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Recently, the Belle II Collaboration reported the branching fraction B(BT — K*wvp) = (2.3 +£0.7) x
1073 with a significance of 3.56, which is 2.7¢ above the Standard Model expectation. Motivated by this
measurement, we calculate this decay channel at the next-to-leading order and twist-three level using the
perturbative QCD approach. By combining lattice QCD data with our results, we obtain form factors with
improved reliability. Using these form factors, we estimate the branching ratios of B™ — K semileptonic
flavor-changing neutral current decays, including B* — K™vp and BT — K*£7¢~. To address the
anomalies in these two processes, we introduce a leptoquark model as a new physics scenario. Analyzing
five possible types of leptoquarks, we successfully explain the latest experimental measurements and
derive further constraints on the leptoquarks. Furthermore, the single leptoquark model becomes invalid

once the stringent constraints from process B, — u*u~ and B, — B, mixing is taken into account.

DOI: 10.1103/6g56-v496

I. INTRODUCTION

The exclusive B decay processes play a crucial role in
probing the complex dynamics of both the quark and lepton
sectors, serving not only as a powerful tool for precisely
testing the Standard Model (SM) but also for searching for
new physics (NP) effects. Over the past 60 years, numerous
important B decay processes have been measured across
various experimental facilities, with many results con-
firmed by SM predictions. With the accumulation of more
and more experimental data [1-8], B decay physics has
firmly established itself as a leading field for precisely
testing the SM and searching for NP.

In B decay processes, semileptonic decays characterized
by the final state containing both hadron and a lepton pair
are a major area of research. Since the lepton pair and
hadron in the final state hardly interact with each other, this
helps significantly reduce uncertainties in theoretical
calculations. The decay amplitude in these processes is
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primarily determined by the hadronic matrix element,
which can be expressed using form factors. Among these,
flavor-changing neutral current (FCNC) processes, which
have displayed significant flavor anomalies, serve as an
ideal platform for precisely testing the SM and searching
for NP. The FCNC processes are naturally suppressed by
the Glashow-Iliopoulos-Maiani mechanism and forbidden
at tree level in the SM. The suppression from the SM
makes these processes highly sensitive to contributions
from NP effects. Recently, with the substantial increase in
experimental luminosity, the Belle II Collaboration has
reported the first evidence for the B — K"uw decay with
a significance of 3.5 standard deviations as [9]

B(B* = K*vi) = (23 £0.7) x 1075. (1)

The latest experimental progress has greatly stimulated
interest in theoretical research [10-43].

Over the past decade, B decays have been extensively
studied within the frameworks of perturbative QCD
(PQCD) [44-64], lattice QCD (LQCD) [65-74], and
QCD sum rules (QCDSRs) [75-80]. The PQCD approach,
as a method for perturbative QCD analysis, serves as a
robust tool for estimating the matrix elements of semi-
leptonic decays of B mesons in the low-momentum-
transfer region [81-83]. It has demonstrated significant
predictive power concerning B decays, particularly regard-
ing CP violation [84-89]. Regarding the FCNC process
BT - KT, LQCD has achieved the most precise
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FIG. 1. The Feynman diagrams for B™ — K™ transition which
include the momenta of quark in initial and final meson states.
The black block represents vertices for weak interactions. The
gluon propagators are omitted in this figure.

determination of the B — K form factor [90], consistent
with earlier PQCD calculations that included twist-two
and next-to-leading order (NLO) corrections [91].
Nevertheless, using this highly accurate form factor, the
theoretical prediction for the branching ratio of B —
K*vp differs from the experimental measurement by
approximately 2.7 standard deviations [9] as

BB™ = K"k _ 1415 <2)
B(B* - K*uD)|ocp B

The significant discrepancy between the theoretical pre-
dictions and experimental measurements necessitates con-
sidering higher-twist (twist-three) and higher-order (NLO)
contributions within the PQCD framework, as well as
potential NP effects in this process.

Among various NP models, leptoquarks (LQs) can
introduce direct couplings between leptons and quarks
[92,93], thus bridging this fundamental connection between
quark and lepton families. At low energies, LQs can induce
two-lepton-two-quark interactions similar to those mediated
by electroweak four-fermion vertices, making them a
promising framework for explaining the previously men-
tioned discrepancies. LQs, as new color-triplet particles that
can manifest as either scalar or vector bosons and carry both
lepton and baryon numbers, have been extensively utilized
to explain a range of experimental flavor anomalies [94-98].
These anomalies include Ry, R, and the muon’s
anomalous magnetic moment (g —2), in scenarios where
the LQ-lepton-quark couplings are not confined to a single
generation. Additionally, searches for relevant collider
signals have been conducted using various approaches
[99,100]. LQs typically decay into either a charged lepton
and a quark or a neutrino and a quark. At conventional
particle-antiparticle colliders, LQs can be produced in pairs,
setting a lower limit on their mass to approximately half the
center-of-mass energy of the accelerator. However, heavier
LQs can only participate in #-channel exchanges, resulting
in a smaller cross section for the interactions they mediate.
For instance, at the LHC, the leading-order (LO) processes
for leptoquark pair production primarily involve gluon-
gluon fusion and quark-antiquark annihilation.

For the processes we have investigated, the FCNC b — s
decays can occur via the exchange of a leptoquark as an
intermediate state. In SM calculations, the uncertainties in

our predictions can be significantly reduced by integrating
LQCD data from high-momentum-transfer regions with
PQCD calculations at low-momentum transfers. The
improved reliability of SM predictions, combined with
the significant discrepancy between experimental results
and theoretical expectations, highlights the critical need to
explore further constraints on leptoquark parameters,
including their masses and couplings, within our study.

This paper is organized as follows: In Sec. II, we define
the kinematics of the decay and give the necessary inputs
for our calculations. In Sec. III, we present the framework
for the theoretical calculations. In Sec. IV, we write down
the observables of the process and present our numerical
results and discussion in SM. In Sec. V, we introduce the
LQ model and place constraints on the NP parameters. In
Sec. VI, we make a brief summary. Some useful expres-
sions are listed in the Appendix.

