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The recent measurement of the branching ratio of Bþ → Kþ þ inv (where “inv” denotes invisible states)
by the Belle II Collaboration is enhanced relative to the standard model expectation by 2.7σ. An older
puzzle persists in measurements of the branching ratios and CP asymmetries of B → πK decays. We
address these two anomalies in flavor-changing neutral current B decays, with a short-lived axionlike
particle (ALP) with mass close to that of the π0. In the model with the minimum number of new couplings,
the ALP has couplings to the photon, top quark and a heavy sterile neutrino. The ALP contributes to the
B → π0K decays by mixing with the π0. It contributes to Bþ → Kþ þ inv by its off-shell coupling to sterile
neutrino pairs. The model can explain the excess in the total rate, but not the observed distribution of signal
events. We make predictions for all B → Kð�Þ þ inv modes and for the rare kaon decays, Kþ → πþ þ inv
and KL → π0 þ inv. We find an appreciable contribution to the magnetic moment of the muon, and
negligible contributions to the magnetic moment of the electron and b → seþe−.
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I. INTRODUCTION

There is general consensus that the standard model (SM)
is incomplete. The flavor structure of any new interactions
may be revealed in current and upcoming high-precision
experiments probing the intensity frontier. New physics
may consist of very heavy particles (whose effects may be
described by higher-dimensional operators) or of light and
weakly coupled particles.
Some well-known models of light, weakly coupled new

physics have axion or axionlike particles (ALPs), or light
sterile neutrinos. Here, we consider an ALP and its effects
in various meson decays. We employ a model-independent
description of the ALP Lagrangian, and the main ALP
decay modes are to invisible final states or to two photons
via its mixing with pseudoscalar mesons. Recent results on
B meson decays to invisible final states by the Belle II

experiment [1] indicate an enhanced rate relative to its SM
expectation and provide motivation to search for ALP
signals in this decay.
The long-standing B → πK puzzle refers to the tension

between SM predictions and experimental measurements of
the four B → πK decay branching ratios and direct CP
asymmetries. Global fits to the data [2–5] reveal a persistent
tension with the SM, particularly in direct CP-violating
asymmetries inBþ → π0Kþ andB0 → π−Kþ decays where
the predicted near equality is contradicted by experimentally
measured values of opposite signs. ALP mixing with the
pseudoscalar states π0; η, and η0 can lead to deviations from
SM expectations in hadronic decays. An application of this
mechanism to explain the B → πK puzzle was discussed in
Ref. [6], while a solution to the puzzle with a long-lived
axion close to the pion mass was considered in Ref. [7]. In
this paper, we study the interplay of ALP interactions in
several interesting experimental signals in flavor physics.
The first such signal is the Belle II Collaboration’s meas-
urement of the branching ratio for B decay to a kaon and
invisible final states [1],

BðBþ →Kþþ invÞ¼ ð2.3�0.5ðstatÞþ0.5
−0.4ðsystÞÞ×10−5:

ð1Þ
In the SM, this decay is dominated by Bþ → Kþνν̄. The
measured branching ratio for Bþ → Kþ þ inv exceeds the
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SM expectation for BðBþ → Kþνν̄Þ from the HPQCD
Collaboration by ∼2.7σ [8].1 The presence of invisible
particles in the final state makes this process a very powerful
probe of new particles that couple weakly to the SM.
The NA62 Collaboration recently reported an analogous

measurement in the K system. Based on data collected
between 2016 and 2024 they find [13]

BðKþ → πþνν̄Þ ¼ ð9.6þ1.9
−1.8Þ × 10−11: ð2Þ

In contrast to the Belle II Bþ-decay measurement, the
updated NA62 result is fully consistent with the SM
expectation [14,15]. This places constraints on the flavor
structure of any new physics that attempts to accommodate
the Belle II measurement.
Our goal is to investigate whether a minimal extension of

the SM with an ALP and a relatively light massive sterile
neutrino can provide a consistent framework for under-
standing the anomalies mentioned above. For an ALP with
mass near the π0 mass, we consider ALP-π0 mixing in
B → πK. We also consider an ALP-sterile neutrino cou-
pling to explain the branching ratio in Eq. (1) and examine
the distribution of signal events across the available
kinematic range. Our model improves on the SM descrip-
tion of this spectrum but does not fully reproduce the
enhancement in its intermediate region. Our framework
includes the minimum set of free parameters needed to
accommodate the anomalies while remaining consistent
with the neutral current processes, KL → π0 þ inv, Bþ →
K�þ þ inv and B0 → Kð�0Þ þ inv, and with the anomalous
magnetic moments of the electron and muon.
The paper is structured as follows. In Sec. II, we present

ourmodel, including the newparticles and their interactions.
In Sec. III, we examine the various observables—anomalies
and constraints—that our model sets out to investigate. In
Sec. IV, we demonstrate through fits to the data how our
model explains the anomalies. We conclude in Sec. V.

