
Eur. Phys. J. C (2022) 82:192
https://doi.org/10.1140/epjc/s10052-022-10146-x

Regular Article - Theoretical Physics

Revisiting K → πa decays

A. W. M. Guerrera1,2,a , S. Rigolin1,2,b

1 Dipartamento di Fisica e Astronomia “G. Galilei”, Università degli Studi di Padova, Padua, Italy
2 Istituto Nazionale Fisica Nucleare, Sezione di Padova, 35131 Padua, Italy

Received: 21 June 2021 / Accepted: 21 February 2022 / Published online: 2 March 2022
© The Author(s) 2022

Abstract The theoretical calculation for pseudo-scalars
hadronic decays K → πa is reviewed. While one-loop
penguin contributions are usually considered, tree-level pro-
cesses have most often been overlooked in literature. Follow-
ing the Lepage–Brodsky approach the tree-level contribution
to the charged and neutral pseudo-scalar decay in ALP is esti-
mated. Assuming generic ALP couplings to SM fermions,
the latest NA62/E949 results for the K+ → π+a decay and
the present/future KOTO results for the K 0

L → π0a decay
are used to provide updated bounds on the ALP-fermion
Lagrangian sector. Finally, the interplay between the tree-
level and one-loop contributions is investigated.

1 Introduction

Light pseudoscalar particles naturally arise in many exten-
sions of the Standard Model (SM) of particle physics. In
particular they are a common feature of any BSM model
endowed with (at least) a global U (1) symmetry sponta-
neously broken at some high scale fa � v. Small breaking
terms of the global symmetry are then necessary in order
to provide a mass term, ma � fa , to the generated pseudo
Nambu–Goldstone boson (pNGB). Therefore, it may not be
inconceivable that the first hint of new physics at (or above)
the TeV scale could be the discovery of a light pseudoscalar
state.

Sharing a common nature with the QCD axion [1–3], these
classes of pNGBs are generically referred to as Axion-Like
Particles (ALPs). The key difference between the QCD axion
and a generic ALP can be summarized in the well-known
constraints [3]:

ma fa ≈ mπ fπ (1)
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that bounds the QCD axion mass and the U (1)PQ symmetry
breaking scale via QCD instanton effects. Present bounds on
the reference QCD invisible-axion models, like the DNSZ
and KVSZ ones [4–7], force the axion mass to be typi-
cally in the sub-eV range with the symmetry breaking scale
fa � 1011 GeV. In a generic ALP framework, instead, one
can assume the ALP mass being determined by some unspec-
ified UV physics, besides the usual QCD anomalous contri-
bution, and the relation in Eq. (1) has not to be enforced.
Consequently, the ALP mass and theU (1)PQ breaking scale
fa can be taken as independent parameters and in the range
phenomenologically of interest at present or near future col-
liders. In this context, a generic ALP can be seen as the gener-
alization of non fine-tuned axion models, and allows to look
without prejudice to all the possible light pseudo-scalar sig-
natures in Cosmology, Astro-Particle and Collider physics.

The ALP parameter space has been intensively explored
in several terrestrial facilities, covering a wide energy range
[8–15], as well as by many astrophysical and cosmological
probes [16–18]. The synergy of these experimental searches
allows to access several orders of magnitude in ALP masses
and couplings, cf. e.g. Ref. [19] and references therein. While
astrophysics and cosmology impose severe constraints on
ALPs in the sub-KeV mass range, the most efficient probes
of weakly-coupled particles in the MeV–GeV range come
from experiments acting on the precision frontier [20]. Fixed-
target facilities such as E949 [21–23], NA62 [24–26] and
KOTO [27] and the proposed SHiP [28] and DUNE [29]
experiments can be very efficient to constrain long-lived
particles. Furthermore, the rich ongoing research program
in the B-physics experiments at LHCb [30,31] and the B-
factories [32–40] offers several possibilities to probe yet
unexplored ALP couplings.

The main goal of this letter is the detailed analysis of
the K → πa decays, in view of the recent NA62 updated
measurement and the foreseen updates of the KOTO results.
While one-loop penguin contributions are usually considered
[34,35,39], the tree-level process contributing to the decay

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-022-10146-x&domain=pdf
http://orcid.org/0000-0001-6019-1046
http://orcid.org/0000-0002-7609-8820
mailto:alfredowaltermario.guerrera@studenti.unipd.it
mailto:stefano.rigolin@pd.infn.it


192 Page 2 of 11 Eur. Phys. J. C (2022) 82 :192

has most often been overlooked in literature typically for
two reasons. First of all one expects the penguin diagrams to
dominate, despite the loop suppression, being proportional
to the mass of the virtual top quark running in the loop. How-
ever, in the K → πa case, one has to take into account that
the top-loop contribution is CKM suppressed compared to
the tree-level roughly by a factor λ4, and this can partially
compensate for the top mass enhancement. The second rea-
son is because the tree-level contributions show a much more
complicated hadronization structure, being the ALP emitted
“inside” the initial or final meson and so require a dedicated
treatment [41,42]. An alternative approach for calculating
K → πa decays using chiral perturbation theory can be
found, for example, in [43,44].

