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Abstract: In the heavy-quark and large-energy limits, symmetry relations reduce the number of independent form

factors governing heavy-to-light B-meson decays. Exploiting these relations, the form factors can be parametrized

while systematically incorporating symmetry-breaking corrections from perturbative QCD. Using vertex renormaliz-

ation together with light-cone distribution amplitudes, we compute the vertex and hard-spectator contributions for

the B — K;(1430) transition. We then analyze the impact of these form factors on physical observables, including

the branching ratio and lepton polarization asymmetries (Pr,Py), in B — K3(1430);1+;1‘. Our results indicate that

perturbative corrections induce modest shifts of ~ 3% in both the branching ratio and the normal lepton polarization

asymmetry. Consequently, any significant deviation observed experimentally from these predictions would provide a

clear signal of potential New Physics effects.
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I. INTRODUCTION

The Standard Model (SM) has achieved remarkable
success in describing the fundamental particles and their
interactions both theoretically and experimentally. Never-
theless, the search for physics beyond the SM, also
known as the new physics (NP) remains one of the
primary objectives of contemporary particle physics.
While high-energy experiments aim to reveal new
particles through direct production, precision studies
provide an alternative and complementary approach for
uncovering possible deviations from SM predictions. In
this context, heavy-flavor physics offers a powerful
laboratory for testing the SM with high accuracy, owing
to the large amount of available experimental data. A
central aspect of these studies is the examination of the
unitarity of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, where the B-meson decays are always at the fore-
front.

Among the various B-meson decay channels, particu-
larly sensitive probes of the SM arise from flavor-chan-
ging neutral-current (FCNC) transitions of the type
b — s(d)¢*¢". In the Standard Model, these processes oc-
cur only at the loop level and are further suppressed by
the CKM matrix elements. Consequently, the correspond-
ing exclusive decay modes, such as B* — K®W*f¢-,
B’ —» K¢, and BY— ¢+, with €=e,u, have been
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extensively investigated experimentally [1-7]. Of partic-
ular interest are tests of lepton-flavor universality (LFU)
in B— K®¢+¢~ decays [8—11]. In these observables, the
dependence on CKM matrix elements as well as the un-
certainties associated with hadronic form factors largely
cancel, making them especially clean probes of possible
new physics effects. As a result, these processes have
been widely studied in a variety of new-physics scenari-
os; see, for example, Refs. [12—17]. Recent experimental
measurements indicate that these observables are consist-
ent with the SM predictions within approximately 0.20-
[18—21]. Motivated by these developments, it is worth-
while to explore other complementary exclusive decays
induced by the same FCNC transition b — s¢*¢~. In this
context, the rare decays B — S £*¢~, where S = (fy, a9, K;))
denotes a scalar meson, provide an additional probe of
the underlying flavor dynamics.

The study of light scalar mesons with masses below
1.5 GeV serves as an intriguing subject of study due to
their non trivial internal structure. While they are usually
viewed as conventional quarks-antiquark states [22], al-
ternate descriptions have been proposed depending upon
their masses and observed properties. These include tetra-
quark configurations [23], meson-meson molecular states
[24], and less convincingly, glueball states [25]. Al-
though some of these models are quite successful in ex-
plaining certain experimental features, none of them
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provides a full experimentally observed consistent de-
scription. As a consequence, the internal structure of light
scalar mesons remains an open question and continues to
attract considerable interest in hadron physics. The meson
K;(1430), which constitutes the main focus of the present
study, is commonly interpreted as a predominantly sg or
g5 state in many phenomenological analyses. However,
its classification is still subject to debate, with two com-
monly discussed scenarios in the literature. In the first
scenario, K;(1430) is treated as an excited state associ-
ated with a lighter scalar ground state below 1GeV. In the
second scenario, it is regarded as the lowest-lying scalar
state, while the light scalar nonet below 1GeV is inter-
preted as a set of tetraquark bound states. A detailed dis-
cussion of these possibilities can be found in Refs. [26,
27]. To probe the quark-antiquark structure of K;(1430),
the semileptonic weak decay B — K;(1430)¢+¢~ provides
a relatively clean channel compared to purely hadronic
decay modes, reducing uncertainties associated with
strong interactions. As a weak decay, the key inputs to
the SM calculation are the hadronic matrix elements of
the weak currents, parameterised by form factors. The
form factors are functions of the four-momentum trans-
fer, g, between B and K;(1430) and depend on the strong
interaction effects that bind the quarks inside the mesons;
and hence clarify the internal structure of the K (1430)
meson. Several theoretical approaches are used in literat-
ure including simple quark model [28], light front ap-
proach [29-31], QCD sum rules [32; 33], light cone sum
rules [34—36] and perturbative QCD factorization ap-
proach [37—39] for the precise measurements of these
form factors.

As the form factors are non-perturbative, model-de-
pendent quantities that dominate theoretical uncertainties
in B-meson decay predictions [40—45], particularly in the
low momentum-transfer region. Effective field theories
(EFT) allow certain symmetries to reduce the number of
independent form factors. In particular, heavy-quark sym-
metry (HQS), applicable for mesons containing a heavy
quark, provides symmetry relations [46—52] that are not
explicit in full QCD. These relations allow form factors
to be expressed in terms of a reduced set of universal Is-
gur—Wise functions, minimizing the number of hadronic
parameters.

