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The recent measurement of the branching ratio of B™ — K™ + inv (where “inv” denotes invisible states)
by the Belle II Collaboration is enhanced relative to the standard model expectation by 2.7¢. An older
puzzle persists in measurements of the branching ratios and CP asymmetries of B — 7K 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 z°. 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 — 7°K decays by mixing with the z°. It contributes to B¥ — K* + 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 — K™ 4 inv modes and for the rare kaon decays, K* — z™ + inv
and K; — z° +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 — se™e™.
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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
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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 — zK puzzle refers to the tension
between SM predictions and experimental measurements of
the four B — zK 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 in BY — 7°K* and B® — 7~ K* decays where
the predicted near equality is contradicted by experimentally
measured values of opposite signs. ALP mixing with the
pseudoscalar states 7°, 7, and 7' can lead to deviations from
SM expectations in hadronic decays. An application of this
mechanism to explain the B — 7K 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],

B(B* - K+ +inv) = (2.340.5(stat) "0 (syst)) x 107,
(1)

In the SM, this decay is dominated by B™ — K*vp. The
measured branching ratio for BT — K + inv exceeds the

Published by the American Physical Society


https://orcid.org/0000-0003-2238-321X
https://orcid.org/0000-0001-8713-2783
https://orcid.org/0000-0001-6051-2495
https://ror.org/04d52ej85
https://ror.org/02teq1165
https://ror.org/02b6qw903
https://ror.org/01wspgy28
https://crossmark.crossref.org/dialog/?doi=10.1103/gd5l-gjrz&domain=pdf&date_stamp=2026-08-31
https://doi.org/10.1103/gd5l-gjrz
https://doi.org/10.1103/gd5l-gjrz
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

BHATTACHARYA, DATTA, KUMAR, and MARFATIA

PHYS. REV. D 114, 035046 (2026)

SM expectation for B(B™ — K*vp) from the HPQCD
Collaboration by ~2.7¢ [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]

B(K* — ztwp) = (9.677) x 1071 (2)

In contrast to the Belle II BT-decay measurement, the
updated NAG62 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 7 mass, we consider ALP-z° mixing in
B — 7K. 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, K; — z° + inv, B* —
K*t +inv and B® - K*9 4+ inv, and with the anomalous
magnetic moments of the electron and muon.

The paper is structured as follows. In Sec. II, we present
our model, including the new particles 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 SM with an ALP,
a, and a sterile neutrino, v,. The interactions of a and vy
with each other and the SM are described by the flavor-
conserving Lagrangian,

1 1 1 -
L,= 3 (0,a)(0"a) — Emgaz - ZKaFWFW

.My . _
- lﬂtf—tt}’sm +ign(Dyysvn)a. (3)

a

'Note that the HPQCD calculation uses |V,,Vi|=
0.04185(93) [8]. This is close to the value obtained from
CKM unitarity using the inclusive determination of |V | =
(41.97 £ 0.48) x 107 [9,10]. Using instead the smaller exclu-
sive value of |V.,| = (39.62 £ 0.47) x 1073 [11,12] lowers the
SM prediction by about 9%, slightly increasing the discrepancy
with the Belle I measurement.

(®)

FIG. 1. Feynman diagrams for (a) the effective s-b-a vertex,
and (b) b - sy,v;.

where f, is the ALP decay constant, 7, is the ALP-top
quark coupling, and gy is the coupling between a and vy.
Note that the Lagrangian contains no direct coupling to
active neutrinos. However, mixing between the sterile and
active neutrinos generates avyi and avb interactions,
where v without a subscript denotes an active neutrino.
The mixing between the four flavor eigenstates, v, (a = e,
u, 7, N), and mass eigenstates v; (i = 1, ...,4) is described
by a 4 x 4 orthogonal matrix U [16],

4

(Ua)L/R = Z Uai(yi)L/R? (4)

i=1

for both left- and right-handed neutrinos. The unitarity of U
implies >, |Un|?* = 1. For simplicity, we work in the two-
state (v,,vy) mixing limit, i.e., Uy = 0 for £ = 7, e. The
above condition then simplifies to |Up,[* + |U,4]* = 1. We
take v, to be heavier than a, with mass in the MeV-GeV
range, such that it is lighter than a B meson but heavier than
a kaon. Then, the v,~vy mixing is expected to be very
small, |U,4|* < 1, and vy is mostly v

