevant CKM suppression factors for the various transitions
are |V;iVis| = 3.1 x 1074 for s — d transitions, |V;Vj,| ~ 8.0 x 1073 for b — d transitions,
and |VVy| &~ 3.9 x 1072 for b — s transitions. The constraints from on-shell ALP
production in ALP models respecting MF'V are shown in the last column of table 1. Flavor-
changing transitions in the up-quark sector are forbidden altogether in MFV scenarios
(in the approximation where the Yukawa couplings of the down-type quarks are set to
zero). The suppression factor is most efficient for the decays K — mwa, where it reduces
the relevant flavor-changing ALP coupling [kpl,, 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
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flavor-diagonal ALP-quark couplings satisfy the relations [36]

Css = Cdd » [k’d]n - [kde = [kD]n - [kD]22 =0, (3-9)

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

[knlyy © o VigVis = —|ViaVis € [1+0(0)] (3.10)
where [ is one of the angles of the unitarity triangle (with sin25 ~ 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
MFYV hypothesis and assume a flavor-universal ALP at the new physics scale A, for which
all ALP-fermion coupling matrices c¢p = cp1 (with F = u,d, @, 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 = 17TeV 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 (2.31)

[kD(mt)]';]mV ~ 1075 V;;Vt] [ —6.1 CGG — 2.8 CWWwW — 0.02 CBB (3.11)

+1.9 x 10% ¢, (A) — 9.2 ¢4(A) — 1.9 x 10® co(A) — 0.05 ¢ (A) + 4.2 cL(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 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" [1.0ce(A) = 3.7ep(A) + 2.1 eww + 034 epp)
[caq(110)]"™ = 0.074 ¢, (A) 4 0.95 c4(A) — 1.02 cg(A) — 0.037 caa

~ 107" [0.30ce(A) = 3.6 cL(A) + 2.3 eww +0.10¢p] .

(3.12)

Let us return one last time to the K — mwa decay amplitudes, now in the context of a
flavor-universal ALP model. Expressing all ALP couplings in terms of the eight parameters
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in the UV Lagrangian, we find for the K~ — 7~ a decay amplitude evaluated for m, = 0
1 TeV]
f

X {eiﬁ [ —0.21cga — 0.10 ey — 6.4 x 10~ egp + 67¢y(A)

iA(K™ — 7 a) =101 GeV {

—0.32¢4(A) = 66 cg(A) = 1.9 x 107 . (A) +0.15 ¢ (A)] (3.13)

+ e [34cqq =75 x 10 eww — 7.5 x 1077 cpp + 1.6 cu(A)

+1.5¢4(A) —3.1co(A) —2.2x 1074 ¢ (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 — wiid 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; — m%a decay amplitude, we obtain in the flavor-universal ALP scenario

1A (KL — 7r0a)
1TeV}
f

X {z'eife [0.083CGG+0.037CWW+2.5>< 1074 epp—26c,(A)

=107 GeV {

+0.12¢4(A) +26 cq(A)+7.4x 10~ o (A) ~0.056 1 (A)] (3.14)

+eil08+0e) [7.7 %1073 caa—1.8x 1070 ey —7.8x 10 8 cpp+5.8x 10 4 ¢y (A)
+7.4x1073¢cg(A)—8.0x 103 co(A) —2.4x 107" o (A)+2.8x107° 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 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%a 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 m~ — 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
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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 n~ — ae™ v,
can be used to search for ALPs with masses m, < m,; — me. The amplitude for this decay

is given in (2.44). Neglecting contributions suppressed by m2/(m2 — m?2), one finds the

decay rate
2
_ o GQF\Vud\2 f? 5 mg—my m2
F(ﬂ' —ae ue)zwﬁmwg(:ﬁa) QCGGm‘i‘[k’u]ll—[kd]ll—f—mAcud s
(3.15)

where 7, = m2/m2, and the phase-space function is given by
glz) =1—8z — 122°Inx + 823 — 2. (3.16)

This result agrees with corresponding expressions derived in [149] and [94] (for m, = 0). The
PIENU collaboration has recently put a limit on the branching ratio Br(7~ — ae™7,) <
1079 Br(m~ — p~1,) [150]. 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 B, 4 — putp~

Because of their chiral suppression in the SM, the decays Bs — u™p~ and By — p™p~ are

sensitive probes of flavor-changing ALP couplings. In the SM the first of these processes

is induced by the operator O19 = 517,01, {y* 50 in the effective weak Hamiltonian (see
e.g., [151])

Hléf?sé@ — _4G7F

V2

A corresponding Hamiltonian with s — d holds for the second process. A flavor-changing

ViV % [CIO(,U«) Oro(p) + .. } ) (3.17)

ALP contributes to the decay amplitude at tree-level. For the case of a heavy ALP
(mgq > my), the corresponding operators in the effective Lagrangian are (neglecting the
strange-quark mass for simplicity)

eav, mpym — — )
[heavALP _ 5~ f;imf ([ka)as 5rbr + [kplas 55br] 3¢ (3.18)
YA a

where ¢ = p in the present case. For a light ALP (m, ~ m; 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 information is contained in the Bg-meson decay constant. After
taking the Bs — p™p~ matrix element, the SM contribution and the ALP contribution
to the decay amplitude have the same structure. Taking their interference properly into

account, we find that the ALP contribution modifies the branching ratios according to
Br(Bs — p p~) B Cup(pp) f 1 [kp — kql2s 2

Br(Bs = ptp)sm | Ofg'(me) alm) f2 1—mg/my ViV

(3.19)
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An analogous expression holds for the case of By — u™pu~ decay. Here py ~ my is an
appropriate choice of the renormalization scale. In the SM, one finds C{} (mp) ~ —4.2 [151].
According to (2.20) and (2.35), the value of ¢, at the scale y; is approximately equal to
cup(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 By (or
B,;) 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 LHCD finds the values [152]

Bresp (Ba — i p™) = (0.6507) x 10717, (3.20)
Brexp (Bs = up™) = (2.69433) x 107, (3.21)

These measurements differ from the SM prediction [153]

Bro (Ba — it ) = (1.03+0.05) x 10717, (3.22)
Brw (By — pt ) = (3.66 4+ 0.14) x 1077, (3.23)

by 0.640 and 2.40, respectively. The measurements provide model-independent constraints
on the coupling product ¢, (1) [kp — kal13/f? and cuu () [kp — kal2s/f? as a function
of m, as shown in the left (By) and right (B;) panel of figure 11, respectively.® 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 20.

The left panel of figure 11 depicts the constraints from By — p*p~ for ¢, Relkp —
kqliz > 0 (top) and ¢y, Relkp — kqli3 < 0 (bottom), with all couplings defined at the
scale of the measurement. 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(Bg — p"u™)/Br(Bg — puu™)sm < 1.3. For mgq > mp,,
the 10 region is mass dependent. Larger ALP masses allow for larger couplings to lie
within the 1o region. The top right panel depicts the constraints from By — u*pu~ for
[kp — kqlos > 0. We find that the presence of an ALP can only alleviate the tension in
Bs — ptp~ for my > mp,. The ALP contribution to the branching ratio must be such that
0.64 < Br(Bs — ptpu™)/Br(Bs — ptu)sm < 0.84 at 1o. The quadratic form of (3.19)
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 (3.19) flips and the branching ratio becomes too large to
be within the 20 region, even for vanishing coupling values.

The situation is reversed for c,, (1) Re[kp — kg)23 < 0 shown in the bottom left panel
of figure 11, since here the SM prediction is in tension with the data, and a sizeable ALP
contribution is needed to bring the prediction in line with measurement. The branching
ratio is thus too large if the ALP mass is big, but can be within the 1 o region for m, < mp,.

8Note that an ALP with m, < 300 MeV and sizeable couplings to quarks could also be discovered in
B, — ppa decays where the ALP can be produced resonantly [154].
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Figure 11. Left: constraints on the ALP parameter space from the measurement of Br(Bg — u*u™)
in the ¢, (1) [kp — kal13 vs mq plane. The green and yellow areas respectively lie within 1o and
20 of the experimental value and the orange region is excluded at 20. Right: parameter space

of ¢, () [kp — kal2s vs m, where the tension in By — ptp~ can be explained by an ALP with
flavor-violating couplings.
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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, < m;.

Again we find two branches of the 1o region due to the quadratic nature of (3.19). As m,
gets closer to mp,, smaller couplings compensate for the large denominator.

3.5 Modification of Bd,s—Bd’s mixing

Mixing of neutral B, 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, 155].
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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 m, < my. The case of a heavy ALP
(mg > my) will be considered later. Throughout, we will neglect the masses of the light d
and s quarks, which is a very good approximation.

3.5.1 Light ALP (mg, ~ mp 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” = mypvt + kY, pq Avt — K to
the b quark and light anti-quark, respectively, where A = m B, — My and my denotes the
pole mass of the b quark. Similarly, we label the outgoing momenta as Py, = mpvt + kY,
Pl = Avk — 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

1 _ 1 - 2 (my—A) .

O (M)
2 N2 2 _ 2
(Po—pg)”—m3 (mo—A) =m2 | (my—A) —m2 [(my—A)2—m2]
(3.24)
where we neglect terms of quadratic order in the soft momenta of the light quarks. The

Y

expansion is valid only if |(m, — 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 [30].
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- D b, = 0 [156]. The first-order
correction term on the right-hand side of (3.24) corresponds to higher-dimensional HQET
operators in which one of the two heavy-quark fields is replaced by iv - D b,. The matrix
elements of these operators ;f/aQniSh by virtue of the equations of motion of HQET. At the
A

scale py ~ |(mp — A)2 —m , we thus define the effective Hamiltonian

3
HEP=? Z Ci(m) Oi + > Ci(mw) O, (3.25)
=1

where the basis of local operators is (with ¢ = d, s) [157]

O = TL%%,L ‘?LV“%,L ) O = q}ébf} L Qg%bz; L = @ZRbZ;,L qR v L (3.26)
04:qzll%b§),Lqi£bZ;7Ra 05 ZQRb]LQL v,R >

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

Ci(mp) = CPM ()
_mlza(ﬂb) NZA, — A

e TE R ([kal2s)? ,

() = —50a0) 2l = )

o) = 5000 A 2, B
) = ~500) Dl = A2 2,

) = 80 MR g,

() = ~28000) Dl Z ) 1 g,

where Ay = 1/[(my+A)%? —m?2] 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 — By
mixing. Note that in the strict heavy-quark limit m;, — oo one has Ay = A_ = 1/m,
in which case the Wilson coefficients Cj, 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})/A4 ~ 0.61 for m, = 0 and 0.78 for m, = 2 GeV.

The mass difference observable from the B, — Bq oscillation frequency is given by [115]

1 P
AM, = — ‘(Bq| HAB=2 |Bq>] . (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 (3.26) can then be written in terms of hadronic parameters Bg?;

defined as

1 = i
o (Bal O4By) = i, m, o () B () (3.20)

q
where fp, is the decay constant of the B, meson. The normalization factors nd () are

conventionally obtained using the naive vacuum insertion approximation for the matrix
elements. One obtains (neglecting m,, meaning that the superscript on nf(u;) can also be
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dropped since 77 (1) = 0 (1) = i (1)) [158]

n2(s) = 2(pp) = —

n3(up) = N3(p) = —
(3.30)

1 mp, 2 1
15 (1) = lNc (mb(ub)) + 2] .

Note that the factors m7(up) contained in the Wilson coefficients in (3.27) cancel against
corresponding factors of 1/mZ(up) contained in the definitions of the 7; parameters except
for 74 5, where some extra terms remain. We take values of the hadronic parameters Bgz (p)
at the scale pp = my(mp) from the lattice calculations of [159]. Parity invariance of QCD
implies that the parameters Bgz with ¢ = 1,2, 3 are equal to Bgz. Eventually, the mass
difference observable is obtained as

5 .
AMqSM-‘rALP — f%quq 1 (mp) ng) (my)CSM (my) + Z CH(mp) ni(mp) Bg ()
=2
+ > Cf(m) mi(my) Bgi(mb) ; (3.31)
i=2,3

where the first term contains the SM contribution, and all other terms are due to the ALP.
Using the hadronic parameters given in [159] and decay constants computed in [160], we
obtain the numerical expressions for a light ALP

AMEMAALP ‘AMg‘M ~0.07GeV2 (C4 (my) +C4 (1) ) +0.01 GeV2 (C (my) +C () )

+0.14GeV2 C§(my) +0.08 GeVZ CE(my) | GeV (3.32)

AMSMFALP _ ‘AMSSM —0.12GeV?2 (C5(mp)+C5(my) ) +0.02GeV? (C5(my) +C5 () )

40.20GeV3 C5 (my) +0.12CeV? 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, mq > my.
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 (3.26) — with QCD b-quark
fields rather than HQET fields — at the scale u, ~ m,. In analogy with (3.27), we find
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Figure 13. ALP couplings for which the mass difference AMj is reproduced within 1o (green) or
20 (yellow) for mg = 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 2o.

that the relevant Wilson coefficients are given by

m (fia)

Co(pa) = om? 2 ([kal2s)?,

m2
Calpia) = 2;12“;3 (lkplzs)?, (3.34)
Capa) = ng(l;;) [ka)2s [kplas ,

whereas C3, C3 and Cs vanish in this limit. For the case of a heavy ALP, these coefficients
should be run down to the scale i, ~ my, using the evolution equations [158]"

Co () = (0.98377212 4 0.0177>™ ) Cs(pa)
Capy) =0 *Calpta) ,

where 7 = [avg(j1a) /vs (115)]%/?%. In this way, large logarithms of the scale ratio mg/my are
resummed at leading logarithmic order. Since QCD preserves parity, the equation for Cy is
obtained simply by replacing Co — C5 on both sides of the equality.

For m, = 10 GeV we obtain the numerical expressions

(3.35)

AMy = [AMGM —0.08GeV? (C(ma) + C§(ma) ) +0.17 GeV2 C(ma)| GV, (3.36)

AM, = |AMPM — 013 GeV? (C5(my) + Cs(ma) ) +0.24GeV2 Ci(ma)| GV, (3.37)

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

9C3 and Cs are also generated by mixing from Cy and Cb, but their values remain numerically very small,
so we neglect them.
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SM prediction. The orange region is excluded at 20.

3.5.3 Bounds on ALP couplings
Recent weighted averages give [161]

AMSM = (0.5332(032) ps~! = (1.052501) AMG™, (3.38)

AMPM = (18.4107) ps" = (LO4TGH) AME®, (3:39)
and we also consider the values reported by FLAG in 2019 [106, 162],

AMEM = (05827508 ps ™! = (115401, ) AMS®, (3.40)

AMSM = (2017}2) ps~! = (1.137557) A, (3.41)
which imply a 1.260 and 1.170 tension with the following measured values

AMS® = (0.5064 £ 0.0019) ps—* [163]
(3.42)
AME® = (17.7656 & 0.0057) ps~* [164] .

In general, bounds on the phases of the ALP couplings lead to similar or slightly stronger
constraints [30]. Following the discussion in section 3.2 we consider flavor universal ALP
couplings in the UV, for which the phases will be aligned with the CKM matrix and the
phases provide no constraints.