II. KINEMATICS AND WAVE FUNCTIONS

In our work, the theoretical calculations are given under
the PQCD factorization framework. In the rest frame of the
B meson, the momentum of B and K can be defined as

M M
- 3(171’0T)7 pZZ_B(O’n70T)’ (3)

T V2

under the light cone coordinates, respectively. Mp is the
mass of the B meson, and # is the energy fraction carried by
K. Here we define the transfer momentum g = p; — p,,
then the energy fraction = 1 — ¢g*>/M%. The momenta of
light quarks in the B and K shown in Fig. | are written as

M M
ky = 7;("1’0,1(1 1), ky = 73(0’ nx2, Kor),  (4)

where x; and x, are parton momentum fractions. k1 and
k,t are the transverse momentum. In this factorization
approach, the scales that are involved in this processes can
be divided as mj, > m,Aqcp > Ajep- The part with scale

m,% and m; Aqcp can be perturbatively calculated, called the
hard scattering kernel, and the rest parts are factorized as
nonperturbative input called wave functions. This type of
factorization may suffer end point singularities [101-103].
A notable feature of PQCD is the preservation of transverse
momentum k7 to eliminate end point divergences [104]. In
this strategy, the decay amplitude can be factorized into the
convolution of the Wilson coefficient C, hard scattering
kernel H, the hadronic wave functions ®, jet function J,,
and Sudakov factor S as

A=CR®H®PRJ,QS. (5)
Here the jet function and Sudakov factor come from the

threshold resummation and k; resummation, respectively
[105]. Recently, the resummation schemes are systematically
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discussed in Refs. [106,107]. The hadronic wave functions,
which are expressed by the light cone distribution amplitude
(LCDA), can be extracted from experiments or other non-
perturbative methods [108—113].

The B meson distribution amplitude (DA) is defined via
the matrix element as

4
(;ZTZ)“e"k‘%OIua(Z)Eﬁ(O) [B(p1))

~ /2N,

Qmmm%%w>ﬂﬁ%«®ﬁ<®

where n = (1,0,0y) and v = (0,1,0p). N. =3 is the
number of colors. Then the wave function can be written as

Oy = ﬁ(ﬁl + Mp)ysop(ky). (7)

For the ¢p, we adopt [83]

CMy  wph?
2% 2

Ba(2.0) = N1 = exp | - |®

where wp = 0.40 £ 0.04 GeV is the shape parameter and b
is the parameter conjugate to ky. The normalization
constant Ny satisfied

/ld)(xb—O)dx— Jb (9)
o O T 2y aN

with decay constant f5. The light meson LCDAs are also
defined through the matrix elements as

wmwmm@mszww%mw,um

where the wave function of the K meson is given by

Ok (x) = \/W75[ﬁ2¢K( x) + m i (x)
— mg (P — 1) (x)], (11)

where m& = 1.6 GeV is the chiral mass of the K meson.
The kaon meson DAs up to twist three are

2@)—2f%vﬁﬂl—xﬂl+aﬁ?”0

G0+ af 0|

5

00 =5 e |1+ (30m -3 )0

-3y + 55k1 -+ 608) ) 0|

1

k(x) = 2\52KTC(1 - 2x) {1 + 6<5’13 — 5133

_%pg 2pKa2>(1 — 10x 4 10x )] (12)

with px = My /mK, where My and f are the mass and
decay constant of the K meson, respectively. The
Gegenbauer polynomials are [108,109]

1
=3 ) =5062-1),
3
G2 () =5 (57 - 1),
1
Ci (1) = g (3307 4 351%),

5
(1) =5 (1147 2169, (13)

with + =2x—1, and the Gegenbauer coefficients are
[108,109]

ak =006, af=0254+015 ~ a¥=-0015,
7§ =0015, X =-30. (14)

As in most current works within the PQCD approach, we
incorporate the intrinsic b dependence solely in the LCDA
of the B meson, while neglecting it in the LCDAs of the
K meson. This is because, in the B meson, the light
quark predominantly carries the longitudinal momentum
fraction, whereas the bottom quark remains nearly at rest.
Consequently, transverse momentum effects become sig-
nificant, necessitating their explicit inclusion in the LCDA.
In contrast, for the K meson, the two light quarks exhibit
comparable momentum fractions, and the transverse
momentum effects are negligible, justifying their omission
in the LCDA. Previous studies have substantiated this point,
as elaborated in Refs. [82,105,114]. Howeyver, it should be
noted that although the intrinsic b dependence in the
LCDAs of the K meson can be neglected, the transverse
momentum dependence in the hard scattering kernel must
be considered. Meanwhile, we note that in the calculation of
electromagnetic form factors of the K meson, the intrinsic
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FIG.2. The Feynman diagrams for B¥ — K+ FCNC processes.
(a),(b) Diagram of BT — K*wp and (c),(d) BT - Kt¢T¢~
including (a),(c) SD and (b),(d) LD contributions.

b dependence of the K meson LCDA should be taken
into account. Comprehensive discussions can be found
in Refs. [115,116], along with relevant background in
[117-119]. In addition to this definition of the wave
function, we have noticed that another definition of the
transverse-momentum-dependent wave function has
recently been proposed [120].

III. THEORETICAL CALCULATIONS

Utilizing the provided LCDAs, we can analytically
compute the semileptonic FCNC decay process of
Bt — K*. The considered Feynman diagrams are illus-
trated in Fig. 2. This figure depicts both the short-distance
(SD) interactions, as represented by the low-energy effective
Hamiltonian, and the long-distance (LD) interactions.