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 BT — K*wb 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 — Kx puzzle in Ref. [6],
we assume that the @ mixes with the z° and has a mass close
to m,0. Denoting the mass eigenstates of a and z° by the
subscript “p,” the flavor and mass eigenstates of these two
particles are related by

a cos@ sinf ap
o)~ - o) (5)
/2 —sin@ cosO ) \ x,
where 6 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 and K — rza, 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
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B — Ka decays, and s — da transitions, enabling the rare
kaon decays, K* — zta and K, — n’a. The second
production mechanism is through the ALP-z° mixing,
whereby the 7° produced oscillates to an ALP.

Integrating out the heavy W and top-quark fields gives
the effective Lagrangian for the b — s transition,

'CZS = ngEPRba’ (6)

where g,,, is the effective 5ba coupling. At the electroweak
matching scale, pugw, g,y 1 given by [6],

ivV2Gem,m? A?
Gps = Tzfa VisVun, log ) (7)

7
t

where Gy is the Fermi constant, Vij are Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements, and A =
4zf, is the new physics cutoff scale. The effective
Lagrangian £ and the associated coupling g,; corre-
sponding to kaon decays, can be obtained from Egs. (6) and
(7) by substituting the quark flavor labels {b} — {s}
and {s} — {d}.

III. OBSERVABLES

We first examine B — 7K decays, where the ALP
mixing with z° provides a resolution to the long-standing
puzzle. We then turn to the B — K*) +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 — s£#~ decays.

A.B - nK

Closely following Ref. [6], we first review the SM
description of B — zK decays before introducing the
ALP contribution that addresses the experimental puzzle.
Here, we denote the decay amplitude for the process
Bt/ — 7K/ as AY, where i,j =—,0,+ denote the
charges of the particles. In the SM, the four B — zK
amplitudes are related via the isospin quadrilateral,

V2A% 4 A=+ = /240 4 A0, (8)

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

o1
A+0 = _P;c + P;,tcely _§P;—ECW7 (9)

. . . 2
V2AYT = ~T'e¥ = C'e 4 Pl = Pl e = Py =3 Py,

(10)

‘ 2
A~ = —Tle” + ch - P;cel}/ _gPiich’ (11)

. j 1
\/EAOO = —Cle" — P;’L + P;cel}, - P;‘EW - gP;‘EC\V’ (12)

where P} and P}, are QCD penguins, Pgy, and PS, are the
color-allowed and color-suppressed electroweak penguins
(EWPs), and T’ and C' 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,

3¢9 +c
Ppy + Py = =———CR(T' + C'), 13
ew T PEw 2cl+c2(+) (13)
3¢cg—c
Py —PS, =-2_"Wp_¢ 14
EW EW =2 — ¢, ( ): (14)

where ¢; are the AB =1 Wilson coefficients [20], and
R is the magnitude of the ratio of CKM matrix ele-
ments, R = |V;KthS/VZqus|'

If instead, the SU(2) isospin symmetry exhibited by
B — zK decays is imposed, the EWP-tree relations are
simpler2 [21]:

,_3cotcio,,y
EW "2 ¢4 e RC. (15)
o — §M RT’ (16)
EW""2 ¢+ ¢, '

Currently, B — 7K data cannot be fully explained by the
SM amplitudes in Eq. (9). For example, keeping only the
leading diagrams [up to O(1), where 1 is the Wolfenstein
parameter], it can be shown that the direct CP asymmetries
in Bt - 72°K" and B® — 77K should be approximately
equal [6].> 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.

*Note that both sets of EWP-tree relations are obtained by
neglecting ¢; and cg, which are an order of magnitude smaller
than cq and c¢;q [20].

