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In the SU(3)r symmetry limit, using two- and three-particle distribution amplitudes of B*-meson for By,
the transition form factors of semileptonic B; — Kj(1430) decays are calculated in the framework of the
light-cone sum rules. The two-particle distribution amplitudes, ¢ (») and ¢_(w) have the most important
contribution in estimation of the form factors f_ (¢), f_(q?), and f7(q*). The knowledge of the behavior
of ¢ (w) is still rather limited. Therefore, we consider three different parametrizations for the shapes of
¢ () that are derived from the phenomenological models. Using the form factors f_, f_, and fr, the
semileptonic B, — K;(1430)17; and B, — K;(1430)1l/vi, | = e, u, 7 decays are analyzed. The branching
fractions for the aforementioned decays, in addition the longitudinal lepton polarization asymmetries are
calculated. A comparison between our results with predictions of other approaches is provided.
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I. INTRODUCTION

The scalar meson is a meson with total spin 0 and even
parity. They are often produced in proton-antiproton
annihilation, decays of heavy flavor mesons, meson-meson
scattering, and radiative decays of vector mesons. Among
the scalar mesons, study of the light scalar mesons up to
1.5 GeV is important because their quark content is still a
common problem for high energy physics and may be
explained in a number of different ways, for example,
considering as a meson-meson molecules state [1] or as a
tetraquark multiplet [2].

According to the quark model, the scalar mesons
about 1 GeV are arranged into two SU(3) nonets, in two
scenarios:

Scenario 1 (S1): the light scalar mesons are assumed to
compose from two quarks. The nonet mesons below 1 GeV
are treated as the lowest lying states, and the nonet mesons
near 1.5 GeV are the excited states corresponding to the
lowest lying states.

Scenario 2 (S2): the nonet mesons below 1 GeV may be
considered as four-quark bound states, and the other nonet
mesons are composed from two quarks and viewed as the
lowest lying states.

Both scenarios in quark model agree that K{;(1430) with
the mass of greater than 1 GeV is a scalar meson with two
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quarks dominated by the si or sd state. However in S1, it is
regarded as an excited state, and in S2, it is seen as a ground
state. In the framework of the light-cone sum rules (LCSR),
differences between K((1430) states in the two scenarios
are applied through different distribution amplitudes (DA’s)
and decay constants [3].

In this paper, our aim is to consider the semileptonic
transitions of By to K{;(1430) in the LCSR using the
Bg-meson DA’s. In usual, the LCSR method is applied to
calculate the form factors of the heavy-to-light decays by
utilizing the light meson DA’s. For this purpose, two-point
correlation function is written based on the light meson.
Therefore, light-cone distribution amplitudes (LCDA’s)
of the light meson appear in theoretical calculations of
the correlation function [4—12]. The LCDA’s of the light
mesons are related to the dynamics of partons in long
distance. Still, there is very limited knowledge of the
nonperturbative parameters determining these LCDA’s.
In the case of the light scalar mesons, including
K{(1430), this problem is twofold because their internal
structures are basically unknown. For this reason, it is
necessary to use a method of calculation that is independent
of the DA’s of the scalar mesons.

In a new approach to the LCSR method related to the
semileptonic B decays, it was proposed to insert the
correlation function between vacuum and B-meson [13].
In this technique the so-called soft or endpoint, the
correlation function is expanded in terms of the DA’s of
B-meson, near the light-cone region [14,15]. Therefore, the
transition form factors for exclusive decays of B to light
mesons are connected to the DA’s that depend on the
dynamical information of B-meson. Two-particle DA of
B-meson, ¢ () plays a particularly prominent role in this
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new approach to exclusive semileptonic decays. The
knowledge of the behavior of ¢ (w) is still rather limited
due to the poor understanding of nonperturbative QCD
dynamics (for instance, see Refs. [16—-19]). So far, several
models for the shape of ¢, (®) have been proposed based
on the QCD sum rules (QCDSR) [20,21], the LCSR
[22-28], and the QCD factorization [29]. Also, the func-
tional form of the three-particle B-meson DA’s have been
estimated in several models [14,29,30].

In this work, the form factors of the semileptonic B, —
K{(1430) transitions are investigated in the new approach
of the LCSR with the two- and three-particle DA’s of
B,-meson in the SU(3)g symmetry limit. Utilizing these
form factors, the semileptonic B, — K{;(1430)/7; and
B, — K;(1430)11/vi, | = e, p, 7 decays are analyzed. In
the standard model (SM), the rare semileptonic B; —
K;(1430)1 decays occur at loop level instead of tree level,
by electroweak penguin and weak box diagrams via the
flavor changing neutral current (FCNC) transitions of
b — dI"l~ at quark level. In particle physics, reliable
considering of the FCNC decays of B-meson is very
important since they are sensitive to new physics (NP)
contributions to penguin operators. So, to test the SM and
look for NP, we need to determine the SM predictions for
FCNC decays and compare these results to the correspond-
ing experimental values.