II. ALP INTERACTIONS

We consider a minimal extension of the SMwith an ALP,
a, and a sterile neutrino, νN . The interactions of a and νN
with each other and the SM are described by the flavor-
conserving Lagrangian,

La ¼
1

2
ð∂μaÞð∂μaÞ −

1

2
m2

aa2 −
1

4
κaFμνF̃μν

− iηt
mt

fa
t̄γ5taþ igNðν̄Nγ5νNÞa; ð3Þ

where fa is the ALP decay constant, ηt is the ALP-top
quark coupling, and gN is the coupling between a and νN .
Note that the Lagrangian contains no direct coupling to
active neutrinos. However, mixing between the sterile and
active neutrinos generates aνN ν̄ and aνν̄ interactions,
where ν without a subscript denotes an active neutrino.
The mixing between the four flavor eigenstates, να (α ¼ e,
μ, τ, N), and mass eigenstates νi (i ¼ 1;…; 4) is described
by a 4 × 4 orthogonal matrix U [16],

ðναÞL=R ¼
X4
i¼1

UαiðνiÞL=R; ð4Þ

for both left- and right-handed neutrinos. The unitarity ofU
implies

P
α jUα4j2 ¼ 1. For simplicity, we work in the two-

state ðνμ; νNÞ mixing limit, i.e., Ul4 ¼ 0 for l ¼ τ, e. The
above condition then simplifies to jUN4j2 þ jUμ4j2 ¼ 1. We
take ν4 to be heavier than a, with mass in the MeV–GeV
range, such that it is lighter than a Bmeson but heavier than
a kaon. Then, the νμ–νN mixing is expected to be very
small, jUμ4j2 ≪ 1, and νN is mostly ν4.
Two distinctive features of our model are that the

interactions in Eq. (3) are flavor conserving and that the
ALP decays promptly. This differs from other ALP
solutions to the Bþ → Kþνν̄ excess where the b → s
flavor-changing neutral current (FCNC) couplings appear
at tree level [17], and the ALP is long-lived [17,18].
Following the solution to the B → Kπ puzzle in Ref. [6],

we assume that the amixes with the π0 and has a mass close
to mπ0 . Denoting the mass eigenstates of a and π0 by the
subscript “p,” the flavor and mass eigenstates of these two
particles are related by

�
a

π0

�
¼

�
cos θ sin θ

− sin θ cos θ

��ap

π0p

�
; ð5Þ

where θ is the mixing angle.
In this setup, there are two production mechanisms for

the ALP. The first is via the penguin processes, e.g., B →
Ka andK → πa, where the internal top quark is crucial [see
Fig. 1(a)]. The relevant FCNC interactions arise only at one
loop and involve the top quark and the W boson. These
loops simultaneously generate b → s transitions, mediating

(a) (b)

FIG. 1. Feynman diagrams for (a) the effective s-b-a vertex,
and (b) b → sνiνj.

1Note that the HPQCD calculation uses jVtbV�
tsj ¼

0.04185ð93Þ [8]. This is close to the value obtained from
CKM unitarity using the inclusive determination of jVcbj ¼
ð41.97� 0.48Þ × 10−3 [9,10]. Using instead the smaller exclu-
sive value of jVcbj ¼ ð39.62� 0.47Þ × 10−3 [11,12] lowers the
SM prediction by about 9%, slightly increasing the discrepancy
with the Belle II measurement.
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B → Ka decays, and s → da transitions, enabling the rare
kaon decays, Kþ → πþa and KL → π0a. The second
production mechanism is through the ALP-π0 mixing,
whereby the π0 produced oscillates to an ALP.
Integrating out the heavy W and top-quark fields gives

the effective Lagrangian for the b → s transition,

Lbs
a ¼ gbssPRba; ð6Þ

where gbs is the effective s̄ba coupling. At the electroweak
matching scale, μEW, gbs is given by [6],

gbs ≃
i

ffiffiffi
2

p
GFmbm2

t

16π2fa
V�
tsVtbηt log

Λ2

m2
t
; ð7Þ

where GF is the Fermi constant, Vij are Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements, and Λ ¼
4πfa is the new physics cutoff scale. The effective
Lagrangian Lsd

a and the associated coupling gsd corre-
sponding to kaon decays, can be obtained from Eqs. (6) and
(7) by substituting the quark flavor labels fbg → fsg
and fsg → fdg.

III. OBSERVABLES

We first examine B → πK decays, where the ALP
mixing with π0 provides a resolution to the long-standing
puzzle. We then turn to the B → Kð�Þ þ inv channels,
where the same ALP-top coupling generates an effective
b → sa transition that contributes through the off-shell
ALP exchange. Finally, we consider constraints from rare
kaon decays, which probe the analogous s → da transition.
We then briefly discuss ALP contributions to lepton
anomalous magnetic moments and b → slþl− decays.