3In Refs. [21,22] it was shown that the branching ratios and
direct CP asymmetries in the four B — 7K 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 — nK 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 7°. 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 — nK decay, m, ~ m_o 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—z° mixing, followed by the
SM decay 7° — 2y. The general form of the effective ALP-
photon coupling is

Yayy = sin egﬂ]/}/ + Keff (17)

where k. contains both the tree-level [« 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—z° mixing term. The ALP contribution to
the B - aK — K amplitude is then

m% — m3
A = g, (K[SPRb|B) sin@ = g, SinngiK)fo(qz),

(my,
(18)

where the B — K matrix element is expressed in terms of
the form factor fy(q*), evaluated at g> = m?2 [24].
Following Ref. [6] we take sinf = 0.1. The ALP contri-
bution A modifies the amplitudes for BT — z°K* and
BY — 79K? decays, corresponding to the substitutions,

V2A% 5 V2A% — A, V2A% - V240 — A, (19)
in Eq. (9). The magnitude of A is determined from a y? fit
to B — zK 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 — zK via b — sa — sqq
(with ¢ = u, d) that depends on the difference 7, — 1, of
the ALP couplings to light quarks [similar to the top quark

coupling in Eq. (3)] modifies sin @ as follows [6]:

2

My Ny —Ngfr

s i 20
2o—mi 22 f, (20)

m.y — g

sin@ — sin@ +

The couplings 7, and #; do not appear in Eq. (3), but
renormalization-group evolution (RGE) of 7, generates
n, ~—0.1y, and n, ~0.1y, for f, =1 TeV [25], giving
N — Mg = —0.25,. For an ALP-7° mass difference of 1 keV
and typical values of , and f,, the second term in Eq. (20)
(the off-shell contribution) is about 1072, and more sup-
pressed for larger mass splittings. The mixing is therefore
dominated by the on-shell contribution, and sin& ~0.1.
Note that the ALP lifetime is 7,0/ sin? @ ~ 10 femtosecond.

B. B > K™ +inv

The 5ba coupling in Eq. (6), together with the ALP
coupling to sterile neutrinos gy, mediates a tree-level
b — sv,0, transition via an ALP mediator, as in Fig. 1(b).
If m,>2m,,, the ALP can decay on shell to v,by,
increasing its total width and reducing B(a — 2y). This
undermines the B — 7K solution discussed above. We
therefore require m, < 2m,,, ensuring that b — svu0
proceeds through an off-shell ALP. The corresponding
effective Hamiltonian is

Hegr = Cps(q?) (5PRb) (D47 504), (21)

with

. U 2
Cbs(qz): zlgbsgN| N4| (22)

q —mi + imara’

where ¢ is the invariant mass of the sterile neutrino pair
and I', is the total ALP decay width. This operator
contributes to both B — Ky,v4 and B — K*v,0, decays.

(1 _4’"12/4/612)’ Apy = m% - mﬁp

and the Killén function Az, = A(m%, m3,, ¢*), the differ-
ential decay width for B — Kv,v, is

In terms of =

_ 1/2
dI'(B — Kuv,by) _ /MB/K Ak d* [ ICil?2, (23)
dg? 5122°m3, (my, —my)* " ”*
and for B = K*v,0y,
. 3/2
dL(B = K'vata) Pl a4 |Cysl?. (24)
dg? s127°m (my, +my)>

where for brevity we have suppressed the ¢> dependence
in Cy,(¢?) and the B — K form factors f,(¢q?) and
Ap(q?) [24,26).

Additionally, neutrino mixing-induced avyv and avv
interactions together with the g, coupling give rise to b —
sv4v and b — svp transitions, respectively. The b — syuv
transition is mediated by an off-shell ALP, with contribu-
tions to B — K +inv decay widths analogous to
Egs. (23) and (24), differing in factors related to neu-
trino-mixing and the phase space, and equivalent to
replacing  f—(1=m2 /q?)* and  |Uygl* = |Uya*(1-
|Uns|?). On the other hand, the b — sui transition
can proceed via resonant on-shell ALP decay, b — sa
followed by a — vi. The corresponding contributions to
the branching ratios are calculated in the narrow-width
approximation,

I'(a — wp)

B(B — K®up) ~ B(B - K%a) T ;

(25)
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where the partial width for a — vv is [16]
S pem, )
871

I'a - vo)

and the partial widths for the two-body decays B — K*)a
are

|gbs|2 my — my \? 1/2
F(B— Ka) = 2 mi — mK e, (27)
B s

2
(B > K*a) = 191

32
 64am3y(my, + my)? A (28)

where fg, Ay, and Az are evaluated at ¢> = m?2.