The letter is organized as follows. In Sect. 2 the effec-
tive Lagrangian describing the flavor-conserving interactions
between the ALP and SM fermions up to dimension five
is introduced. In Sect. 3 the tree-level contribution to the
K → πa decay is going to be thoroughly discussed. Then,
the one-loop penguin contributions are shortly reviewed.
Finally, in Sect. 4 the interplay between the tree-level and
one-loop contributions to the K → πa Branching Ratio is
thoroughly discussed. Concluding remarks are deferred to
Sect. 5.

2 Effective ALP-SM fermion Lagrangian

The most general effective Lagrangian describing ALP inter-
actions with SM quarks, including operators up to dimension
five, reads:

δL a
eff = ∂μa

fa

[
U γ μ

(
C (u)
L PL + C (u)

R PR

)
U

+ D γ μ
(
C (d)
L PL + C (d)

R PR

)
D

]
(2)

where fa is the U (1)PQ symmetry breaking scale, U and D
the SM up and down flavour triplets and CL ,R are general
3 × 3 hermitian matrices. One can, however, heavily reduce
the number of independent parameters imposing that the only
source of flavor-violation in the model arises through the SM
Yukawa couplings. Therefore, once the Minimal Flavor Vio-
lation (MFV) ansatz is assumed, the ALP-quarks Lagrangian
becomes

δL a,MFV
eff = −∂μa

2 fa

∑
i=quarks

ci ψ iγ
μγ5 ψi

= i
a

fa

∑
i=quarks

ci mi ψ iγ5 ψi (3)

and depends only on six independent flavor diagonal cou-
plings, ci , once the vector fermionic current conservation is
implied. Therefore, in the MFV framework, flavor-violating
ALP couplings can be generated only at loop level, and are

proportional to the SM CKM mixings. To further reduce
the number of independent parameters, one can addition-
ally assume universal couplings for the up and down sec-
tors, in the following denoted as c↑ and c↓ respectively. It
may not be unconceivable, in fact, that an hypothetical UV-
complete model provides different universal PQ charges to
the up and down quark sectors [45–47]. Finally, in the most
constrained scenario, one can assume a unique ALP-fermion
coupling, often denoted as caΦ in the literature1 [39,43].
These additional assumptions will become useful in simpli-
fying the phenomenological analysis and their implication
will be discussed in Sect. 4. A general discussion on tree-level
flavor-violating ALPs couplings to fermions can be found in
[15,48,49], while for a recent analysis on CP-violating ALP
couplings to fermions one is referred, for example, to [50].

It might be useful, for simplifying intermediate calcula-
tions and explicitly showing the mass dependence of ALP-
fermion couplings, to write the effective Lagrangian of
Eq. (3) in the “Yukawa” basis (on the right) instead of the
“derivative” one (on the left). The two versions are equivalent
up to operators of O(1/ f 2

a ).

3 Meson Hadronization in Flavor Changing Processes

Using the effective Lagrangian of Eq. (3), implemented
with the flavor conserving assumption, one can calculate the
hadronic decay rates of mesons in ALPs. In the following,
due to their experimental relevance, the pseudo-scalar meson
hadronic decays:

K+ → π+ a and K 0
L → π0 a (4)

will be mainly considered, with the ALP sufficiently long-
living to escape the detector without decaying or decaying
into invisible channels. In such a case the only possible ALP
signature is its missing energy/momentum.2 In the follow-
ing, with MK+,0 , PK+,0 and Mπ+,0 , Pπ+,0 the mass and 4-
momentum of the K+,0 and π+,0 mesons will be denoted,
respectively, while the ALP mass and 4-momentum will be
indicated with ma and ka .

The processes at hand receive contributions both from
tree-level and one-loop diagrams. Typically, for this kind of
processes, the one-loop penguin diagrams with a top virtual
exchange give the dominant contribution, as the mt/mq,ext

ratio largely compensates the loop suppression factor. The
tree-level and one-loop decay channels involve, however,
quite different hadronization structures that have to be prop-
erly taken into account for correctly comparing the relative

1 Conventionally one takes caΦ = c↑ = −c↓.
2 This study will be generalized to a wider class of scalar meson decay
in a subsequent work [51].
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Fig. 1 Tree level contributions to the K+ → π+ a amplitude, with the
ALP emitted from the K+ meson. Diagrams where the ALP is emitted
from the π+ quarks are straightforward

contributions to the K decay rates. In the following subsec-
tions it is briefly illustrated how to handle both contributions
in a simple way, applying different hadronization methods
[41,42,52].

