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1. Introduction

Light pseudoscalar particles are a common feature of many extensions of the Standard Model
(SM) of particle physics. These can be naturally introduced in beyond SM (BSM) scenarios,
following the QCD axion paradigm, as pseudo Nambu-Goldstone bosons (pGBs) of a global
U(1)po symmetry, spontaneously broken at a scale f, > v, with v denoting the SM Higgs vev.
The main difference between the QCD axion and an Axion Like Particle (ALP) lies in abandoning the
requirement that the only explicit breaking of the U(1) po symmetry arises from non—perturbative
QCD effects [1], imposing the well known relation m,, f, = m,f. Therefore, allowing the ALP
mass m, and the PQ symmetry breaking scale f, to be independent parameters gives rise to an
abundance of scenarios populated by scalar singlets under the SM group, not necessarily tied to the
solution of the Strong CP problem.

The most general CP conserving effective Lagrangian, including operators up to dimension
five [2], and describing ALP interactions with SM fermions and gauge bosons, is given by:

5L = -

dua - oya -

H(Cy +Cay’) f — — X4 xuva, 1
2 TV (Cv+Car’)f = ;CX o (1)
where Cy and C4 are hermitian matrices in flavor space, a is the ALP field, f are the SM fermions
and X;,, indicates any SM gauge boson field strength, with XHve = x o ﬁe"ﬂ“" /2. Following most
of the literature [3-8], a low—energy CP and flavor conserving effective Lagrangian for ALP-fermion

interactions can be introduced:
d,a - a
6L = _H o faMyS =i
fem =73 1 i vk Yy fi 7

The index i extends over all the fermions but the neutrinos, assumed to be massless, with c; real, but

micifinf,-+.... )

not universal, ALP-fermions couplings. With the Lagrangian of Eq. (2) all flavor-violating effects
will be loop induced and CKM suppressed, in the spirit of the Minimal Flavor Violation (MFV)
ansatz.

ALP-fermions couplings can be studied in astro—particles/DM experiments or using astrophysi-
cal data, like for example supernova y—ray emission. All these searches are, however, limited to very
light ALP masses, rarely heavier than few keV, and, moreover, they can only bound first generation
ALP-fermion couplings. Therefore, beam experiments are complementary in the exploration of the
ALP couplings parameter space, and, among them, flavor factories are the most promising ones.
Flavor physics experiments have received more and more attention from the phenomenological
community [4, 6—11]. Strong limits on the ALP couplings in Eq. (1) can be derived, for example,
through the study of the K — ma decay. In large part of the literature a flavor universal ALP—fermion
coupling, c,e, is assumed. In this scenario, the K — ma amplitude is penguin dominated and one
can bounds cw and ¢, at the level of 1073 for fa = 1TeV [4]. However, several models have been
introduced where large hierarchies between axion couplings [12—14] are naturally produced. It is
then of foremost phenomenological relevance to scan the ALP couplings parameter space following
a less unbiased approach and to identify case by case which limits can be extracted from a given
experiment on each independent ALP-fermion coupling.

However, one of the main obstacles in calculating hadronic observables is to deal with the
associated non—perturbative matrix element. In treating transitions mediated by local operators,
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like for example penguin contributions with heavy virtual particles in the loop, one can make use
of the available Lattice QCD results [15]. Conversely, to compute products of bi—local operators
mediated by virtual light states, alternative methods, like for example the Brodsky—Lepage technique
[16-18], have to be used [7]. Only when the calculation of all these different contributions is done
explicitly, one can fairly compare the sensitivity reach on ALP-fermion couplings of the different
mesonic decay channels.

2. Meson Hadronization in Flavor Changing Processes

Using the effective Lagrangian, implemented with the flavor conserving assumption, of Eq. 2
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" —>nta and K) - n%a 3)

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. The resulting formula can be easily adapted to describe general
pseudoscalar to pseudoscalar meson decays into an invisible ALP, like for example By 4 — K a,
B .4 — ma by replacing the corresponding quark structures, decays constants and meson masses.
For the general formula describing other type of hadronic meson decays in invisible ALPs (pseu-
doscalar to vector, vector to pseudoscalar and vector to vector) the reader is deferred to [11].