A. B → πK

Closely following Ref. [6], we first review the SM
description of B → πK decays before introducing the
ALP contribution that addresses the experimental puzzle.
Here, we denote the decay amplitude for the process
Biþj → πiKj as Aij, where i; j ¼ −; 0;þ denote the
charges of the particles. In the SM, the four B → πK
amplitudes are related via the isospin quadrilateral,

ffiffiffi
2

p
A00 þ A−þ ¼

ffiffiffi
2

p
A0þ þ Aþ0: ð8Þ

These amplitudes can be expressed in terms of six
topological diagrams as,

Aþ0 ¼ −P0
tc þ P0

uceiγ −
1

3
P0C
EW; ð9Þ

ffiffiffi
2

p
A0þ ¼−T 0eiγ −C0eiγþP0

tc−P0
uceiγ −P0

EW−
2

3
P0C
EW;

ð10Þ

A−þ ¼ −T 0eiγ þ P0
tc − P0

uceiγ −
2

3
P0C
EW; ð11Þ

ffiffiffi
2

p
A00 ¼ −C0eiγ − P0

tc þ P0
uceiγ − P0

EW −
1

3
P0C
EW; ð12Þ

where P0
tc and P0

uc are QCD penguins, P0
EW and P0C

EW are the
color-allowed and color-suppressed electroweak penguins
(EWPs), and T 0 and C0 are the color-favored and color-
suppressed tree amplitudes. We neglect annihilation topol-
ogies, which are expected to be very small. A detailed
discussion of these diagrammatic contributions can be
found in Ref. [19].
These relations can be further simplified by imposing

SU(3) flavor symmetry. Under this symmetry, EWP and
tree amplitudes are related via,

P0
EW þ P0C

EW ¼ 3

2

c9 þ c10
c1 þ c2

RðT 0 þ C0Þ; ð13Þ

P0
EW − P0C

EW ¼ 3

2

c9 − c10
c1 − c2

RðT 0 − C0Þ; ð14Þ

where ci are the ΔB ¼ 1 Wilson coefficients [20], and
R is the magnitude of the ratio of CKM matrix ele-
ments, R ¼ jV�

tbVts=V�
ubVusj.

If instead, the SUð2Þ isospin symmetry exhibited by
B → πK decays is imposed, the EWP-tree relations are
simpler2 [21]:

P0
EW ¼ 3

2

c9 þ c10
c1 þ c2

RC0; ð15Þ

P0C
EW ¼ 3

2

c9 þ c10
c1 þ c2

RT 0: ð16Þ

Currently, B → πK data cannot be fully explained by the
SM amplitudes in Eq. (9). For example, keeping only the
leading diagrams [up to OðλÞ, where λ is the Wolfenstein
parameter], it can be shown that the direct CP asymmetries
in Bþ → π0Kþ and B0 → π−Kþ should be approximately
equal [6].3 Experimentally, however, these asymmetries are
not only unequal but also have opposite signs [6]. A
comprehensive fit including all six diagram topologies
likewise fails to describe the data, as we show in Sec. IV.

2Note that both sets of EWP-tree relations are obtained by
neglecting c7 and c8, which are an order of magnitude smaller
than c9 and c10 [20].

3In Refs. [21,22] it was shown that the branching ratios and
direct CP asymmetries in the four B → πK decays follow a
precise symmetry-based relationship that does not require as-
sumptions about sizes of topological diagrams. Experiments have
found that the data obey this relationship within current un-
certainties [4]. Still, fits to B → πK data reveal that a consistent
picture requires nonleading diagrams to be somewhat enhanced.
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To resolve this tension, Ref. [6] proposed a model in
which an ALP mixes with π0. We now summarize the key
elements of this solution and update the analysis using the
latest experimental measurements.
The interaction in Eq. (6) enables ALP production via

B → aK. To contribute to B → πK decay,ma ∼mπ0 so that
the ALP decays promptly to two photons within the
detector volume. This occurs either through a direct
coupling to photons or via a–π0 mixing, followed by the
SM decay π0 → 2γ. The general form of the effective ALP-
photon coupling is

gaγγ ¼ sin θgπγγ þ κeff ; ð17Þ

where κeff contains both the tree-level [κ in Eq. (3)] and a
top-quark loop contribution [23] which is negligible in our
case. We assume that the ALP-photon coupling is domi-
nated by the a–π0 mixing term. The ALP contribution to
the B → aK → πK amplitude is then

A ¼ gbshKjs̄PRbjBi sin θ ¼ gbs sin θ
m2

B −m2
K

2ðmb −msÞ
f0ðq2Þ;

ð18Þ

where the B → K matrix element is expressed in terms of
the form factor f0ðq2Þ, evaluated at q2 ¼ m2

a [24].
Following Ref. [6] we take sin θ ¼ 0.1. The ALP contri-
bution A modifies the amplitudes for Bþ → π0Kþ and
B0
d → π0K0 decays, corresponding to the substitutions,

ffiffiffi
2

p
A0þ →

ffiffiffi
2

p
A0þ −A;

ffiffiffi
2

p
A00 →

ffiffiffi
2

p
A00 −A; ð19Þ

in Eq. (9). The magnitude of A is determined from a χ2 fit
to B → πK data. We perform a fit using the latest
experimental data, presenting results for both the SU(3)
flavor symmetry and SU(2) isospin symmetry assumptions.
An off-shell contribution to B → πK via b → sa → sqq̄

(with q ¼ u, d) that depends on the difference ηu − ηd of
the ALP couplings to light quarks [similar to the top quark
coupling in Eq. (3)] modifies sin θ as follows [6]:

sin θ → sin θ þ m2
π0

m2
π0
−m2

a

ηu − ηd
2

ffiffiffi
2

p fπ
fa

: ð20Þ

The couplings ηu and ηd do not appear in Eq. (3), but
renormalization-group evolution (RGE) of ηt generates
ηu ≃ −0.1ηt and ηd ≃ 0.1ηt for fa ¼ 1 TeV [25], giving
ηu − ηd ≃ −0.2ηt. For an ALP-π0 mass difference of 1 keV
and typical values of ηt and fa, the second term in Eq. (20)
(the off-shell contribution) is about 10−2, and more sup-
pressed for larger mass splittings. The mixing is therefore
dominated by the on-shell contribution, and sin θ ≃ 0.1.
Note that the ALP lifetime is τπ0= sin

2 θ ∼ 10 femtosecond.