The low-energy effective Hamiltonian of b — svv tran-
sitions can be written as [121]

AGr Tem
V2 2n

where Gp is the Fermi coupling constant, «,, is the
coupling constant of electromagnetic interaction, V;; are
the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements,
and C is the Wilson coefficient. The four-fermion operator
is

Hegr = Vi Vi CEOE, (15)

Ot = (5y"Pyb) (07, P10). (16)

with
CLL = =X,/ sin?(0y) = —6.32(7). (17)
Here X, = 1.462(17). It includes the NLO QCD correc-

tions [122—-124] and the two-loop electroweak contribu-
tions [125].

For b — s£T¢~ processes, the low-energy effective
Hamiltonian is

Har = =2V aVid [C10008 ) + Ca O30

10
2 G0 + GO k)

- OY() + G (O5(w) - D)) |}, (18)

where 4, =V, Vi / (Vi Vis). Ci(u) are Wilson coeffi-
cients, O;(u) are four fermion operators, and they all
depend on the renormalization scale u. For notational
simplicity, we will omit the symbol y in the subsequent
discussion.

Of = (547" Prcp)(CpruPLby),

S = (5a7"Prca) (Cgr,PLbp).
Of = (Sur"Prug)(itgy, Prby).
O = (57" Prug)(itzy,Prbg).
O3 = (E(IY”PLba)Z(EIﬂYMPLQﬂ)v

q

04 = (anﬂprﬂ>Z(Qﬂ7ﬂPan),
q

Os = (EaV”PLba)Z(‘_]/}YMPR‘I/})’
q

06 = (gayﬂPLbﬁ)Z(ZIﬂnyRQa)’
q

Oy = I Soh Py,

Oy = {CIZ;; 56" T PRbGY,.,

Oy = Z2 (57" PLb)(7,0),

O = Z2 (57 PLb) Er,157). (19)

F,, and Gj, are the electromagnetic and chromomag-
netic tensors, respectively. 7¢ are the generators of the
SU(3) group.

Based on the effective Hamiltonian, the transition
amplitude for the BT — K+ FCNC process comprises both
hadronic and leptonic matrix elements. The hadronic
matrix element can be parametrized by the form factors

F.(q*), Fo(q*), and Fr(q?) as

113003-4
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M?% — M>

(K (02 O, b0)B()) = |2 =250, P+ (014 ), -

2i[p2yqu - q,uPZD]

(K(p2)[5(0)0,,b(0)[B(p1)) = M, + My

It is straightforward to observe that setting ¢> = 0, F(0)
results in F(0).

For B decay processes, LO calculations are insufficiently
precise for testing the SM. NLO corrections have been
extensively considered in semileptonic B decays. The NLO
B — r transition form factors at twist two are provided in
Ref. [126]. Utilizing these results, the form factors for
B — K, B —» K, and B — = transitions were calculated in
Ref. [91]. These NLO contributions amount to approx-
imately 20%. In addition to higher-order corrections,
higher-twist effects have also been evaluated in recent
studies. The NLO twist-three contributions to B — &

M% — M3
—E | F @),

Fr(q®). (20)

transition form factors have been considered in
Ref. [127]. It was found that the NLO twist-three and
twist-two contributions are of similar magnitude but
opposite sign, resulting in significant cancellation between
them [127]. Consequently, the NLO twist-three contribu-
tion must be accounted for in this study. Given that the
behavior of B — K processes is analogous to thatof B — =«
transitions, by following the methodology outlined in
Refs. [126,127], we can readily recalculate the B — K
form factors at NLO. The NLO PQCD factorization
formulas for Fy(q?), F,(q*), and Fy(q*) are

Fo(q2)|NL0 = SJTCFM%/dxldxz / bldb1b2dbz¢3(x1,b1){(2 - 'I)”K[¢§<x2) - ¢,7;(x2)]
X ay (1) (1. %3, by b) eSS, (x3) + (1 +x3m) (1 + Fy (x 1. 1. %) ) (x2)
= 2rgXa @k (x2) + 2rk (1/n = x2) @k (x2)]aty (1) (x1, X5, by, by) eSS, (x,)
+n2rg (1 + F'(FIS) (xi. 1. 1, ) PR (x2))a (12) (%0, X1, ba, by ) e (2) S, (x) }, (21)

F+(q2)|NLO = 877"CFMZB/dxldXZ/bldblbzdb2¢3(xlvbl){rl(kbg(xZ)_¢IT((X2)}

X ay (1) h(xy, %0, by, by)e 55, (xy) + [(1 + xam) (1 + F’(1"12>(xiu“v 1.q%))px(x2)
= 2rgxale (x2) + 2rk (1/n = x2) % (x2)]aty (1) h(xy, X3, by, by) e~ 55618, (ix,)
+ [2rg (1 + F”(F13) (xis i, 1. q%)) e (x2)]aag (12) h(xa, X1, ba, by )e=Sex(2)S, (xy )}, (22)

Fr(¢%)Inio :8”CFM%<1+r)/dxldx2/bldbledefﬁB(xl’bl){[(l+F(T]2)(xiv/"’ 1q*)) i (x2)

— rgXodk (x2) + ri(2/n + x2)pk (x)]ay (1) h(x1, X2, by, bz)e_s“"<")5z(x2)
+ 2rg (1 P (i 1, 1, 2)) (52 (1) B (3, X1, ba, by ) eSS, (x,)}, (23)

with color factor Cr = 4/3, r = Mg /Mp, and rgx = m¥ /M p. In this context, we have omitted the terms proportional to x;,
as they are power suppressed. The running coupling constant «,, hard function 4, Sudakov exponent Spg, and threshold

resummation factor S, can be found in the Appendix. NLO hard kernel F’ (le) (xi i, 1, ¢*) and F (T13) (xi, us t, ¢%) are also listed

in the Appendix.

IV. NUMERICAL RESULTS

After constructing the factorization formula for the form factors, we can compute the required form factors using the
provided input parameters. The input parameters used in our calculations are summarized as follows. The masses are taken

as (in units of GeV) [8]
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TABLEI. Central values of Bt — K transition form factors at
g* = 0, the label LO, LO + NLO(T-2), LO + NLO(T-3), and
LO + NLO mean the full LO contribution, the full LO plus NLO
twist-two contribution, the full LO plus NLO twist-three con-
tribution, and the total contribution of LO and NLO, respectively.