Figures 13 and 14 show constraints from By — Bq and By — B, mixing, respectively, on
flavor-violating ALP couplings for m, = 0.5 GeV in the first and second panels from the left
and for m, = 10 GeV in the right two panels. The first and third panels show the constraints
using the average values in (3.38) and (3.39) for the SM prediction while the values reported
by FLAG in 2019 in (3.40) and (3.41) are depicted in the second and fourth panels.
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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 AMj can be lifted for |[kq|13/f| = |[kp]i3/f| < 6.3 x 1074 TeV !
and |[kql2s/f| = |[kp]2s/f] < 3.2 x 1073 TeV~!. The shape of the 20 region is symmetric
in kg and kp as can be seen from the form of the Wilson coefficients in (3.27). Switching
the sign of kg, however, changes the relative importance of the last two terms in (3.32)
and (3.33). Since the numerical factor in Cy(uyp) is one order of magnitude larger than the
corresponding factor in C5(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 (3.33). 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 m, = 10 GeV the ALP contribution lies within 1o when |[kq)13/f| = |[kp]13/f| <
1.8 x 1073 TeV~! and |[kgla3/f| = |[kp]23/f| < 6.3 x 1073 TeV~! as shown in the third
panels of figures 13 and 14 respectively. The 1o and 20 regions are again symmetric in the
couplings k4 and kp but differ when the sign of k4 is reversed. Large negative couplings
turn the ALP contribution in (3.32) and (3.33) 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
kq or kp is small enough to render C’j7d in (3.32) or (3.33) negligible which is why the
solution exists for positive and negative values of k4. The second solution looks different
at large and small ALP mass due to the opposite sign in the Wilson coefficients in (3.34)
and (3.27). The FLAG 2019 values for the SM prediction are used in the rightmost plots in
figures 13 and 14. As for small masses, arbitrarily small couplings only lie within 2¢ of the
central value.

Outside of the region for which m, ~ my, the results depend only mildly on the ALP
mass. From table 1 it is clear that large couplings are ruled out if the ALP can decay into
charged leptons or if it is stable and does not decay. Small couplings, however, are currently
unconstrained. ALPs decaying predominantly into photons are also still allowed. This
motivates a search for B — K®a — K®~~, which could discover an ALP contributing to
By — By and B, — 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 [165-168]
and photons [169, 170]. 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 [171], neglecting however important QCD corrections. The relevant diagrams
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Figure 15. Diagrams contributing to the decays V' — ~ya of heavy vector mesons.

are depicted in figure 15. Including one-loop radiative corrections, we find for the decay rate
2

myft o [, m? 20 (1) a m?
DNV —~ya)= 672 Qo l—m—%/ Cqq(tiq) I—Tqap(m) —%C,YY l—m—%/ ,
(3.43)
where g = ¢, b as appropriate, and p, ~ m, is an appropriate matching scale.
The scale dependence of the coefficients ¢y, and c.. are such that, if A = 4xf,
cbb(mb) ~ Cbb(A) + 0-090tt(A) —0.02 CGaG, (3.44)
Cee(Mme) o2 cee(A) — 0.13¢(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 [166]

3—Tzr 1—7Tx+ 82 1—=z 1—=x
CLP(.T):172$—|— (1—237)2 In 2z + 44/ . arctan 4/ .

2(1 — 2x) 9 [1—2 1—-4z 5— 8z 72
—— arct — Lig(1 — 22) — —
arctan x 2z fa( z) 2z 6

where x = E,/E7* =1 — m2/mZ,. This is an increasing function of its argument, which

(3.46)

varies between ap(0) =2 and ap(1) = %2 +2In2 44 ~ 6.62, thus giving rise to a rather
large correction. Note that the contribution proportional to the coefficient ¢, in (3.43)
does not receive any QCD radiative corrections. In the calculation of the decay amplitude
we have used the identity

0[bT b |V (p, _ vmy a+y (3.47)
< €)> zf2mv PF(‘;W]

based on Heavy Quark Effective Theory [156], 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(al) part of our result agrees with [171].

Many experimental results are quoted as a ratio with the SM decay width to electrons,
which is given by

IV —=ete)=

@ﬁ [1 _ Oés(Mq)] . (3.48)

3 my 3
Searches have been done in the dimuon final state for radiative J/1 decays [172], and in
the invisible [173], dimuon [174], ditau [175] and hadronic [176] 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 16. Diagrams contributing to the chromomagnetic dipole moment of the top.

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 [177]

—0.014 < Re(fiy) < 0.004. (3.49)

The chromomagnetic dipole moment is defined as the coefficient of the following effective
operator [178]
~ gS ¥ ~pva a
L D) _MtTmt tot’'T tG;u/' (350)
At one-loop order, the ALP contributes to this operator via the two diagrams shown in

figure 16 and is given by

m? 1 A? ] 2503
fit = —5 255
f2 32m2 2 2

N {C?t hi (z¢) + %CttCGG |}Og oo R ha (x4) | — 6.3 caa log2 7‘/}12} .
(3.51)
where 7; = m2/m? and where the last term is found via the RGEs for dimension six
operators in the presence of an ALP, see [91]. The loop functions are given explicitly
in egs. (4.16) and (4.17) and satisfy hj2(xz) — 1 in the limit that < 1, which applies
in the mass range we focus on in this paper m, < 10GeV.!” 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. We caution that the experimental
search in [177] puts constraints on the coefficient of (3.50) alone. The bound should therefore
be applied assuming that the ALP’s most significant effects in the measurement are captured
by the operator (3.50).

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 = 4x f with f = 1TeV. Flavor-violating couplings
are induced at a lower scale through RG running and matching using the equations in
section 2.3. Effects induced at two- or higher-loop order are calculated to leading logarithm.
A UV structure with a single dominant 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);, x U(1)y singlets, can be

The ALP contribution to fi; was studied in the opposite limit, m2/m? > 1, in ref. [179].
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Figure 17. Branching ratio for an ALP with couplings to either cgq (left), cww (central) and
cpp (right) at A =4xf 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.

described by an ALP with a coupling to gluons, cgg, 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 (2.29), arising from the diagrams in figure 2, and by the chiral Lagrangian given
in (2.46). Horizontal global symmetries, under which the different quark flavors transform
differently, typically lead to ALPs with flavor-changing tree-level couplings [180]. These
couplings do not respect the MFV structure of the SM and are strongly constrained, as
shown in table 1.

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

The branching ratios of an ALP with couplings to SM fermions are shown in figure 18.
Constraints for an ALP with a flavor-universal coupling to singlet up-type quarks (¢, = ¢, 1),
singlet down-type quarks (cq = cq1) or SU(2)1, quark doublets (cg = cg1l) at the scale A
are shown in figures 23, 24 and 25, respectively. Limits on ALPs with either flavor-universal
SU(2)r, doublet (e = ¢r1) or singlet (ce = c.1) lepton couplings are displayed in figures 26
and 27.

Note that we consider the relatively low UV scale A = 4nf 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 = 102 TeV changes the
coefficients in (3.11) and (3.12) by less than one order of magnitude [36]. This implies
that the constraints on the ALP couplings, in the combination ¢/ f, derived below depend
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Figure 18. Branching ratio for an ALP with couplings to either cg (top left), ¢, (top right), ¢4
(bottom left), ¢, and ¢, (bottom 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.

only weakly on the UV scale and that the exclusion plots would change only minimally
for different values of A. Note that some observables only constrain couplings or UV
scales f that are unrealistic because of perturbativity arguments or excluded by collider
and astrophysical constraints. We include these observables in order to show their relative
strength compared to other observables for the different scenarios we consider.

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 cq¢ 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 17. The branching ratios of such an ALP
into leptons are Br(a — ¢t¢~) < 1%. Since the ALP-gluon coupling for m, < Aqcp induces
an order one ALP coupling to photons ¢y, (m, = 0) = —(1.92 + 0.04) cg, one can estimate
the ALP lifetime as 7, o< 1/(c%gm3), so that the lifetime exceeds the typical size of the
experiment ({get < 10 m) for mg =~ 0.05 cgc’;/é GeV, and hence lighter ALPs are more likely
to decay outside the detector.
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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%,1072 and 1073, depicted as red dotted, dashed and solid
lines, and contours of constant Br(h — Za) = 10~!,1072 and 1073, shown as blue dotted, dashed
and solid lines, respectively.

As a consequence, the strongest bounds for m, < m; and small cgq arise from the
NA62 constraint on Br(K+ — 77 X), where X either decays invisibly or escapes the
detector, which constrains ALPs long-lived enough to escape the NA62 detector before
decaying [125]. The parameter space excluded by this constraint is shown in pink in
figure 19 and corresponds to values of cgg/f 2 0.072/TeV. Constraints from the neutral
mode K, — 7% are considerably weaker, because of the suppression of the CP conserving
part in (3.6) by € = 2.228 x 1073. The parameter space ruled out by the KOTO [126]
search for K7, — 7°X is shown in yellow. Other searches for invisible final states lead to
weaker constraints. Constraints from B meson decays with missing energy We show the
excluded parameter space from the limit on the B — K*vv from Belle [140] in light blue.
In [140], the momentum of the final state K* is used as a variable in a multivariate analysis,
which is therefore difficult to interpret robustly in terms of our two-body final state. These
issues are neglected when finding the excluded ALP parameter space shown here. However,
limits obtained on the same process from BaBar, that also provide limits on the charged
modeBT — K*tvi and the missing energy distribution, are only slightly weaker [139]. The
Babar limits have also been discussed in [30] and dedicated projections for the reach of
Belle IT in ALP searches in B meson decays have been published in [181] We also show the
constraint from 7 — aetv, decays obtained by the PIENU collaboration in dark blue [150].
For larger ALP masses, decays into photons become relevant and constraints from searches
for K — 7t~y and K — 7%~y performed at E949, NA48, NA62 and KTeV exclude the
parameter space for larger values of ¢/ f [127-130]. The corresponding parameter space
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is shown in purple and yellow in figure 19. These searches provide important constraints
even for m, > 2m,. when decays to electrons are allowed, because of the dominant ALP
branching ratio Br(a — vv) > 99% at m, < 3m,.'!  Even for larger ALP masses the
dominant constraint is set by the search for ALP decays in a two photon final state in
BT — KT+ by [141] shown in brown.

Leptonic ALP decay channels lead to comparatively weak constraints. Above the
muon threshold, the excluded parameter space for Kaon decays are shown in blue for
K — 7%t~ [135] and yellow for K+ — 7t pu®p~ [136]. Limits from searches for ALPs
decaying into electron positron pairs arise from the neutral and charged Kaon decays
K; — mete™ and KT — ntete. Currently the strongest constraint is set by the KTEV
measurement [134] shown in dark purple in figure 19. ALP decays into electrons are also
constrained by the LHCb measurement of B — K*ete™ decays [142] is shown in peach.
LHCb searches [143, 144] for the charged and neutral B meson decays BT — KTa(utpu™)
and B® — K*a(u"u~) provide strong constraints for m, > 2m,, 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 — 7" u*u~ decay rate by LHCb is
shaded in green in figure 19 [138]. For m, > mp, the dominant constraints come from a
search for flavor diagonal ALP production through T — v+ a with subsequent ¢ — hadrons
decays by BaBar [176] shown in dark green in figure 19.

Non-resonant ALP contributions to Bs; — Bs meson mixing and Bs; — ptpu~ 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 cqg. For ALPs with masses
mg > my the ALP contribution to the chromomagnetic dipole moment of the top quark
leads to a universal constraint of cqg/f 2 30/TeV.  This constraint depends on the
assumption that the ALP plays no role in the process pp — tt apart from its contribution
through the effective operator in (3.50). We consider this approximation good for heavier
ALPs, but indicate the bound with a dashed contour to indicate this caveat.

On the right panel in figure 19 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) = 1071,1072 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) = 1071,1072 and 1073, 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 22. The large values of
effective photon couplings induced by the scenario considered here are ruled out in this
parameter space by these constraints, and flavor bounds are only competitive for higher
ALP masses. A direct comparison as in the case of an ALP coupled to SU(2)z or U(1)y
gauge bosons described below is difficult because of the sizable ALP coupling to nuclei

HRefs. [65, 114] calculate projected limits from Belle II searches for axions decaying into hadronic or
photonic final states.
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Figure 20. Left: flavor bounds on ALP couplings to SU(2);, gauge bosons with all other Wilson
coefficients set to zero at A = 47 f 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) = 107,102 and 10~ depicted as red dotted,
dashed and solid lines.

induced by cgg which is not taken into account in the derivation of 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. For ALP masses above the pion mass
constraints from beam dump searches can be competitive with the strong constraints from
K — nvw [57, 182].

3.8.2 ALP coupling to SU(2) gauge bosons

An ALP with couplings only to SU(2);, gauge bosons in the UV, so that only cyy 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 — ~7) &~ 1 for all of the
parameter space we consider. The loop-induced decays into fermions do not exceed 1%
for most of the parameter space, as shown in figure 17. The ALP lifetime is therefore well
approximated by 7, o< 1/(cfym3), so that the ALP has a decay length of more than 10 m
for mgy =~ 0.1 C%%V 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+ — 7t X) [125], with
X decaying invisibly or escaping the NA62 detector, provides the strongest constraint for
mq < my; and small cyyy. The parameter space excluded by this constraint is shown in
pink in figure 20 and excludes values of cyyw/f 2 0.25/TeV. The bound on |cyww|/f from
the equivalent neutral mode search K — 7%X [126] is only about an order of magnitude
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smaller than the bound from the charged mode, in contrast to the much larger hierarchy
between the corresponding bounds on |cgg|/f discussed in the previous subsection. The
reason for this is that the KT — 7ta and the K7 — 7% amplitudes have similar numerical
dependences on cyy, as discussed in section 3.2. The three-body decay 7+ — eTav,
provides only a weak constraint on |cyw|/f compared to the constraint in the scenario
with ALP couplings to gluons, because the coupling cyy only enters the amplitude (2.44)
through RG effects. The constraint from B — K*vv from Belle [140] is shown in light blue
in figure 20.

For a sizeable ¢y coupling, the branching ratio of ALP decays into photon pairs can be
large enough to allow prompt ALP decays. Constraints from searches for K™ — 7"~y and
K° — 7%~ exclude the parameter space shown in purple and yellow in figure 20 [127-130].

Currently, there is no published search for the decay B — K®)y~, 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 < mg < mp. Our
estimate based on the search for B* — K7 — K*~v at Belle [183] and Babar [184]
results in a constraint ey /f < 6/TeV. A dedicated search for resonances in this channel
has been performed by BaBar [141], resulting in the strongest constraint for mg < mg, < mp
shown in brown in figure 20.

The ALP-lepton coupling is induced at one-loop, so constraints on SU(2)-coupled
ALPs decaying into leptons are comparatively stronger than for an ALP with only a gluon
coupling in the UV. Above the muon threshold, LHCb searches for the charged and neutral
B meson decays BT — Kta(utp™) and B — K*a(u" ™) therefore provide the dominant
constraints [143, 144] and rule out couplings of the order of cyw/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 B, — u™ ™.
Radiative ¥ — yu*p=, Y — y777~ and J/¥ — yutp~ decays yield constraints for
mq > 2m,, and m, > 2m, respectively, which are of similar strength to the constraint from
Bs — ptp~ [172, 175]. 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 — ay decays from the LEP measurement of
the Z boson width, excluding cyyw/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 cypyyy .