The processes of Eq. 3 receive contributions both from tree-level and one—loop diagrams.
Typically, in these type of decays, the one—loop penguin diagrams with a top virtual exchange give the
dominant contribution, as the m; /m . ratio largely compensate the loop suppression factor. The
tree—level and one—loop decay channels involve, however, quite different hadronization structures
that have to be properly taken into account for correctly comparing the relative contributions to the
K decay rates as it will be briefly illustrated in the following sections.

2.1 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 diagrams where the ALP is emitted from the K* meson are shown, the
ones where the ALP is emitted from the 7™ follow 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 antisymmetric 4D tensor. The hadronization of the s—channel can be done
following the Lepage—Brodsky technique [16, 18]. Leptonic pseudo—scalar decays, P — {v¢a,
deserve a similar treatment and have been derived in [3, 8, 19]. Let’s recall briefly the notation.

The parent meson K* constituent quarks annihilate into a virtual W boson that then produces
the final 7% meson partons. The hadronic process can be factorized as

(| @) d10) 01 5T k) u |K™) “
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Figure 1: Tree level contributions to the K* — #* a amplitude, with the ALP emitted from the K* meson.
Diagrams where the ALP is emitted from the 7* quarks are straightforward.

with the operator insertion I' ) ® I'(k) being y*Pr ® I', or I}, ® y* P, depending if the ALP is
emitted by the initial or final mesons, with

A4GFp _, (csms ka—ps+ms Cu My ko —p, —mu
Iy = —V' Vi Ys YuPL — YuPL Y5 (5)
g V2 us fa m%z_zka'ps‘ g fa g m%z_Zka'Pu
, 4GFr _, cumy, Ko+ p +my cqamg k/“ﬂ%_md
I’ = —V*V P, - P . (6
y%i \/E us Md( fa 75 m%l—Zkapl’l 7/4 L fa 7,u Lm%{—Zkap;Z 75 ( )

In Egs. (5) and (6) with py, p,, and p/,, p;, the quark momenta of the initial and final meson are
denoted, respectively, while the ALP momentum and mass are labelled as k, and m,,.

To calculate the process amplitude one has to insert the Feynman amplitudes of Egs. (5) and
(6) inside the hadronic matrix element in Eq. 4. The vector and axial matrix elements can be
parameterized in terms of the meson decay constants fx and f, as:

OI5y*ysulK*)y =ifx Pl O3y ulK*) =0 (7
Oldy*" ysuln®)y = ifz Py : Oldy*ulr*)=0. ®)
To compute the (0] § ', u |[K™) and (n*|i I}, 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 [3, 16, 18], the ground state of a meson M is parameterized with the wave—function

War () = 30w (Y (P + 830 () M), ©

where Py, and My, 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 ¢y, (x) describes the meson quarks momenta distribution, that for heavy and
light mesons reads, respectively:

) $L(x) o x(1-x), 10)

with the normalization fixed such that:

1
/ dx pp(x) = 1. (11
0
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The parameter £ in ¢ (x) is a small parameter typically of O(m,/mg), being g and Q the light and
heavy quark in the meson. The mass function gy, (x) is usually taken to be a constant varying from
gr(x) ~ 1 and gr(x) < 1 for a heavy or a light meson, respectively. The hadronic matrix element
can then be obtained by integrating over the momentum fraction x the trace of the I'* amplitude
over the meson wave—function Wy, (x):

1
O1OT* ¢ |M) = ifu /0 dx Tr [[# Wy ()] (12)

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

Ps = xPg , puz(l—x)PK
p; = xPx , p,=0-x)P,

one obtains the following decay amplitudes for the K*-ALP and 7*-ALP emission processes:

Gr « Mg
MK+ = %(Vusvud)fon(ka'Pﬂ) fa
X/I{csmsé(x—éf) cumy 0(1 —x - 6K)

o \m%—-2xk,-Px m%—-2(1-x)k,-Pxg

X 13)

} Pk (x) gk (x) dx

GF . M
M7T+ = %(VuAvVud)foﬂ(ka’PK)f_:x (14)
X/1{cdmd9(x—5;’) cumy 0(1 —x—67)
o m%—2xky-Pr m%—2(1-x)ky- Py

} G (x) g (x) dx

with M = m?2 /(2k - Ppy) an explicit cutoff introduced in the fractional momentum to remove the
unphysical singularities appearing in the integrals.