3.1 The tree-level s-channel process

Charged pseudo-scalar meson decays proceed through the
s-channel tree-level diagrams of Fig. 1. Here only the dia-
grams where the ALP is emitted from the K+ meson are
shown, the ones where the ALP is emitted from the π+ fol-
low straightforwardly. The tree-level diagram with the ALP
emitted from the W+ internal line automatically vanishes,
being the WW-ALP coupling proportional to the fully anti-
symmetric 4D tensor. The hadronization of the s-channel can
be done following the Lepage–Brodsky technique [41,42].
Leptonic pseudo-scalar decays, P → 	 ν	 a, deserve a sim-
ilar treatment and have been derived in [53,54]. Let’s recall
briefly the notation.

The parent meson K+ constituent quarks annihilate
into a virtual W boson that then produces the final π+
meson partons. The hadronic process can be factorized as
〈π+|ū Γ(π) d|0〉〈0|s̄ Γ(K ) u|K+〉 with the operator insertion
Γ(π) ⊗ Γ(K ) being γ μPL ⊗ Γμ or Γ ′

μ ⊗ γ μPL depending if
the ALP is emitted by the initial or final mesons, with

Γμ = 4GF√
2
V ∗
usVud

(
cs ms

fa
γ5

/ka − /ps̄ + ms

m2
a − 2ka · ps̄ γμPL

− cu mu

fa
γμPL

/ka − /pu − mu

m2
a − 2ka · pu γ5

)
(5)

Γ ′
μ = 4GF√

2
V ∗
usVud

(
cu mu

fa
γ5

/ka + /p′
u + mu

m2
a + 2ka · p′

u
γμPL

− cd md

fa
γμPL

/ka + /p ′̄
d

− md

m2
a + 2ka · p ′̄

d

γ5

)
. (6)

In Eqs. (5) and (6) with ps, pu and p′
d , p

′
u the quark momenta

of the initial and final meson are denoted, respectively. In
deriving these equations the “Yukawa” basis for the ALP-SM
quark couplings has been explicitly used, providing a simpler

γ structure and showing explicitly the mass dependence of
the quark-ALP couplings.

The vector and axial matrix elements can be parameterized
in terms of the meson decay constants fK and fπ as:

〈0|s̄ γ μ γ5 u|K+〉 = i fK Pμ
K , 〈0|s̄ γ μ u|K+〉 = 0 (7)

〈0|d̄ γ μ γ5 u|π+〉 = i fπ P
μ
π , 〈0|d̄ γ μ u|π+〉 = 0. (8)

To compute the 〈0|s̄ Γμ u |K+〉 and 〈π+|ū Γ ′
μ d |0〉 hadronic

matrix elements, one has to assume a model for describing
the effective quark–antiquark distribution inside the meson
emitting the ALP. Following [41,42,53], the ground state of
a meson M is parameterized with the wave-function

ΨM (x) = 1

4
φM (x)γ 5( /PM + gM (x)MM ), (9)

where PM and MM denote the momentum and the mass of
the meson emitting the ALP. In Eq. (9), with x one typically
denotes the fraction of the momentum carried by the heaviest
quark in the meson. The function φM (x) describes the meson
quarks momenta distribution, that for heavy and light mesons
reads, respectively:

φH (x) ∝
[

ξ2

1 − x
+ 1

x
− 1

]−2

, φL(x) ∝ x(1 − x), (10)

with the normalization fixed such that:
∫ 1

0
dx φM (x) = 1. (11)

The parameter ξ in φH (x) is a small parameter typically of
O(mq/mQ), being q and Q the light and heavy quark in the
meson. The mass function gM (x) is usually taken to be a con-
stant varying from gH (x) ≈ 1 and gL(x) � 1 for a heavy
or a light meson, respectively. The hadronic matrix element
can then be obtained by integrating over the momentum frac-
tion x the trace of the Γ μ amplitude multiplied by the meson
wave-function ΨM (x):

〈0|Q̄ Γ μ q|M〉 ≡ i fM

∫ 1

0
dx Tr

[
Γ μΨM (x)

]
. (12)

In Eqs. (9)–(12), a slightly different notation with respect to
the cited literature is used, in particular, as for weak decays
colors are left unchanged, all the color matrices/traces have
been removed from scratch. Moreover, the functions φM (x)
have been normalized to one, in such a way that in Eq. (12)
the mesonic form factor can be explicitly factorized.

By inserting Eqs. (5) and (6) into Eq. (12), and making
the assignments for the initial and final quark momenta:

ps̄ = x PK , pu = (1 − x)PK

p ′̄
d

= x Pπ , p′
u = (1 − x)Pπ
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one obtains the following decay amplitudes for the K+-ALP
and π+-ALP emission processes:

MK+ = GF√
2

(V ∗
usVud ) fK fπ (ka · Pπ )

MK

fa

×
∫ 1

0

{ cs ms θ(x − δKa )

m2
a − 2 x ka · PK − cu mu θ(1 − x − δKa )

m2
a − 2 (1 − x) ka · PK

}

×φK (x) gK (x) dx (13)

Mπ+ = GF√
2

(V ∗
usVud ) fK fπ (ka · PK )

Mπ

fa

×
∫ 1

0

{
cd md

m2
a + 2 x ka · Pπ

− cu mu

m2
a + 2 (1 − x) ka · Pπ

}

×φπ(x) gπ (x) dx (14)

with δKa = ma/(2MK ) an explicit cutoff introduced in the
fractional momentum to remove the unphysical singularities
appearing in the integrals. The result in Eq. (13) reproduces
the decay amplitude for B± → 	 ν̄	 a calculated in [53]
once cu = cs = 1 is assumed,3 the pion hadronic current is
replaced by the leptonic one, and K quantities replaced by the
corresponding B meson ones. Eqs. (13) and (14) represent
the main result of this section.