The total ALP contribution to B(B — K*) + inv),

B(B — K™ +inv) yp
= B(B —» KWu,0,) +2B(B — K¥y,0)
+B(B - K%a,a — vp), (29)

is dominated by the b — syu0, term. Although decays
with sterile-active and active-active neutrinos in the final
state have larger phase space than b — sy,04, their con-
tributions are negligible due to the small v—v, 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 — K" a production followed by
a — vv. An additional contribution from ALP-pion mixing
(B = KW' = K®q), followed by a — v is doubly
suppressed by the small neutrino mixing and the a—z°
mixing.

The interaction in Eq. (21) also modifies the invisible
decay B, — inv. Currently, there is no experimental meas-
urement of this process, but recently an upper bound of
5.6 x 107 (90% CL) on the branching ratio was obtained
[27] from ALEPH data [28]. The SM expectation for the
branching ratio is ~5 x 10~'> [29]. In our model, the new
physics contribution is again dominated by B, — v,v,, with
branching ratio,

ﬂf%sm%i
B(B; = vavy) = W |Cs 2, (30)

where f and C, are evaluated at ¢* = mj , and f5_ is the
B, decay constant.

C. Rare kaon decays and other constraints

As in the case of B decays, the ALP induces transitions
s = d +inv (with inv = 40y, v40, or vi), modifying the
SM decay rates of the rare kaon decays K; — 7z’vp and
K™ — nup. 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 — nv,v4 and K — zv,v are kinematically
forbidden if m,, > mg —m,. Because the on-shell ALP
contribution K — za, a — vv, depends on v-vy mixing,
the latter can be constrained by rare kaon decays.

The NA62 experiment [31] has set stringent limits on
B(Kt — zn"X) for a feebly interacting scalar boson X
with mass my € [0, 110] MeV and [160, 260] MeV. Since
m, ~my in our scenario, these bounds do not apply.
However, the KOTO experiment has searched for the
decay K; — 7°X, where X is an invisible boson. For
my = 135 MeV, the 90% CL upper bound is B(K; —
7°X) < 1.6 x 107 [32], which our model must satisfy. In
the narrow-width approximation, the on-shell ALP con-
tribution is

I'(a - vp)

B(K; — 7" +inv) ~ B(K; — %) N

(31)

The branching ratio for K; — z°

standard two-body decay formula [2],

a is given by the

-

|Pf\

B(K; — %) =1
( L ) KLSIL'I’I/I%(L

A

2 (32)

where |p | is the momentum of the final-state particles and

A is the amplitude of K; — 7%a.

The K, — 7n’a 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—z°
mixing via K; — 7°2° — 7%, where K, — 72°2° is a
purely SM decay. We denote these amplitudes as .;ldirect
and .;lmix, respectively.

;ldirect is approximately,

my —mz ..
mf 0 (@), (33)
where X (g?) is the K — x form factor [33,34] evaluated at
q* = m2, giving fX(m2) ~ 1.

To calculate ;lmix, we first determine the SM amplitude
for K; — n°2° using lattice results for the isospin ampli-
tudes for K°— (zz), from the RBC-UKQCD
Collaboration [35,36]. Denoting the I =0, 2 isospin
amplitudes as A, and A,, with corresponding phase shifts

5, the amplitude for K* — 7%2° is

Vz‘direct = Re(gsd)

2 . .
A(K? = 7%2%) = \/;(Aoe"so —V2A,e%).  (34)

Using |K;) = pg|K®) — qx|K®), where pg and g are the
usual kaon mixing coefficients, we obtain
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TABLE 1.

Results of a fitto B — zK data, assuming |C'|/|T’| = 0.2. The amplitudes are in units of eV. With only the SM amplitudes,

Cases I and 11 give y2. /d.o.f. = 16.96/3, and Case III gives 2. /d.o.f. = 37.20/3.

SUQ3) flavor

SU(2) isospin

Parameter Case I Case 11 Case III

|T'| 2.34 +0.43 99.10 +£2.94 2.34+043

|P}.]| 49.33 £0.39 3548 +2.48 49.35 +£0.39

Spre (=80.81 + 2.64)° (~1.42 £ 0.39)° (~81.67 £ 2.57)°

Se (=89.50 + 120.62)° (=6.22 + 0.84)° (=90.01 + 120.94)°

[P 3.49 4+ 1.00 54.28 +£0.99 3.41+098

Spye (=84.02 + 7.37)° (179.48 + 0.26)° (=85.66 + 7.79)°

;] x 10? 3.09 £0.45 9.91 +£0.23 3.22+0.44

&, (95.97 + 4.20)° (=127.91 + 2.50)° (96.06 + 4.36)°

2o/ do . 1.42/1 0.08/1 1.41/1

p-value 0.23 0.78 0.23

A(K, — 7°7°) = pxA(K® = 72°2°) — gxA(K® - n°2°). where A, reads

The amplitude for K; — 7°2° — 7% is then — im0, G, 38)
A, = = 38

Apix = —25in0A(K; — 7°7°), (35)
where the factor of 2 accounts for either of the two z°
mesons mixing with the ALP. L