Although the form-factor structures for B — K* [53,
54] and B — D* [40, 51, 52, 55] have been studied ex-
tensively; further efforts are continued to achieve higher
precision, particularly in the kinematical situations where
the outgoing degree of freedom carries a large amount of
energy (E). In such large recoil regimes relevant to semi-
leptonic decays B to (m,p,K*)¢*¢", the large-energy-ef-
fective-theory (LEET) plays an important role by provid-
ing an essential theoretical framework. Within this ap-
proach, form factors can be factorized using HQS, for the
initial state heavy meson and LEET for energetic final

state light meson, into hard and soft parts [56—58]. The
soft contributions correspond to gluon interactions of or-
der Agcp/my, while the hard spectator part, involving the
spectator quark, is of order m,Agcp. In the decay B— V,
LEET reduces the seven form factors into two in the large
recoil limit. Furthermore, the large-energy of the final
state meson further highlights the importance of perturb-
ative corrections. To compute these corrections, one
needs a suitable factorization scheme to separate the per-
turbative and the non-perturbative parts. One such factor-
ization scheme is introduced in Eq.(23). In this frame-
work, the hard gluon vertex corrections are absorbed in
the coefficients C; of the soft-form factors. Additionally,
at order 1/my,, all end-point singularities [59] that appear
in the hard-spectator interactions are also absorbed in the
soft-form factors as they respect heavy quark symmetry.
On the other hand, the corrections that violate these sym-
metries are treated separately and explicitly incorporated
in the form factors.

The main objective of this study is the calculation of
hard-spectator corrections together with vertex renormal-
ization for the decay B — K;;(1430)¢*¢~. In the large-en-
ergy limit, heavy-quark symmetry reduces the three form
factors defined through the relevant matrix elements to a
single universal function, &x: (Ep). Symmetry-breaking
corrections to this form factor are evaluated explicitly us-
ing vertex renormalization and hard-spectator interac-
tions. An accurate determination of these corrections is
essential not only for reliable theoretical predictions but
also for guiding future high-precision measurements at
experiments such as LHCb and Belle II, where rare
semileptonic B-meson decays provide sensitive probes of
hadronic dynamics and potential new-physics effects.
After quantifying these corrections, we analyze their im-
pact on physical observables, including the branching ra-
tio and various lepton-polarization asymmetries in these
decays.

This work is organized as follows: In the Sec. II, we
have discussed the theoretical framework used to evalu-
ate the form factors under the symmetry relation. Sec. III
is divided into two parts: the first part discusses the cor-
rection to the vertex, while the second portion is dedic-
ated to hard spectator correction at order «, using the
light cone distribution amplitudes (LCDAs). These form
factors serve as important inputs for the analysis of the
branching fraction and lepton polarization asymmetry.
Our numerical and analytical results and their comparis-
on with the theoretical predictions are presented in Sec.
IV. Finally, Sec. V is dedicated to the conclusion.

II. THEORETICAL FRAMEWORK

A. Weak Effective Hamiltonian
The weak effective Hamiltonian for rare B-meson de-



Symmetry-Breaking Effects on Form Factors and Observables in B — K,,"(1430)u"u Decay

Chin. Phys. C 50, (2026)

cays can be obtained by integrating out heavy degrees of
freedom, such as the W boson, the top quark, and the
Higgs boson [60]. This approach is known as the operat-
or product expansion (OPE), in which the short-distance
(SD) effects are encoded in the Wilson coefficients C;,
while the operators O; describe the long-distance (LD)
physics. With this, the weak effective Hamiltonian can be
written as:

e Zcm>0w)+zcw>0m> M

Hyp=——+
\5 i=1.9,10

In Eq. (1), 4, = V,,V;, denotes the product of CKM matrix
elements, Gy is the Fermi coupling constant, C; are the
Wilson coefficients, and O; are the Standard Model oper-
ators with V—A structure. For B — K (1430)¢*¢~ decays
in the SM, the operators O; 9 1o and their corresponding
Wilson coefficients C; 9 10 Will contribute. These operat-
ors have the form

e = v
07 = @mb (SO'#,,PRb) F* .
2
0y = 16 —— 5y, PLOYY0),
O =1 z(snyLb)(f'y#'}/if) (2)

Specifically, the operator O; describes the interaction of
the b and s quarks with the emission of a photon, where-
as Oy 1o correspond to the interactions of these quarks
with charged leptons through (almost) the same Yukawa
couplings.

The WCs given in Eq.(1) encode the short-distance
(high-momentum) contributions, which are calculated us-
ing a perturbative approach. The contributions from cur-
rent-current, QCD-penguin, and chromomagnetic operat-
ors O;_¢g are

01 = (5icj)y_, (€i) y_y s
2—(SC)VA(C1b)v A

O3 =(5ibi)y_a Z (‘_Ijqj') v-4>

q

-A Z (é,—q,—) V-A®

q

05 = (Eibi)v—A Z (q/qj) V+A?

q

O = (Eibj) V-A Z (l?jq;) VA

q

50 (1+y5) TG, 3)

04 = (Elbj)v

gvmb

Og = =

They have been unified into the WCs C§T and C:f,
and their explicit expressions are as follows [42, 61]:

1 4 80
C;ﬁ(qz) = C7 — g (C3 + §C4 + 2OC5 + ?C(,>

0 { (C1=6C)FNq") + CsFi(q”) }

1 16 16
G =Cot 3 (c3 +5 G+ ?C6>

—h(0, q )( C';+3C4+8C5+33 CG)

32
- (§C3 + §C4 + 38C5 + ?Cﬁ) h(mh,é]z)

4
+ <§c1 +Cy+6C;+ 6OC5)h(mL.,q2)

(o
o {chﬁ?z<q2>+czF;‘:’3<q2>+c8F;9><q2>} )

The WC given in Eq. (4) 1nvolves the functions h(m,, s)
with g = ¢,b, and F}’(¢?), and F{"(¢®), which are defined
in [25,42, 61].