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 21. The constraints are considerably weaker compared
to both figure 19 and figure 20 because an ALP with couplings to the hypercharge gauge
boson in the UV does not have any flavor-changing couplings to quarks at one-loop. Any
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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 = 4nf and f = 1 TeV. Right: comparison of the same flavor
constraints (light gray) with the constraints on Z — ay decays from the LEP measurement of the
Z boson width (violet) and contours of constant Br(h — aa) = 107! and 1072 as depicted in red
dotted, dashed and solid lines.

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 (2.15)). 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 — 47v) ~ 1 throughout the parameter space as shown in figure 17. The dominant
constraint for ALPs with small masses is induced by the search Br(K+ — 7+ X) [125] with
X decaying invisibly or escaping the NA62 detector, shown in pink in figure 21, which rules
out couplings larger than cgp/f = 30/TeV. Constraints from searches for Kj — X by
KOTO [126] shown in yellow and B — K*vv from Belle [140] are significantly weaker.

The constraint from searches for T — v + invisible shown in turquoise is similar in
strength to the corresponding constraint shown in figure 20, because of the contribution of
the ALP coupling to photons induced by the righthand diagram of figure 15. The constraints
from kaon decays K; — 7°vy and K+ — 7%y are the strongest flavor constraints for
promptly decaying ALPs with masses up to the muon threshold. For m, > 2m,,, strong
constraints arise from B — KTa(u*p~) and B® — K*a(u*p~), but only rule out very
large ALP hypercharge couplings of order cpp/f 2 320/TeV. The strongest constraint
for m; 2 m, < mp is provided by the search for ALP decays into photons by BaBar [141]
shown in brown because of the dominant branching ratio Br(a — ~7) for the whole
parameter space.

ALPs with masses m, > m~y are unconstrained by mesonic observables in this scenario.
The ALP coupling to the hypercharge gauge boson induces a rather strong constraint from
the Z-boson width shown in purple in the right panel of figure 21. Branching ratios of
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Figure 22. Left: bounds on ALP couplings to photons [79]. 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 20
above) and the U(1)y gauge boson (as in figure 21), respectively. They are compared to the gray
astrophysical, beam dump and collider constraints on ALP couplings to photons with c?ff; =cww

(center) and cf’yf,fy = cpp (right).

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 con-
straints from helioscopes CAST [185] and SUMICO [186, 187], cosmological and astro-
physical observables [188-194], the supernova SN1987a observation [195-197], collider
experiments [79, 173, 198-206] and beam dump searches [207-210]'? for ALPs that couple
to photons. In figure 22, we show the flavor observables superimposed with the results from
these searches for the case of an ALP photon coupling given by c?yf,fy = cww (centre) and
ceﬁ = cpp (right). For light ALPs and very small couplings, bounds from astrophysical ob-
servables are much stronger than flavor constraints, and for ALPs with masses m, = 10 GeV
collider observables are more sensitive. For the case of an ALP with a cyw 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 — =~ decays, which could provide the
most sensitive probe of ALPs in the parameter space unconstrained by either astrophysical,
beam dump or collider constraints.

3.8.4 ALP coupling to right-handed up-type quarks

In figure 23, we collect the constraints on ALPs with universal couplings to right-handed
up-type quarks ¢, (A) = ky(A) = ¢, 1. The branching ratios of such an ALP are given in
the upper right panel of figure 18. Leptonic decay channels dominate for ALPs with masses
2me < my < few GeV, because of the sizeable contribution of ¢ to all fermionic couplings

2For axion and dark sector searches at NuCal/U70 see [211-214].
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Figure 23. Left: flavor bounds on universal ALP couplings to right-handed up-type quarks with
Cy = ¢, 1, with all other Wilson coefficients set to zero at A = 4w f and f = 1TeV. 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) = 1071,1072 and 10~3 depicted as red
dotted, dashed and solid lines and contours of constant Br(h — Za) = 107%,1072 and 10~3 shown
as blue dotted, dashed and solid lines, respectively.

in (2.20). Above a few GeV, hadronic ALP decay channels and, in particular, the tree-level
induced Br(a — c¢) 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.

my, ALP couplings of |c,|/f = 4 x 107*/TeV are excluded by
the measurement of Br(KT — 7tX) [125], with X decaying invisibly or escaping the
NA62 detector shown in pink. Constraints from searches for K — 7°X by KOTO [126],
shown in yellow, and B — K*vv from Belle [140], shown in light blue, are weaker. The
three-body decay m™ — ae®v, from the PIENU collaboration shown in dark blue [150]
only constrains large values of |¢,|/f = 5/ TeV. Similarly to an ALP with couplings to

For masses m, <

~

SU(2)1 gauge bosons, larger couplings ¢, are excluded by constraints from searches for
Kt — 7ntyy and K — 7%~ decays shown in purple and yellow. While the constraints
on ¢, from KT — 7tov decays are stronger compared to the constraints on cyy in
figure 20, constraints from photon decays are relatively weaker. This is due to the fact that
the ALP coupling to photons is generated at the one-loop level (second line of (2.72)) or
suppressed by m2/m,i? (first line of (2.72)). The tree-level couplings to up-type quarks
induce sizeable lepton couplings at the low scale (2.20) and therefore relatively large
leptonic ALP branching ratios explain the strength of the constraints from the vector
meson decays ¥ — va — yutu~, T — va — vy~ and J/¥ — vya — yu™ ™, which are
considerably stronger than constraints from B-meson mixing and By — putu~ decays. The
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Figure 24. Left; flavor bounds on universal ALP couplings to down-type quarks with ¢g = c41, with
all other Wilson coefficients set to zero at A = 4nf and f = 1TeV. Right: constraints from flavor
observables (light gray) are compared to the constraint on Z — avy decays from the LEP measurement
of the Z boson width. Contours of constant Br(h — aa) = 1071,1072 and 10~2 are depicted as red
dotted, dashed and solid lines, respectively. Contours of constant Br(h — Za) = 10~!,1072 and
103 are shown as blue dotted, dashed and solid lines, respectively.

dominance of hadronic decay channels above m, 2 1 GeV explains why constraints from
K; — n%%e™ and K — 7%u*pu~ are stronger than the constraints from B — K*utpu~
and BT — KT putu~ decays relevant for larger values of m,, where the branching ratio to
muons is correspondingly suppressed. Couplings |c,|/f 2 6.5/ TeV are ruled out throughout
the parameter space by the measurement of the chromomagnetic dipole moment of the top
quark fi;, shown in magenta in figure 23. Constraints of similar strength arise from the
contribution of virtual ALP exchange in B-meson mixing, even though the measurements
are significantly more precise than in the case of the chromomagnetic dipole moment of the
top quark, because it requires two loop-induced flavor-changing ALP vertices. In plotting
the limits from B-meson mixing, we have excluded the parameter space my/2 < m, < 2my

as discussed in section 3.5.

The horizontal purple region in the right panel of figure 23 indicates the parameter space
excluded 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 20, 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 1073 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) = 1071,1072 and 10~ 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

— 60 —



T — ya(pp)

B, — B, mixing
10?
By — By mixi
10 d d mlxmg_\

- dBr/dqe(B
|
> 1 ." ee)
=) a
= 10!
S
<

1072

10—3 . B* = Kta(up) |

Kp - nutu”
107 . . . . . . . . . L
107 1072 107! 1 10 10° 102100 1 10
m, [GeV] m, [GeV]

Figure 25. Left: flavor bounds on universal ALP couplings to quark doublets with eg = cg1, and
all other Wilson coefficients set to zero at the scale A = 47 f and f = 1TeV. Right: constraints
from flavor observables (light gray) are compared to the constraint from Z — a7y decays from
the LEP measurement of the Z boson width. Contours of constant Br(h — aa) = 107!,1072
and 1073 are depicted as red dotted, dashed and solid lines, respectively. Contours of constant
Br(h — Za) = 1071,1072 and 103 are shown as blue dotted, dashed and solid lines, respectively.

for my 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 cg(A) = kgq(A) = c41, the
ALP branching ratios are shown in the lower left panel of figure 18 and the constraints from
flavor observables are shown in figure 24. 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 ¢gp (2.16) or from the chiral Lagrangian
in (2.48) and (2.49). Flavor-violating ALP couplings are therefore 2-loop effects. Relatively
strong limits result from searches for invisible ALPs because of the lack of a tree-level ALP
coupling to photons. The bounds from the search for Br(K* — 7 X) [125], with invisible
X by NA62 is shown in pink, the Ky, — 7% limit by KOTO shown is yellow [126], and
the bound from B — K*vv decays observed by Belle [140] 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 — nt~yy and K; — 7%y~ 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
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Figure 26. Left: flavor bounds on universal ALP couplings to lepton doublets with ¢y, = ¢ 1,
and all other Wilson coefficients zero at the scale A = 47 f and f = 1TeV. Right: contours of
constant Br(h — aa) = 1071,1072 and 10~2 are depicted as red dotted, dashed and solid lines,
respectively. Contours of constant Br(h — Za) = 107! and 1072 are shown as blue dashed and
solid lines, respectively.

coupling of the ALP to b-quarks. Searches for resonances in T — ~ + invisible [174] and
T — ~+hadrons [176] by BaBar provide the strongest limit for ALPs with masses mq 2 ms.
The corresponding decays of J/¥ — ~a are strongly suppressed because of the small ALP
coupling to charm quarks induced only by RGE effects. Couplings below |cg|/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 [188-190] and supernova observations [193, 195, 196, 215, 216]
are sensitive to long-lived particles with couplings to photons or nuclei and lead to strong
constraints for mg < m,. We leave it to future work to quantify these constraints in this
particular scenario.

The contribution of I'(Z — a7) 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 23.

3.8.6 ALP coupling to left-handed quark doublets

Universal ALP couplings to quark doublets, cg(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 25. In this scenario, the ALP branching ratios are very
similar to the case in which only couplings to right-handed up-quarks are present in the
UV, apart from the a — bb decay rate which dominates for m, > 2m; here. As a result,

~ 62 —



B* = K*a(v7)

10*

T — ya(77)

10°

dBr/dg?(B — K*ee)

K, - nlete” ‘

Kp—nutu” B — K*a(up) T = ya(up)]

Kt s atpty~

107

leel/f [TeV™"]

Bt = K*a(up)

107! : - : - ; R R E——
1074 1073 1072 107! 1 10 102102107 1 10

m, [GeV] m, [GeV]

Figure 27. Left: flavor bounds on universal ALP couplings to lepton doublets with ¢ = ¢.1, and
all other Wilson coefficients zero at the scale A = 4nf and f = 1TeV. Right: contours of constant
Br(h — aa) = 107! and 10~2 are depicted as red dashed and solid lines, respectively.

similar constraints to those seen in both figure 23 and figure 24 appear in figure 25, because
ALP couplings to both down-type and up-type quarks are present. There are however
some important differences with respect to ALPs coupling only to right-handed up- or
down-quarks.

In this scenario, any isospin violating effect is a consequence of running and matching
from A to the scale of the measurement. The ALP coupling to photons (2.72), when induced
by isospin conserving ALP couplings such as cg, is proportional to the isospin breaking
term (mg — my,)/(my, + mg) =~ 0.35 and therefore suppressed compared to a scenario where
the ALP has isospin breaking ALP couplings, ¢, or ¢4. The decay width I'(a — ~7) is
thus suppressed, the ALP branching ratios into leptons are larger and the corresponding
constraints from, e.g., K; — nVete™ 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 ¢4 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 27, respectively. For these scenarios, we set either ¢y, = ¢ 1 or ce = c.1,
with couplings to all other SM fields set to zero at the scale A = 4nf 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 18. Hadronic ALP decay
modes are irrelevant, because ALP couplings to quarks are suppressed by at least two loops.
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Figure 28. Left: astrophysical, beam dump, and collider constraints on ALP couplings to leptons
coe = ce — ¢, (see text for further details). Center and right: in color, we show flavor constraints on
ALPs coupling to either SU(2), lepton doublets (central, as in figure 26 above) and lepton singlets
(right, as in figure 27), respectively. For easy comparison, the black contours depict the bounds from
the left panel.

As a consequence, only observables with ALP decays into lepton and photon final states are
sensitive for the parameter space shown in figure 26 and figure 27. ALPs with couplings to
lepton doublets induce quark flavor-changing amplitudes at the two-loop level. Due to the
normalisation of the ALP gauge boson couplings, this leads to constraints on |cz|/f similar
in strength to the constraints on |cyw|/f in figure 20. For ALP couplings to right-handed
leptons, these 2-loop contributions are absent and quark flavor-changing transitions are
generated by the ¢gp 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
ler|/fylcel/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 ¢ at the electroweak
scale. The measurement of the Z decay width does not provide a strong bound, because of
the suppressed lepton coupling to Z bosons.

Finally, we compare the constraints from flavor observables with the constraints from
cosmological observables, collider and beam dump searches for ALPs that couple to leptons
in figure 28. We stress that this comparison relies on some simplifying assumptions. The
constraints shown in the left panel of figure 28 assume an axial coupling structure, whereas
we compare them to flavor constraints for a flavor diagonal ALP coupling to left-handed ¢y,
(center panel) or right-handed leptons ¢, (right panel). Couplings to protons and neutrons
induced by RG running could also generate additional constraints that are not shown here.
The impact of sizable ALP couplings to leptons and quarks has been discussed in [217]
and recently in [182] and the impact of flavor changing ALP couplings to quarks in [30].
The constraints in the left panel of figure 28 are: searches by the Edelweiss and Edelweiss
III collaborations (dark and light purple respectively) [218, 219] for ALPs produced in the
Sun; observations of red giants (red) [190]; searches by the neutrinoless double-beta decay
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experiment GERDA [220]; searches by dark matter direct detection experiment XMASS
(red-brown) [221];!3 beam dump searches at KEK, SLAC and Fermilab in orange [217],
lighter blue, light green [223] and red [207, 224];'* SN1987A supernova bounds (dark
blue) [225] and a dark photon search at BaBar (green) [226]. 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, = ¢y and show the combined experimental constraints in the
left panel of figure 28. For comparison these constraints are then overlaid with the flavor
bounds on ALPs coupling only to SU(2)7, 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 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, ®Be* — 8Be + ete™ and “He* — “He + ete™, or the longstanding KTeV anomaly
in 70 — 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— K*utu™)

Ri = BB 5 K oter) ~ 03467005 0o for L1GeV? <¢” <6GeV?,  [63]
(3.52)
. Br(B®— K*0utyp~) ] 0.66701£0.03  for0.045GeV? < ¢? < 1.1GeV? 61
K* = = 5
Br(B?— K*%te™)  10.69%3140.05  for 1.1GeV? < ¢% < 6GeV?
(3.53)

which deviate from the SM expectation by 3.10 (Rk), 2.30 (R} low ¢>-bin) and 2.50 (R}
high ¢2-bin), respectively. Overall, these measurements seem to indicate a deviation from
the SM prediction of lepton flavor universality.