Few comments are in order. To numerically evaluate the
K+ → π+ a branching ratio one has to assume a specific
form of the hadronic functions φK (x), gK (x), φπ(x) and
gπ (x), and assign a low energy meaning to the quark masses.
This, inevitably, introduces some model dependence in the
calculation. To have an order of magnitude estimate of the
MK+ amplitude, one can consider the two extreme cases and
treat the K-meson either as a light meson (i.e. assuming an
exact global SU (3) symmetry) or as an heavy meson (i.e.
ms � mu,md ). In the light meson approximation, substi-
tuting the light quarks with the corresponding partons, i.e.
m̂s = m̂u = MK /2, one obtains, for a massless ALP:

M L
K+ ≈ −3GF fK fπ

4
√

2
(V ∗

usVud)
M2

K

fa
gLK (cs − cu) . (15)

Conversely, in the heavy meson approximation, one can
assume m̂u = ξMK and m̂s = (1−ξ)MK , with ξ = mu/ms .
Moreover, approximating φK (x) ≈ δ(1−x−ξ) as suggested
in [55], one obtains, in the ma = 0 limit:

M H
K+ ≈ −GF fK fπ

2
√

2
(V ∗

usVud)
M2

K

fa
gHK (cs − cu) . (16)

From the approximate formulas of Eqs. (15) and (16) one can
estimate roughly the order of magnitude of the uncertainties
introduced in the calculation by the hadronization procedure
for the K meson. To reproduce the numerical results of the
following section, an intermediate approach will be, instead,

3 Be aware that however in reference [53], there is a wrong factor 2
in the amplitude and a wrong factor 4 in the branching ratio, as the
correct normalization between the two coupling conventions should be
cu = cs = 2.

considered: the heavy meson function will be used, assum-
ing4 gHK = 1, and with the two partons defined as m̂u =
mu + Λ and m̂s = ms + Λ with Λ = (MK − mu − ms)/2
a parameter of order ΛQCD . Conversely, for the estimation
of the Mπ amplitude, one can safely assume to parametrize
the pion using the light meson wave-function. If one take
gπ (x) ≈ 0, as customarily suggested in the literature, the
pion contribution automatically vanishes. A conservative
estimate can however be obtained by setting, for example,
gπ/gK ≈ Mπ/MK , which predicts the following upper
bound to the ratio

RπK =
∣∣∣∣
Mπ+

MK+

∣∣∣∣ �
(
Mπ

MK

)3

� 1. × 10−2.

For this reason, even in the numerical calculation one can
neglect the ALP-π emission as expected on a general ground,
once same order ALP couplings to u, d and s quarks are
assumed.

Finally, from Eqs. (15) and (16) it appears evident the pres-
ence of an “accidental” cancellation if cs = cu is assumed.
This cancellation is still partially at work even when the full
φK (x) is used and indicates a possible underestimation of the
MK amplitude (and consequently on the ALP-quark cou-
pling limits) in the “universal” ALP-SM quark coupling sce-
nario compared to the general case.5

3.2 The tree-level t-channel process

Neutral pseudo-scalar meson decays proceed through the t-
channel tree-level diagrams of Fig. 2. Here only the diagrams
where the ALP is emitted from the K 0 meson are shown, the
ones where the ALP is emitted from the π0 follow straightfor-
wardly. The tree-level diagram with the ALP emitted from the
W+ internal line automatically vanishes, as for the s-channel
case. The hadronization of the t-channel can be done along
the lines depicted in [41,42].

Using the conventions defined in Eqs. (9) and (11), the
neutral hadronic matrix element for the K 0 transition reads:

〈π0| Γ1 ⊗ Γ2|K 0〉
≡ − fK fπ√

2

∫ 1

0
dx

∫ 1

0
dy Tr

[
Ψπ(y)Γ(1)ΨK (x)Γ(2)

]
,

(17)

with the 1/
√

2 factor taking care of the Clebsch–Gordon
suppression of the decay into the neutral π meson.