The total amplitude is the coherent sum A = Agireeit+

;lmix, where ,Zldirect depends on the phase ¢, of the ALP-top

coupling #, and ,ztmix on the a—z° 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 #, generates 1, ~ 0.1, for f, = 1 TeV
[25]. These couplings induce anomalous magnetic
moments of charged leptons, a, = (g — 2),/2 at one loop.
The corresponding ALP contribution is [37]

m2;,12 2aceff A2
Aa, = ——5% |h — 7 (log— —h ,
o0 =~ jatts 1)+ 25 (g o) )|
(36)
where x = mZ/m’ —ie, ¢ = —(nf,/a)g,,, and the

loop functions h;(x) and h,(x) are given in Ref. [23].
Since RGE-induced couplings 7, are universal, we
have Aa,/Aa, = m}/m;,

The lepton coupling 7, together with the sha coupling
also induces the » — sete™ transition, which modifies the
branching ratios of B, — ete™ and B — K(Yete™. The
correction to the former is given by [38]

B(B; — ete™)
B(B\ - e+e—)SM

=|1-A,

2, (37)

©aVi VG —m2/my ymyf,

with C3M ~ —4.2 in the SM.

The branching ratio for B — K*)e*e~ with an on-shell
ALP in the narrow-width approximation follows analo-
gously from Eq. (25), with the decay a — vv replaced by
a — e*e”. Neglecting terms ~m2/m2, the ALP partial
width to electrons is

o InePrcmq

INa—ete )~ 8n/? (39)

IV. RESULTS AND DISCUSSION

In Table I, we present the results of our y fit to the latest
B — nK data. We use the MINUIT package [39,40] for
minimization of the y? 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 Egs. (13) and (14). Motivated by QCD factorization we
set |C'|/|T'| =02 [41]. In Case I, we constrain the
color-favored tree amplitude |7’| to be smaller than the
QCD penguin |P,.|, 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 Egs. (15)
and (16).

The SM-only fit yields a very poor description of the data
as quantified by the minimum x? per d.o.f.: y2, /d.o.f. =
16.96/3 (p value =7 x 10™%) for Cases I and II, and
2. /d.o.f. =37.20/3 (p value = 4.2 x 107%) for Case III.
Inclusion of the ALP amplitude significantly improves
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TABLE IL

Summary of the latest experimental measurements of the CP-averaged branching ratios, direct CP asymmetries Aqp =

[B(B— F)—B(B— F)|/[B(B - F)+ B(B — F)] (with final states F, F), and mixing-induced CP asymmetry Scp of the B — Kz
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 y? contribution to the fit.

Observable Measurement Theory Pull 7

B(B* - 27 K%) x 10 2.39 £ 0.06 2.390 0.005 0.000
BBt — 2°K*) x 10° 1.32 £0.04 1.320 —0.001 0.000
B(B® - z7K*) x 10° 2.00 £ 0.04 1.999 0.030 0.001
B(B® - z°K%) x 10° 1.01 £ 0.04 1.013 —0.064 0.004
Acp(BY = 77K?) —-0.003 £ 0.015 —-0.007 0.268 0.072
Acp(BT = 1K) 0.027 £0.012 0.025 0.203 0.041
Acp(B® —» n7K™) —0.083 £+ 0.003 —-0.083 —0.038 0.001
Acp(B® - 7°K?) 0.00 +0.08 —-0.091 1.140 1.300
Scp(BY = 79K?) 0.64 +£0.13 0.635 0.039 0.002

the fit in all cases. Cases I and III give good fits with
x2/d.o.f. ~1.41/1 (p value = 0.23), while Case II pro-
vides an excellent fit with y2. /d.o.f. = 0.08/1 (p value =
0.78). In Ref. [7], the same B — 7K observables are fit with
a different amplitude normalization and CKM convention,
and C'/T’ is allowed to float. Under the same assumptions
and CKM convention, we reproduce their SM result. Our
SM fit differs because we fix |C'|/|T’| = 0.2.