LO LO+NLO(T-2) LO +NLO(T-3) LO+NLO

Fo(0) 0326 0.381(+17%)  0.284(=13%) 0.340(+4%)
F.(0) 0326 0381(+17%)  0.284(=13%) 0.340(+4%)
Fr(0) 0345 0399(+16%)  0.299(=13%) 0.354(+3%)
Mp=5280, Mg=0494, m,=1.777, my=280.37,
m,=172.57, m,=4209, m.=1272, (24)

where we omit the mass of u, d, and s quarks, as well as the
e and yu leptons since they are too light.

The lifetime (in units of picoseconds) and decay constant
(in units of GeV) are [8]

tp=1638, 17,2029, fz=021, fr=0.16. (25)

For the CKM matrix elements, we adopt [§]

V.| =(3.82+0.20)x 1073, |V,,|=0.2243140.00085,
V| =1.01040.027, |V,|=(41.540.9)x1073.  (26)

Wilson Coefficients at y = my, [128],

TABLE IL

C, = —0.294, C, = 1.017, C; = —0.0059,
C, = —0.087, Cs=0.0004,  Cq=0.0011,

C; =—02957,  Cg=-0.1630, Co=4.114,

Cio = —4.193. (27)

Other parameters [8] are

Gr=1.1663788x105GeV~2, sin?(0y)=0.231,
1/@pm(M)=127.952, y=0.5772156649. (28)

A. Form factors

Using the input parameters and factorization formula
presented above, we can estimate the numerical results for
the form factors, which are summarized in Tables I and II.
In Table I, we detail the contributions from each order and
twist. It can be observed that the NLO twist-two and twist-
three contributions are approximately equal in magnitude
but have opposite signs, leading to an overall enhancement
of only about 3% ~ 4% relative to the full LO contribution.
This finding aligns with the conclusions drawn in
Ref. [127]. In Table II, we compare our results with those
from other theoretical studies. The results show consistency
among each other within the uncertainties. Within the
PQCD framework, the primary sources of uncertainty stem
from the shape parameter wp in the B meson DA and the
Gegenbauer coefficients of the final-state meson wave
functions. Taking into account the uncertainties associated
with the input parameters, the total error in our calculations
is approximately 20%.

While PQCD offers reliable predictions, it is particularly
effective for calculations in the low-g? region. Conversely,

Results of Bt — K™ transition form factors at ¢g> = 0 obtained by using different theories. Results of Bt — K*£7

branching ratios obtained by using different theories. The data in the fourth, sixth, and seventh column include both SD and LD
contributions, while the other data include only SD contributions. The errors in our results originate from form factors. We added the
errors mentioned in the references in quadrature. SD results of B* — K*vp branching ratios (1076) for various ¢> bins obtained by
using different theories. The label “SCET” in the fifth column refers to Soft-Collinear Effective Theory.

PQCD (previous) [91] QCDSR [10,108,129] LQCD [90,130] SCET [131]  This work ~ Data
P

F,(0) 0310 +0.054 0331 +0.041 0.332+0.012 0.325+0.085 0.340 + 0.059

Fy(0) 0.310 = 0.054 0.331 £ 0.041 0.332+£0.012 0325+ 0.085 0.340 + 0.059

F(0) 0.340 = 0.062 0358 +£0.037  0.332+£0.024 0.351£0.097 0.354 = 0.066

B(B" — K*up)(1079) 4421150 41351082 5674038 5239705  6.69+0.66 23+7

BBt — KT¢t¢7)(107) 5.5017% 6.6331 3% 7.04 £0.55 8.87+£0.99 47+05

q*€(0,4) 0.93+0.15 L189+£0.097  1.282/0087  1.32+£0.15

g’ € (4.8) 0.92+0.12 1155420090 1.22410076  1.36£0.16

q*€(8.12) 0.86 +0.10 1.071£0.084  1.11210066  129+0.18

q*€(12,16) 0.71 £ 0.08 0.905+0.072  091670%%  1.08+0.15

q* €(16,20) 0.55 +0.06 0.597+£0.048 0705000  0.67+0.07

4% € (20, Gy 0.127 4 0.011 0.13 £ 0.06
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TABLE III.  The fitted parameters with BCL parametrization.
0] ay a
F. 0.358(28) —1.42(65) -2.1(2.2)
Fy 0.360(27) -1.01(52) 2.3(1.8)
Fr 0.375(30) —1.55(77) -2.9(2.6)

LQCD provides more precise results in the high-¢* region.
Hence, we follow the approach outlined in Ref. [58],
employing PQCD for the low-g> region and integrating
LQCD results for the high-g> region to model the form
factors over the full kinematic range. The ¢*> dependence of
the form factors is described using the Bourrely-Caprini-
Lellouch (BCL) parametrization [132]

Vit —q¢* =i =1
2\ —
O imervin

with 7, = (Mg +Mg)? and to=1t,(1—-\/1—-1_/t,),

then the form factor can be expressed as

Fi(q?) = Pi(¢?))_ailz(¢®) ==(0)].  (30)
k

Pi(q*) = (1 — g*/m%,)~" is a simple pole, and mz; — oo,
Mpy RT = 5.415 GeV [133]

The parameters o/, tabulated in Table III, are derived
from the fitting procedure. Utilizing these fitted parameters,
we illustrate the g dependence of the form factors in Fig. 3.
As previously mentioned, the PQCD approach for calculat-
ing form factors is predominantly applicable in the large-
recoil region, i.e., the low-momentum-transfer region where
g*> — 0. We consider that g? can reach around 10 GeV?, as
the previous PQCD studies have adopted similar values
[91]. We note that as ¢ increases, the reliability of the data
gradually decreases, which necessitated denser sampling

B.B* - K*vw
Based on the form factors we have fitted, we can give the
decay branching ratios as

B(BT — K™uvp)|gp

3G%a§mﬁ(/2
- / dp 2% Ky v o LR IE ()P, (31)
76872°M3, "

where 1x = A(M%, M%, ¢*) is the Kéllén function as
Ma,b,c) = a*+ b* + ¢* —2ab — 2bc —2ac.  (32)

The SD contribution is 5.85(65) x 107°. For comparing
with the experimental data, we also calculate the LD
contribution [134]

|G%‘Vub VZstfB |2
2565 M3,
<t 2m, (M3, = w22 (M3, — ).