B. B → Kð�Þ + inv

The s̄ba coupling in Eq. (6), together with the ALP
coupling to sterile neutrinos gN , mediates a tree-level
b → sν4ν̄4 transition via an ALP mediator, as in Fig. 1(b).
If ma > 2mν4 , the ALP can decay on shell to ν4ν̄4,
increasing its total width and reducing Bða → 2γÞ. This
undermines the B → πK solution discussed above. We
therefore require ma < 2mν4 , ensuring that b → sν4ν̄4
proceeds through an off-shell ALP. The corresponding
effective Hamiltonian is

Heff ¼ Cbsðq2Þðs̄PRbÞðν̄4γ5ν4Þ; ð21Þ

with

Cbsðq2Þ ¼
igbsgN jUN4j2

q2 −m2
a þ imaΓa

; ð22Þ

where q2 is the invariant mass of the sterile neutrino pair
and Γa is the total ALP decay width. This operator
contributes to both B → Kν4ν̄4 and B → K�ν4ν̄4 decays.

In terms of β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − 4m2

ν4=q
2Þ

q
, ΔBM ¼ m2

B −m2
M,

and the Källén function λBM ≡ λðm2
B;m

2
M; q

2Þ, the differ-
ential decay width for B → Kν4ν̄4 is

dΓðB → Kν4ν̄4Þ
dq2

¼ βλ1=2BK

512π3m3
B

Δ2
BKq

2f20
ðmb −msÞ2

jCbsj2; ð23Þ

and for B → K�ν4ν̄4,

dΓðB → K�ν4ν̄4Þ
dq2

¼ βλ3=2BK�

512π3m3
B

q2A2
0

ðmb þmsÞ2
jCbsj2; ð24Þ

where for brevity we have suppressed the q2 dependence
in Cbsðq2Þ and the B → Kð�Þ form factors f0ðq2Þ and
A0ðq2Þ [24,26].
Additionally, neutrino mixing-induced aνN ν̄ and aνν̄

interactions together with the gbs coupling give rise to b →
sν4ν̄ and b → sνν̄ transitions, respectively. The b → sν4ν̄
transition is mediated by an off-shell ALP, with contribu-
tions to B → Kð�Þ þ inv decay widths analogous to
Eqs. (23) and (24), differing in factors related to neu-
trino-mixing and the phase space, and equivalent to
replacing β→ð1−m2

ν4=q
2Þ2 and jUN4j4→ jUN4j2ð1−

jUN4j2Þ. On the other hand, the b → sνν̄ transition
can proceed via resonant on-shell ALP decay, b → sa
followed by a → νν̄. The corresponding contributions to
the branching ratios are calculated in the narrow-width
approximation,

BðB → Kð�Þνν̄Þ ≃ BðB → Kð�ÞaÞΓða → νν̄Þ
Γa

; ð25Þ
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where the partial width for a → νν̄ is [16]

Γða → νν̄Þ ¼ jgN j2
8π

ð1 − jUN4j2Þ2ma; ð26Þ

and the partial widths for the two-body decays B → Kð�Þa
are

ΓðB → KaÞ ¼ jgbsj2
64πm3

B

�
m2

B −m2
K

mb −ms

�
2

f20λ
1=2
BK ; ð27Þ

ΓðB → K�aÞ ¼ jgbsj2
64πm3

Bðmb þmsÞ2
A2
0λ

3=2
BK� ; ð28Þ

where f0, A0, and λBKð�Þ are evaluated at q2 ¼ m2
a.

The total ALP contribution to BðB → Kð�Þ þ invÞ,

BðB → Kð�Þ þ invÞALP
¼ BðB → Kð�Þν4ν̄4Þ þ 2BðB → Kð�Þν4ν̄Þ
þ BðB → Kð�Þa; a → νν̄Þ; ð29Þ

is dominated by the b → sν4ν̄4 term. Although decays
with sterile-active and active-active neutrinos in the final
state have larger phase space than b → sν4ν̄4, their con-
tributions are negligible due to the small ν–νN mixing in the
parameter space of interest. This mixing is constrained by
rare kaon decays, as we discuss in the next subsection.
In Eq. (29), we only include the on-shell ALP contribu-
tion from direct B → Kð�Þa production followed by
a → νν̄. An additional contribution from ALP-pion mixing
(B → Kð�Þπ0 → Kð�Þa), followed by a → νν̄ is doubly
suppressed by the small neutrino mixing and the a–π0

mixing.
The interaction in Eq. (21) also modifies the invisible

decay Bs → inv. Currently, there is no experimental meas-
urement of this process, but recently an upper bound of
5.6 × 10−4 (90% CL) on the branching ratio was obtained
[27] from ALEPH data [28]. The SM expectation for the
branching ratio is ∼5 × 10−15 [29]. In our model, the new
physics contribution is again dominated by Bs → ν4ν4, with
branching ratio,

BðBs → ν4ν4Þ ¼
βf2Bs

m5
Bs

32πðmb þmsÞ2
jCbsj2; ð30Þ

where β and Cbs are evaluated at q2 ¼ m2
Bs
, and fBs

is the
Bs decay constant.