The numerical values of the Wilson coefficients C;
for i=1,...,10 at the scale u ~ m, are presented in Table
1.

Table 1. The Wilson coefficients C; evaluated at the scale
u ~my in the SM.

Cy C G Cy Cs Ce Gy Cy Cio
—0.263 1.011 0.005 —0.0806 0.0004 0.0009 —0.2923 4.0749 —4.3085

B. Matrix elements and form factors

Sandwiching the effective Hamiltonian between the
initial state B and the final state K;(1430) yields the fol-
lowing matrix elements:

(Ko(pr)lgy"ysb|B(ps)) , (Ko (pr)lgo*ysq,b|B(ps)) ,

)

which, in terms of the form factors f. and f;, can be ex-
pressed as:

(Ko(pr)lgy"ysblB(pg))
= [P+ PO+ F(@) P - P (6)

(Ko(pr)lgo*"ysq,blB(pg))

D) s st — o] ™

m+m
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Here, msp (mxg> and pg(pr) denote the masses and mo-
menta of the B (K;(1430)) mesons, respectively, and
q* = (ps—pr)* is the momentum transfer. In terms of the
masses and ¢?, the energy of the final-state particle is
defined as:

2 2 2

Mg — Mg — g
Ep=———0 — 8
F ZmB ( )

Since we are interested in the large-recoil region, where
the momentum transfer is small, i.e., ¢* <m3 and
mis < my, the final-state meson carries a large energy. In
general, when the mass of the final-state particle is below
1GeV, its energy Er is typically of order mp/2, making
Er a natural expansion parameter in the large-recoil limit.
In the present case, however, the scalar meson K;(1430)
has a mass of about 1.43GeV, which lies well above the
hadronic scale Aqcp. Therefore, special care is required
when separating perturbative and non-perturbative contri-
butions in the form-factor analysis. In particular, it is im-
portant to retain terms of order m?((; /mj in the expansion.

In terms of the heavy-quark velocity v,the mo-
mentum of the B meson is given by piz =mgv*. The B
meson is a bound state of a heavy and a light quark;
therefore, in terms of v, the momentum of the heavy
quark reads:

Py =mo* +k" ©)
Here k denotes the residual momentum characterizing the
off-shellness of the heavy quark and scales as
k* ~ Aqcp < myg. In the rest frame of the parent meson,
the four-velocity is v = (1,0,0,0).

In the large-energy effective theory (LEET), the en-
ergy of the final-state particle serves as the expansion
parameter. Therefore, in the large-recoil regime, it is con-
venient to employ light-cone coordinates. These can be
introduced using the lightlike four-vectors »% = (1,0,0,1)
and n" =(1,0,0,—1), which satisfy n?>=n’>=0 and
ne-n_=2.

The momentum of the final-state light meson can then
be expressed in terms of these light-cone vectors as fol-
lows:

Lo pu

4E (19)

Pr=En"+

where P =m?<5 and £ denotes the energy of the final-

state meson in the large-recoil limit [62—64]. The corres-
ponding relations for the three-momentum and on-shell
energy of the final-state scalar meson are given by:

mf(S
EF=E 1+4E2 5
2
(= 2 2 Mg
|A|=A=,/EF—mKS:E 1_4E2 . (11)

Accordingly, the momentum of the light (s) quark in the
final state can be written as follows:
m2 m%(S

K3 7, 7,
p‘szEn’i+4—Ef)n’i+k”=An’i+ﬁv”+k“,

(12)
where k* denotes the residual momentum of order Agcp,
with Aqcp < E. It 1s then convenient to write

2
Mg«
Ky

2Em3

) Vi+ AR,

2
KO

2Em3

(Pe+pp) =mg (1 +

q”E(pB—pp)”=mB(1— )V”—Anf;. (13)

The hadronic matrix elements describing the B — K;;
transition in the large-recoil limit can be evaluated within
the standard framework of heavy-quark effective theory
(HQET). In this approach, the matrix elements are ex-
pressed in terms of universal functions via the relation
[49]:

(K3(pr)IaTblB(pp)) = Tt [As(E)Mi;TMs] . (14)
Here, I" denotes an arbitrary Dirac structure. The matrices
Mg and Mg are the spin projectors for the K; and B

mesons, respectively. In terms of v and n, they take the
form:

1+y

MBZ_TVS . (15)

The function Ag(Er) encodes the long-distance (LD)
QCD dynamics and is independent of the Dirac structure.
For the K meson in the final state, it takes the form

As(Er) = 2EF§K5‘(EF) > (16)
where &x: (EF) denotes the universal soft form factor. The
symmetry relations among the form factors are obtained
by substituting Egs. (15) and (16) into Eq. (14) and evalu-
ating the traces of the relevant Dirac structures, namely
I'=y"ys and I = 0*ysq,. This yields
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(KS(PF)VD’#VSMB(PB)) = 2EF§KS(EF)H¢ s
(Ko(pr)lgo*"ysq,blB(ps))

2
M
(mp— Ep)nt, —mp (1_2En23>vy} , (17

This demonstrates that, in the large-recoil limit, the mat-
rix elements for B — K;(1430) can be parameterized in
terms of a single invariant function, éx:(Ep). Con-
sequently, by comparing Eqgs. (6) and (7) with Eq. (17),
one obtains

=2Erék; (Er)

mz* E
fiq) = (1 - ZEm) LegEn. (18)

This expression can be simplified further by expanding in
the heavy-quark limit in powers of m;/E. Note that, ow-
ing to the relatively large mass of the K; meson, terms of
order m%((»; /mj cannot be neglected and are therefore re-
tained in the expansion. If, however, the power-sup-
pressed term mi{; /my is neglected, the results reported-in
[41] are recovered. The resulting expression for the form
factor f,(¢?) is given by:

2y _ m%ﬂ*)
filg) =11+ P &x: (Ep). 19)
B

Similarly, the remaining form factors, f.(¢°) and
fr(g®), can be expressed as follows:

n 3m§¢5 |
F@ =1+ ) (B, (20)
mpg
+ My 2m?
Fil@) = mmm (1 Pt ) éx:(Ep). 1)

The above expressions, derived within HQS, allow all
form factors to be expressed in terms of the universal soft
form factor éx; (Ep). Consequently, we obtain the follow-

|
|
b s b

ing relation

(g

2m%.
(1— 5 )f(q)
mp
m3+mK < )fT(f])

<1 +— | &x; (EF). (22)

These relations’ hold for the soft (nonfactorizable)
contributions to_the form factors in the large-recoil re-
gion. They are subject to perturbative corrections of or-
der O(a,) and to power-suppressed corrections of order
O(1/m,,), which will be computed in the next section.

III. SYMMETRY BREAKING CORRECTIONS

In the previous section, we showed that HQS relates
the various form factors [cf. Eq. (22)]. However, at O(a;),
these symmetry relations acquire corrections from vertex
and hard-spectator interactions, as illustrated in Fig. (1).
In this section, we evaluate these two types of correc-
tions separately.

Since the hard and soft contributions associated with
Fig. (1-b) cannot be uniquely separated and exhibit logar-
ithmic divergences, a suitable factorization framework is
required. For a detailed discussion of this approach, see
Beneke ef al. [42] and Refs. [36, 65, 66]. The factoriza-
tion formula for heavy-to-light transitions at large recoil,
valid at leading order in 1/m,, can be summarized as fol-
lows:

@) = Ciéx:(Ep) + Dp@ T @Dy, (23)

where g—‘,q (Er) is the soft form factor to which the sym-
metry relations derived above apply. The quantity 77T
represents a hard-scattering kernel that is convolved with
the light-cone distribution amplitudes ®p and CDKS of the
B and K; mesons, respectively. The coefficients
C;=1+0(a,) account for vertex and hard-spectator
renormalization effects, which we compute below using

S

¢
UWU u

‘g

b
-

(a)
Fig. 1.

(b)

Vertex and Hard-Spectator Corrections in B to K;;(1430) Decays.
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the vertex and hard-spectator interaction diagrams.

A. Vertex Correction

The one-loop diagram, Fig. (1-a), contains both ultra-
violet (UV) and infrared (IR) divergences. The UV diver-
gences are treated using dimensional regularization
(d = 4-2¢), whereas the infrared divergences are handled
by introducing a small parameter 4, i.e., a gluon mass
term. Employing the standard Passarino-Veltman reduc-
tion techniques and retaining the finite mass term mﬁg,

the one-loop results for the Dirac structure I are given by
[41,42]:

u(pI(p’, p)u(p)
a,Cr _ 1 A2m? A2m?
= e | {5 (7 ) o ()
my—q (m, —q%)
2 2
. (q 2m3 n'}
—2Li, (L L-3-"
12(m2)+m§ g 3 2
1(1 m\
+-9=+3-In -L 7“yﬂl"7ﬁya
4 (e /1
1
{12 Ly e 5 -

{2- L"}mbl"lb'} u(p)

1
5 L'y myy® ply,
2

1

24>

(24)

Here, u(p’) and u(p) denote the external Dirac spinors for

the light and heavy quarks, respectively. The above ex-
pression is derived using the on-shell relations #(p’)p’ =0

1

and pu(p) =muu(p). The pole P is defined as

i +Indr and is subtracted in the MS scheme. Here,
the momentum transfer is ¢* = m3 + mia —2mgEr as men-

tioned earlier. For convenience, we introduce abbrevi-
ations for the remaining terms as follows:

It is convenient to fix the renormalization convention for
soft form factors by imposing the following condition,
which holds to all orders in perturbation theory [41].

o ﬁ
fgH)=|1+ fK (Er) (25)

Once the factorization scheme is specified, the O(a;) con-
tributions for any given Dirac current I' can be calculated
by inserting I" into Eq.(14). Applying the renormalization
convention in Eq.(25) and then comparing the result with
the form-factor expressions in Eq.(17), we obtain the fol-
lowing results.

FA) = —fKa{

and the expression for f7 is given as

2,2
mp + mg: mp + My a,CrEyr mp(mp +mg-)
fT(qz)ngsK °><m2_m2°>+ e o x
B~ Mk

meg

2 2 1-
. (—4A— kag . 4mKS )
E mp

2
T X , /1o
my ) a,.CrEp {mK(; +4AEmy, 2B, 2-L"
Zmig 4 2E2A 24> 24>
1—
mi
mp
1-—L
m 2 m? -\ ™M
5 ( L. L’—1n—+3)+4m3(—2)— S 2B H (26)
" mpEA m% — g2 w2 q E2A 2q
{ 1 mi M mi 2m3 L
(EFmB—m%{S) mg  2EAmg  Em3  4E*Am3 | m3— g
2L /
2EF g + M, 3’”%(3 B 1-L
24 EA  E 2EA) 25
@27

4 4 2 2 .,
+| 2A+ M +%—mK5 2-L H
2EAmg  4E*A  mp E 24>
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B. Hard-Spectator Interaction

The form factors calculated above receive additional
corrections from interactions with spectator quarks, de-
noted by Af 7. These hard-spectator corrections arise at
O(ay,) when the active quark interacts with the spectator
quark, as shown in Fig. 1-b. The momenta of the heavy b
quark and the spectator quark in the B meson are defined
as:

pe!