(33)

B(B+ - K+I/‘rﬂf)|LD =7B

The contribution of LD interaction is 8.41(88) x 107’
which could account for 13% of the total Bt — K*vi
rates, but it does not seem to be enough to explain the
deviation between theory and experiment. Our numerical
results, along with other theoretical predictions, are sum-
marized in Table II. Overall, our results are consistent with
those from various theoretical approaches, yet they are
notably lower than the experimental data reported by Belle
IL. In Table II, we present the values for different ¢> bins for
a more detailed comparison. Additionally, we illustrate the
g* dependence of the differential branching ratio in Fig. 4.

To clearly see the difference between experimental
measurements and our results, we obtain

B(B™ — K*ov)|gyp

Ry = — =34+ 1.1. (34)
within smaller ¢? intervals. B(B" — K*w)|sm
3.0 3.0 3.0
(a) (b) —— Fitting Result (c)
Uncertainty
231 i looome | %]

2,54

1.04 1.04

—— Fitting Result
0.5 7 Uncertainty
§ PQCD Data

§ LQCD Data

0.5 M 0.5

—— Fitting Result
Bmm Uncertainty
§ PQCD Data
¥ LQCD Data

0.0 0.0

0 5 10 15 20 0 5
q%[GeV?]

FIG. 3.

q°[GeV?]

T T 0.0 T T T T T
15 20 0 5 10 15 20
q°[GeV?]

The ¢? dependence of the form factors in our fit: (a) F_ (¢%), (b) Fo(q?), and (c) Fr(q?).
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s

S - 5 L 8 &
B* »K*1*17)/dg? x 1077[GeV 2]

dB(B* - K*vi)/dg? x 10-7[GeV2]

s
dB(B* >K*I*

[ 5 0 15 20 0 5 T s 20
q2[GeV?] q%[GeV?]

FIG. 4. The ¢* dependence of the differential branching ratio.

This indicates that the experimental data are 3—4 times
higher than the theoretical predictions. To account for this
significant discrepancy, one possibility is to introduce
NP effects. Further analysis is provided in the following
section.

C.B* - K*¢*¢~
As for the Bt — K1T£1¢£~ process, the contributions
from O;_g g which including SD and LD interaction can be
added to the effective Wilson coefficients O%f§, then the
effective Hamiltonian can be simplified to

4GF . Ao —
N Vi Vis——= i {Cw[ SyMPLD] [y, 57

+ C§[sy* PLb)[¢7,¢]

7_(eff =
o IS —
— 2mbC$“ |:Sl0” ?PRb:| [lxﬂ}/ﬂf] } (35)

CSit and CST are defined as

=+ C) .
Cgff = C9 + Ypert(s) + Yres(§)7 (36)

with § = g?>/M5%. The term which contains the contribu-
tions of b — sy is given by

Cl

b—sy —

) 2 x,(x2 =5x, =2
las(mb){§’714/23 {—t(gt(xt _ {)3 )

2
3x7 Inx,

N T 01687 — 0. 7
*a 1" 68] ooscz}, (37)

where 7 = a,(my)/a,(u) and x, = m?/m?%,. The term
Ypert(3) contains the SD perturbative contributions

— = 9(7,, 8)(4C3 +4C4 + 3Cs + C)

\o|l\.)l\.)|»—l\3|'—‘

(3C; + Cy4 + 3Cs + Cy), (38)

with CO = 3C] +C2 +3C3 +C4+3C5 +C6 and ﬁ’lq =
my/my. (8) can be defined as

2 . 4 [In(l - 2
a)(ﬁ):—§ﬂ2+§A ydu—gln(ﬁ)ln(l—ﬁ)
5+ 4% 25(1 + 3)(1 - 25)
S B Y S In(3
a2 Y - sa s a e
5+ 95 — 632
S 39
6(1—35)(1 + 23) (39)
The functions g(7,.§) and g(0, ) are of the form
(g 5) = = Inii,) + o+ ox =2 (24 0/ =]
m = —-— —_— —
IMa-3) =g 279" 79 *
) 14%-;‘;;, X<,
2arctan\/%, x> 1,
8§ 8 4 4
90.5) = 55 =g In" n 5Ind 4 ir. (40)

with x =47 /3. The term Y, (3) refers to the LD
contributions

(Vi— ¢T67)0y,
M5, +iMy Ty,

YI”CS (3‘

371' |: OzM‘/
Vi

- ﬂltg(o’ S)(3Cl + CZ)
M\/]B(V] g erf_)FV]]

X .
sz qZ — M%/] —I— lMVjFVj

(41)

Light vector mesons and charmonium states that may
contribute are listed in Table IV.
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TABLE IV. Vector mesons masses, widths, and branching
ratios to #7#~ [8]. The first three rows correspond to V;, and
the last five rows correspond to V; in Eq. (41).

v My (GeV) 'y (MeV) BV — £+¢7)
p 0.775 149 4.635 x 10~
w 0.783 8.68 7.380 x 1073
¢ 1.019 4.249 2915 x 1074
Jw 3.097 0.093 5.966 x 1072
w(29) 3.686 0.294 7.965 x 1073
w(3770) 3.774 27.2 9.6 x 1070
(4040) 4.039 80 1.07 x 1073
(4160) 4.191 70 6.9 x 107°

Then the branching ratios can be given by
BB - Kt¢t¢7)

_ / 2 Grden| Vi IViPVak |4 —4m1 !
= 1B d

512M37° 37
x {6m%|cm|2<M%; CMRPE() + (¢ + 202

265" (my, — my)Fr(q®)
Mp+ Mg

x |GTF, (4%) +

TGP (g - 4m%>AKF2+<q2>} . (42)

Our results are summarized in Table II. We have updated
the prior PQCD calculations, offering more reliable and
precise predictions. The ¢ dependence branching ratios are
also given in Fig. 4. The two peaks of the branching ratio
curve correspond to the possible resonance contribution,
such as J/¥ and W(2S) in Fig. 2(d). When comparing our
results with those from other theoretical approaches and
experimental measurements, it is evident that the theoreti-
cal predictions tend to be higher than the experimental data.
This discrepancy might indicate that certain process con-
tributions are being offset by NP effects.