The three solutions differ in the extracted amplitudes.
Cases I and III favor a small tree amplitude |77| ~2.34 eV
with a large QCD penguin |P}.| ~49.3 eV, while Case II
exhibits the opposite hierarchy with |7'| ~99.1 eV and
|P}.| 22 35.5 eV. The ALP coupling |,| 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 7, for
the chosen value of sin 6. 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 — zK
observables for the best-fit parameters of Case 1. The values
agree well with experimental measurements. The largest
deviation appears in Ac-p(B® — 7°K°), which lies ~1.1¢
from its measured value and provides the dominant y?
contribution of 1.30.

With #, fixed by the B — zK analysis, we now turn to
the Bt — K + inv excess. To obtain the SM branching
ratios for B — K*)uD, we use the FLAVIO package [42]. The
b — svv transition depends on gy, U, and m,,. Since
B(K; — 7 4 inv) is independent of m,, , the KOTO upper
bound directly constrains the |U,4|-gy plane. Figure 2
shows the excluded region: for gy~ O(1), we find
|U,.4| < O(1073). We conservatively fix |U,4| =5 x 107
in the analysis below.

In Fig. 3 we display the parameter space favored by the
B* — K* + inv excess. The left panel shows the m,,—gy

plane for the best-fit 57, of Case I (see Table I), sin€ = 0.1,

fa=1TeVand U,y =35 x 10~*. The green band corre-
sponds to values that explain the Belle II measurement
of B(B" - K" +inv) at 90% CL. The orange dashed,
dot-dashed, and dotted curves show the 90% CL upper
limits from B(B® - K** +inv), B(B" - K" +inv), and
B(BT — K** +inv), respectively; the regions above
these curves are excluded. The gray band indicates the
parameter space ruled out by the KOTO 90% CL bound
on B(K; — n° +inv).

The middle panel shows the allowed region in the |17,|-gx
plane for m,, = 689 MeV, which is the value that best
describes the measured spectrum; see below. The purple
band marks |7,| values compatible with B — zK data at
90% CL. The overlap of the green and purple regions
demonstrates that our model can simultaneously address
the B — zK puzzle and the BT — Kb excess while
satisfying all existing constraints.

Having shown that the ALP can explain the B(B* —
K*uvp) excess, we now examine whether it can also
reproduce the ¢ distribution measured by Belle II

3_ -
2_ -
= L
m -
1_ -
r Allowed by
I Ky — 7'+ inv
1074 1073 1072

FIG. 2. 90% CL KOTO constraint from B(K; — z° + inv) in
the |U,4| — gy plane.
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3 Excluded by K7 — 0 + inv 3 " Excluded by K;, - 70+ inv ] ' ' ALP model
< \ »n r -- SM
o @X N E 2001 \ ¢  Experiment |
& AN s |
2F - ¢ 9 A ] :
_ o7 N % BN 5
= ¢ & O &
-~ ks
o
1E 1 N 2
- B - K* 4 inv : - B" 5 K*4inv B—aK \\ g
-= B' 5 K% +inv | -= B" = K +inv preferred - 2
BY — K*t +inv Bt — K** +inv
0 | I S S [T SO SR S N S SR S S R U PR | n PR
0.5 1.0 L5 2.0 1072 1071
my, [GeV] . [GeV?]
FIG. 3. Left panel: allowed parameter space in the m,,~gy plane for the best-fit 7, of Case I, sind = 0.1, f, =1 TeV and

Uy =5x% 10~*. The green shading corresponds to the 90% CL region favored by the B* — K + inv excess. The orange curves show
the 90% CL upper limits from other B — K*) 4 inv decays. The gray shaded region is ruled out at the 90% CL by the nonobservation of
B(K; — z° +inv) at KOTO. Middle panel: allowed parameter space in the |r,|-gy plane for m, = 689 MeV. The purple shaded
region corresponds to the preferred values of |57,| in Case I at 90% CL. The constraint from B, — inv is not shown as it is weaker than the
corresponding KOTO constraint. Right panel: comparison of the background-subtracted B* — K + inv signal spectrum in g2, bins
with the expectation for m,, = 689 MeV and gy = 1.38. The SM spectrum is also shown.