C. Rare kaon decays and other constraints

As in the case of B decays, the ALP induces transitions
s → dþ inv (with inv ¼ ν4ν̄4, ν4ν̄, or νν̄), modifying the
SM decay rates of the rare kaon decays KL → π0νν̄ and
Kþ → πþνν̄. These decays are highly suppressed in the SM

and can be calculated with excellent precision, making their
measurements [13,30] powerful probes of new physics. In
our model, K → πν4ν̄4 and K → πν4ν̄ are kinematically
forbidden if mν4 > mK −mπ. Because the on-shell ALP
contribution K → πa, a → νν̄, depends on ν–νN mixing,
the latter can be constrained by rare kaon decays.
The NA62 experiment [31] has set stringent limits on

BðKþ → πþXÞ for a feebly interacting scalar boson X
with mass mX ∈ ½0; 110� MeV and [160, 260] MeV. Since
ma ≃mπ0 in our scenario, these bounds do not apply.
However, the KOTO experiment has searched for the
decay KL → π0X, where X is an invisible boson. For
mX ¼ 135 MeV, the 90% CL upper bound is BðKL →
π0XÞ ≤ 1.6 × 10−9 [32], which our model must satisfy. In
the narrow-width approximation, the on-shell ALP con-
tribution is

BðKL → π0 þ invÞ ≃ BðKL → π0aÞΓða → νν̄Þ
Γa

: ð31Þ

The branching ratio for KL → π0a is given by the
standard two-body decay formula [2],

BðKL → π0aÞ ¼ τKL

jp⃗fj
8πm2

KL

jÃj2; ð32Þ

where jp⃗fj is the momentum of the final-state particles and

Ã is the amplitude of KL → π0a.
The KL → π0a amplitude receives two contributions.

The first arises from the penguin-loop-induced s → da
transition discussed above, which produces the ALP
directly in kaon decay. The second comes from a–π0

mixing via KL → π0π0 → π0a, where KL → π0π0 is a
purely SM decay. We denote these amplitudes as Ãdirect

and Ãmix, respectively.
Ãdirect is approximately,

Ãdirect ≃ ReðgsdÞ
m2

K −m2
π

2ðms −mdÞ
fK0 ðq2Þ; ð33Þ

where fK0 ðq2Þ is the K → π form factor [33,34] evaluated at
q2 ¼ m2

a, giving fK0 ðm2
aÞ ≃ 1.

To calculate Ãmix, we first determine the SM amplitude
for KL → π0π0 using lattice results for the isospin ampli-
tudes for K0 → ðππÞI from the RBC-UKQCD
Collaboration [35,36]. Denoting the I ¼ 0, 2 isospin
amplitudes as A0 and A2, with corresponding phase shifts
δI , the amplitude for K0 → π0π0 is

AðK0 → π0π0Þ ¼
ffiffiffi
2

3

r
ðA0eiδ0 −

ffiffiffi
2

p
A2eiδ2Þ: ð34Þ

Using jKLi ¼ pKjK0i − qKjK̄0i, where pK and qK are the
usual kaon mixing coefficients, we obtain
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AðKL → π0π0Þ ¼ pKAðK0 → π0π0Þ − qKAðK̄0 → π0π0Þ:

The amplitude for KL → π0π0 → π0a is then

Ãmix ¼ −2 sin θAðKL → π0π0Þ; ð35Þ

where the factor of 2 accounts for either of the two π0

mesons mixing with the ALP.
The total amplitude is the coherent sum Ã ¼ Ãdirectþ

Ãmix, where Ãdirect depends on the phase ϕt of the ALP-top
coupling ηt and Ãmix on the a–π0 mixing angle.
Beyond kaon decay, there are other constraints that are

sensitive to the induced ALP couplings to charged leptons.
Although the Lagrangian contains no tree-level couplings
to leptons, RGE of ηt generates ηl ≃ 0.1ηt for fa ¼ 1 TeV
[25]. These couplings induce anomalous magnetic
moments of charged leptons, al ¼ ðg − 2Þl=2 at one loop.
The corresponding ALP contribution is [37]

Δal ¼ −
m2

lη
2
l

16π2f2a

�
h1ðxÞ þ

2α

π

ceffγγ

ηl

�
log

Λ2

m2
μ
− h2ðxÞ

��
;

ð36Þ

where x ¼ m2
a=m2

μ − iϵ, ceffγγ ¼ −ðπfa=αÞgaγγ , and the
loop functions h1ðxÞ and h2ðxÞ are given in Ref. [23].
Since RGE-induced couplings ηl are universal, we
have Δae=Δaμ ¼ m2

e=m2
μ.