Analogous to the definition of R%,, we can define

B(BT —» Kt¢te )|Exp =0.530+£0.082. (43)

Rf
K B(BT —» KT¢T¢7)|gm

While this discrepancy is less pronounced than that
observed for RY%, it nonetheless calls for a theoretical
explanation.

V. LEPTOQUARK EFFECTS

At the bottom-quark mass scale, considering the lepton
flavor universality (LFU), the dimension-six NP effective
Hamiltonian of b — s semileptonic FCNC transitions can
be written as [100,135]

4GF Ao

Hegr = — Wﬁ VinVis Z CQBO;‘(Bv (44)

X.A.B

with X =V, S, T and A,B = L, R, the ten four-fermion
operators

OfF = (57" Pab)(Zy,Pgt),
OAB (SPA )(?PBK),

OAB 5AB(SUHDPAb)(?UMUPBf). (45)
Here, £ denotes neutrinos or charged leptons.

Considering the possible right-hand neutrinos are too
heavy to be produced in low-energy processes, the right-
hand lepton including £ and vy will not be considered
in our work. Based on the previous studies [100], there
are five different LQ candidates that can explain the
Bt — KT anomaly: S, =(3,1,1/3), R, =(3.2,1/6),
S3=(3,3,1/3), V, =(3,2,5/6), and U; = (3,3,2/3).
Here the numbers in the brackets represent the SM gauge
groups SU(3)., SU(2),, and U(1), quantum numbers,
respectively. The former three mean the scalar LQ, and the
latter two stand for vector LQs. The corresponding
interactions are

Sl . LSI D +yf£ Qgi'aSIGabLj'b + H.C.,
Rz: ‘C’R, D yZ,;dRRE‘S”bLJ b + H. C.,
Syt Lg, D +y%£QC’“ ab(ckgkybe ¢ 4 Hec.,

Vai Ly, D +xfLdyrve e L)’ + He.,
. s i,b
Us: Ly, D +x§i§QL r(7U5,)*"Ly” + Hee., (46)

where we adopt the notation for LQs in Ref. [100]. After
integrating out the heavy LQ field, we can obtain the
corresponding Wilson coefficients as shown in Table V, by
adopting the Fierz transformation into the vector cur-
rent form.

Then, the general effective Hamiltonian responsible for
the decay B — K*uwi is written as

4Gra,, . _ _
Herr = _T2F o VinVis [Cél{k(SY”PLb)(WyPLV)
+ CH (57" Pub) (01, PLv) + CEL (57 Pb) (57, Prv)
(47)

The corresponding branching ratios are obtained by

B(B* — K*vb) = B(B* — K*uD)|gy

CLE 4 CREP
Céni

X ‘1 + (48)
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TABLE V. Tree-level Wilson coefficients of LQ models in
b — svb and b — s¢+¢~ [100], A, = V,, V5, x, y are Yukawa
coupling matrix elements.

b — sup b — stTE
it (S T SATEAT
CE(Ry) s VA — e I
Cyt(S3) s VA e SR
(V) S ity 5
CLE(U3) - MQ i Xl - MQ Il

Therefore, the deviation between SM prediction and
experimental data can be attributed to the vector current
coupling LQ operator associated with the Wilson coeffi-
cients CLERE,

Comparing the experimental results and our new pre-
diction in Eq. (34), we can obtain the viable LQ parameter
ranges. As shown in Table V, the above five different types
of LQ particles both can contribute to BT — K*vp. For
simplicity, we consider only one type of LQ contributing in
each physical decay process. Within a 1o error range, the
numerical ranges for the corresponding Wilson coefficients
are estimated as

CLE(S1. 85, Us) = CRE(R,, V)
— [-7.3.-3.5] U[16.1,199].  (49)

In this context, the identical coefficients across all five LQs
arise from their analogous contributions to Eq. (48).

For the BT — Kt¢£7¢~ process, with the addition of NP
contributions, the effective Hamiltonian can be written as

4G a
Hegr = = Vi Vi 2

V2 ey,
x {(Clo _ CH — CRUY[5y4 P bl [Pyt
+ (C§" + CLE + CFF)[sy*PLb] [y, 7]

— 2m, e {Eia’“’ 9 pp b} G243 } (50)
q

In this analysis, we disregard the contributions from right-
handed charged leptons for simplicity. Instead, we focus
solely on the LQs that contribute concurrently to both
charged lepton and neutrino final states, consistent with
SU(2), gauge invariance. The corresponding Wilson coef-
ficients are provided in Table. V. Notably, S; does not
contribute to the charged lepton process, leaving only the
remaining four LQs as contributors.

With the inclusion of NP contributions, the relationship
between the decay branching ratio of BT — KT¢7#~ and

its SM counterpart becomes more complex than suggested
by Eq. (48). To address this, the differential branching ratio
must be expanded based on the distinct structures of the
Wilson coefficients, followed by separate integration to
derive the following form as

B(B* = K*¢+¢7) x 107
= 0.249(26)|Cyo — CNP + 0.249(26)|Co + CYP|2
—0.259(22)(Co + CNP) + 1.35(0.18). (51)

Based on the above equations and Eq. (43), the corre-
sponding numerical ranges for the coefficients C{‘,L’RL can
be determined within the 1o uncertainty range as follows:

CE(S5,Us) = CRE(R,. V)
— [-7.4,-5.6] U [~1.8, ~0.8]. (52)

Similar to the previous scenario, the four LQs contribute to
NP in an identical manner, resulting in the same coefficient
values.