To numerically evaluate the K™ — n* a branching ratio one has to assume a specific form of
the hadronic functions ¢ (x), gk (x), ¢, (x) and g, (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 Mg+ amplitude, one can consider the K-meson as a very light
meson! (i.e. assuming an exact global SU(3) symmetry), substituting the light quarks with the
corresponding partons, i.e. #ig = rit, = Mg /2, one obtains, for a massless ALP:

3Gr fi fra 0w M
—— (V' Vya) — s—Cu) . 15
" (VisVaa) 7 8¢ (05 = ) (15)

A conservative estimate of the K/m ratio can be obtained by setting g,./gx ~ M /Mg, which

L
Mg = =

predicts the following upper bound

— Mﬂ+
=M

3
M
R,k < (—”) ~1.x1072.

Mg

For this reason, even in the numerical calculation one can neglect the ALP-7 emission as expected
on a general ground, once same order ALP couplings to u, d and s quarks are assumed.

'For a more comprehensive discussion on this point the reader is deferred to Ref. [7].
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Finally, from Egs. (15) it appears evident the presence of an “accidental” cancellation if ¢y = ¢,,
is assumed. This cancellation is still partially at work even when the full ¢k (x) is used and indicates
a possible underestimation of the Mg amplitude (and consequently on the ALP-quark coupling
limits) in a “universal” ALP-SM quark coupling scenario compared to the general case.

2.2 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° meson are shown, the ones
where the ALP is emitted from the 7 follow straightforwardly. 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 [16, 18].

A
h

Figure 2: Tree level contribution to the amplitude for the K — 7° a decay, with the ALP emitted from the

K° meson. Diagrams where the ALP is emitted from the 7° quarks are straightforward. Similar diagrams

can be depicted for the CP conjugate process K’ — ¥ a.

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

1 1
(O Ty & T3 K% = ~LK/x / dx / dy e [W ()T Pk (0T | (16)
V2 Jo 0

with the 1/V2 factor taking care of the Clebsch—Gordon suppression of the decay into the neutral

7T meson.
The operator insertion I'(1) ® I'(2) is defined as y, P ® Fé‘q) or Ff‘q) ® v, P depending if the
ALP is emitted from the § anti—quark (i.e. 5 for the K° and i for the 7° meson) or from quark ¢

(i.e. the d quark for the K° and the u quark for the 7° meson), respectively, with

4G csmg  Ka—ps+mg Cy My ko +pl,—my
't = ———V* V4 5 2 Pr - X (17)
@ = g e ( Ja PmE—2kaps T T w2k py

4G cqamy Py Kat+ma cumy Ko+ pl +my )
‘. =—-—vv “ P 18
(q) \/§ us ud( fa ul’L mg — 2k, - pa Y5 fa Y5 m%_zka -p; Yul'L (18)

The K° — 7% a decay amplitude can be obtained similarly:

i i
(| Ty @2 |KY) = —@/ dx/ dy Tr [¥-(WF 1Pk ()] (19)
V2 Jo 0
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with the operator insertions I'(1) ® I['(2) being v, PL ® I:fq) or l:flq) ® v, Pr. with

_ 4G csmg P, —Ka+mg cumy ko +p! +my )
= ——=V,Vs 2 Pr + “ 20
U “d( Jo P 2ke py R TR P T, ) Y
_ 4G cqamy ka—p;z+ma cumy Ko+ p,—my
= ——V,V P - “ Pr| @21
@) vz s Vua | == ng_Zku.pgys 7 ysm%—Zka-p;y” L|(
Adopting the same phase conventions as [20], one defines the neutral Kaon mass eigenstates:
1 _
KO = —((1+€)Koi(1—€)K0) 22)
SENCTIEED