Heavy ALPs In principle, ALPs could address this discrepancy as they can mediate
the decays B — K®) (¢~ with different interaction strengths for ¢ = e and ¢ = . ALP
couplings to different lepton flavors are naturally non-universal due to the fact that the
ALP-fermion coupling in (2.24) is proportional to the corresponding fermion masses after

13Note that this parameter space is also constrained by ANe.g for ALPs lighter than mq < my [222].
“For axion and dark sector searches at NuCal/U70 see [211-214].
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Figure 29. The parameter space where a light ALP resonance with flavor universal couplings
Cee/f = cup/f = ¢rr/f can explain the low-¢? bin of the Rx~ measurement at 68.27% CL (green).
The bounds from B — K*eTe™ [142] (dashed) and from searches for peaks in the di-muon mass
spectrum [144] (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.

using the equations of motion. A heavy ALP (m2 > ¢?) can, in principle, provide an
explanation of R for [151, 227]

115 RelC,] = [Ch, " +[Cy|* S 20, (3.54)

where Cf; L= Cf; + C’f;’ and C’f; is the Wilson coefficient corresponding to the operator
Op = Sgbgr vs¢ in the normalisation of (3.17). Cfi—f denotes the Wilson coeflicient of the
chirality flipped operator. Matching onto our notation we find

O — ey T v 2mymy [kp + k3o
T alm) 2omE ViV

(3.55)
The ALP-muon coupling alone can not explain the discrepancy in Ry, as it contributes with
the wrong sign [151]. For an ALP coupling only to electrons the tension can be explained if

CeelkD + Eal32 memmy,
12 m2

2.7x 1073 TeV 2 < <37 x 1072 TeV 2. (3.56)

The limit on Br(Bs — eTe™) < 9.4 x 1079 [100], however, results in the constraint

Cee[kD - kd]32 MmeMnyp
f? mg

<1.9x1074TeV 2. (3.57)

An explanation of Rp is thus only possible if [kp]s2 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 discussed in section 3.8, where flavor off-diagonal couplings are
induced at one-loop, only [kp]sz is non-zero. The ratio Ry+, on the other hand, is a function
of [kp — kg]s2 and cannot be explained at all by a heavy ALP, given the constraint (3.57).
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The coupling combination [kp + k432 entering (3.56) can be constrained by Bs — B,
mixing. Assuming that [kp — kg]s2 = 0 and demanding that the ALP contribution to
B, — B, mixing in (3.33) does not exceed the 20 limit gives

[[kp + Ka)32]
f

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

<0.017TeV~1. (3.58)

|Cee]

f

The required coupling values get even larger with increasing ALP mass. Such large values

6.5 x 10> TeV~! < <88 x10°TeV 1. (3.59)

are however in conflict with the measurement of the anomalous magnetic moment of the
electron, see the discussion in section 4.8. As a result, an explanation of Rx by an ALP
coupling only to electrons is ruled out by a combination of By — 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
dominantly decaying to electrons can provide an explanation of the low ¢?-bin of Ry, as
pointed out in ref. [228].1% It can not, however, account for the deviations observed in
Ry, or Ri~ in the 1.1 GeV? < ¢ < 6.0 GeV? bin. The deviation seen in the 0.045 GeV? <
¢®> < 1.1GeV? bin of Rg- can be reduced to less than 1o by an ALP with 6 x 1078 <
Br(B — K*a) < 1.7 x 1077, m, € [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 1077, Figure 29 shows the best fit region in purple and the constraints
from B — K*ete™ [142] and B — K*a(u™ ™) [144] in grey. Details of the fitting procedure
are given in [228]. Note that universal lepton couplings cee = ¢, = ¢ are allowed for an
ALP of this mass since decays into muon and tau pairs are kinematically forbidden. As seen
in figure 18, non-zero ALP-lepton couplings in the UV, ¢y, or c., 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 4He anomalies

The ATOMKI collaboration measured the transitions of excited Beryllium and Helium
nuclei to their respective ground states and finds a discrepancy from the SM expectation
of 7.370 and 4.9¢ for two independent Beryllium runs [64] and 7.20 for Helium [65]. The
Helium measurement was not obtained from a single resonant transition but from a collective
population of “He(20.21) and *He(21.01) excited states. The best fit parameters for these
measurements are [232, 233]

I (*Be” (18.15) —» *Beete™ ) = (1.240.2)x 107V, me, = (1T.0140.16) MeV,  (3.60)

I (*He* (20.49) — "Heete™ ) = (4.0£1.2) x 1076V, mee = (16.9840.164040.205y5) MeV.
(3.61)

5For further explanations of the low ¢2-bin of R+ using a light resonance see, e.g., [229-231].
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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 — n%v decays [125] while the light orange regions correspond
to limits from K~ — 7 a(eTe™) measurements [131].

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 [234] and references therein.
A light pseudoscalar explanation was proposed in [235], while a SM explanation of the
Beryllium anomaly was suggested in [236]. Combined new physics explanations of the
Beryllium and Helium transitions were discussed in [237, 238].

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. = 17MeV would
need to have a large branching ratio into electron positron pairs,'® Br(a — ete™) &~ 1, to
avoid the stringent constraints from a — 7 decays in this mass range. Here, we focus on
8Be(18.15) and *He(21.01) transitions since parity and angular momentum conservation
require pseudoscalar couplings for their decays but scalar couplings for the *He(20.21)
transition [237]. We therefore assume that the measured decay width given in (3.61) is
solely due to a “He(21.01) transition. Since ®Be(18.15) is a J¥ = 17 state its transition into
a pseudoscalar proceeds through a p-wave, whereas 4He(21.01), as a 0~ state, can decay
into a pseudoscalar through an s-wave.

165ee [239] for constraints on the electron coupling for a dark photon explanation of the 17 MeV resonance.
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The ALP couplings to nucleons are given in (2.60). Note that the combinations gpq + gna
and gpa — gna 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 [238]

L=apirs (gin +9iunT?) ¥, (3.62)

at the amplitude level we find

0 mny 1 my
gc(z]\)fN = _?(Qpa + gna) , gé]\)/'N = —?(gpa - gna) . (3.63)

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

(0) 10-4 [1 TeV

g%y = } X [— 4.2caa+9.7x 10" ey + 9.7 x 1072 epp — 2.0 cu(A)

2
—2.0¢g(A) +4.0c9(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
2
9aNN

rate was derived in [238, 240, 241] and is given by
-1/ (1 — AL;?) , (3.65)

I(*Be* »*Be+a) _ 1 ©
where the isoscalar magnetic moment is given by 1% ~ 0.88 [240]. The ratio is independent

[(®Be* =8Be +1)  2ma

of the momentum, because both the ALP and the photon emission rates scale with the
third power of the ALP and photon momentum, respectively. Note that the ALP emission
rate is indeed proportional to g, + Gna-'" Numerically, we find

T (®Be* —®Be + a)
I (8Be* —8Be + )

= 6.5[g Wyl (3.66)

Since the photon emission rate has been determined to be I'(®Be*(18.15) —® Be + ) ~
1.9 £0.4eV [238, 242], the experimental constraint on their ratio is given by

I (®Be* —®Be + a)
I' (3Be* —%Be + 7)

~(64+1)x1075. (3.67)

The 4He(21.01) transition to the ground state cannot occur through single photon emission
but instead proceeds through two-photon transitions or electron conversion effects. The
ALP emission rate scales as |p,|> ~ (AE? — m2)%/? and is given by [238, 240]

2 (AE? — mg)5/2
m3,Q?

Y There is an admixture of the isospin-1 component in 8Be*, for which the relative transition rate depends

0
a0 90w (3.68)

T (4He* —%He + a) ~~

on unknown nuclear structure-dependent parameters. The effect of this contribution was estimated in [238].
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Figure 31. ALP-induced contributions to the P° — ¢*¢~ decay amplitude.

where the nuclear momentum scale @ ~ 1/ Ry =~ 250 MeV is set by the inverse nuclear radius.
The coefficient a;, is unknown and we vary it between 1/3 < |a3;| < 3. Numerically,
we find

r <4He* —He + a) =9.2]ad g((l(J)\),N\Q ev. (3.69)

We can now use (3.65) and (3.68) to determine the parameter space allowed by the
experimental measurements. The 3o 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 cee/f = 1TeV~! while the bottom row depicts cee/f = 20 TeV~!. The different shape of
the right hand plots (cg) compared to the left and middle column (¢, ¢q) is explained by
the different sign of cg(A) compared to ¢,(A) and cg(A) in (3.64). As can be seen from
the figure and as previously pointed out in [238] 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 — ma measurements. The light purple regions in
figure 30 are ruled out by K — 7°X decays [125], with X decaying invisibly or escaping
the NA62 detector, while the light red regions correspond to limits from a K~ — 7~ a(ete™)
search [131]. Constraints from K~ — 7~ 7y [127] 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 cga(A) ~ 1TeV~! and either ¢, (A) < 1072 TeV or
co(A) < 1072 TeV~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 28, an ALP with a mass of 17 MeV is already excluded by beam
dump experiments. The presence of additional ALP couplings, e.g., to gluons as required
here, may alter these constraints and a dedicated beam dump analysis would be necessary to
understand whether an ALP explanation of the Helium anomaly is still viable. In principle
some of these bounds can be ameliorated by a special choice of ALP couplings to quark
singlet, doublets and gluons in the IR. This scenario has been explored for example in [28].

3.9.3 The KTeV anomaly
The KTeV collaboration has measured the branching ratio [66]

Br (r° = e*e) = (7.48 +0.29 + 0.25) x 1078 | (3.70)

no—rad

Taking into account the effects from 2-loop QED corrections [243, 244], the experimental
value is extrapolated to Br(n? — eTe™) = (6.85 & 0.27 £ 0.23) x 1078 which is 1.80 above
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the SM prediction Br(7? — eTe™) = (6.25 & 0.03) x 10~® obtained in [245]. 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 [246]. The
corresponding decay rates are strongly suppressed, see [245, 247] for recent analyses. The
leading SM contribution to the amplitude can be written as [248]

2
0 + - " Me ,SM -
.A(T(' ee) \wafo Ue (k1)y50e (ko) ( )
where fro =~ 130 MeV and « is evaluated at m,. The imaginary part of the SM contribution
is model-independent [246]

1+ 06 mZ 1/2
mASM = 61 =5 B = <1— m2> , (3.72)

which establishes a unitarity bound on the branching ratio Br(7? — eTe™) using |A|? >
(ImA)2. For the real part of the reduced amplitude we use Re ASM=10.11(10) from [245].
Including a new physics contribution, the prediction for the 7% — ete™ branching ratio can

be expressed as

2
Br (7r0 — e+e_) =2 (: Zze) BASM 4 AALP 2 By <7r0 — *y’y) (3.73)

and Br(7? — vv) = 0.988 [249]. Computing the diagrams in figure 31, we find an ALP
contribution to the reduced amplitude

2 £2 2
AALP _ 21 fro Mo V2 G F Cuu — Cdd
= Cee™ 5 49 P ) 5 (¢aa azro t Cyy Qg0 ) —
a f2 mio —mg | fromio 2
2 2
2m? fﬂ.o m. o Mg — My, Cuu — Cdd
= Cee—5 — ccq— ——— (3.74)
2 2 2 2 3
a? f? m2y—m mq + 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

fromZo mg — my,
\/i mg + My ’
afo = <0| o B B [7(a), (3.76)

a% = (0 | - GA G4 a0(g)) = — (3.75)

but we neglect the contribution from af o, which is suppressed by «/as. In principle, the
coupling c.. 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) in green. The plot in the right panel agrees with the recent analysis in [245], for
mg < 100 MeV. Note that any ALP explanation of the KTeV anomaly requires sizeable ALP
couplings to electrons or nucleons which are already severely constrained. In figure 32 we
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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 1. Constraints from K+ — 7Fete™
decays are shown in red, KT — 7t~y in blue and K+ — nt4 invisible in dark gray. For the

constraints we fix cgg/f = 1TeV~! (left) and cq/f = 1 TeV~? (right) and vary c./f.

show constraints from flavor-violating ALP couplings by measurements of K™ — 7rteTe™
by BNL [131] shown in red, K™ — 7ty by BaBar [141] shown in blue and K — 7+
invisible by NA62 [125] shown in dark gray. In order to compare the constraints with the
parameter space preferred by the KTEV measurement with these constraints we fix either
caa/f =1TeV=1tor cg/f = 1TeV—! and vary c./f. Other choices of parameters typically
do not lead to weaker constraints, because ¢y, cg and ¢, lead to additional couplings to the
W boson and top quark, which induce larger flavor changing ALP couplings.

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.
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Here, we extend our work in [73] 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., [50-52, 67—
73, 250, 251]), 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 [252]. For example in searches for
1 — ey it is mandatory for the ALP to decay before reaching the detector, whereas
for p — 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 @ — ey, we show that the process y — ea with subsequent
a — v 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 res-
olution, thus mimicking p — 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 [67, 73] that in the
parameter space regions for which an on-shell ALP can be produced in y — ea decays,
strong constraints can be set by limits on u — 3e [253, 254], much stronger than those
from g — e7y 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 LF'V observables such as p — ey
and p — ea (invisible) provide equally stringent limits with current data.

o 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(x)EDM) are
presented in this work for the first time.

4.1 Form factors

If the ALP has LFV couplings at tree-level, it follows from eq. (2.24) that these couplings are
suppressed by the charged lepton masses. Given the large hierarchy in charged lepton masses,
loop-induced contributions to leptonic observables can hence be important if the lepton in
the loop is heavier than the external leptons. In lepton flavor-changing decay observables
such as u — ey, 4 — 3e or similar tau decays, ALP contributions to electromagnetic
form factors may therefore dominate over e.g., tree-level ALP-exchange contributions to
four-fermion operators.'® Likewise, if an ALP has lepton flavor-violating couplings, it can
induce additional mass-enhanced loop contributions to flavor-conserving observables such
as anomalous magnetic moments.

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

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

We first assume that the initial ¢; and final state ¢; leptons are not the same. The
corresponding form factors are relevant for processes such as u — ey, and g — 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

M = w;(p2)Tui(p1), (4.1)

181,00k 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.

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 — po is the outgoing photon momentum,

; (p2) T* (p1,p2) i (p1)

=1 (p2) {Féﬁj () 0" = (i +my)v*) + 577 () <q“ - miqjmﬂ“> (4.2)

2
5i—j ( 2 m N 5,0—7 [ 2 m q m )
+ () 0+ (mi = my) v s+ B () (q e )75}&(191)-

One flavor-changing coupling

If only one flavor-changing coupling is present, the form factor is calculated from all the
diagrams in figure 33, where in the last diagram the sum is taken over situations in which
l = l; and [, = l;. 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

R () =g (el = ) (freman (omima) + Jean (' mma)
2
S rn (1‘) Sng 3”2>> Y
() = = ity (sl 80) (o 2] o ()
2
o 24(831” w;) Cyz (1 og AQZ + 2 +52>) (4.4)
£ () =~y (el = ) (remte (¢mma) + et (,mima))
(4.5)
F () = ~Jgags (el + ely) (et (msma) + et (4 msm) )
(4.6)

where the loop functions are given in terms of Feynman integrals in appendix B. The results
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for the FZ_” and F, 5] loop functions when ¢? = 0 (i.e., for an on-shell photon) are

91(0,mi,ma) = 2272 VE— x; \F oo M6 x)logmz, (4.7)

1—2x

2

A 2] ;
g2(0,mi, my) = 2log —5 + 262 +4 — 7% 08 Ti
m;

i1 (z; — 1) log(x; — 1), (4.8)

where we have set the scale y = A = 47 f and x; = m2/m?. The scheme dependent constant
09 arises from the treatment of the Levi Civita symbol in d dimensions, and for us do = —3.
The functions I1, g1 and Iy all tend to zero as m2/m? — oo, while I3(0,m;,0) = 1 and
gl(O,mi,O) =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
i — ey via an internal 7. In this case, the form factor is calculated from the last diagram
in figure 33 with 5, # ¢; # {;.