4 In the following section it will be commented on how to adapt the
numerical results to account for different choices of gK .
5 Being the sign of the ALP-fermion couplings completely arbitrary,
depending on the conventions used this parametric cancellation can
occur for cs = cu , when the Lagrangian in Eq. (3) is used, as done for
example in [15,40,53].
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Fig. 2 Tree level contribution to the amplitude for the K 0 → π0 a
decay, with the ALP emitted from the K 0 meson. Diagrams where
the ALP is emitted from the π0 quarks are straightforward. Similar
diagrams can be depicted for the CP conjugate process K̄ 0 → π0 a

The operator insertion Γ(1)⊗Γ(2) is defined as γμPL⊗Γ
μ

(q̄)

or Γ
μ

(q) ⊗ γμPL depending if the ALP is emitted from the q̄

anti-quark (i.e. s̄ for the K 0 and ū for the π0 meson) or from
quark q (i.e. the d quark for the K 0 and the u quark for the
π0 meson), respectively, with

Γ
μ

(q̄) = −4GF√
2
V ∗
usVud

(cs ms

fa
γ5

/ka − /ps̄ + ms

m2
a − 2ka · ps̄ γμPL

− cu mu

fa
γμPL

/ka + /p′
ū − mu

m2
a + 2ka · p ′̄

u
γ5

)
(18)

and

Γ
μ

(q) = −4GF√
2
V ∗
usVud

(cd md

fa
γμPL

/pd − /ka + md

m2
a − 2ka · pd γ5

+ cu mu

fa
γ5

/ka + /p′
u + mu

m2
a + 2ka · p′

u
γμPL

)
. (19)

The K̄ 0 → π0 a decay amplitude can be obtained simi-
larly:

〈π0| Γ̄1 ⊗ Γ̄2|K̄ 0〉
≡ − fK fπ√

2

∫ 1

0
dx

∫ 1

0
dy Tr

[
Ψπ(y)Γ̄(1)ΨK (x)Γ̄(2)

]
,

(20)

with the operator insertions Γ̄(1) ⊗ Γ̄(2) being γμPL ⊗ Γ̄
μ

(q)

or Γ̄
μ

(q̄) ⊗ γμPL with

Γ̄
μ

(q) = −4GF√
2
VusV

∗
ud

(cs ms

fa
γ5

/ps − /ka + ms

m2
a − 2ka · ps γμPL

+ cu mu

fa
γμPL

/ka + /p′
u + mu

m2
a + 2ka · p′

u
γ5

)
(21)

and

Γ̄
μ

(q̄) = −4GF√
2
VusV

∗
ud

(cd md

fa
γμPL

/ka − /pd̄ + md

m2
a − 2ka · pd̄

γ5

− cu mu

fa
γ5

/ka + /p′
ū − mu

m2
a + 2ka · p ′̄

u
γμPL

)
. (22)

Adopting the same phase conventions as [56], one defines
the neutral Kaon mass eigenstates:

K 0
L = 1√

2(1 + |ε̃|2)
(

(1 + ε̃) K 0 + (1 − ε̃) K̄ 0
)

K 0
S = 1√

2(1 + |ε̃|2)
(

(1 + ε̃) K 0 − (1 − ε̃) K̄ 0
)
. (23)

By making the following assignments for the initial and
final quark momenta,

ps̄ = x PK , p′
u = (1 − x)PK

pd = yPπ , p ′̄
u = (1 − y)Pπ

the amplitude for the K 0
L → π0 a decay, when the ALP

emitted by the K 0
L meson, reads:

MK 0
L

= − ε̃ GF

2
√

2
Re[V ∗

usVud ] f K̄ fπ (ka · Pπ )
MK

fa

×
∫ 1

0

{
cs ms θ(x − δKa )

m2
a − 2 x ka · PK − cd md θ(1 − x − δKa )

m2
a − 2 (1 − x) ka · PK

}

×φK (x) gK (x) dx (24)

once the trivial integration in y is performed. As one can
notice from Eq. (24), the amplitude for the K 0

L decay is
proportional to the oscillation CP violation parameter ε̃,
as expected from general considerations on the CP prop-
erties of K 0 and K̄ 0 decays, and from the absence of
imaginary part in the CKM for the tree-level diagram, i.e.
Im[V ∗

usVud ] = 0. Consequently the K 0
L decay amplitude

is suppressed by O(10−3), with respect to the correspond-
ing tree-level charged process. Conversely, the K 0

S → π0 a
decay amplitude can be obtained from the result of Eq. (24),
simply removing the ε̃ suppression factor, and would be of
the same order as the charged process. The amplitude con-
tribution when the ALP is emitted from the π0 meson is not
explicitly reported here, showing the same Mπ/MK suppres-
sion as for the charged decay case.

3.3 The one-loop process

Charged and neutral pseudo-scalar K → π a meson decays,
assuming flavour conserving fermion-ALP interactions of
Eq. (3), receive contributions at one-loop level [10,34,39]
from the diagrams shown in Fig. 3. In the following only the
contribution arising from fermion-ALP interaction will be
considered.