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

ps = xPg , p, = (1-x)Pg
Pd yPx , a=(=y)Py,

the amplitude for the K 2 — 7% a decay, when the ALP emitted by the K 2 meson, reads:

g M
MKE = _EGF%[V;sVud]fon(ka'Pﬂ)_KX

2V2 I
X/l{csmse(x—éf) camg (1 —x — 6K)
o \m%—-2xky -Px m%—-2(1-x)k,-Pxg

} Pk (x) gk (x) dx (23)

once the trivial integration in y is performed. As one can notice from Eq. (23), the amplitude for
the Kg decay is proportional to the oscillation CP violation parameter €, as expected from general
considerations on the CP properties of K* and K° decays, and from the absence of imaginary part
in the CKM for the tree-level diagram, i.e. I[V,;V,4] = 0. Consequently the Kg decay amplitude
is suppressed by O(1073), with respect to the corresponding tree—level charged process.

2.3 The one-loop process

Charged and neutral pseudo-scalar K — ma meson decays, assuming flavour conserving
fermion-ALP interactions of Eq. (2), receive contributions at one—loop level[4, 9, 21] from the
diagrams shown in Fig. 3. In the following only the contribution arising from fermion-ALP
interaction will be considered.

# -
- -
-

0—% I fmz ()

Figure 3: One-loop penguin contributions

—
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In this kind of processes, only one quark line participate to the ALP emission, the other quark
being a spectator. Customarily 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

(Plg1y* Q2 IM) = £i(¢*)(Pm + Pp)* + f-(q7) ¢* 24)

with ¢ = Py, — Pp. The form factors f, ¢(0) = 1 in the isospin symmetric limit, while the non
approximated, g> dependent, form factors are obtained from LQCD calculation [15]. From Eq. (24)
the amplitude for the K* — n* a decay reads:

M, = ey ey M ( b )[f( 2>+—2 fo(m2 )] Dlel® s
Kt — lS d + sd
\/_ 2 ! M2 _M2 q=u,c,t ’
with the coeflicient
@ _ YaVa |y, 800 oty (V0 (26)
sd V,SVz*d Xt 4xt mé

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

One-loop diagrams, with the ALP emitted from the initial/final quarks can be safely neglected
being suppressed by at least a factor m?2/ m%v ~ 1079 with respect to the penguin 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 — 7 a decays from one loop diagrams.

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

T *
MK+ Vus Vua ™

- ~1.x1072. (27)
Vts th

~2n 2fo7r

T
m;

Ry =

K+

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 — m a decays,
as in principle they depend on different and less constrained, down quark—ALP couplings.

Finally, the loop contribution to the Kl(i — 1% a decay can be easily obtained from Eq. (25)
and reads:

2 2

M 2
1- )[ﬂ( 2>+—sz (m2)| )

Grm? Mg,
LOOP F My S(Vtg td) M2

Kg \/_71' 2 a

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

3. Bounds on ALP-fermion couplings from K meson decays

Armed with the tree-level and one—loop, charged and neutral, K — ma decays amplitudes
obtained in the previous section, one can bound the ALP-fermion couplings using the experimental
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limits provided by the NA62 [22, 23], E949 [24-26] and KOTO [27] experiments. The main as-
sumption underlying the following phenomenological analysis is that the ALP lifetime is sufficiently
long for escaping the detector (i.e. 7, = 100 ps) or alternatively the ALP is mainly decaying in a,
not better specified, invisible sector.

The tree—level amplitudes of Eqs. (13), (14) and (23) depend on the ALP couplings with s, d
and u quarks, while the one—loop ones reported in Egs. (25), (26) and (28), are typically dominated
by the ALP coupling with the heaviest quark running in the loop, the ¢ quark, being the c,u
contributions suppressed by the m,, ./m; mass ratio barring Cabibbo enhancements. Being the
focus of this paper on ALP-fermion couplings, for the rest of the section ¢y = 0 will be assumed.
The interplay between the simultaneous presence of cy and ¢, has been discussed in detail in [4].