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;/myg, the ALP contribution
to the electromagnetic form factors is given by

By (¢?) = ;j’;’;ii’; (Wl ol + sl kel ) g3 (6% mima) (4.9)
B () = e (e el = [kl i) o0 (2 mama) o (410)
with
1— 3z xi

g3(q%, My, ma) = log 7, , (4.11)

Q(xk — 1)2 (a:k — 1)3
where xj, = m?2/ m% No terms involving ¢ appear in this function, because ¢ < m?, SO
these terms are suppressed by a factor proportional to ¢%/ m% < mf / m%, and have been
dropped, along with terms dependent on mf The F?f‘r)) I (¢) form factors are suppressed

5 q?) form factors, so we do not quote them here.

by a factor ~ m?/m3 relative to the

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

li (p2) T* (p1,p2) L (p1) = € (p2) [FHI ( ) (P = 2my") + 2mi F5 " ( )w

5,i— 5,i— 'S
+ B (@) P + B () (q”+2m,v“>75]&(p1),
K3

(4.12)
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where p = p; + po2, and ¢ = p; — po is the outgoing photon momentum. This is defined
such that the matrix element M#*¢,(—q) for the interaction between leptons and a photon
is found by (4.1) with ¢ = j and at tree-level in the SM, FgM,O = Q;ey", where Q; is the
charge of /;.

Then the anomalous magnetic moment of the lepton ¢; is defined by

—9).
o =92 (4.13)
2
and expressed in form factors
2
a; = 7: Fi70). (4.14)

If the ALP has purely flavor-conserving interactions then all the diagrams in figure 33
contribute with ¢; = ¢; = /. and we also include the contribution from the 2-loop diagrams
shown in figure 34 where we sum over all internal fermions f,

1
i eQi m; 200 [ 2
Fi7H0) = 392 ]Q{c?ihl(a:i)—ﬂcii [Cw <logm2—h2(a:i)> +;N5Q?cffo/sz(yz,xf)}

7

_;‘r:ﬁ‘fvcﬁcwz <log:;Z+52—l—;)> } (4.15)

where
hi(z) =142z + (1 —x)zlogzr — 2x(3 — x) 1 f — arceos \gE , (4.16)
hg(:zc):1—:;—Flgloga:—kx?)+2 (4—x)xarccos\é§—52—3, (4.17)

F(yZJ xl) =

1 . U [’” (5) il (‘”")} ' (4.18)

Here we have defined

2
m ~
Yz ZZ(l—z)m—g, Cyy = Cyy + E NgQ?chf. (4.19)
f f

In the two limits (a) m2 > m? and (b) m f > mg, m2, the integral of F(y.,zy) can be
given explicitly

1
/F yZaxf
0
—4 2, , 1 2
m 12—|—ln (2(,/xf—,/xf—4))+L12 (—4(,/mf—,/xf—4) )], (a)
B m? 2\ 7 2 m?
™ (m) o (m ) | )
my, my, 2 my my

(4.20)
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Our results in these limits agree with ref. [255]. Flavor-violating vertices can contribute
via the rightmost diagram in figure 33, when there is a different flavor fermion in the loop,
Ly, # £;. The relevant form factors are

L 3 1 1—1x)2
Fi0) = ~ G {0 (1klal® + kdaf?) [ Y
* L (1 B ‘T)Q
+2Re[keliulkelu] [ do
2 1 1—x)%(1-2
20 e lilia | do 0 020
; L (1—2)%(z—2
+ ((elal + lheal?) [ e P22
F70) = —#2’}2 (1 — %) {mz’ (Iles)iel” + Tkeliel”) (4.22)
1 1—12)?
+ 2imyIm [[kg]5 ki) } /0 dx (Aj) :
where
m3 m?
A = ﬂzm—% +x(x — 1)m—% +(1—2x). (4.23)

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—i _ myeQ * m;
F0) = ~ g Re (ki) i) + 0 (22 (4.24)
where xj, = m2/m?2 and
h(z) = il _Bz—-1 (4.25)
T = @o1p ogx TR .

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.

B 0(0) = gyt (leshal® + k) s+ © () (4.26)

where z; = m2/m? and
x

j(x) =1+ 2z — 2% log (4.27)

x—1"
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Observable Mass Range [MeV] ALP decay mode Constrained Limit (95% CL) on Figure
coupling ¢ le] - (%) VB
Br(p — ea(invisible)) 0<mg<13 Long-lived Cpe ™ 7.2 x 1077 35a)
Br(u — ea(invisible)) 13 <mg, < 80 Long-lived cpe ™ 5.0 x 1077 35a)
Br(y — ea(invisible)) 0<me <10 Long-lived cpe M 2.5 %1077 35D)
Br(u — ea(invisible)~) 0 < mg <105 Long-lived Cpe 1.0 x 107° 35¢)
Br(p — eyy) 0 < mg <105 vy Cpe 1.3 x 107° 35d)
Br(p — evegr) 0 < mg < 105 Y Cpe 1.0 x 10°10 35¢)
Br(p — 3e) 0 < mg <105 ete” Cpe 1.6 x 10710 35f)
Br(7 — ea(invisible)) 0 < mg < 1600 Long-lived Cre 3.6x 107 36a)
Br(r — eve) 0 < m, <1776 ¥y Cre 1.3 x 1076 36b)
Br(r — 3e) 200 < mg, < 1776 ete” Cre 1.1 x 1076 36¢)
Br(r~ = e ptpT) 211 < mg < 1776 whrp~ Cre 1.1 x 1076 36d)
Br(7 — pa(invisible)) 0 < mg < 1600 Long-lived Cru 4.9 x 1074 37a)
Br(t — per) 0 < mg < 1671 7y Cru 1.5 x 1076 37b)
Br(r~ — p~eteT) 200 < m, < 1671 ete” Cr 9.3x 1077 37¢c)
Br(r — 3u) 211 < mg < 1671 e Crp 1.0 x 1076 37d)

Table 2. Summary of constraints on the lepton flavor-violating ALP couplings derived from
measurements of branching fractions (first column) for various muon and tau decays, in which the
lepton can decay to an on-shell ALP. The measurements and SM predictions (where appropriate)
are given in Table 9 in appendix C. The limit cited is the strongest limit found within the mass range
probed by the measurement. In the fifth column the symbol B denotes the ALP branching ratio
into the relevant final state. The final column refers to figures showing the dependence of the bound
on the ALP mass and lifetime. (f): these bounds depend on the chirality of the ALP couplings due
to the experimental setup, see [69, 256, 257] for details. Here we assume [k.]12 = [kg]12 for these.

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

I'(u— ea)
_ 1
32mm,, f2

{12+ kgl ) gAY (@0,e) -

AL/2 (Tpseyy) X (4.28)
mh (1—mﬂ—xe/ﬂ)} +4Re[[kg]12[ke]]s) mumemi}

with z,/, = m2/ mi and A(rj,7;) defined in (3.3). Analogous expressions hold for the tau

e/
decays 7 — pa and 7 — ea. In the limit m./m, — 0,

m3 A
327rl}2 (1 - :Z%) (er]l?’Q + HkE]12|2) .

Due to its resonant nature, the rate of this decay can be enhanced relative to other

I — ea) = (4.29)

processes in which the ALP is off-shell, so searches for these processes can be some of the
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Figure 35. Constraints on the flavor-violating ALP couplings ¢, from muon decays, collected in
table 2, for different values of the total ALP width. The color-coding indicates the final state: blue
for invisible final states, yellow for ALP decays into photons, and red for a — e*e™ decays.
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Figure 36. Constraints on the flavor-violating ALP couplings ¢,. from tau decays, collected in
table 2, for different values of the total ALP width. The color-coding indicates the final state:
blue for invisible final states, yellow for ALP decays into photons, and red for a — ete™ and
a — ptp~ decays.

most stringent tests of LEV ALPs. Depending on the ALP lifetime and the branching
fractions of the various ALP decay modes, this process can mediate the decays u — 3e,
i — 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
1 — ey can be reconstructed as u — ey. We discuss this in detail in section 4.11. A
comprehensive list of experimental searches and the respective limits on the flavor-violating
ALP couplings cye, ¢re and ¢, from exotic lepton decays is given in table 2. For ALPs
with O(1) flavor off-diagonal couplings, these searches can probe new physics scales of up
to f ~ 10'°TeV x+/B. Note that the constraints scale with the ALP branching fraction.
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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 color-coding indicates the final state:
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Figure 38. Diagrams contributing to u — eay decays.

As in the case of meson decays discussed in section 3.1, these constraints also crucially
depend on the ALP lifetime since the fraction of ALPs decaying within the detector volume
of the relevant experiment depends on the decay length of the ALP. This effect is shown
for y — e transitions in figure 35, 7 — e transitions in figure 36 and 7 — p transitions in
figure 37. The colors encode different ALP decay modes, where an invisible signature is
depicted in blue, while the decays into photons or leptons (electrons or muons) are shown
in yellow and red, respectively. Lighter colors correspond to smaller decay widths and
darker colors to larger decay widths. For each experimental limit in table 2, we show the
corresponding exclusion region in the ALP mass vs lepton flavor-violating ALP coupling
for three different values of the ALP width 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 35a), 35b), 36a) and 37a) therefore extend towards
smaller ALP masses. The situation is reversed for ALPs decaying into photons or leptons.
The dark shaded regions with shorter lifetimes correspond to the most stringent constraints.
The ALP mass range of the constraints is dictated either by the experimental cuts or by
the kinematic window 2my, < m, < my, — my, for the decay ¢; — l2a.
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Figure 39. Diagrams contributing to y — 3e decays.

4.3 pn — eavy

Further constraints arise from the very similar decay u — eay which can be regarded as
1 — ea decay with additional initial or final state radiation as portrayed in the Feynman
diagrams figure 38. The differential decay rate is given by

aqep 1 |[kElj, |2 + | [Ke)

2
477'2 39m f2 12| fd812d823 (4.30)
o

dl' (u — eay) =

with (in the limit m?2/m2 — 0)

1
F= .
512 (M2 — s12 — $23)

+2m, (s12 + s23) (2512 + S23) — 2m, (4s12 + s23) + My, (2mﬁ +4m’s12 + 5%3) } ;
(4.31)

p) [mﬁ — 53 (512 + S23) — mi <2mi + s12 + 823)

where s;; = (p; + pj)2 and the electron carries momentum p1, the photon carries momentum
po and the ALP carries momentum p3. Up to a prefactor, F is the squared matrix element
summed over electron spins and photon polarisations and averaged over muon spins. Our
findings are in good agreement with [69].

4.4 p— 3e

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 subsequent v — eTe™ decays contribute. The corresponding
diagrams are shown in figure 39. The differential decay width for the three-body decay
ut — eTe et is given by

1 1

dl’ = (271’)3 32m2 IM|2d812d823 5 (4.32)
o

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
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electron and positron spins and averaged over muon spin states is given by

_ m2m?
AP = (1helia 1 + | Telia ) leeel* =572
" { 2s93 (s12+s13) 513523 }
|sa3 —m2 +imeTe|?>  Re[(sa3 — m2 4+ imaly) (s13 — m2 —imgeIy)]

+ 462 B2 (812 + 813) Re [FQ* (823) F3 (823) + F25* (823) Fg) (823)}

1 2 2 5 2
+ % (m# (812 + 813) — 2512813> (|F2 (823) | + |F2 (823) | )

+ 5 (2 (512 + 513) + 2s10513) (| B (523) [2 + |5 (s29) )

m?
+ s12 (Fz* (s23) Fa (s13) + F5* (s23) Y (s13) + F5 (s23) F3 (s13)
+ F5* (s23) Fs (s13) + F5 (s13) F5* (s23) + Fa (s13) Fy (823)>

S S13 + S % *
32 7122 o20) (P (528) Fy (s13) + FJ (s23) F5* (s13))
m

2es93M, [keloy + [kE]y 2 15 5
" Tcee fre L’Qg —mZ —imgT, (m“FQ (s13) + (512 + 513) F3 (813))

[ke]zl — [k'E]Ql

So3 —m2 —imgl,

+

(M2 B (s13) + (512 + 513) Fy (1)) | + (1> 2) . (4.33)

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

4.5 p— ey

The partial decay width for u — e is given by

m3 m2 € €
D= e7) = g2 (1= =5 | [P + 157 7¢(0)] (4.34)
7

with

e myeQ 1 1%
FQM_) (0) = - 16’;2f§ ([kEl2 — [kel12) (4CMH 91(0,my, M) + pp ——Cyy 92(0,my, mg )
(4.

35)

—Cyy 92(0, my, M)

(4 36)

e myueQ 1 o
FP4(0) = ~ T (b + lhdia) (e oa (0, ma) + 17

and where the loop functions g; (0, m;, m,) and g2(0, m;, m,) are given in egs. (4.7) and (4.8).
Similar equations hold for radiative tau decays with obvious replacements.
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4.6 p — e conversion

Experiments searching for 4 — e conversion in the presence of an atomic nucleus have put
strong limits on the branching ratio Br(yx Au — e Au) < 7.0 x 1073, which was measured
by the SINDRUM-II collaboration [258] 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 [259] and COMET [260] 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. [261], we may write

5 4 2
8aupMmuZegZ I

Pcapt

Br(uN —eN) = (|82 (=m2)+ 5 (=m2) |+ |B5 (—=m2 )+ F§ (-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 u — e superscript on the form factors.
The numerical values for these quantities for the cases of gold and aluminum can be found
in [67, 262, 263]. For heavy ALPs, i.e., mg > m,, 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
antimuonium (p~e™) in the presence of e-u flavor-violating interactions. The LFV ALP

can mediate these transitions via both s- and ¢-channel tree-level diagrams [68, 250]. In
2.
lj"
the electron mass and the binding energy of muonium are taken to be zero (both are very

both cases, we have s ~ t ~ m?; where the equality becomes exact in the limit that both
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, < m, or mg > my,. In the limit m, < m,

M <™ = 3 (ke + lreho)? (e) () = 175 (o = lkeloo)? (') (%)
(4.38)
while in the limit m, > my,:
m2 m2
nggfa>>mu = 4m{f2 ([ke]u + [kE]u)z (e) (pe) + 4m(21uf2 ([kE]u - [kE]m)Q (ﬂ’756> (,L_WE)@) .
(4.39)

The muonium-antimuonium transition probability is then given in the m, < m, limit

by [68, 250]
1 2
2m2af, f4

P memy, __

{|00,0|2‘4[kE]12 [kel12 — 0B ([ke)12 — [k?E]12)2’

+ ‘01,0|2‘4[kE]12[ke]12 + 0B([ke]12 — [kE]m)Z‘Q} , (4.40)
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and in the m, > my, limit by

prezmn — %mjﬁ [\00,0!2‘4[/@]12[%]12 — 0B ([kel12 — [kE]12)2‘2
2raymy f

02
+ |Cl,0\2‘4[k‘E]12 [keli2 + 0B ([kel12 — [kE]12) ’ } ; (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
cJm, and the value of 0p 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
MBB Me B

X=— — ~6.24 —— 4.42

a (ge + my In ) Tesla’ (442)

where g = e/(2m) is the Bohr magneton, g. ~ g, ~ 2 are the magnetic moments of the
electron and muon, and a ~ 1.864 x 107° eV is the muonium 18 hyperfine splitting.