=
2

;nli

p=mp, )

i+ +

(28)

The momenta of the s quark and the spectator quark in
the final-state K meson are given by

> 2
2 M+

k
K =uEpn" + k" + amprap—
1= MBI TR <4uEF 4uEF>”+
2
mi: "
4MEF

where & =1-u. All components of the spectator « mo-
menta, /, k;, and k,, are of order Agcp. The final-state
meson momentum satisfies (ki +k2)* ~ m%((;, which would
otherwise scale as Agcp and could be neglected at lead-
ing order. Consequently, the exchange of a hard gluon
with momentum of order mpAqcp becomes relevant along
the n_ direction.

The hard-spectator contribution to the heavy-to-light
current matrix element can therefore be expressed in
terms of the convolution formula

e
Ky = aEpn” — k4 — 29
5 = uUEpn_ L+<4EEF+ (29)

dra,Cr | * .
<Kg|qrb|3>=% /0 du /0 ALMEMITE, . (30)

1

Here, I = y*y5 or 0#"ysq,, and 7'5,(, denotes the hard-scat-
tering amplitude computed from the Feynman diagrams
shown in Fig. 1-b. The quantities M? and MX are the
two light-cone projectors that encode the nonperturbative
dynamics of the initial and final-state bound mesons. The
K;-meson projector is given in Refs. [41, 75]
Jx;

2 [P O )+ i P, () + i 7 Pl

6 li ’
(1)

¥
0 —
M, =

where Jx: is the K decay constant, P (1) is the twist-2
light-cone distribution amplitude, and ¢§<6(u) and ¢‘,§5(u)
are the twist-3 light-cone distribution amplitudes for the
scalar meson K. Further details can be found in Ap-
pendix A. Correspondingly, the heavy-meson projector
used in this calculation is:

B _
Mjk__

ifgmg {1 +y

7 o {¢f<l+>z¢+

. (2

L
I=Fn,

+¢%(L) (d—lwia(?i) })’5}

Jk

where ¢2(l,) and ¢2(l,) denote the distribution amp-
litudes of the B meson, as discussed in Appendix B. The
hard-scattering amplitude in Feynman gauge takes the
following form:

my(1+) +l~I> B+ -1

T
. = r —
[l e e e G oy ;
1
X g - 33
(l_k2)2[7 I, (33)

The gluon momenta give (I—k,)*> ~ 21, i Er, and the nu-
merator of the first term gives |-, ~ —aEpi_; both of
these terms are of order mpzAqcp, and they contribute to-
gether with the leading term m, (1 +v). The total contribu-
tion from hard-gluon exchange, neglecting terms of order
Aqcp/mp in the hard-spectator kernel, is given by

v [em(1+y) —aEp
i 4721, my E2

Epl -l
r
Yy 4al2 %

[')/#]kl .

L

(34

The term m,(1+y) exhibits a logarithmic divergence in
the limit # — 0 because the distribution amplitude (DA)
¢(u) vanishes linearly at leading twist. These endpoint di-
vergences do not violate the symmetry relations and can
be absorbed into the soft form factors within the factoriz-
ation scheme of Eq. (23). This can be verified from the
current structure defined in Eq. (14).

In this analysis, we employ the twist-2 distribution
amplitude, which provides the leading-twist contribution,
whereas the twist-3 distribution amplitudes are sup-
pressed by a factor of 1/mp. However, this suppression is
compensated by an enhancement in MX in the endpoint
limit # — 0. Consequently, these terms contribute at lead-
ing order to the soft form factors &x.. The details of the
leading-order terms in the hard-scattering kernel, togeth-
er with the underlying power-counting framework, can be
found in [41].

The contributions from hard-spectator interactions are
presented in detail for the case of f (¢?). Similar calcula-
tions can be performed for fr (¢?) as well. These contri-
butions are denoted by AFp and are expressed as

82 «
—}f B 1y iy

chp

AFp= (35)

Evaluation of these corrections requires the moments of
the distribution amplitudes (/;'), and (') for the B-
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meson and the scalar meson Kj, respectively, given by

B

R PR (36)
K

"y = / au? b_t(”). (37)

With the help of these expressions, we can calculate
the hard-spectator corrections to the B — K;; form factors

Af;. However, the renormalization condition in Eq.(25)
implies Af, =0 by definition. The remaining two form
factors are then given by

2 2
mB—mK* mp+ Mg+
Af. = ——LAF Afr = —————LAFp.
f ZEFmB P> fT 2EF P

The total O(a,) correction is given by the sum of the ver-
tex and hard-spectator corrections. Combining these cor-
rections yields:

1+ —2 -8y
f( 2)_ _f ) { ( m%) _asCFEF{m‘}(§+4AEm%<5 2Ef _Z—L/'
Sd)= TR 2, 4n 2E2A 27 24
1—
g
2 1 il L 2 2
M- < 2m3 m > <1—L’> my ToE. H a,Cp [ Mp—Nk:
- L-L'—-In—+3)+4 -0 d : OV AFp, (38
mpEA \m3 - ¢* p e 2 E2A 24> A7 2Ermpg e 39)
and
mp + mg: My +my. a,CrpEy mp(mp+mg-) 1 my. my. M 2m?
f(q2)=§1<*{( O) 0 ) 0 { 4 0o _ K _ 0 B g
r 0 B m%—mis 47 (EFmB—mf(S) mg  2EAmp Em} AE:Am% ) m3—q?
2 2 1 s L 2 2 4
+ | —4A - ZmKS + iy ' + | 4mp + kG i _ M ) 128
E ng 247 EA E 2E2A | 247
4 4 2 2 .
M ons My, Vg +%_% 2-L H_O/SCF (mB+mKG)AFP. (39)
2EAmg  4E2A  my E 24> 47 2Ep

IV. NUMERICAL ANALYSIS AND APPLICA-
TIONS

We now turn to the numerical analysis, focusing not
only on the dependence of the form factors on the mo-
mentum transfer ¢> given in Egs. (38) and (39), but also
on their phenomenological implications. In particular, we
evaluate several physical observables, including the de-
cay rate and polarization asymmetries.