These five LQ models are observed to individually
account for the experimental data of the BT — KTui
and BT — KT¢T¢~ decay channels. By combining the
results from both decay channels, the parameter space of
the LQs can be further constrained. Although the Wilson
coefficients for each type of LQ involved in the above two
decays (charged leptons and neutrinos) differ with different
factors, as presented in Table. V, the underlying structure
induced by Yukawa couplings and LQ masses remain
consistent. Consequently, the parameter space of the LQ
mass and the Yukawa coupling matrix elements, which
constitute the Wilson coefficient CNF, can be constrained
through the FCNC BT — K™ decays. The allowed param-
eter space for the five LQs is presented in Fig. 5.
Additionally, the current experimental bounds on the LQ
mass from colliders provide the lower limit for the masses
of LQs coupled to three generations of leptons, as discussed
in Ref. [8]. Considering the requirement of LFU in our
analysis, we adopt the average lower bound of 1250 GeV
for the LQ mass, as indicated in gray. For satisfying the
perturbative unitarity bound, we choose the Yukawa
coupling ¥ < v/4z, which leads to the product Y4Fy4B+
across the entire range [—4r,4x].

As illustrated in Fig. 5, the semileptonic FCNC decay
BT — K imposes significant constraints on the mass
range of LQs, under the assumption that the NP contribu-
tion arises exclusively from LQs. For the S; type LQ, as it
does not contribute to the BT — Kt£t#~ decay, its
allowed parameter space is broader than those of other
LQ types. Furthermore, the product Y4ZY48* spans both
positive and negative values. The LQ masses exhibit
opposite trends in the positive and negative coupling
product ranges, increasing with positive values and
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FIG. 5. The BT — K™ decay allowed region on the LQ mass

and the coupling constant (Y = x, y) for different LQ scenarios
(S1. Ry, S5, V,, Us). The different LQ scenarios are shown in
different colors. The symbols A and B mean the chirality (L,R).
Note that the broader viable region for S is due to the lack of the
RY% constraints.

decreasing with negative values. For the R, and Us type
LQs, the product of the Yukawa couplings Y48Y4B* is
restricted to negative values. The allowable masses of these
LQs increase as the product Y48 Y48* decreases. For the V,
and S5 LQs, only positive values of Y48 Y48* are viable and
the corresponding LQ masses increase as Y4ZYAB* grows.
Furthermore, requiring the perturbative unitarity bound
|YABY4B*| < 4z, we can obtain the LQ allowed upper
bound (in TeV)

Mg ~ 33,
My, ~ 36,

Mie2 ~ 26, MS3 ~ 33,
My, = 65. (53)

For the above two processes, LQ models can construct
the four-fermion interactions, bsvv or bsZ¢. The interaction
structures involve in the flavor changing quark » — s and
flavor conserving lepton pairs, which can also contribute to
other physical processes.

The first one is decay channel B, — £7¢~ with the
branching ratio as

2

B(By,— 67|y CLL — CRL
( >|Ep_‘ _~v 74 (54)

Ry pip-= =
Bl T BBy = 670 |sm 205

Here the SM Wilson coefficients are Cfg" ~ —4.2 [136].
Until now, the current strongest bounds on the branching
ratio come from B, — u"u~ with experimental values
3.34 £ 0.27 [137] and SM prediction 3.78 £ 0.15 [138],
which results in Rp _,z+,- = 0.88 +0.08.

Substituting this result into Eq. (54), we can obtain the
range of values for the coefficients within 1o,

CLL (S5, Us) = [-16.7,-15.9] U [-0.9, =0.1],
CRL(R,,V,) = [0.1,0.9] U [15.9,16.7]. (55)

Comparing with these intervals in Eq. (49), we find that
there is no overlapping region. This indicates that the single
LQ model becomes invalid as a possible explanation of
these above two anomalies (B — Kvp, K££™) after con-
sidering the bound from the B, — p™u~ process, which is
consistent with the previous studies [37,41].

The another process is B, — B, mixing mediated by LQs
via the box diagram. For the scalar and vector LQs, the
corresponding effective Lagrangian is [100]

1
S *\2= -
‘Ceff - 1287T2M%Q Z(yibyi_y) Sy#PRbSnyRb’
1 . B _
L = mZ(xibxis)zso(xhxi)sy#PLbSVyPLb’
4G, ~ ~
Ly = ——2 (Vu Vi) 2CM5y# P, b5y, P b. (56)

V2

Here x; = m} /M ,, the SM coefficients are C3)' ~ 0.86 x
107 [97], and the Inami-Lim function Sy(0,0) ~ 0.
Correspondingly, we obtain the contribution to the mass
differences as

AmB\_ =143 (yiby;y)z \/§
AmzM 1287 M3 o 4G (V Vi) 2Cp1

(57)

Note that we only indicate the contribution from the scalar
LQs because the one from vector LQs is approximately
around O for mj/M¢, ~0. The current experimental and
theoretical values are Amp = 17.765 4+ 0.006 [8] and

1.0

Bs-Bs mixing bound

0.8

@
Wy,
ety %o,
Noe Y.
N7
2)
. 06+
&+
S’|> >
Z\} o"'@dhde
/‘e,] Cay
g Oy
|

0.4 4

0.2 4

. \

. T T T T T T T
-1.00 -0.75 —0.50 —-0.25 0.00 0.25 0.50 0.75 1.00
ABV/AB *
Yib Yis

Excluded range by experiment

FIG. 6. The B* — Kt decay allowed region and B, — B,
mixing bound on the scalar LQ models for the scenarios of
Sy, R,, and S5. The notations are the same as Fig. 5.
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Am,sglt’[ =18.23 £0.63 ps~! [139], which results in the
ratio as 0.975 £+ 0.03.