The strongest constraint on the transition probability has been reported by the MACS
collaboration which obtained P < 8.3 x 107! at 90% CL [264]. For the MACS experiment,
the population probabilities have been estimated as |co|? = 0.32 and |c /> = 0.18 and the
magnetic field is B = 0.1 Tesla, giving dp = 0.85 [250, 265].

4.8 The anomalous magnetic moment of the muon and the electron

Precise SM predictions for the anomalous magnetic moment a, = (¢ — 2),/2 have been
calculated using experimental input from LEP measurements of the R-ratio to determine
the hadronic vacuum polarization contribution terms by the g — 2 theory initiative paper
(TT) [74]* and, alternatively, by using only input from lattice calculations by the Budapest,
Marseille and Wuppertal (BMW) collaboration (BMW) [287]. These theory predictions
disagree at the level of 2 standard deviations. The comparison to the combination of the
measurements of a, from the Brookhaven [288] and Fermilab [75] experiments

Adll = a5 — o= (25.1£5.9) x 1071, (4.43)
AaBMW = goxp — oBMW — (10.7 £ 6.9) x 10717, (4.44)

leads to a tension with the TT prediction with a statistical significance of 4.20, 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. =
(9 — 2)¢/2 has been observed. The central value of af*P [76, 293] deviated from the SM
prediction [294] previously, but is now statistically more significant due to an improved

measurement of the fine-structure constant [77] in Caesium atoms, which contributes

19The theory initiative paper derives their result based on various contributions to the SM predic-
tion [266—286].

20Tf 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 [289-292].
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to the error budget of the SM prediction. There exists a competing measurement of
the finestructure constant in Rubidium [78], which would result in a deviation in the
opposite direction,

AaS® = (—88 £ 36) x 10714, (4.45)
AalP = (48 +30) x 10714, (4.46)
The statistical significance of the deviation is 2.4 ¢ 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

A Cs 2
A“e ~ 1502 (4.47)
a# mu
A Rb 2
Aae SERELY (4.48)
CLM 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 [251], and
from the ALP-fermion coupling only, shown in figure 34. For the case of flavor-conserving
ALP couplings the different contributions have been discussed in [79, 251, 255, 295-297],
and one finds with (4.15) at one loop,

m2c?

2
a [
Aa, = — 16;2’}“2 lhl (zp) + P <log mil% — ha (%L))] ) (4.49)

where z, = m2/ mz and we have neglected the contribution from Barr-Zee diagrams with
internal Z bosons, which are suppressed by the Z vector coupling (1 — 4s2) ~ a.. The loop
functions (4.16) for vanishing and large z,, are given by hi2(0) = 1 and hi(z, > 1) =
(2/z,)(logx, —11/6), ho(z, > 1) = (logx,+3/2). Note that the contribution proportional
to Ciu has the wrong sign to explain the deviation of ay, P with respect to the SM value,
but the analogous expression for AaS® would have the correct sign.

For ALPs with lepton flavor-violating couplings, significant additional contributions to
the anomalous magnetic moment of the muon can arise from the tau or the electron in the
loop. For the case of a tau in the loop, we find from the rightmost diagram in figure 33

Re [k [kelis) b (a) + O (4] (1.50)

msr

where the function h(x) is given in (4.25), and h(z) =1 for x — 0 and h(z) = 0 for x > 1.
The right diagram in figure 33 with an electron in the loop also contributes to a, as

m2
Aa, = —3275]02 (|[kE]12|2 + |[k’eh2‘2) j(xu) + 0O <;Z;> ’ (4.51)

where the function j(x) is given in (4.27) and j(z) = 1 for z — 0 and j(z) =0 for z > 1.
The anomalous magnetic moment of the electron receives a contribution from the tau
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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 AaR® is not shown as the deviation is < 20.

running in the loop (analogous to (4.50) with the replacement pu — e) as well as from the
muon in the loop with the replacements y — e and 7 — p in (4.50).

Notably, equation (4.50) can have either sign, whereas the sign of (4.51) is fixed and
positive for mq > m,. 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

I. Large effective photon couplings. A contribution from (4.49) can explain Aa,
for large ALP couplings to photons and a relative sign between the photon and muon
coupling, —c%%/cw ~ 10—30 [79, 251, 295-297]. The effective ALP photon coupling is given
by (2.70) and for m, > my simplifies to c?fy R Cyy + 2oy 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 /¢y, ~ 10-30
and mg > 2m,. The relative sign is important since cff,fycw < 0 is necessary to explain
Aay,. Interestingly, an ALP-electron coupling of this magnitude and sign can simultaneously
explain AaS®, since both terms in (4.49) are negative. A similar combined explanation with
Aa?b would not be possible. In figure 40 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 c,,. For large
lcuu| and mg > 2my,, the effective photon coupling is reduced and c. needs to be larger
to compensate. For small |c,,|, the only sizeable contribution to Aa, comes from the ce,
induced photon coupling and ce. needs to be large to explain the muon anomalous magnetic
moment. Sizeable values of |c,,| increase the c%ff/—independent term and ce 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 ~ —O(10)/TeV and ce./f ~ O(100)/TeV

both anomalies can be explained without additional ALP couplings. Even though such an
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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 28.
Any ALP model aiming to explain the anomalous magnetic moment of the muon or the
electron would need to be heavy enough or have additional couplings to evade these bounds.

I1. Flavor-violating ALP couplings to ;1 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 (4.51) and the same
diagram with external electrons and internal muons gives the leading order contribution to
Aa, given by (4.50) with the replacements y — e and 7 — p. These two contributions can
have opposite signs and the right magnitude to explain both Aa$® and Aa,. As was pointed
out by the authors of [68], 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 m, = 2 GeV,

~

Aaf® can be accommodated.

IT1. 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 (4.50) (for
the electron with the replacement p — ¢€) and chirally enhanced by the tau mass. Even
though (4.50) can have either sign, it requires both [kg|32 and [ke]s1 to be non-zero (and
[kE]31, [ke]s1 # O in the case of Aa,) and a simultaneous explanation of both anomalies is
ruled out by the ALP contribution to p — ey

m3m2a m2
L(p—ey) = mﬂw ( - mg) [er]%[/ﬂEbl\Q + ‘[kE]23[ke]31|2]93(07mT’ma)z

(4.52)

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

5 J?
TeV? '

2 2 1/2 —
(1lkelaslkmlon 2 + [ onlaskelaa|*) < 2 x 10 (4.53)
In order to explain Aa, or Aal® one needs coefficients Re[[kg|js[ke]s2] =~ 4 and

Re[[kg]5;[ke]31] = 0.32 for f = 1TeV. This conclusion does not change for different
Cs

¢ can be obtained from tau-flavor-

ALP masses. An explanation of either Aa, or Aa
violating ALP couplings if ¢, < 1. In figure 45 and 46 we show the parameter space in the
Mg — Cry and Mg — ¢ plane for which the measured values can be reproduced in orange and
yellow assuming [ke)i; = [kglij = cij/ V2. A sizeable value of either Cpup OT Cee could provide
a contribution large enough to explain the tension in the respective other magnetic moment,
as shown in figure 40, however this would imply a large C,‘ifyf coupling, and is ruled out by
T — wy or 7 — ey bounds. This constraint can only be avoided if other contributions to
C’%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 — u couplings,
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Figure 41. Bounds from ALP induced EDMs with &, = \/Im (ke e, [kelese, ), assuming also

universal ALP couplings to leptons cee/f = cuu/f = ¢r-/f = 1TeV~! and all other Wilson
coeflicients zero at tree-level. The limits on &, and ., are derived from the eEDM, the one on &,
from the pEDM.

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| <
10~37ecm [298, 299] and for the electric dipole moment of the muon (uEDM) |d,| <
10~%ecm [253]. Measurements bound |de| < 1.1 x 1072%ecm [300] and |d,| < 1.9 x
10~2%cm [301] updating the previous result obtained from the direct measurement |d,| <
2.9x 10~ ¥ecm [253]. 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 other.?! The

5,i—i

eEDM is then defined in terms of the form factor F, as

F 7 (¢ =0)]
S .

with the form factor Fy°7¢ given in eq. (4.22). When using the limit m, < my, where

de] = | (4.54)

k = p, T, this simplifies to
mieQy . "
F7 g = 0) = — oot Im (Rl [kel) h(), (4.55)
3272 f
where h(z) is given in eq. (4.25), and analogous expressions hold for the pEDM with a 7 in
the loop. The yEDM can be taken as a constraint on the 7 — u couplings, since the p — e
couplings are already much more strongly constrained by the measurement of the eEDM.
The constraints on the imaginary parts of the off-diagonal ALP couplings to leptons are
shown in figure 41.

*INote that for a general spin-0 field with CP-even and -odd couplings additional contributions arise [302].
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Figure 42. Left: astrophysical, beam dump, and collider constraints on ALP couplings to leptons
cee = ce —cr, (as in figure 28). Center: bounds on ALP mediated flavor off-diagonal 1 — e transition
with a fixed value of the lepton flavor off-diagonal coupling c,./f = \/|[kgl21|? + |[kel212/f =
1TeV~! as a function of the universal ALP coupling to leptons, ce/f = cuu/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.

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 ¢y, 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| > ¢, as discussed in section 4.8, the flavor off-diagonal ALP couplings [keij, [kE]ij
do not automatically vanish as in the case of flavor-universal ALP couplings. Similarly, for
a UV theory which contains any of the ALP couplings [k.]i;, [kg]ij, there is no reason to
expect universal flavor-conserving ALP couplings in the charged lepton mass basis.

As discussed in section 3.8.7, flavor-conserving ALP couplings to leptons are already
severely constrained by astrophysical, beam dump and collider experiments. We show the
excluded parameter space again in the left panel of figure 42. Some of the flavor observables
discussed earlier in this 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
cue/ [ = ([[kp)21]? + |[ke]21|2)1/2/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 42. While
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the constraints from muonium oscillations, u — ea(invisible) and p — eay are independent
of ¢gg, limits from p — eee and y — ey~ require the ALP to decay and become irrelevant
below |cg| < 1076/ TeV.?2 The latter constraints are also only relevant for ALP masses
2me < Mg < my,.

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

We note that most of the constraints in the left panel of figure 42 only apply to the
ALP-electron coupling. In fact, for ALP masses m, < 2m, a coupling structure with
Cee/f =107/ TeV, cpp/f = crr/f = 1/TeV is still allowed while ALP masses in the range
2me < mg < 2m,, only require ALP couplings cee/f = 1073/ TeV, cuu/f = crr/f = 1/TeV
and for mq > 2my, cee/f = cup/f = ¢/ 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.

4.11 Discussion of constraints from lepton flavor-violating observables

We present constraints on the ALP-induced u — e, 7 — pu or 7 — e transitions in
figures 43, 45 and 46, respectively. In each case we assume that only a single flavor-changing
lepton coupling is present and that the flavor-diagonal ALP couplings to leptons are chosen
such that they are not excluded by any of the constraints shown in figure 42,

lceel  lepul  lerr| e
= = = =0, for mg < 2me,
S S f f ‘ ¢
1073 1
|C;e| = TV |C;u’ - |CJTcT| — Tov for  2m. <mg, <2my, (4.56)
|Cee| _ ‘CML| _ ‘CTT| _ |C££| . 1

7 7 P = TV for  m, >2m,

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

The results presented in this section are useful to constrain UV models in which one
coupling dominates 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 [52].

22A detailed description of the experimental limits shown here can be found in section 4.11 below.
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Figure 43. Bounds on ALP mediated flavor off-diagonal transitions between muons and electrons
with cue = \/ I[kEg]21]? + |[ke]21]?, assuming universal ALP couplings to leptons as indicated above
the plot for the different ALP mass regions. The bound by TWIST assumes that the ALP coupling
to leptons is given by [kg|21 + [ke]o21..

In the TWIST analysis, the flavor-violating ALP couplings to leptons are assumed to
be vectorial [256].

We show the excluded parameter space by experimental searches sensitive to ¢, =
(|[kE]21|2 —1—][136]21])1/2 in figure 43. The different values of ce, ¢,y and ¢;7 given in (4.56) are
indicated above the plot which is split at m, = 2m. and m, = 2m,,. For observables which
are sensitive to different coupling combinations, for example some form factors in 4.1.1, we
choose [kgla1 = [kel21 = cpue/V/2.

For masses m, > m,,, the lepton flavor-changing transitions p — ey and y — 3e are
induced by the form factors defined in 4.1.1 and the four-fermion operators obtained by
integrating out the ALP. The excluded parameter space is shown in light blue and purple in
figure 43 and their relative strength (for mq > m,,) reflects the expected hierarchy between
the muon decay widths from the additional factor of o and the phase space factor in
I'(u — 3e) compared to I'(1r — ey) for this mass region [53, 303]. The situation changes for
masses m, < my, for which the ALP can be produced on-shell in muon decays. Constraints
from pu — ea with subsequent decays a — vy, a — eTe™ and a — invisible are shown in
orange, purple and red, respectively, and provide stronger constraints than ;1 — ey in a mass
range of a few MeV < m, < my,. The limits are obtained by SINDRUM for p — 3e [304]
and LAMPF for u — ~yvye [305].

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
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Figure 44. Bounds on ALP mediated flavor off-diagonal transitions between muons and electrons
with cue = \/|[kgl21|? + |[ke)21]?, assuming universal ALP couplings to leptons ¢y = cee/f =
Cup/f = crr/f and mg, = 10MeV, 1 GeV and 10 GeV, respectively. All other Wilson coefficients are
set to zero at tree-level.

cut on the time of detection of the decay products would be sensitive to much smaller
ALP masses. This limit on @ — ey has been improved recently by [306] 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 p — 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 [307] and is shown in dark green in figure 43.

The decay a — invisible is defined as an ALP leaving the detector before decaying.
Details of the calculation of lifetime effects can be found in appendix D.2. The corresponding
constraint on the ALP-lepton coupling is derived from the limits on the branching ratio of
p — ea(invisible) obtained by [257] for the case in which [ke]12 = [kg]12, and is sensitive to
the ALP decay length which is set by the ALP coupling to electrons in this mass range. The
parameter space ruled out by the measurement [257] is shown in dark yellow in figure 43.
For different ALP coupling structures and masses this experiment can be less sensitive than
the bound obtained by the TWIST collaboration [256] as emphasized in [69]. For masses
13MeV < m, < 80MeV, 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. We show the constraints from [256] in red in figure 43.