This work is organized as follows: In Sec. II, according
to the effective weak Hamiltonian of the FCNC transition
b — dI*I~, the form factors of the semileptonic B; — K
decays are calculated with the LCSR model using the
B,-meson DA’s. These form factors are basic parameters in
studying the forward-backward asymmetry, longitudinal
lepton polarization asymmetry and branching fraction of
semileptonic decays. Our numerical and analytical results
and their comparison with the predictions of other
approaches are presented in Sec. III. The last section is
dedicated to conclusion. Future experimental measurement
can give valuable information about these aforesaid decays
and the nature of the scalar meson K§(1430).

IL. B; — K;l*1~ FORM FACTORS WITH THE LCSR

According to the effective weak Hamiltonian of the
b — dI*l~ transition presented in Appendix, the matrix
element for the FCNC decay b — d can be written as:

GFa « off 5 -
M = ththd |:C9ffd}/ﬂ(1 - 75)bl}/ﬂl

—+ C10¢77ﬂ<1 - }’5)]71_}’/4751

m; - _
- 2c$ffq—§dia,qu(1 + ]@)bl}/,,l} ) (1)

where G is the Fermi constant, « is the fine structure
constant at Z mass scale, and V;; are elements of

s P

B_(p) d

58V q

FIG. 1. Leading-order diagram for B, — K{I*I~ decays.

the Cabbibo- Kobayashi-Maskawa (CKM) matrix.
dy,(1 —ys)b and do,,q" (1 + y5)b are the transition cur-
rents denoted with J)~* and JI, respectively. This decay
amplitude also contains two effective Wilson coefficients
C and CSf, where C3' = C; — C5/3 — Cg and C is
explained in Appendix.

To investigate the form factors of By — K§I*1~ decays
via the LCSR, the two-point correlation functions are
constructed from the transition currents J, ,‘f ~AM " and
interpolating current JXo of the scalar meson K, inserted
between vacuum and B;-meson as follows:

V-A(T
D (p', q)

—i / d*xe? > (0|T{J5 (x) "7 (0)}|B,(p)),  (2)

where T is the time ordering operator, JXo = §(x)d(x) and
g = p — p'. The external momenta p’ and g are related to
the interpolating and transition currents, J% and J,Y —AT)
respectively, so that p?> = (p’ + q)*> = m%. The leading-
order diagram for B; — KjlTI~ decays is depicted
in Fig. 1.

The correlation functions in Eq. (2) are complex
quantities and have two aspects: phenomenological and
theoretical. Hadronic parameters like form factors appear
in the phenomenological or physical representation of the
correlation functions. The theoretical or QCD side of the
correlation functions is obtained in terms of the DA’s of
B,-meson. Equating coefficients of the corresponding
lorentz structures from both representations through the
dispersion relation,

1 [ ImL(s)
I,(p'. q) :;A dsﬁ, (3)

and applying Borel transformation to suppress the con-
tributions of the higher states and continuum, the form
factors are calculated from the LCSR.

Inserting a complete set of intermediate states with the
same quantum number as the interpolating current JXo, in
Eq. (2), and isolating the pole term of the lowest scalar
meson K{j, and then applying Fourier transformation, the
phenomenological representations of the correlation func-
tions are obtained, as follows:
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A0y q) = 5 (0175 (p) | K (p)) (K (p) 0" By(p))

mi, ="
zh: 2 OS5 () () (h(p) 17~ 1B, (p)- (4)
To continue, we define the spectral density functions of higher resonances and the continuum of states as

it ) = D OO ) () (P 1B ()3 (s = ). (5)

Inserting the spectral density functions in Eq. (4), the correlation functions are obtained as

—-A 1 N * * —A 1 P
m, D (p', q) = —— (O[5 () |K3 (")) (K5 (p)) "By (p)) + = / L) 5 (6)
mK(*J_p T S0 s§=p

where s is the continuum threshold of K}, meson. The matrix element, (0|J%|K}) = f K:Mg:, where f. is the leptonic
decay constant of the scalar meson K. Considering parity and using Lorentz invariance, the transition matrix elements,
(Kg(p’)|JX_A(T)|BS(p)>, can be parametrized as:

(Ko(P) 1By (P)) = i[Puf () + q,f-(g%)].
1

(Ks(pIBy(p)) = R [P.q* — q,(mp — m%s)]fr(qz), (7)

where f_(¢%), f_(¢*) and f(g?) are the transition form factors, which only depend on the momentum transfer squared ¢,
P,=(p'+p), and g, = (p — p'),. Substituting Eq. (7) in Eq. (6), we obtain

Puf (@) +a,f-(4)] | 1 i’ (s)
A(p', q) = if gymigy | = ; _/d” ,
i (r'.q) lfKOmKO|: m%q)—p’z +ﬂ N s—p?
fremg  [Puq* — q,(m} —m%.) 1 [oo hT(S)
(p'.q) =——"— [ : °}f (q2)+—/ ds” (8)
" mp_+ mg: m%(a - p”? ’ m),  s-p~?