The lepton coupling ηe together with the s̄ba coupling
also induces the b → seþe− transition, which modifies the
branching ratios of Bs → eþe− and B → Kð�Þeþe−. The
correction to the former is given by [38]

BðBs → eþe−Þ
BðBs → eþe−ÞSM

¼ j1 − Δej2; ð37Þ

where Δe reads

Δe ¼
−iπv2ηegbs

αV�
tsVtbCSM

10 ð1 −m2
a=m2

Bs
Þmbfa

; ð38Þ

with CSM
10 ≃ −4.2 in the SM.

The branching ratio for B → Kð�Þeþe− with an on-shell
ALP in the narrow-width approximation follows analo-
gously from Eq. (25), with the decay a → νν̄ replaced by
a → eþe−. Neglecting terms ∼m2

e=m2
a, the ALP partial

width to electrons is

Γða → eþe−Þ ≃ jηej2m2
ema

8πf2a
: ð39Þ

IV. RESULTS AND DISCUSSION

In Table I, we present the results of our χ2 fit to the latest
B → πK data. We use the MINUIT package [39,40] for
minimization of the χ2 function and obtain best-fit values,
including their uncertainties. We consider three scenarios
with different symmetry assumptions. Cases I and II
impose SU(3) flavor symmetry with the amplitude relations
of Eqs. (13) and (14). Motivated by QCD factorization we
set jC0j=jT 0j ¼ 0.2 [41]. In Case I, we constrain the
color-favored tree amplitude jT 0j to be smaller than the
QCD penguin jP0

tcj, as is typically expected [19], and in
Case II we relax this constraint. Case III only employs
SU(2) isospin symmetry, with the relations in Eqs. (15)
and (16).
The SM-only fit yields a very poor description of the data

as quantified by the minimum χ2 per d.o.f.: χ2min=d:o:f: ¼
16.96=3 (p value ¼ 7 × 10−4) for Cases I and II, and
χ2min=d:o:f: ¼ 37.20=3 (p value ¼ 4.2 × 10−8) for Case III.
Inclusion of the ALP amplitude significantly improves

TABLE I. Results of a fit to B → πK data, assuming jC0j=jT 0j ¼ 0.2. The amplitudes are in units of eV. With only the SM amplitudes,
Cases I and II give χ2min=d:o:f: ¼ 16.96=3, and Case III gives χ2min=d:o:f: ¼ 37.20=3.

SU(3) flavor SU(2) isospin

Parameter Case I Case II Case III

jT 0j 2.34� 0.43 99.10� 2.94 2.34� 0.43
jP0

tcj 49.33� 0.39 35.48� 2.48 49.35� 0.39
δPtc0 ð−80.81� 2.64Þ° ð−1.42� 0.39Þ° ð−81.67� 2.57Þ°
δC0 ð−89.50� 120.62Þ° ð−6.22� 0.84Þ° ð−90.01� 120.94Þ°
jP0

ucj 3.49� 1.00 54.28� 0.99 3.41� 0.98
δPuc0 ð−84.02� 7.37Þ° ð179.48� 0.26Þ° ð−85.66� 7.79Þ°
jηtj × 102 3.09� 0.45 9.91� 0.23 3.22� 0.44

ϕt ð95.97� 4.20Þ° ð−127.91� 2.50Þ° ð96.06� 4.36Þ°
χ2min=d:o:f: 1.42=1 0.08=1 1.41=1

p-value 0.23 0.78 0.23
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the fit in all cases. Cases I and III give good fits with
χ2min=d:o:f: ∼ 1.41=1 (p value ¼ 0.23), while Case II pro-
vides an excellent fit with χ2min=d:o:f: ¼ 0.08=1 (p value ¼
0.78). In Ref. [7], the same B → πK observables are fit with
a different amplitude normalization and CKM convention,
and C0=T 0 is allowed to float. Under the same assumptions
and CKM convention, we reproduce their SM result. Our
SM fit differs because we fix jC0j=jT 0j ¼ 0.2.
The three solutions differ in the extracted amplitudes.

Cases I and III favor a small tree amplitude jT 0j ≃ 2.34 eV
with a large QCD penguin jP0

tcj ≃ 49.3 eV, while Case II
exhibits the opposite hierarchy with jT 0j ≃ 99.1 eV and
jP0

tcj ≃ 35.5 eV. The ALP coupling jηtj varies accordingly,
ranging from ∼0.03 in Cases I and III to ∼0.1 in Case II.
These fits determine both the magnitude and phase of ηt for
the chosen value of sin θ. In what follows we focus on the
commonly studied SU(3) flavor symmetry, and although
Case II is an excellent fit, we do not consider it further
because the hierarchy of amplitudes is unexpected.
Table II shows the expected values for the B → πK

observables for the best-fit parameters of Case I. The values
agree well with experimental measurements. The largest
deviation appears in ACPðB0 → π0K0Þ, which lies ∼1.1σ
from its measured value and provides the dominant χ2