A slightly weaker constraint is derived from searches for the decay pu — ea?y shown
in dark blue in figure 43. The decay p — 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 [305].
The experiment required large photon and electron energies of F. > 38 — 43 MeV and
E., > 38 MeV, respectively. Here, we take the most conservative limits on the energy cuts
for our plots. Though theoretically sub-dominant when compared with g — ea due to the
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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 [69].

The lifetime of the ALP strongly affects the reach of the different experiments. The
constraint from the measurement of muonium-antimuonium oscillations from the MACS
experiment [264] shown in gray is weaker than other constraints throughout the ALP mass
range, but relevant for masses m, > m,, because it is independent of ¢, whereas both
the constraints from p — eee and u — ey vanish for ¢, — 0 [68]. The form factors given
in appendix B entering the © — 3e and p — ey amplitudes also contribute to p — 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 [258] shown in green in figure 43 is therefore
weaker throughout the parameter space and not enhanced by on-shell ALP exchange. Since
the form factors vanish if the ALP coupling to photons is zero, muon conversion is not
sensitive if ¢yp = 0 as considered here for m, < 2m.. For the ALP couplings considered here,
even the significant improvement in sensitivity expected at Mu2e [259] and COMET [260)]
shown by the green dashed contour cannot compete with the constraints from pu — 3e
and u — e7.

In figure 43 we also show projections for future lepton flavor experiments indicated by
the dashed lines. The dashed blue contours show the sensitivity reach of MEGII [307] and
the dashed purple contours indicate the future sensitivity of Mu3E [254, 308].

The parameter space for which the anomalous magnetic moment of the electron Aa$®
can be explained is shown in yellow in figure 43. The dominant contribution from ALP
flavor-violating couplings is independent of cc., but requires both [kg]21 and [k]21 to be
non-zero and we choose cue = |[kg|21| = |[ke]21| here. A successful explanation requires
< —1 which is excluded for all values of m, for f =1TeV. An

~

couplings Re[[kg]5; [kel21]
explanation of the anomalous magnetic moment of the muon is only possible for m, > m,,
and ruled out by u — ey and pu — 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 cg, we show the exclusion contours and sensitivity reach of the various
experimental searches in the ¢y — cye plane for fixed ALP masses m, = 10 MeV, m, = 1GeV
and mg = 10 GeV in the left, centre and right panel of figure 44, respectively.

Any explanation of AaS* or Aay, is only possible for m, > m, and requires very small
values of ¢ e < 10~*. For mg > 2GeV, Aags can also be explained if ¢, ~ 50 TeV—L,

Otherwise it is ruled out by the constraint from muonium-antimuonium oscillations [68].

Constraints on the lepton flavor-changing ALP coupling ¢, = (|[kg]s2|? + ][ke]32])1/2
are shown in figure 45, and for observables sensitive to different coupling combinations, we
choose [kglsa = [ke]s2 = ¢r/V/2. Flavor off-diagonal couplings of the ALP to muons and
electrons, or to taus and electrons are assumed to be zero here and we assume flavor-diagonal

couplings in the three different ALP mass regions as given in (4.56) and indicated above
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Figure 45. Bounds on ALP mediated flavor off-diagonal transitions between taus and muons with
crp = V/|[kE]s2|? + |[ke]s2|?, assuming universal ALP couplings to leptons as indicated above the
plot for the different ALP mass regions.

the plot. The decay 7 — uy is induced by the form factors F»(0) and F3(0) given in (4.35)
and the parameter space excluded by the limit from BaBar [309] is shown in light blue
in figure 45. The decay 7 — pee is excluded for off-shell ALPs for ¢,,,/f = 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 — ppup, shown in dark green and purple, are excluded
for values down to ¢,/ f 2 1079 —10~* TeV~! for m, > 2m,, and m, > 2m,, respectively.
For both decays the most stringent measurements come from Belle [310]. ALP decays into
photons for collimated photons that cannot be distinguished from a single photon leads to
a T — Wyen 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 [311, 312] in light green in figure 45. Here, invisible decays are defined again
as the ALP leaving the detector before decaying and details of the calculation of the ALP
lifetime are given in appendix D.2. For masses 2m,, < m, < m,, 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 ¢, 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 measurement
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Figure 46. Bounds on ALP mediated flavor off-diagonal transitions between taus and electrons

with ¢re = \/|[kg]31]? + |[ke]31|?, assuming universal ALP couplings to leptons as indicated above
the plot for the different ALP mass regions.

and the SM prediction if Re[[ke|23[kE]33] > 0. We show the corresponding parameter space
assuming ¢, = |[ke]os| = |[kE]23| in orange in figure 45. However, the parameter space for
which the ALP contribution is large enough to explain the tension is excluded by searches
for 7 — py 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 — py and 7 — 3 decays [313]. The blue and black dashed contours
are projections for the sensitivity for 7 — 3u at LHCb and Belle II [314], respectively.?

Figure 46 shows the bounds on a dominant LFV coupling ¢, = (|[lcE]31|2 + |[ke]31|2)1/2,
where we use [kgls1 = [ke]s1 = cre/V/2 for observables sensitive to different coupling
combinations. The constraints look similar to those on ¢, shown in figure 45. We again
assume all other flavor-violating ALP couplings to vanish and assume flavor-diagonal
couplings in the three different ALP mass regions as given in (4.56) and indicated above
the plot.

BaBar searches for 7 — ey [309] exclude the parameter space in light blue. Searches for
the three-body decays 7 — eup and 7 — 3e from Belle [310] 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 [311, 312] shown
in light green. For boosted ALPs 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 — ey branching ratio obtained by BaBar [309].

ZTFor Belle 11 sensitivities including displaced vertices see [315].
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The large contribution from the tau loop to the anomalous magnetic moment of the

Cs

;° can explain the observed deviation from the SM prediction in the yellow

electron Aa
band region assuming cre. = |[kg|31| = |[ke]31| here. The limit on 7 — ey does not exclude
this possible explanation, but the limits from 7 — epup 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. [67]. Many of our bounds are very similar to theirs (accounting for
differences in coupling normalisation), however some of our constraints, for example from
w— 3e, p — eyy and T — pee, extend to lower masses. The difference arises from how
we account for long-lived decays of the ALP. The authors of ref. [67] assume that if the
lab-frame decay length of the ALP is larger than 1 m, the ALP will escape the detector.
They moreover take the decaying lepton to be at rest in the lab frame, which is true for
1 — 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 D.2. We find that even
for rather long decay lengths, a significant number of ALPs still decay within the detector
due to the exponential nature of decay, resulting in bounds even for rather low ALP masses.
Moreover, our analysis of the effects of boosted ALPs allow us to draw the constraints for
£; — £;y7y decays in which the lab frame opening angle is narrow enough that it is mistaken
for £; — £;y.

However we do not consider LFV couplings in combination with hadronic or quark
flavor-violating processes, as the authors of ref. [67] do. Their analysis therefore takes into
account measurements that ours does not.

5 Conclusions

Axions or axion-like particles are pseudo Nambu-Goldstone bosons that originate from a
spontaneously broken global symmetry in UV extensions of the SM. The ALP coupling
structure is determined 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 — wa 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 moment of the top-quark, in terms of ALP flavor-changing and
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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 dependence 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 YT 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 Kt — n7a and K;, — 7%, where a escapes the
detector, provide the strongest flavor constraints for ALPs lighter than a few hundred MeV.
Searches for B® — K*a(u*pu™) often provide the dominant constraints for mg > 2m,. We
emphasize that future searches for B — K *)q with further ALP decay modes, in particular
a — vy and a — e*e™, could probe currently unconstrained regions of parameter space.

We discussed current experimental anomalies and critically examined whether they
could be the first sign of an ALP. Regarding the neutral B-physics anomalies, we find that
a heavy ALP cannot account for the discrepancies in Rx or Rj-. The deviation in the low
¢*-bin of Rg+ can be accounted for by a light ALP with 200 MeV < m, < 210 MeV 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.

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
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quark flavor bounds induced by RG running. This leads to a range of constraints from
rare muon and tau decays, 4 — e conversion and muonium-antimuonium oscillations. In
agreement with the expectation for heavy lepton flavor-violating new physics, we find that
for my > m,,, searches for . — ey provide the strongest constraints on flavor-violating p-e-a
couplings, and similarly, searches for tau decays 7 — £+ yield the strongest constraints on
flavor-violating 7-f-a couplings for m, > m,. For lighter ALPs, 2m, < m, < m,, the muon
decay pu — 3e is enhanced by the ALP going on-shell. Current limits are up to five orders of
magnitude stronger than the limit from g — e7 in this region of parameter space, similar to
constraints from the other on-shell observables 1 — 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 u — ea — ey 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 — eveg and T — pyeg. We find that upcoming data from the Mu3E experiment is
projected to provide the best sensitivity on c,. for ALPs with masses m, > 2m,.

The anomalous magnetic moments of the electron a, and the muon a, receive con-
tributions 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 m, > GeV and
flavor-changing couplings c,. 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 ¢;, or c;. coupling could
explain Aa,, or AaS®, respectively.

Experiments sensitive to flavor-changing transitions involving quarks and leptons
provide an important 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 observables 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 K™ — 7ta and

K1, — 7%a amplitudes discussed in section 2.4. In analogy to (2.50) we define where

_Gr

\f 27 ( )

Ni7 =
with ¢ = 1/2,3/2 and find for the charged kaon decay

Z.Al/Z (K~ =7 a)

N2 rm2 — 4m? + 3m2
= 42; a m% _sz (QCGG (Zm — 3m +m ) + m (2¢ss — Cyu, — cdd))

+ m%{ (_160GG + 3cdd + 4Cuu 7658) + m (4CG’G + Css — cuu)

m2 (12cqq + Tcss — 4Cuy — 3¢qq) + (m%( —m?2 + mi) ([kp + kalyy — [kp + kd]22)] ,
(A.2)
2A3/2 (K~ — 7 a)

3/2
N27/ mic —ma (2 (3 2_9 2—m2)—m2(20 — Cyy — € ))
4f m2 _ mg ele mr] mg T a CE] UU dd

+ m (dega — cqq + css) + m (3cqq — ey + Css)

+ m%{ (_4CGG + 4deyy — 3¢dq — Css) + (mK + m -—m ) ([kD + kd] [kD + kd]gz):| )
(A.3)

and for the neutral kaon decay we find

Z.A1/2 (KO — ﬂoa)

1/2
N. —4 3
27 [m i 4 e (2CGG <3m —2m; —m ) + g (Cuu + Cad — 2085))

4\[]” mz —m3
2 2 2
m; —2mi +ms; o
+ < 2 K 2 Trma, (Cdd - Cuu)
ms; — ms;

+ m (4dega — caa + css) + m (12cGG + Tess — BCag — 2cuu)

+ m%( (—160@@ — Tcss + 5Cqq + QCuu) + (m + mK m ) ([k‘D + k‘d] [k‘D + kd]m)] ,
(A.4)
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Z.A3/2 (KO — 7T0a>

1/2 2 2
N. mi, —m
_ 2\;%0 [ K : (2ca (2m2 = 3m?2 +m2) — m2 (cun + caa — 2¢55) )

2 2 2
mg — 2my +m;
2

2 _
my

m2 (Cuu — Cad)

m2 —m2

+m2 (—dega + Cdqg — Css) +m2 (2¢4q — Css — Cun)
+ m%( (4CGG + Css — 2¢qq + Cuu) + <3m3r — m%( + mZ) ([ICD + kd]ll — [k}D + kd]zg):| .
(A.5)
B Form factors

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

1 -2 1—p—
gl(q2,mi,ma):2/ d:z:/ dy%, (B.1)
0 0 Ai—)j
e z(l-y) yz
= 4 1 — 455 — _ I
g2(q%,mi,my) /dw/ dy [ lo M i—j 2 OgAZﬁ] 02 ( A A, },
(B.2)
1—x 1 2
1 (g%, mi,mg) = /d:c/ T %x y7 (B.3)
Azﬂj
e l-y)  yz
lo(¢?,mi,ma :/dx/ d z( , B.4
2(q ) A .Yy v (B.4)
and
m? g
Aisj=y—5 — =yl —z—y) -y, (B.5)
T T
Al a0 ) (1 B.6
i—j = ( T y)mif mfzgy( z —y) + x( Y), (B.6)
" m? q2
a
Aisj=o 5+ (1 —z—yz) =5yl —z—y). (B.7)

The scheme dependent constant do arises from the treatment of the Levi Civita symbol in d
dimensions, and for us d, = —3.

C Measurements and SM predictions for flavor observables

The measured values and SM predictions for observables used to derive constraints are
given in tables 3 to 9.

D Details of experimental cuts

In this appendix we describe how we approximate the effects of experimental cuts in order
to obtain our bounds.
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Observable Mass Range [MeV] Measurement SM prediction

Br(KT — 77 X) 0 < mx <261 (%) [125] (search) -
Br(Kt — 7t X) 110 < mx < 155 [316] (search) -
Br(Kj — 7X) 0 <myx <261 [126] (search) -
Br(B* — K*ow) 0<my, <4785 < 1.6x 1075 [139] (4.0 0.5) x 106 [317]
Br(B? — K*y) 0<m,, <4387 < 1.8x107° [140] (9.2 1.0) x 1076 [317]
Br(YT — va(invisible)) mg < 9200 [173] (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(Kt — 7nty7) Moyy < 108 < 8.3 x 1079 [127] 6.1 x 1079 [318]
Br(K+ — ny) 220 < M., < 354 (9.65 4+ 0.63) x 10~7 [128] (10.8 +1.7) x 1077 [318]¢
Br(Kp, — 7v7) 30 < myy < 110 < 0.6 x 1078 [129] (8%1) x 1078 [319]«
Br(Kp — 79%97) Moy < 363 (1) (1.29 £ 0.03 4 0.05) x 1076 [130] 1.12 x 1079 [319]
Br(Bt — KTa(vy)) 175 < m, < 4780011 [141] (search) -

Table 4. Observables with a photon pair in the final state. Bounds are at 90% CL. (1): cuts are
applied to exclude the region around the 7° pole (100 < M.~ < 160 MeV). (111): cuts are applied to
remove the regions around the 1 and 1’ masses (0.45 < m, < 0.63GeV and 0.91 < m, < 1.01 GeV).
(t: calculated from results in the given reference. Error bars estimated from varying parameter ¢é
between its quoted errors.) (*: 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* — 7ta(ete)) mg < 100 <8 x 1077 [131] -