A. Form Factors Analysis

As discussed earlier, the corrections to the form
factors receive contributions from vertex diagrams, with
uncertainties originating from the renormalization scale
of «,. However, the hard-scattering corrections are sub-
ject to large theoretical uncertainties. These arise not only
from the decay constants but also from the inverse mo-
ments defined in Eq. (36) and Eq. (37). It should be noted

that the scale for the hard-scattering correction is
(mgAgcp)'?, and all quantities are evaluated at the scale
w=147 GeV [41].

Meson decay constants: Using the decay constants of
the B and K;(1430) mesons, fz=0.195+0.01 GeV [67]
and fx. =0.427 GeV [26, 68], respectively, we estimate
the associated uncertainty in the hard-scattering correc-
tions to be about £15%.

Light-cone distribution amplitudes: The light-cone
distribution amplitudes (LCDAs) play a central role in the
hard-scattering amplitudes. In particular, the inverse mo-
ment satisfies (/;'), ~ O(1/Aqcp); in the present analysis,
we adopt the value for the AB-meson moment
(Y, =(0.35GeV)™!. For the K;j(1430) meson, the LCDA
is expanded in terms of Gegenbauer moments; the numer-
ical value of the moment is (') =1.422, with details
provided in Appendix A.

Soft form factor: To determine the soft form factor
&x:(Er) in the large-recoil region, required for evaluating
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the form factors f,, f, and fr, we employ results from
light-cone sum rules (LCSR) for B — K;¢*¢~ decays [69,
70, 71]. We note that these studies do not include perturb-
ative corrections. The value of &. is extracted from the
form factor f,(¢*>=0) using Eq. (25), yielding
&x:(0)=0.903.

The ¢*-dependence of &x; 1s modeled using single-
and double-pole parameterizations, following Ref. [70],
over the kinematic range 0 < ¢* < (mB—mK;;)2~ The non-
perturbative parameters a; and b; are determined within
the LCSR framework in the low-¢* region. The corres-
ponding errors, together with the uncertainties in the soft
form factor at ¢>=0 and other input parameters, are
propagated to obtain uncertainty bands for the form
factors and related physical observables. Since the large-
recoil symmetry relations are valid only for ¢> < m3, the
analysis is restricted to ¢*> <7GeV>. Using a, = 0.34 and
the renormalization scale u = 1.47GeV, the resulting form
factors are computed and shown as functions of ¢* in
Fig. 2.

Using the uncertainties reported in [69—71], along
with the other input parameters discussed above, we ob-

0.8F

tain bands as a function of ¢?. In these plots, the red band
represents the form factors without symmetry corrections,
while the blue band corresponds to the same form factors
after including the symmetry-breaking corrections. As
can be observed from the plots, f.(¢*) exhibits pro-
nounced effects across the entire range of ¢* under con-
sideration. For f;(¢*), normalized at u=m,, the two
bands overlap significantly over most of the ¢° region, in-
dicating that the symmetry-breaking corrections are
largely obscured by the various uncertainties. We em-
phasize again that the major uncertainty lies in the hard-
spectator corrections due to the LCDA of the B meson. In
the past, due to the lack of constraints on inverse mo-
ments, this uncertainty could rise as high as £50% [41].
These uncertainties were constrained by the BABAR ana-
lysis of B —ylv, [72] at small recoil and could be fur-
ther improved by a similar BABAR analysis of the large-
recoil radiative decay. This analysis was further refined in
[73], since the former did not consider highly energetic
photons and radiative/power corrections. In the context of
[73], we expect larger uncertainties at large recoil than at
small recoil.

-1.01

-1.2}

-1.4r

-1.61

-1.8}

o
[N
w
~
o
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-

Fig. 2.

4 5 6 7
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(color online) Form factors are plotted as a function of the momentum transfer ¢>. The uncertainties are calculated at ¢> =0

and then extrapolated as a function of ¢>. The red band represents the trend without symmetry-breaking effects, whereas the blue band

incorporates the symmetry-breaking corrections.
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B. Applications

It is valuable to assess the impact of the corrections to
the form factors derived above by examining relevant ob-
servables. In this context, the decay amplitude and polar-
ization asymmetries provide instructive examples. In this
section, the effects of symmetry corrections to the form
factors will be analyzed in the B — K (1430)¢£*¢~ decay
within the SM. The decay of the B meson to a light scal-
ar meson is induced by the flavor-changing neutral cur-
rent transition b — s¢*¢~. Within the SM, it is described
by the effective Hamiltonian given in Eq. (1), whose con-
tributions factorize into hadronic matrix elements. In gen-
eral, however, not all contributions can be fully ex-
pressed in terms of form factors alone, because non-fac-
torizable hard-scattering terms also arise (see, e.g., [42]).
In the present framework, these non-factorizable effects
are not included. Therefore, the decay amplitude can be

dar
—

eff 2 b eff 2
o ||-arr@m s O I,

2
(2m2+q%) A+ 12qu4‘ — Crof(P)a,

summarized as

GF(Y

22r 0

VaViIT G0+ T2Eyys0)