contribution of 1.30.
With ηt fixed by the B → πK analysis, we now turn to

the Bþ → Kþ þ inv excess. To obtain the SM branching
ratios for B → Kð�Þνν̄, we use the FLAVIO package [42]. The
b → sνν transition depends on gN , Uμ4 and mν4 . Since
BðKL → π0 þ invÞ is independent ofmν4 , the KOTO upper
bound directly constrains the jUμ4j–gN plane. Figure 2
shows the excluded region: for gN ∼Oð1Þ, we find
jUμ4j≲Oð10−3Þ. We conservatively fix jUμ4j ¼ 5 × 10−4

in the analysis below.
In Fig. 3 we display the parameter space favored by the

Bþ → Kþ þ inv excess. The left panel shows the mν4–gN
plane for the best-fit ηt of Case I (see Table I), sin θ ¼ 0.1,

fa ¼ 1 TeV and Uμ4 ¼ 5 × 10−4. The green band corre-
sponds to values that explain the Belle II measurement
of BðBþ → Kþ þ invÞ at 90% CL. The orange dashed,
dot-dashed, and dotted curves show the 90% CL upper
limits from BðB0 → K�0 þ invÞ, BðB0 → K0 þ invÞ, and
BðBþ → K�þ þ invÞ, respectively; the regions above
these curves are excluded. The gray band indicates the
parameter space ruled out by the KOTO 90% CL bound
on BðKL → π0 þ invÞ.
The middle panel shows the allowed region in the jηtj–gN

plane for mν4 ¼ 689 MeV, which is the value that best
describes the measured spectrum; see below. The purple
band marks jηtj values compatible with B → πK data at
90% CL. The overlap of the green and purple regions
demonstrates that our model can simultaneously address
the B → πK puzzle and the Bþ → Kþνν̄ excess while
satisfying all existing constraints.
Having shown that the ALP can explain the BðBþ →

Kþνν̄Þ excess, we now examine whether it can also
reproduce the q2 distribution measured by Belle II.

TABLE II. Summary of the latest experimental measurements of the CP-averaged branching ratios, direct CP asymmetries ACP ≡
½BðB̄ → F̄Þ − BðB → FÞ�=½BðB̄ → F̄Þ þ BðB → FÞ� (with final states F; F̄), and mixing-induced CP asymmetry SCP of the B → Kπ
modes in our analysis [2–5]. The theoretical expectations are for the best-fit parameters for Case I in Table I. The last two columns list
the pull with respect to their experimental values and the χ2 contribution to the fit.

Observable Measurement Theory Pull χ2

BðBþ → πþK0Þ × 105 2.39� 0.06 2.390 0.005 0.000
BðBþ → π0KþÞ × 105 1.32� 0.04 1.320 −0.001 0.000
BðB0 → π−KþÞ × 105 2.00� 0.04 1.999 0.030 0.001
BðB0 → π0K0Þ × 105 1.01� 0.04 1.013 −0.064 0.004
ACPðBþ → πþK0Þ −0.003� 0.015 −0.007 0.268 0.072
ACPðBþ → π0KþÞ 0.027� 0.012 0.025 0.203 0.041
ACPðB0 → π−KþÞ −0.083� 0.003 −0.083 −0.038 0.001
ACPðB0 → π0K0Þ 0.00� 0.08 −0.091 1.140 1.300
SCPðB0 → π0K0Þ 0.64� 0.13 0.635 0.039 0.002

FIG. 2. 90% CL KOTO constraint from BðKL → π0 þ invÞ in
the jUμ4j − gN plane.
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We perform a combined χ2 fit to both the spectrum and the
total branching ratio.
Since the Bþ four-momentum is not fully reconstructed,

Belle II reports signal events in reconstructed q2, defined as
q2rec ¼ m2

Bþ þm2
Kþ − 2mBþE�

Kþ , with E�
Kþ theKþ energy in

the center-of-mass frame. The expected number of signal
events per q2rec bin is [43]

dN
dq2rec

¼ NB

Z
dq2fq2recðq2Þϵðq2Þ

dB
dq2

; ð40Þ

where NB ¼ ð387� 6Þ × 106, fq2recðq2Þ describes the
smearing of q2rec with respect to q2, ϵðq2Þ is the signal-
selection efficiency [1], and dB=dq2 is the differential
branching ratio including SM contributions. For the signal
event counts, we use the background-subtracted values
extracted in Ref. [43]. The smearing function is approxi-
mated by the q2rec-q2 correlation shown in Fig. 5.1
of Ref. [44].
Fixing ηt to the best-fit value of Case I, we perform a

combined χ2 analysis of the spectrum and total branching
ratio. For the fit to the spectrum, we assume Gaussian
statistics for bins with more than five events and Poisson
statistics for bins with fewer events [2]. The SM fit gives
χ2min=d:o:f: ¼ 94.56=21 (p value ¼ 2.6 × 10−11), while the
fit including the ALP contribution yields mν4 ≃ 689 MeV
and gN ≃ 1.38, resulting in a much-improved, but still poor
fit with χ2min=d:o:f: ¼ 54.73=19 (p value ¼ 2.56 × 10−5Þ.
The resulting q2rec distribution is shown in the right panel of
Fig. 3. Overall, the ALP model provides a significantly
better description of the Bþ → Kþ þ inv spectrum than
the SM, although it does not account for the excess at
intermediate q2.