An analysis of the K — ma decay with completely general, but flavor conserving, ALP-
quark couplings, would require to consider a five-parameters fit, (¢, cq4, c¢, Cs, ¢;) beside the ALP
mass m,. In order to obtain meaningful information about the ALP-fermion couplings different
simplifying assumptions have to be introduced. The phenomenological approach followed in this
section will be twofold. First of all, in Sec. 3.1, all ALP-fermion couplings, introduced in the
Lagrangian of Eq. (2), will be assumed independent. Then, using the tree—level amplitudes for
the s— and t—channels, limits on (c,,cs) and (cg4,cs) will be obtained, respectively, from the
charged and neutral K meson decays, setting all the other ALP-quark couplings to 0. It should
be emphasized that bounds on ALP-light quark couplings have been typically overlooked in the
literature, where typically universal ALP—fermion couplings are assumed. Afterwards, in Sec. 3.2,
only two independent family universal ALP-fermion couplings, ¢t for the up quarks and ¢ for the
down ones, will considered, for sake of simplicity. Under this assumption, the interplay between
the tree—level and loop contributions to the K — 7 a decay will be thoroughly discussed. Limits
for the universal ALP—fermion coupling c,¢ can be then obtained straightforwardly.

3.1 Tree-level Contributions

The tree—level amplitudes for charged and neutral K decays, given by Eq. (13) and (23) for
charged and neutral channels respectively, in the most general case depend on four parameters: the
ALP couplings to the three light quarks, c¢,,, ¢4 and ¢, and the ALP mass, m,. As derived in Eq. (16)
the diagram with the ALP emitted by the pion contribution is strongly suppressed. Therefore, it
seems reasonable, in the following, to neglect the 7-ALP emission diagrams, and, consequently the
K* decay rate depends only on the (c,, c¢s) ALP-fermion couplings, while the K° decay rates only
on (cg4, cs) ones.

The left plot in Fig. 4 shows the allowed regions of parameters as function of the ALP mass
mg for the chosen reference value f, = 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 ¢y = ¢, and ¢; = —c,, respectively. The exclusive limit on ¢y (c,) with
¢y (cs) = 0 lies inside the colored shaded area. As noticed in Sec. 2, for ¢, = ¢, the K* decay rate
gets suppressed by an accidental parametric 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* — #*a decay rates once letting the couplings (c,, cg) freely
varying in the |cs/c,| < 1 range. The pink contours and shaded region are obtained from NA62
data [22, 23] while the cyan ones refer to bounds obtained from the E949 [24] experiment. For m,
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Figure 4: Excluded parameter regions derived from tree-level channels for charged (left) and neutral (right)
K — 7ma 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.

values below 0.15 GeV the two experiments provide similar results, with a slight edge in favor of
NAG62, bounding (¢, ¢5) < 0.05. In the m, > 0.15 region, latest NA62 measurements has instead
improved the sensitivity of E949 by roughly a factor 10, bounding (¢, cs) < 0.01. For m, ~ m o
both experiments loose sensitivity. No significative effects are obtained in this plot from the 7-ALP
emission diagrams, once the c4 parameter is assumed to lie in the perturbative range.

A similar analysis, for Kg — n¥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 experiment data,
respectively. For this plot the upper and lower contours, delimiting the shaded area represent the
bounds obtained setting on ¢y = ¢4 and ¢y = —c4 respectively. KOTO experiment results much
less sensitive to the (cg4, ¢s) ALP-fermion couplings, as CP violation in the tree—level processes can
occurs only through the CP-mixing € parameter, thus suppressing this channel by roughly a factor
1073, Present KOTO data do not provide any real constraint, with the prospect that future data
could reach sensitivity to the perturbativity region?.

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 conserving, but not flavor universal ALP-fermion interactions, are
assumed.

3.2 Interplay between tree-level and one-loop contributions

To constrain, simultaneously, tree—level and one—loop contributions to the K — ma decay
one has to adopt simplified frameworks. Following [4], one can consider the scenario of universal
ALP-quark coupling, c,¢. From the analysis of Sec. 2 one easily realizes that in this scenario, the
top-penguin loop contribution dominates the charged and neutral K decay, once cy = 0 is assumed.

2Notice that KOTO experiment provides only mass independent limits on the Kg — 104 branching ratio and
consequently the loss of sensitivity in the m, ~ m o region does not show up in the plot.

10
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fo=1TeV

5.x1075 . . . .
0.001 0.005 0.010 0.050 0.100

m, [GeV]

Figure 5: Excluded parameter regions for an universal ALP-up quark coupling ¢t derived from NA62 (pink),
E949 (cyan) and KOTO expected (dashed line) experiments.