In this kind of processes, only one quark line participate
to the ALP emission, the other quark being a spectator. Cus-
tomarily the hadronization of a matrix element between two
pseudo-scalar meson mediated by a vector current, where
one of the quark does not interact can be factorised as

〈P|q̄1γ
μQ2|M〉 = f+(q2)(PM + PP )μ + f0(q

2) qμ (25)

123
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Fig. 3 One-loop penguin contributions

with q = PM − PP . The form factors f+,0(0) = 1 in the
isospin symmetric limit, while the non approximated, q2

dependent, form factors are obtained from LQCD calcula-
tion [52].

From Eq. (25) the amplitude for the K+ → π+ a decay
reads:

M L
K+ = GF m2

t

4
√

2π2
(VtsV

∗
td)

M2
K+
fa

(
1 − M2

π+

M2
K+

)

×
[
f+(m2

a) + m2
a

M2
K+ − M2

π+
f−(m2

a)

] ∑
q=u,c,t

c(q)
sd

(26)

with the coefficient

c(q)
sd = Vqi V ∗

q j

VtsV ∗
td

[
3 cW

g(xq)

xt
− cq xq

4 xt
ln

(
f 2
a

m2
q

)]
(27)

opportunely normalized in order to factorize out all the rele-
vant scale dependences. The penguin with the ALP emitted
from the internal W line is included for completeness, even
if in the following phenomenological analysis cW = 0 will
be assumed. The dominant contribution from the penguin
diagram is mostly proportional to the ct coupling. For the K
meson decay, with the charm contribution roughly account-
ing for 10% of the total contribution.

One-loop diagrams, with the ALP emitted from the ini-
tial/final quarks can be safely neglected being suppressed by
at least a factor m2

s/m
2
W ≈ 10−6 with respect to the pen-

guin contributions, as they arise at third order in the external
momenta expansion. Therefore, no sensitivity on the ALP-
down quark couplings can emerge in the K → π a decays
from one loop diagrams.

An order of magnitude of the tree vs loop amplitude ratio
is obtained from comparing Eqs. (15) and (26), giving:

RT/L =
∣∣∣∣∣
M T

K+

M L
K+

∣∣∣∣∣ ≈ 2 π2 fK fπ
m2

t

∣∣∣∣
V ∗
us Vud
V ∗
ts Vtd

∣∣∣∣ � 1. × 10−2

(28)

showing the expected level of suppression. Even if the tree
vs loop ratio is at the per cent level, the tree level diagrams

may have a non negligible impact in the measurement of the
K → π a decays, as in principle they depend on different
and less constrained, down quark-ALP couplings.

Finally, the loop contribution to the K 0
L → π0 a decay

can be easily obtained from Eq. (26) and reads:

M
Loop
K 0
L

= GF m2
t

4
√

2π2
Im(VtsV

∗
td)

M2
K+
fa

(
1 − M2

π+

M2
K+

)

×
[
f+(m2

a) + m2
a

M2
K+ − M2

π+
f−(m2

a)

]
c(t)
sd (29)

being proportional to the non vanishing imaginary part of the
CKM matrix.

4 Bounds on ALP-fermion couplings

Armed with the tree-level and one-loop, charged and neu-
tral, K → π a decays amplitudes obtained in the pre-
vious section, one can bound the ALP-fermion couplings
using the experimental limits provided by the NA62 [24–
26], E949 [21–23] and KOTO [27] experiments. The main
assumption underlying the following phenomenological
analysis is that the ALP lifetime is sufficiently long for escap-
ing the detector (i.e. τa � 100 ps) or alternatively the ALP
is mainly decaying in a, not better specified, invisible sec-
tor. Visible ALP decays have been studied, for example, in
[10,29,39,50].

The tree-level amplitudes of Eqs. (13), (14) and (24)
depend on the ALP couplings with s, d and u quarks, while
the one-loop ones reported in Eqs. (26), (27) and (29), are
typically dominated by the ALP coupling with the heaviest
quark running in the loop, the t quark, being the c, u contribu-
tions suppressed by the mu,c/mt mass ratio barring Cabibbo
enhancements. Being the focus of this paper on ALP-fermion
couplings, for the rest of the section cW = 0 will be assumed.
The interplay between the simultaneous presence of cW and
ct has been discussed in detail in [39].

An analysis of the K → π a decay with completely
general, but flavor conserving, ALP-quark couplings, would
require to consider a five-parameters fit, (cu, cd , cc, cs, ct )
beside the ALP massma . In order to obtain meaningful infor-
mation about the ALP-fermion couplings different simplify-
ing assumptions have to be introduced. The phenomenologi-
cal approach followed in this section will be twofold. First of
all, in Sect. 4.1, all ALP-fermion couplings, introduced in the
Lagrangian of Eq. (3), will be assumed independent. Then,
using the tree-level amplitudes for the s- and t-channels, lim-
its on (cu, cs) and (cd , cs) will be obtained respectively from
the charged and neutral K meson decays, setting all the other
ALP-quark couplings to 0. Afterwards, in Sect. 4.2, only
two independent family universal ALP-fermion couplings,
c↑ for the up quarks and c↓ for the down ones, will con-
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Fig. 4 Excluded parameter regions derived from tree-level channels
for charged (left) and neutral (right) K → πa decays. In the left plot
limits are derived from NA62 (pink) and E949 (cyan) experiments. In
the right plot, bounds are obtained from present (cyan) and expected
(pink) KOTO data

sidered, for sake of simplicity. Under this assumption, the
interplay between the tree-level and loop contributions to the
K → π a decay will be thoroughly discussed. Limits for the
universal ALP-fermion coupling caΦ can be then obtained
straightforwardly.