Br(K+ — 7tete) 150 < mee < 350 (2.94 4 0.05 £ 0.13 £ 0.05) x 1077 [132] (3.0 £ 1.1) x 1077 [320]
Br(K+ — ntete) 140 < mee < 350 (3.11 £ 0.12) x 1077 [133] (3.0 4 1.1) x 1077 [320]
Br(Ky — nlte™) 140 < Mg, < 362 < 2.8x 10710 [134] (3.1t5;§) x 10711 [321]
Br(Bt — nteter) 140 < mee < 5140 < 8.0 x 1078 [137] (2.2670:23) x 108 [322]
dBr/dg*(B® — K™% e )n.00040.05 20 < Mee < 224 (4.2 40.5) x 1076 GeV—2 [142] (3.34£0.7) x 1076 GeV—2
dBr/dg*(B® — K*%¢"e ) (0.05,0.15] 224 < Mg < 387 (2.6 +1.0) x 1077 GeV—2 [142] (3.940.8) x 1077 GeV—2
Rk+[0.045,1.1] 212 < Mg < 1049 0.66703% +0.03 [323] 0.906 & 0.028 [324]
Br(D°® — n%te™) Mee < 1730 (1) < 4 x 1076 [146] 1.9 x 1079 [325]
Br(D* — nteter) 200 < Mee < 1730 (%) < 1.1 x 1076 [147] 9.4 x 1079 [325]
Br(D} — Ktete™) 200 < mee < 1475 (%) < 3.7 x 1076 [147) 9.0 x 10710 [325]

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 [326]. 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 < m.. < 1050 MeV, while the
BESIII measurement with a () excludes the region 935 < m.. < 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. [325].
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Observable Mass Range [MeV] Measurement SM prediction

Br(Ky — n0utu™) 210 < my,, < 350 < 3.8 x 10710 [135) (1.5 +0.3) x 1071 [327]
Br(KT — nta(ptp™)) 211 < mg < 350 [136] (search) -

Br(BT — Kta(ptu™)) 250 < mg, < 4700 (1) [143] (search) -

Br(BY » K% (utp™)) 214 < m, < 4350 (1) [144] (search) -

Br(J/v — ya(ptup™)) 212 < my, < 3000 [172] (search) -

Br(Y — ya(putu™)) 212 < my,, < 9200 [174] (search) -

Br(Bt — wtutu”) 211 < my, < 5140 (1) (1.83 £ 0.25) x 1078 [138] (2.26732%) x 1078 [322]
Br(BY — ptu™) 5320 < my, < 6000 (2.691037) % 1079 [152] (3.66 £0.14) x 1079 [153]
Br(B® — ptpu™) 4900 < my,,, < 6000 (0.6707) x 10710 [152] (1.03 £ 0.05) x 10710 [153]
Br(Dt — mtptp) 250 < myy, < 1730 (x) < 7.3 %1078 [148] 9.4 x 1079 [325]
Br(D} — Ktutu™) 200 < My, < 1475 (xx) < 21 x 1076 [147) 9.0 x 10710 [325]

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, ¥(2S) and (3370) resonances. (I): cuts are
applied to exclude charmonium resonance regions (8.0 < mfm < 11.0GeV? and 125 < miu <
15.0 GeV? are excluded).(x): a large region containing the 1, p/w and ¢ resonances is excluded
(625 < my, < 1250MeV).(xx*): cuts are applied to exclude the region around the ¢ resonance
(990 < my,, < 1050 MeV). Since the long-distance contributions to the D,y 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. [325].

Observable Mass Range [MeV] Measurement SM prediction

Br(Bt — K*7+t77) 3552 <m,, <4785 < 2.25 x 1073 [145]
Br(Y — ~a(r7)) 3500 < m,r < 9200 [175] (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(T — va(hadrons)) 290 < mpadrons < 7100 [176] (search) -

Table 8. Observables relevant for hadronic decays of the ALP.

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 M; — Ms a in the
rest frame of the decaying M; is given by

1

pa(li,mM2,ma) = W\/(m?\/ll - (mMz + ma)Q) (m?\Jl - (mMz - ma)2) ) (D'l)
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(my, me, mg)/mq. The fraction of ALPs which decay

tmax

within a time in the rest frame of the decaying M is

1 t
fT<tmax = / ) 5 (D2)
T0%a J0 T0%a

¢max

dt exp (—
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Observable Mass Range [MeV] Measurement

Br(u — 3¢) - <1.0 x 10712 [304]
Br(u — ey) - < 4.2 x 10713 [307]
Br(p — ey7y) 0 < mq < 105 < 7.2 x 10711 [305]
Br(u — ea(invisible)) 0<my<13 < 2.1 x 1072 * [256]
Br(p — ea(invisible)) 13 <mg < 80 < 1075 * [256]
Br(p — ea(invisible)) 0 < mg <10 <2.6 x 1076* [257]
Br(u — eva(invisible)) 0 < mg < 105 < 1.1 x 1079 [305]
Br(uN — eN) - < 7.0 x 10713 [258]
Br(7 — ea(invisible)) 0 < mg < 1600 < 2.7x 1073 [312]
Br(7 — pa(invisible)) 0 < mq < 1600 <5 x 1073 [312]
Br(r — 3u) 211 < m, <1671 < 2.1 x 1078 [310]
Br(r — 3¢) 200 < mg < 1776 < 2.7 x 105 [310]
Br(r~ — p~ete™) 200 < m, < 1776 < 1.8 x 1078 [310]
Br(r— — e~ ptpo) 211 < mg < 1776 < 2.7 x 1075 [310]
Br(r — wy) - < 4.4 x 1078 [309]
Br(r — ev) - < 3.3 x 1078 [309]

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. *: for the
1 — ea(invisible) searches, the precise bound depends on the chirality of the ALP couplings due to
the experimental setup, see [69, 256, 257] for details.

Decay Experiment Initial state Time cut (ns)
w— 3e SINDRUM [304] at rest 0.8
= eyy Crystal Box [305] at rest 2.5
w— ey MEG [307] at rest 0.7
p — eya(invisible)  Crystal Box [305] at rest 1.5

Table 10. Cuts on the decay time of the ALP that should be applied in various LFV experiments.

where 7 is the proper lifetime of the ALP. We summarise the time cuts that we use in
table 10. Sometimes the actual cut as done by the experiment is on the time difference
between the detection of various particles in the final state; but we approximate the effects
of this by taking this time difference to be a cut on the maximum lab-frame lifetime
of the ALP.

D.2 Decay lengths

Whether the ALP is long-lived enough to escape a detector — and be constrained by
measurements with final state missing energy — will depend on its proper lifetime, its lab

- 104 -



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 pu*pu~ 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 — 7myy measurements can be applied. A
summary of the relevant measurements and parameters are given in table 11, with the
necessary formulae explained below.

D.2.1 Initial state at rest in the lab frame

In some experiments the decaying meson is at rest, or has zero transverse momentum, in
the lab frame. If the detector is taken to be a long cylinder (with radius much smaller than
its length), then the fraction of ALPs produced in the decay which escape the detector is

(D.3)

w/2
FT(li » MMy 5 Mas Rmax) = / sin 6 df exp <_7naRan>
0

70 |p:£AB|

where Rpax is the transverse radius of the detector, 7y is the proper lifetime of the ALP,
and (using eq. (D.1) above)

pCEAB :pa(mM17mM27ma) sin 6. (D4)

D.2.2 Initial state boosted in the lab frame

First we consider the case in which the initial state meson or lepton is longitudinally boosted
in the lab frame, with a boost defined by the Lorentz factor vas,. Then the longitudinal
momentum of the ALP in the lab frame is given by

pEas(Bans an) = s (Ba + Bar, pacosf) . (D.5)

where p, = pa(mar,, Mas,, Ma) as given in eq. (D.1), and E? = p2 + m2. Here we have
assumed that the decay is spherically symmetric. We further assume that, in this setup,
an ALP is invisible if it travels further than the length of the detector (in the longitudinal
direction) before decaying. This is a very good approximation for experiments such as
NA62, NA48 and KTeV, where the longitudinal boost of the initial kaons is very large.
Then the fraction of ALPs produced in this decay which escape a detector of length Lyax

before decaying is

F _ 7r/2 . maLmaX
(Mt s My s Mas Baty s Yy s Limax) = sinfdfexp | — 7 . (D.6)
0 70 |pLAB(5M1>'7M1)|

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 produced in a 7 decay will escape a cylindrical
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Decay Experiment  Initial state Dimension (m) Fraction

Kp — n%+inv. KOTO [126]  boosted  Lyax = 4.148 Fr(mpg, my, mg, BROTO AKOTO ' v)
B — K+inv. BaBar [139]  at rest (T) Rmpax = 3.0 Fr(mp,mg, Mg, Rmax)
B — K*+inv. Belle [140] at rest (T)  Rpax = 3.0 Fr(mp, mje, Ma, Rmax)
KT — 1ty E949 [127] at rest Ruax = 1.45 1 — FPr(mg, My, Ma, Rmax)
KT = ntyy NAG2 [128] boosted Linax = 140 — Fr(mg,mg,mg, II\I(A(’Q 'y}\I(A&,LmaX)
K9 — 70yy NA48 [129] boosted Limax = 140 FL(mK7m,”mmﬁNA48 7}1“48 Linax)
K9 — 70y KTeV [130] boosted  Lpax = 105 — Fr(mpg, mp, mg, BRIV ATV L ax)
B — it~ Belle [137] at rest (T)  Rpax = 0.005 1 — Fr(mp, Mz, ma, Rimax)
w— ea (inv.) TWIST [256] at rest Rpax = 0.165 Fr(my, me, Ma, Rmax)
T — 3 BaBar [310] boosted {zmax,er,,aX} ={0.03,0.005} 1—Fy 7n7,m,“m,l,'yCM T Zmax, r,TnaX

boosted {2max; Thax} = {0.03,0.005} 1 — Fy (mT,m#,ma YBaBaAr 4 x> Toax

]
310] boosted {2max; Thax } = {0.03,0.005} 1 — Fy T
]

My, Me, Ma, ’YCM Y, Zmax, Ty
boosted  {Zmax; Thax} = {0.03,0.005} 1 — Fp(m

~——

T — pee BaBar [310

T — 3e BaBar

ax

BaBar T
7y Me, Mg, 701\'1 s Zmaxy Lmax

NN

T — efufL BaBar [310

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 — gRA62, NAG2 — 75 GeV /m g [328],
BRTVAKTYV = 70 GeV /my [329], BELTYEE™ = 0.56, BROTOYKOTO = 1.5 GeV/my [330].

volume with transverse radius % _ . and longitudinal length +2zy,.y is

max
Fy (li,mMQ,ma,% Zmax; xﬁax) (D.7)
= % /027r doq /OW/2 sin 6 do /OW/Q sin 8, df, exp (—ZZ?X) exp —Jfg?x
Here, 7 is the boost of the centre-of-mass (CM) in the lab frame,?* and
20 = £ (P €OS Pg sin O, sin 0 + yar, (Bar, Ea + pa cosby) cos 0) (D.8)
a
= ::L—Z (pa €08 0 8in 0, cos 0 — Yar, (Bar, Ea + pa c0s ) sin0)? + (pq sin ¢, sin 0,)

(D.9)

where p, = po(mar, mar,, mg) is given in eq. (D.1). The boost of the decaying M; along
the direction of its momentum in the lab frame is given by vy, , with

1 .
’YMl,BMl = W\/(le sin 9)2 + 72 (,BEMl + P, cos 49)2, (D.lO)
1

where Eny = /s/2, par, = 1/8/4 — m%\/ll.

*41n the case of BaBar and Belle, the e~ beam has 9 GeV energy in the lab frame (and defines the 4z
direction), and the et beam has 3.1GeV energy. This means the boost of the CM frame is y3=0.56.

- 106 —



D.3 Two photons mimicking one
D.3.1 pu — everr

The measurement of y — ey [307] can also set bounds on the p — 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 LXe photon detectors is approximately 1m, and the spatial resolution of the
LXe detector is Smm.

In the ALP rest frame, the decay photons are radiated back to back. Denoting the
angle that one of the photons forms with the line of flight of the ALP with 6*, we find that
averaging over 6* yields for the angle 6 between the two photons in the lab frame

cos =~ (,. (D.11)
Then the ALP’s decay will mimic a single photon event if
2tand (Ldetector — Ldecay) <o (D12)

where o is the resolution of the photon detector. In MEG, Lgetector = 1m, 0 = bmm, and
so a pu — ey event will look like 1 — ey if Lyin < Lgecay < 1m, where

Lyin = Lgetector — 21_};79 . (D13)
The fraction of ALPs which will decay within this range is calculated as
1 1.0 T
SLmin<L<1.0 = o dx exp <_La> (D.14)

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

D.3.2 7T — puver and T — e7Verr

The bounds on 7 — py and 7 — ey were measured at the Babar experiment [309]. The
initial 7 is boosted in the lab frame, as described in section D.2.2. The radius of the Babar
electromagnetic calorimeter is 1.375m, and it is segmented into square crystals of dimension
47x47mm [331]. Then, similarly to the case for © — evesr, defining Rpyic = 1.375m and
o = 4.7x107%m, the ALP’s decay will mimic a single photon event if Ry, < Riecay < REMC,

where
o

2tanf
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

Ruin = Remc — (D.15)

momentum relative to the lab frame, so the fraction of decays which will mimic a single
photon event is given by

1 2r w/2 . /2 ) 1 ReMc r
JRunin< R<Rpnc = %/0 d¢a/0 s1n9d0/0 sin 6, deaxg/Rmin dr exp _E ,

(D.16)
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where xg is given in eq. (D.9), with My = m,, and My = my, for 7 — pyeq, or Mo = me

for 7 — eYeft-

Instead of performing the full angular integration in (D.16), we adapt (D.14) to set
the limits shown in figure 45, figure 46, figure 36 and figure 37. We define the maximal
decay length for an ALP produced in 7 decays as the maximal transverse distance it travels
from the interaction point L™#%7 = Max(x{) for any angle 6,,60 and ¢, and define the
fraction of ALPs that decay before the corresponding ECAL component of the respective
experiment as

1 Lmax T
FLonin< L< L = W/ dzx exp (‘mam) : (D.17)
La Lmin La

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

D.4 Binned B —- K®ete~

The bounds from the differential distribution of Br(B — K*ete™) at LHCb [142] were
calculated as follows. The longitudinal momentum distribution of B® mesons produced at
7/8 TeV collision energy was approximated by taking the average B transverse momentum
of (pr) =5.5GeV and using the measured BY pseudorapidity distribution given in [332].
The longitudinal momentum at a given pseudorapidity y is given by

1 _
pL = 5e Y (€2y — 1) m% + (pr)?. (D.18)

From this, the distribution of longitudinal boosts of the CM frame (351Cand vEHCP) can be
derived. We then assume that an ALP will be detected in this measurement if it decays to a
pair of electrons within LMHCP—0.74m longitudinal distance. The fraction of ALPs which de-

cay within this distance is 1—FPHCP where FFHCP — [y (mp, Mg, Mg, 5%3H0b, ’ngCb, Lﬁggb)
is defined in eq. (D.6) above. We approximate the effects of finite experimental resolution
of the electron pair invariant mass by using a Gaussian smearing function, following the

method in ref. [228]. The smearing function is defined

_ 1 e (lgl = ma)?
Q(Qmma Qmax) = \/%Te /qmin d|q’ exp (27“3 (Dlg)

where the resolution is taken to be r, = 10 MeV [228, 333]. Then the total NP contribution
to a bin is given by

qmax
(Br (B — K*ee)>’ = (1 - FLHCb> X G(Gmin, gmax) X Br (B — K*a) x Br (a — e+e_> .
Qmin
(D.20)
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