We perform a combined y? fit to both the spectrum and the
total branching ratio.

Since the BT four-momentum is not fully reconstructed,
Belle I reports signal events in reconstructed g*, defined as
qhe = my, 4+ m%. —2mp: Ef., with Ef,. the K™ energy in
the center-of-mass frame. The expected number of signal

events per g2, bin is [43]

dB

dN
— = NB/dquq?ec(qz)e(qz)d_qz’

(40)
dgk.

where Ny = (387 £6) x 10%, f,. (¢*) describes the
smearing of g2, with respect to g2, €(q?) is the signal-
selection efficiency [1], and dB/dg’* 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 g¢Z.-g> correlation shown in Fig. 5.1
of Ref. [44].

Fixing 7, to the best-fit value of Case I, we perform a
combined y? 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
y2/dof. =94.56/21 (p value = 2.6 x 107!1), while the
fit including the ALP contribution yields m,, ~ 689 MeV
and gy ~ 1.38, resulting in a much-improved, but still poor
fit with 2. /d.o.f. = 54.73/19 (p value = 2.56 x 107°).
The resulting g2, distribution is shown in the right panel of
Fig. 3. Overall, the ALP model provides a significantly
better description of the B — K + inv spectrum than
the SM, although it does not account for the excess at
intermediate ¢°.

In Table I we compare the measured branching ratios
for the four B — K*) +inv with the model predictions
obtained with the benchmark values corresponding to the
right panel of Fig. 3. The prediction for the anomalous
channel, B(B" — K" + inv), lies roughly within 1o 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 B — K*0 +
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
gps coupling also induces dba coupling, g4, obtained from
Eq. (7) by replacing V7 by V7. For the benchmark point in
Fig. 3, the off-shell contribution gives B(B* — ztv,04) =
2.9 x 1077, and the total rate B(B™ — " + inv)gy, ap =
4.3 x 1077 is below the 90% CL bound B(B"™ — ztwp) <
8.0 x 1076 [45].

Before concluding, we consider consequences of the
model for lepton anomalous magnetic moments and b —
sete™ decays. Using the benchmark values of Fig. 3, we
find |Aa,|~ O(1071%), which is well below the current

TABLE III. Comparison of the measured branching ratios for
B — K®) +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 (x10°)

Observables Measurement  SM only ~ ALP model
B(BT - Kt +inv) 23+0.7[1] 047+0.02 1.58+0.07
B(BT — K*" +inv) <4.0[46] 1.06+£0.10 1.94+0.19
B(B® —» K° +inv) <2.6[45] 044+£0.02 1.46+0.06
B(B® - K0 + inv) < 1.8 [45] 098=£0.10 1.80+0.17
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experimental values |Aa,|g, = (0.35 +0.16) x 10~'? and
(|Aa,|cs = (1.00 £ 0.26) x 10712 [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, Aa, ~2.6 x 10~'!, which is consistent
with the measured value, Aa, = (38 £63) x 107! [48].
For b — seTe™ decays, we find ALP contributions to be
negligible. For B, — e*e™, the ratio in Eq. (37) differs
from unity at the level of 3.6 x 1075; for B > K®ete™,
we find B(BT - Ktete™)~5x107* and B(B' —
K*"ete™) ~6x 10714, which are negligible.

V. CONCLUSIONS

The larger than expected value of B(B™ — K+ +inv)
measured by the Belle II Collaboration has generated a lot
of interest recently. Also, a decades old puzzle in the
penguin dominated decays, B — Kz has seen a recent
revival in interest. We addressed these two anomalies with
an axionlike particle, a with mass almost the same as that of
the 7°. We calculated the B — Ka penguin generated dia-
gram which contributes to B — Kz° due to the a — 7°
mixing and yields a much improved fit to the B — K=
observables relative to the SM. We calculated the ALP’s
contribution to B(B" — K* 4 inv) via its off-shell cou-
pling to a vyvy pair and made predictions for the other
B — K™ +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 m,, = 689 MeV significantly improves the fit to
the ¢ 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, K™ — z* + inv and
K; — 7° + 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 — se*e” and Aa,, but an appreciable effect on Aa,, at
a level consistent with data.
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