As stated in the previous section, the following results have
been obtained using the heavy meson approximation for the
K meson with gHK = 1, but with a modified parton mass
definition.6 However, different assumptions on gK can be
simply obtained by accordingly rescaling the showed bounds
on ci : i.e. c′

i = ci/gK .

4.1 Tree-level Contributions

The tree-level amplitudes for charged and neutral K decays,
given by Eqs. (13) and (24) for charged and neutral channels
respectively, in the most general case depend on four param-
eters: the ALP couplings to the three light quarks, cu, cd and
cs and the ALP mass, ma . As derived in Eq. (17) the diagram
with the ALP emitted by the pion contribution is strongly sup-
pressed, ranging from 10−2 (in the most conservative case)
to 0 if gπ = 0 is assumed. Therefore, it seems reasonable, in
the following, to neglect the π -ALP emission diagrams, and,
consequently the K+ decay rate depends only on the (cu, cs)

6 For example a value gK = 1/2 could be reasonable considered the
mixed nature of the K-meson.

ALP-fermion couplings, while the K 0 decay rates only on
(cd , cs) ones.

The left plot in Fig. 4 shows the allowed regions of param-
eters as function of the ALP mass ma for the chosen refer-
ence value fa = 1 TeV. The shaded gray area is excluded by
present experimental data. The upper and lower contours,
delimiting the colored shaded area represent the bounds
obtained setting cs = cu and cs = −cu respectively. The
exclusive limit on cs (cu) with cu (cs) = 0 lies inside the
colored shaded area. As noticed in Sect. 3, for cs = cu
the K+ decay rate gets suppressed by an accidental para-
metric cancellation, leading to a less stringent bound on the
ALP-fermion couplings. The shaded colored area represent
consequently the typical uncertainty in the bound prediction
from K+ → π+ a decay rates once letting the couplings
(cu, cs) freely varying in the |cs/cu | ≤ 1 range. The pink
contours and shaded region are obtained from NA62 data
[24,26] while the cyan ones refer to bounds obtained from
the E949 [21] experiment. For ma values below 0.15 GeV
the two experiments provide similar results, with a slight
edge in favor of NA62, bounding (cu, cs) � 0.05. In the
ma > 0.15 region, latest NA62 measurements has instead
improved the sensitivity of E949 by roughly a factor 10,
bounding (cu, cs) � 0.01. For ma ≈ mπ0 both experiments
loose sensitivity, nevertheless a recent analysis carried on by
the NA62 collaboration on a π0 decay can be used to limit
the inclusive K+ → π+X [25]. No significative effects are
obtained in this plot from the π -ALP emission diagrams,
once the cd parameter is assumed to lie in the perturbative
range.

A similar analysis, for K 0
L → π0 a decay is presented in

the right plot of Fig. 4, where the cyan and pink regions are
obtained using the present [27] and expected KOTO exper-
iment data, respectively. For this plot the upper and lower
contours, delimiting the shaded area represent the bounds
obtained setting on cs = cd and cs = −cd respectively.
KOTO experiment results much less sensitive to the (cd , cs)
ALP-fermion couplings, as CP violation in the tree-level pro-
cesses can occurs only through the CP-mixing ε̃ parame-
ter, thus suppressing this channel by roughly a factor 10−3.
Present KOTO data do not provide any real constraint, with
the prospect that future data could reach sensitivity to the
perturbativity region.7

The results showed in Fig. 4, even if not looking
flashy, represent, nonetheless, the most stringent model-
independent bounds on light quark couplings to ALP, for
an ALP mass in the sub-GeV range, once flavour conserv-
ing, but not flavor universal ALP-fermion interactions, are
assumed.

7 Notice that KOTO experiment provides only mass independent lim-
its on the K 0

L → π0 a branching ratio and consequently the loss of
sensitivity in the ma ≈ mπ0 region does not show up in the plot.
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Fig. 5 Excluded parameter regions for an universal ALP-up quark cou-
pling c↑ derived from NA62 (pink), E949 (cyan) and KOTO expected
(dashed line) experiments

4.2 Interplay between tree-level and one-loop contributions

To constrain, simultaneously, tree-level and one-loop contri-
butions to the K → π a decay one has to adopt simplified
frameworks. Following [39], one can consider the scenario
of universal ALP-quark coupling, caΦ . From the analysis
of Sect. 3 one easily realizes that in this scenario, the top-
penguin loop contribution dominates the charged and neutral
K decay, once cW = 0 is assumed. The full cyan and pink
lines in Fig. 5, represent the limits on caΦ obtained from E949
and NA62 respectively as function of the ALP mass ma . The
dashed gray line represents, instead, the caΦ limits from the
expected KOTO upgrade. These results are in agreement with
the bounds presented in [39] and show that K meson decays
typically constrain caΦ � 10−3 in the sub-GeV ALP mass
range.