.10-3F 10-3k
5-10 [ KL°-> i 5-10 [ K,_°—> ma
Y(ns)-»> ya Y(ns)-»> ya
K%~ m%a Expected K%~ m°a Expected
§ 10°FTTTTsssmss-s-mm-m-e- el s 10° SIS
51074 5-1074F

104+ “>3 104
- m,=02GeV, f,=1TeV " m,=02GeV, f,=1TeV
5_10—5]. L Lol ' o\l L L ol 5,10—5L L ol L o dal L L Laaaal
1072 5-10-310-2 5-10-210" 5-10-110° 1072 5-10-3102 5-10-210" 5-10-110°
Ccy —Cy

Figure 6: Excluded parameter regions for universal ALP-up and down quark couplings ¢4 and c| derived
from NA62 (cyan) and KOTO (pink and dashed pink line) and Y (ns) — 7y a (full vertical black line)
experiments. The left plot refer to the sign(c) = sign(cq) case, while in the right one sign(c|) = —sign(ct)
has been chosen.

The full cyan and pink lines in Fig. 5, represent the limits on ¢, obtained from E949 and NA62
respectively as function of the ALP mass m,. The dashed gray line represents, instead, the c o
limits from the expected KOTO upgrade. These results are in agreement with the bounds in [4] and
show that K meson decays typically constrain ¢, < 1073 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 [28], that in the
following will be denoted as cq and c |, respectively. In this scenario, one-loop amplitudes only

11
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depend from ¢ while the tree-level amplitudes are practically proportional to a linear combination
of ¢y and c |, as evident for example in the simplified amplitudes of Egs. (15). From the tree-level
analysis, summarized in Fig. 4, one learns that present data limit ¢| to be typically below 1071,
Indeed, to study the interplay between tree—level and one—loop the reference value ¢ = £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 variability of
NA62 and E979 bounds on cq once c| is let varying in the [-0.05, 0.05] range. The presence of the
tree-level contribution can modify the bounds on c¢¢ extracted from penguin diagrams of roughly
one order of magnitude, in all the m, range. The expected KOTO limits on the Kg — 7% a decay
is reported in Fig. 5 as a black dashed line, giving a practically constant bound ¢ < 1 X 1073 over
all the m,, range of interest, yet not competitive with the charged sector one.

Finally, in Fig. 6, a summary on the combined bounds on (c1, ¢|) is presented for two reference
values of the ALP mass m, = 0 GeV and m, = 0.2 GeV. For the two upper plots sign(c|) = sign(ct)
has been taken. In the lower plots, where sign(c|) = —sign(ct) has been considered, a partial
cancellation between one—loop and tree-level contributions takes place. In this second scenario, the
c| constraint from the Y (ns) decays at Babar and Belle (full vertical black line) derived by [5] can
contribute to close this flat direction.

4. Bounds on ALP-fermion couplings from D and B meson decays

Very promising results are expected in a near future from D and B pseudoscalar meson decays
in invisible ALPs, especially from B—factories [4, 6,9, 11]. The analysis done in the previous section
can be easily extended to heavier pseudoscalar meson decays simply replacing the corresponding
valence quarks. For example Egs. 5 and 6 can be generalize substituting the K-meson quarks
5(u) — O(q) and the 7-meson quarks d(u) — Q’(g’). In Tab. 1 the amplitudes of several charged
and neutral pseudoscalar meson decays are collected. For definiteness, m, = 0, f, = 1 TeV and
¢ = =1 have been used. As noticed in Egs. (15) accidental cancellation can occurs in the tree-level
amplitudes, depending on the relative sign between Con and ¢ g To make evident the impact
of this accidental cancellation, the tree-level results in Tab. 1 has been shown with a (min — max)
interval, obtained by setting Cov /c g = (+1,—1) respectively. From the results of Tab. 1, one
learns which is the effectiveness of this parametric cancellation. Depending on the specific decay
channel, the tree-level decay rate can change from one to two orders of magnitude.