MBHKS(’*(” ==

where T, and T; denote the hadronic components of the
decay amplitude and are defined as

4m,
1 _ eff 2 b eff 2
T,=-Cg fi(qg)pu+ WQ S (@ )py 41

12 = ~Cuo( gD+ f-( @) )

The differential decay rate:
The differential decay rate for this transition is given
by Ref. [74]:

‘ 2

2
+ \ - C|of+(q2)py‘ {@m} + g omiy = 2. =27 mi ) + (. — ) + 2m] (mi. + 10m}. +4*)

+12¢°mi(mjy —mz. =) |Cuol* p-q (f(f2 (6°) + [ (@) f+ (7)) ] ;

where

2 2 2 4 4 4
/l:/l(mB,mKG,q ):mB+mK3 +q

— 2migm. = 2mi.q” — 24 m . (44)

The branching ratio is given as a function of mo-
mentum transfer ¢ in Fig.(3). In the plots, the red curves
represent the branching ratio at tree level, and the blue

(43)

curves correspond to the branching ratio after including
symmetry-breaking corrections. The band represents the
uncertainties already discussed in the previous section.
As can be observed, the inclusion of symmetry-breaking
corrections in the form factors leads to only a small shift
compared to the case without these corrections. The inset
bar plots illustrate the effect of the form factors on ob-
servables across three different ¢* bins, (¢2;, —2), 2-4),
and (4—-7) in GeV?.
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(color online) The branching ratio for B — K;u*u~ as a function of ¢*.
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1. Lepton polarizations

In this decay, the lepton pair exhibits longitudinal,

| Ami
q

Pi(q) o ( . ) [(—Csfffxqz)pﬂ +

mp

normal, and transverse polarization components. The lon-

gitudinal polarization is given by:

4m
+m

7bFCiﬁfr(qz)Py))(—Cloﬂ(f]z)Pp)*

4
+(=C§" fu(q)pu+ LCgﬁfr(qz)Pu)*(—C1of+(q2)P”)} (45)
mp+ mKS
The normal lepton polarization in the decay B — K£*¢~ is given by the following expression:
m} . dm, .
Py(q?) <1 - 7;) { (—Cgffﬁ(qz)m + WCffT(qz)Pu) (—C10f+(q2)p“)
+| =C5" fo()p + ﬂCe“fr(qz)p * (=Crof:(@P")
9 " g T+ my, 7 u
2 off ¢ 2 4my, off £ o 2 : 2
=2¢° | =CS" fo@put ————C3 fr(@pu | (=Crof-(g))d")
mpg+ mKS
. 4 x
+ (—c;ﬁf+<q2>m + ’"”csfffT(qZ)pﬂ) (~Cof-@e) (46)
mpg+ mKa

Fig.(4) illustrates the behavior of P, and Py, where the
color coding is the same as that used for the branching ra-
tio. The plots overlap in the low-g* region, whereas a sig-
nificant deviation is observed in the lepton polarization in
the intermediate-g* region.

V. CONCLUSION

In this work, we have computed the symmetry-break-
ing corrections to the form factors governing the rare de-
cay B — Kj{*¢~ at one-loop order. These corrections be-
come particularly relevant in the large-recoil region,
¢* ~ 1-7GeV?. The structure of these effects is described
within the QCD factorization framework [58], where

-0.90

-0.92

-0.94

0(1430) 4" +1/7)

-0.96

PL(éo—)K*

-0.98

s 4
9’(GeV?)
Fig. 4.

-11

*0(1430) #1/* +17)

Pn(By-K

short-distance contributions from heavy degrees of free-
dom, as well as hard virtual corrections, are treated per-
turbatively, while long-distance dynamics associated with
light quarks and gluons are encoded in nonperturbative
hadronic matrix elements parameterized by form factors.
In the heavy-quark and large-recoil limit, the three in-
dependent form factors f,(¢%), f-(¢%), and fr(¢?) relevant
for B — Kj¢*¢~ transitions reduce to a single universal
soft form factor & . Corrections to these symmetry rela-
tions arise from hard-gluon interactions and can be sys-
tematically classified into vertex and hard-spectator con-
tributions. The vertex corrections are computed at O(a;)
by matching the effective theory onto full QCD, while the
hard-spectator contributions are evaluated using the light-

0.4

0.3r

o

o
o
T

0.0r

3 4
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color online) Lepton polarization in the decay B — K*u*u~ as a function of ¢2.
P p y ol M q
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cone distribution amplitudes of the participating mesons.

Our numerical analysis shows that the inclusion of
symmetry-breaking corrections leads to deviations of
about 4% in f.(¢*) and 10% in f(¢*) relative to their
symmetry-limit values. These modified form-factor rela-
tions at large recoil have a noticeable impact on phe-
nomenological observables. In particular, we find that the
branching ratio receives a correction of approximately
3%, while the normal lepton polarization asymmetry Py
is also affected at the level of ~ 3%. The longitudinal po-
larization P; remains largely unchanged, whereas the
transverse polarization Py does not receive any signific-
ant contribution from symmetry-breaking effects in the
present framework. We note that the uncertainties from
the meson decay constants are +15%. These parameters
enter through subleading contributions and via convolu-
tion integrals in the hard-scattering kernel. Thus, the
dominant contributions are governed by form-factor
terms, while the dependence on f3 and ('), is either
power-suppressed or enters in combination with other
hadronic quantities inside convolution integrals. Con-
sequently, despite the relatively large uncertainties in the
input parameters, their net impact on the final observ-
ables remains at the level of a few percent. Therefore, due
to the relatively small magnitude of these symmetry-
breaking corrections, any sizable deviations observed
from the SM predictions in these decays would clearly
hint at potential new-physics effects.