Based on this ratio, we can obtain the corresponding
constraints within 2¢ errors as

PinYil _ (191 10)x 105(Gev)2. (58)
MLQ

The corresponding bounds within 2¢ are also shown in
Fig. 6, marked in yellow. We find that there exists some
viable overlapping area for explaining the B, — B, mixing
and B" — K" decay simultaneously, in particular, for S,
Rz, and S3.

VI. SUMMARY

We have analyzed the B¥ — K transition form factor at
the next-to-leading order and twist-three level within the
framework of perturbative QCD factorization. Using the
latest lattice QCD data, we performed a comprehensive fit
across the full dynamical region, as shown in Fig. 3, which
improves the reliability of the form factors. Based on these
fitted form factors, we computed the branching ratio for the
BT — K*uvb and Bt — K*/¢~ decay. The ¢*> depend-
ence of the differential branching ratio is shown in Fig. 4,
allowing for a direct comparison with existing experimental
data. The branching ratios for these two processes are
provided as

B(B* — K*vi) = (6.69 & 0.66) x 1076,
B(B* — K*¢+¢7) = (8.87 £ 0.99) x 1077, (59)

Our findings show that the Standard Model calculations do
not align with the experimental data presented in Table II.
To address this discrepancy between our theoretical
predictions and experimental results, we investigated
leptoquark models as a potential source of new physics.
By incorporating five types of leptoquark models—
namely, S, R,, S5, V,, and U;—we were able to reconcile
the discrepancy and further constrain the parameter space
of these leptoquarks. Constraints on the masses and
Yukawa couplings of the leptoquarks are depicted in
Fig. 5. Our study demonstrates that leptoquarks can
significantly influence the semileptonic flavor-changing
neutral current BT — K decays, thereby significantly
constraining the viable parameter space for leptoquark
masses and Yukawa couplings. Furthermore, the decay
B, —» yty~ and B, — B, mixing impose the stringent
bounds, which render the single leptoquark model unten-
able as a viable explanation. We anticipate additional
experimental data in the future to reduce uncertainties,
allowing us to rigorously test the validity of leptoquark
models and other new physics hypotheses.
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APPENDIX: PQCD FUNCTIONS
The NLO running coupling constant [82]

x  wpyIn2i

a(1) S ap P (A1)

with 7=1In(7/A), A is the QCD scale, and we adopt
Agcep = 0.25. The hard scales ¢ are chosen as the maximal
virtuality of the internal particles,

tl = maX(MB\/nx B l/bl, l/bz),
t2 = maX(MB\/nx ) l/bl, l/bz)

The hard functions

h(xl9x25b]s bZ)
= Ko(Mp\/nxx;by)
X [0(by = by)Io(M p/nx3b7) Ko(Mpg~/nx2by)

+0(by — by )Io(Mp\/nx2b1)Ko(Mpy/nx3b5)].  (A3)

Sudakov exponents Sgx (1) = Sp(t) + Sk(1),

My 5/, i
Sg(t) =s|—=x;,b; ) += — ,
B() <\/§ 1 1) 3 b Ji }’q(ﬂ)

Sk(f) = s<Aj§x2,b2) + s(ﬂjg(l —xz),b2>
(A4)

where y, = —a, /7 is the quark anomalous dimension, and
the expression for s(Q, b) can be written as [82]
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A g A® g AL,
(0.6) = 2/31 ql“( ) W (7_1> ~35, (1)
_ADB, [m( b)+1 In(29) + 1]

C e

b q
Lﬂz (5
{1 2(24) — ln2(2b)],

S|

g,

+ 35 (AS)

where

a—ln{Q/MzA)] —in(1/(bA)).

33-2n, 15319,
ﬂl_ 12 ’ 2= 24 )

Threshold resummation factor [83]

21421(3/2 + ¢)

St(x) = \/El—w(l +C)

k(1 -x)% (A7)

with ¢ = 0.3.
NLO hard kernel correction factor at twist two [126]

a,(1)Cr {211 W (1 M 13>

1
FO (xiapt,q?) =

47 4 M2 .f
2 7
X lnM—%—l—l—61n2(x1x2) +§1n2X1

1 7 1
+Zlnx1 Inx, + <2ln 52 += lnn 4) Inx,

+ (T =2V i+ (2= g )1
g 1T )T\ e )

1. My M2 101z 219
—=In—>( 3In 2 B
2 £2< §2+> 48+16]

(A8)

with

M 5 2 2/21
= {exp |:Cl + (ln 2 >lnM—%j x?zx?} -1, (A9)

with

15 7 1. M3 M3
61:—<——1—ln7]> 1n11+—1n— (31 —+2)

4 6 2 & &
10122 219
48 16 °
Mg 7 1
Cyr = <21H5—2+ In nn-— 4)
7 3

NLO hard kernel correction factor at twist three [127]

a(NCp 21 @7 1 M2,
it -~ (64+In=L
a4 20T

2

1
FY (i t,42) =

3
In?x; —=In%x,

1
XHM2+16 8
9 M?> 5
+§lnxl lan + <1n 2B § > lnxl
1
+ 1M2+91 25 1 +]1 M}
n— n Il—
g 1 1) T2
1 M2 M3

9
M Me Oy, L
4 62 + n 52 8 nl/[ 8 n n

377 91
ET —l—i} (A11)
with
1 M2 9 t2 2/21
ﬂ:{exp |:C1+<21 52 _Z> lnM%jxl xz} - t,
(A12)
with
1o M§> M, (9 )
c1—<———ln— —+ |s+<lny ) Ingy
2 4 2 2 8 8
379 1677°
32 9%
29 In M3 151
C)=—— ——In
2 ] 52 ] 1,
25 9
C3 1—6—811'17’], (A13)

where & = 25M and & =
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