In Table III we compare the measured branching ratios
for the four B → Kð�Þ þ inv with the model predictions
obtained with the benchmark values corresponding to the
right panel of Fig. 3. The prediction for the anomalous
channel, BðBþ → Kþ þ invÞ, lies roughly within 1σ of the
Belle II result. The model also predicts enhancements
in the other three channels relative to their SM values.
In particular, the predicted branching ratio of B0 → K�0 þ
inv coincides with the 90% CL experimental upper bound;
improved measurements of this decay will provide an
important test of the model. The loop that generates the
gbs coupling also induces d̄ba coupling, gbd, obtained from
Eq. (7) by replacing V�

ts by V�
td. For the benchmark point in

Fig. 3, the off-shell contribution gives BðBþ → πþν4ν̄4Þ ¼
2.9 × 10−7, and the total rate BðBþ → πþ þ invÞSMþALP ¼
4.3 × 10−7 is below the 90% CL bound BðBþ → πþνν̄Þ <
8.0 × 10−6 [45].
Before concluding, we consider consequences of the

model for lepton anomalous magnetic moments and b →
seþe− decays. Using the benchmark values of Fig. 3, we
find jΔaej ≃Oð10−15Þ, which is well below the current

FIG. 3. Left panel: allowed parameter space in the mν4–gN plane for the best-fit ηt of Case I, sin θ ¼ 0.1, fa ¼ 1 TeV and
Uμ4 ¼ 5 × 10−4. The green shading corresponds to the 90% CL region favored by the Bþ → Kþ þ inv excess. The orange curves show
the 90% CL upper limits from other B → Kð�Þ þ inv decays. The gray shaded region is ruled out at the 90% CL by the nonobservation of
BðKL → π0 þ invÞ at KOTO. Middle panel: allowed parameter space in the jηtj–gN plane for mν4 ¼ 689 MeV. The purple shaded
region corresponds to the preferred values of jηtj in Case I at 90% CL. The constraint from Bs → inv is not shown as it is weaker than the
corresponding KOTO constraint. Right panel: comparison of the background-subtracted Bþ → Kþ þ inv signal spectrum in q2rec bins
with the expectation for mν4 ¼ 689 MeV and gN ¼ 1.38. The SM spectrum is also shown.

TABLE III. Comparison of the measured branching ratios for
B → Kð�Þ þ inv decays, with SM and ALP model expectations
(with the benchmark values in Fig. 3). All upper limits corre-
spond to 90% CL.

Branching ratios (×105)

Observables Measurement SM only ALP model

BðBþ → Kþ þ invÞ 2.3� 0.7 [1] 0.47� 0.02 1.58� 0.07
BðBþ → K�þ þ invÞ < 4.0 [46] 1.06� 0.10 1.94� 0.19
BðB0 → K0 þ invÞ < 2.6 [45] 0.44� 0.02 1.46� 0.06
BðB0 → K�0 þ invÞ < 1.8 [45] 0.98� 0.10 1.80� 0.17
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experimental values jΔaejRb ¼ ð0.35� 0.16Þ × 10−12 and
(jΔaejCs ¼ ð1.00� 0.26Þ × 10−12 [47,48], based on two
different measurements of the fine-structure constant using
rubidium atoms [49] and cesium atoms [50]. In contrast, we
find a non-negligible contribution to the muon anomalous
magnetic moment, Δaμ ≃ 2.6 × 10−11, which is consistent
with the measured value, Δaμ ¼ ð38� 63Þ × 10−11 [48].
For b → seþe− decays, we find ALP contributions to be
negligible. For Bs → eþe−, the ratio in Eq. (37) differs
from unity at the level of 3.6 × 10−5; for B → Kð�Þeþe−,
we find BðBþ → Kþeþe−Þ ∼ 5 × 10−14 and BðBþ →
K�þeþe−Þ ∼ 6 × 10−14, which are negligible.

V. CONCLUSIONS

The larger than expected value of BðBþ → Kþ þ invÞ
measured by the Belle II Collaboration has generated a lot
of interest recently. Also, a decades old puzzle in the
penguin dominated decays, B → Kπ has seen a recent
revival in interest. We addressed these two anomalies with
an axionlike particle, awith mass almost the same as that of
the π0. We calculated the B → Ka penguin generated dia-
gram which contributes to B → Kπ0 due to the a − π0

mixing and yields a much improved fit to the B → Kπ
observables relative to the SM. We calculated the ALP’s
contribution to BðBþ → Kþ þ invÞ via its off-shell cou-
pling to a νN ν̄N pair and made predictions for the other
B → Kð�Þ þ inv modes. We find that a sterile neutrino of

mass ∼689 MeV gives a good fit to the Belle II data,
while being consistent with other constraints. However,
although mν4 ¼ 689 MeV significantly improves the fit to
the q2 distribution relative to the SM, it does not provide a
good fit to the spectrum. We also derived constraints on the
model from the rare kaon decays, Kþ → πþ þ inv and
KL → π0 þ inv. Although we included only the coupling
of the ALP to the top quark, RGE effects generate
couplings to all leptons. We find tiny ALP contributions
to b → seþe− and Δae, but an appreciable effect on Δaμ at
a level consistent with data.
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