In the future, lattice QCD calculations are expected to
play a crucial role in reducing the uncertainties arising
from hadronic inputs. Thus, more precise lattice determ-
inations of fz and improved constraints on the low mo-
ments of the B-meson distribution amplitude, either dir-
ectly or via related HQET matrix elements, would signi-
ficantly reduce the parametric uncertainties in the hard-
scattering contributions. This would allow a more precise
isolation  of subleading power corrections in
B — K((1430) transitions. On the experimental side, ad-
vances in the precision of measurements of various ob-
servables and LFU-sensitive ratios will further tighten the
constraints on form factors, helping to disentangle had-
ronic effects from possible NP contributions. Specific-
ally, improved data on branching ratios and angular ob-
servables will reduce the allowed range of input paramet-
ers. As a result, future progress, both theoretically and ex-
perimentally, will substantially reduce these uncertainties
and enhance the sensitivity to such subleading effects.

APPENDIX A: LIGHT CONE DISTRIBUTION
AMPLITUDE OF K;(1430)

The light-cone distribution amplitudes of the scalar
meson, ¢s(u) at twist-2 and ¢§(u) and ¢§(u) at twist-3,
are given by:

(S (P22 Va1 (z1)10)

= fs Pu /0 a0 gy ),
(S (PN G2(z2)91(z1)10)

= fsms /0 o g5 ),
(S (PN 32(22)0,041(21)10)

1 o
= - ]Fsms (Puzy— va/l)/ du &/ p2+ipz) ¢Si6(u) . (A1)
0

The LCDAs in Eq. (Al) can be combined into a single
matrix element as

r 1
(S (P G2p(22) g12(21)10) = J:TS/ du ")
0

), o

The general expression for the twist-2 LCDA of scalar
mesons is given by

P5 ()
6

X {ﬁhf’s (u) +mg (¢§ W) = oW p"7”

¢S (I/t,/,l) = 6uit

Bo(u)+ Y By(u)C,* (2u~ 1)] (A3)

n=1

where #=1-u and S = Kj; see [24, 75]. The normaliza-
tion condition gives By = ug'. The coefficients B,(u) are
the Gegenbauer moments, with C¥?(2u—1) denoting the
Gegenbauer polynomials, both depending on the renor-
malization scale u. Due to the asymmetric nature of the
scalar-meson LCDA, only odd Gegenbauer moments
contribute, leading to the vanishing of even moments, i.e.,
B, = B, = 0. Further details can be found in [69]. The first
few Gegenbauer polynomials are given by

C?Qu—1)=32u-1),

cg/z(zu—l):%[5(2u_1)2_1], (Ad)

Neglecting higher-order contributions and retaining only
the leading nontrivial term, Eq. (A3) reduces to

¢k (1) = 6uit] Bo(u) + B ()C7*(2u—1)] . (A5)

This is the final truncated form of the LCDA for the
K; meson. The leading-twist moment of the scalar meson
is then obtained by integrating the expression above, as
given in Eq. (37).
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APPENDIX B: B-MESON MOMENTUM SPACE
PROJECTOR

In this section, we evaluate the B-meson projection
operator as defined in Eq. (32). The derivation starts from
the two-particle light-cone matrix element in coordinate
space. We then introduce the distribution amplitudes
#2(1) via the Lorentz decomposition of the corresponding
light-cone matrix element, which can be expressed as:

(01gs(2)P(z,0)b,(0)|B(p))

. Bi\_ 4B
_ llemB 1%/{2¢f(t)+ 0] t ¢+(t)2'})’5 (BI)

aB

We now impose the light-cone condition z2=0 and
define r=v-z. The momentum of the B-meson is given
by p =mgv, where mp denotes the mass of the B-meson.
The path-ordered exponential can then be written as

P(z2,21) = Pexp (igs/ dZ”Au(Z))-

22

(B2)

The momentum-space projector in Eq. (B1) is most com-
patible with Lorentz invariance and with the heavy-quark
limit. The first factor is chosen such that, for z=0, it
yields

(01gs[¥"¥5lpabal B(p)) = ifgmp /", (B3)
Assume ¢2(r=0)=¢B(r=0)=1. Here, ¢® denotes the
leading-twist term, while ¢® denotes the subleading-twist
term. In Eq. (B1), let M(z) denote the matrix element and
A(z) (A(l)) the hard-scattering amplitude in momentum
space; then Eq. (32) can be obtained by using the identity

d*l i
/d4ZM(Z)A(Z)= /WA(Z)/CfZe ZM(2)

= / dl.MBA(D) , (B4)
0 1=k,
2 +
with the components of ## decomposed as
M L H I Moy
! =§n++5n7+ll (BS)

The coordinate functions ¢2(f) in momentum space are
expressed as:

HOE /°° dwe™™ ¢B(w). (B6)
0

In the heavy-quark limit, the hard-scattering amplitude
A(l) fora light meson moving in the n_ direction does not
depend on I_. Therefore,

A(D) = A%(L) + B AL (L) +O(1 /mp). (B7)
and, after ignoring the /_ term, the derivative is
0 0 0
—=n— . B8
a,, - "ar, ., (B8)

Combining Egs. (B6) and (BS8) into Eq. (B4), we obtain a
momentum-space projector, namely a two-particle light-
cone projector involving only the b quark and a light
spectator quark, valid when the three-particle contribu-
tion is neglected. It is given by

1+
2

ifsms [

ME =
P 4

{d)f(wm +¢Ew) (d_ -1 71%) } YsLa

I:%m

(B9)
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