In general MFV ALP frameworks, however, it may not
be unconceivable to assign different, but flavor universal, PQ
charges to the up and down quark sectors, see for example
[46,47,57], that in the following will be denoted as c↑ and
c↓, respectively. In this scenario, one-loop amplitudes only
depend from c↑ while the tree-level amplitudes are practi-
cally proportional to a linear combination of c↑ and c↓, as
evident for example in the simplified amplitudes of Eqs. (15)
and (16). From the tree-level analysis, summarized in Fig. 4,
one learns that present data limit c↓ to be typically below
10−1. Indeed, to study the interplay between tree-level and
one-loop the reference value c↓ = ±0.05 has been chosen,
somehow in the ridge of the parameters allowed from the
previous analysis on tree-level contributions. The blue and

brown shaded regions showed in Fig. 5 represent the variabil-
ity of NA62 and E979 bounds on c↑ once c↓ is let varying in
the [−0.05, 0.05] range. The presence of the tree-level contri-
bution can modify the bounds on c↑ extracted from penguin
diagrams of roughly one order of magnitude, in all the ma

range. The expected KOTO limits on the K 0
L → π0 a decay

is reported in Fig. 5 as a black dashed line, giving a practi-
cally constant bound c↑ � 1 × 10−3 over all the ma range
of interest, yet not competitive with the charged sector one.
Notice that, however, the neutral K decay sector does not
suffer from any relevant interference from the tree-level pro-
cesses, largely suppressed from the CP violating parameter
ε̃. A simultaneous measurement of the charged and neutral
K → π a decays, may thus in a not too far future may give
independent indications on the relative size of the ALP-light
quark couplings.

Finally, in Fig. 6, a summary on the combined bounds on
(c↑, c↓) is presented for two reference values of the ALP
mass ma = 0 GeV and ma = 0.2 GeV. For the two upper
plots sign(c↓) = sign(c↑) has been taken. In the lower plots,
where sign(c↓) = −sign(c↑) has been considered, a partial
cancellation between one-loop and tree-level contributions
takes place. In this second scenario, the c↓ constraint from
the Υ (ns) decays at Babar and Belle (full vertical black line)
derived by [40] can contribute to close this flat direction.

5 Conclusions

In this letter, a detailed analysis of the K → πa decay has
been presented, in view of the recent NA62 measurement and
the foreseen updates from the KOTO experiment. Assuming
flavor and CP conserving ALP couplings with fermions, the
dominant contribution to the K → πa decays arises from
the penguin diagrams, manly proportional to the ct coupling.
NA62 and E949 experiments bound ct to be smaller than
6×10−4 in most of the allowedma region, for the chosen ref-
erence value of the PQ symmetry breaking scale fa = 1 TeV.
Expected KOTO results can provide comparable bounds on
the ct coupling. Subdominant tree-level diagrams can, how-
ever, contribute to the K → πa decay process. The tree-level
amplitudes contributing to the K+ → π+a and K 0

L → π0a
decays have been derived in this letter, following the Lepage–
Brodsky [41,42] technique. Assuming all ALP couplings
with fermions to be vanishing, but (cu, cs), independent lim-
its on the light quark-ALP couplings (cu, cs) ∼ 0.05 can
be obtained in the allowed ma mass range, from NA62 and
E949 experiments. KOTO experiment, conversely, will not
provide competitive bounds on the (cd , cs) couplings, due to
the SM CP violating suppression of the K 0

L channel.
If a universal ALP coupling to fermions, caΦ , is assumed,

the results presented in this letter confirm and refine previous
analysis [34,35,39], where only penguin contributions were
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Fig. 6 Excluded parameter regions for universal ALP-up and down
quark couplings c↑ and c↓ derived from NA62 (cyan) and KOTO (pink
and dashed pink line) and Y (ns) → γ a (full vertical black line) exper-

iments. The upper plots refer to the sign(c↓) = sign(c↑) case, while in
the lower ones sign(c↓) = −sign(c↑) has been chosen

considered. However, in general MFV ALP frameworks it
may not be unconceivable to assign different, but flavor uni-
versal, PQ charges to the up and down quark sectors. In this
case the simpler “penguin dominated” result may be sig-
nificantly modified. The subdominant tree-level contribution
proportional to c↓ can strongly interfere with the measure-
ment of c↑, introducing an uncertainty band of roughly one
order of magnitude. Similar analysis should be extended to
all meson decays in ALP [51].
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