It is also useful to note that the ratio between the tree-level ISR and FSR amplitudes is always
independent of the particular nature of the decay (s or #) and is given by:

N (M
R e =|——|=|~] - (28)
M| \Mp

with the identity strictly holding in the ALP massless limit and assuming a “very light” or a “very
heavy” DA function. Therefore, for all the corresponding processes, the decay amplitude is always
dominated by the ISR ALP emission. Finally, in Tab. 1, both the tree-level and penguin contribu-
tions, when available, are presented. As a rule of thumb the tree-level vs one-loop amplitudes ratio
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Channel ‘ Tree—Level ‘ Penguin
* - D¥a | (6-160)x 10711 | 2x107°
B —» D*a | (1-30)x107!'" | 3x 1077
B — K*a | (8 -230)x 10712 n.a.
B - n*a | (3-85)x 107! n.a.
B* — D¥a | (5-30)x 10712 n.a.
B* > D*a | (1-7)x10712 n.a.
B* > K*a | (8-50)x10713 | 2x 1076
B* > n*ta | (3-20)x10712 | 3x1077
D — K*a | (6-300)x 10712 | 7x 1072
D* — n*a | (2-120)x 1071 n.a.
D* — K*a | (1-50)x 10712 n.a.
D* — n*a | (5-200)x 10712 | 6x 10712
K*>nr*a | (2-10)x1072 [5x1071°
B? — D% n.a. 4x1077
BY — D% | (7-70)x 10712 n.a.
BY > KV n.a. 3x1077
B - D% | (3-30)x 107! n.a.
B" > Kla n.a. 4%107°°
B’ - 7% | (1-10)x10712 | 5%x 1077
D° — KVa | (7-270)x 107" n.a.
D? — 7% | (2-100) x 10712 | 3x 10712
| KY 5% | (4-200x1071% | 1x1071°

Table 1: Tree-level and penguin contribution to the hadronic charged meson decay rates, calculated for
mg =0, f, =1TeVand cy = %1, expressed in GeV~! units. The interval in the tree—level column is obtained
by setting cp/cqy = (1,-1).

can be estimated by:

Rr = o PP [0 L (29)
T/L ML 3( VEKM s

where m ¢ is the mass of the heaviest quark running in the penguin and f; r the initial and final meson
decay constants. Notice that for most of the D decays the tree-level contribution is comparable
if not larger than the loop one, as clearly the mi penguin loop enhancement is not sufficient to
compensate for the typical loop suppression factor. Conversely, for the K and B meson sector the
tree/loop ratio looks really tiny thanks to the large mf penguin enhancement. Nevertheless, for the
K sector the tree-level diagrams may have a non negligible impact, as they depend on different, and
often less constrained, ALP-fermion couplings, as discussed in the previous section.
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Figure 7: Bounds on f, (expressed in GeV) obtained from meson decays into an invisible ALP, for m, = 0
and assuming the corresponding c¢; = 1, while setting all the other couplings to 0.

4.1 Phenomenological Summary

Finally, a comprehensive summary of all the bounds on flavor conserving ALP—fermion cou-
plings derived in the previous section is presented in Fig. 7. To be able to fairly compare all the
different analysis, the limits on the U(1)p¢ breaking scale f, (expressed in GeV) are shown, for
m, = 0 and by assuming the corresponding c¢; = 1, with all the other couplings set to 0. Therefore,
the f, value plotted represents the highest energy scale tested, at present, in each decay channel.
One can notice that the most stringent bounds on f, come from the top sector, trough the m; en-
hanced penguin contributions [4, 7]. From K and B hadronic pseudoscalar meson decays one tests
fa = (10° — 10°) GeV. This is the lowest energy scale at which new physics in the ALP sector may
appear, when a universal ALP-fermion coupling is assumed. K — 7 a decay provides the strongest
bounds for all the ALP-quark couplings in the non-universal, but flavor conserving ALP-fermion
scenario, with the only exception of the ALP-bottom coupling where the strongest bound comes
from the Y (ns) — ya decay [5]. Bounds on c¢; . enter from the penguin loop diagram, while
bounds on ¢, 4, s are due to the tree-level amplitude contribution. Meson leptonic decays produces
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an upper bound on £, ~ (10! — 10) GeV in the ALP-lepton sector.
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