To extract the theoretical or QCD side, the correlation functions in Eq. (2) are expanded in the limit of large m,, in heavy
quark effective theory (HQET). In the HQET, the relation between the momentum and four-velocity of Bg-meson is as:
p = muv + k, where k is the residual momentum. Using the relation p = g + p’ and p = m,v + k, the four-momentum
transfer g is defined as: k — p’ = ¢ — my,v = g, where § is called static part of ¢. Up to 1/m,, corrections, the B,-meson state

can be estimated by the relativistic normalization of it |B;(p)) = |B,(v)), and the correlation functions IT,, A (p', q) can be

approximated to TT;, ") (p'. ),
—A ~V—A ~
m (' q) =L (0 2) + 01 /my). ©)

Also, the b-quark field is substituted by the effective field as b(x) = e~**h, (x). Therefore, the correlation functions in the
heavy quark limit, (m;, — o), become [14]:

m=(p'.q) = i/d“xei”"x(OIT{S( x)Sa(x)ru(1 = 75)h,(0)}|By(v)),
I (p'.q) = i/d“xe"”/')‘(()lT{E(X)Sd(X)%CI”(l +75)h,(0)}|By(v)). (10)

The full-quark propagator, S,(x) of a massless quark in the external gluon field in the Fock-Schwinger gauge is as follows [31]:
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S,(x) —z/%e—fk-x{k—ﬁ+/oldu@p(ux) [kzux - 4;@@”. (11)

When the full-quark propagator S,(x) in Eq. (11) is replaced in Eq. (10), operators between vacuum mode and B, (v)-state
create the nonzero matrix elements as (0|Sa(x)h,;3(0)|B,(v)) and (0|5, (x)G,,(ux)h,;(0)|Bs(v)). These matrix elements are
obtained in terms of two- and three-particle DA’s of B,-meson, as [14]

Olsa g 018, 0) = = L5 [ dweros (1490 0) = 37 0 0) = o)}

(0154 (x)Gp (ux) 15 (0)| By (v

) X0
—lﬁap‘Pv(w,f) —

where ¢, and ¢_ are the two-particle DA’s and ¥, ¥y,
X4, and Y, are four independent three-particle DA’s of
B,-meson.

To calculate the correlation functions in terms of
the two- and three-particle DA’s, we substitute Eq. (12)
in the matrix elements (0|5a(x)h,z(0)|By(v)) and
(0]54(x)G,,(ux)h,z(0)|By(v)) that appear in the correla-
tion functions and then the integrals are investigated.
Generally, the results of the calculations can be arranged
in the following form:

I (p'.q) =y (p. q)Py + -+ (13)
and 1:I+, I1_, and I1; are presented as follows:
. 1 [e do
I(p',q) =- —— gi(0), 14
0= [T g

where j = 4+, —, 7. In this representation of the theoreti-
cal part of the correlation functions, ¢ = w/mg_is the
integration variable, g;(c) is a function of ¢ in terms of the
B,-meson DA’s, and s(o) is defined as

s(0) = om}, -2 ¢, (15)

where 6 = 1 — 6.
On the other hand, using the dispersion relation, the

theoretical part of the correlation functions II; can be
related to its imaginary part as
. 1 [  ImIl(s
. =+ [Tamtl o)
7 Jo s—=p

At large spacelike p’?, the quark-hadron duality approxi-
mation is employed as:

_xp

pa

Lo [ [ deeriorsinf 0wty =00 (a0, - Vel 0)

XY, — X,Y
*nmnwmw,a]ys} , (12)
v.X fa
1 [ . 1 [  ImiIl:

_/ s m(s)/zz_/ PRLLLIC) R
T Js, s—p T Js, s—p

where p;(s) is the functional part of the tensor p so that an
expression similar to Eq. (13) can be written for it. Using
Egs. (16) and (17) in Eq. (8), and equating the coefficients
of the Lorentz structures P, and g, leads to the following

result.
1 o Kp 2
77"/0 s_p/z m%(* p/zf:t(q )v

l/ s Imily(s) _ frmi, a*fr(4?) (18)
0

7 2 72"
T - mpg + Mg M. —
s=p B, Ky M p

s Imil, (s) Jfx;m

Finally, according to Eq. (14) and Eq. (16), it can be
concluded that

1/60 do (6) = fK*mK*
zJo s(o)— p’zgi mK*—

1 [ do _ Teme @fr(d?)
— 7,2%(5) =7 ” :
wJo s(e)—p My, = P~ Mg+ Mg

,gfi( )’

(19)

To determine the effective threshold o, the continuum
threshold of K{; meson s, is replaced in Eq. (15) instead
of s. A quadratic equation is created based on the variable
0. By solving this equation, the value of ¢ is determined as
follows:

so+mp —q* = \/(So +my —q*)* —dsomp,

2
2m B,

(20)

[

Applying Borel transformation with respect to the
variable p’
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B %) (-

p—m

mz
1 (=)t eTw?
S) =

=T 0y 2y

in Eq. (19) in order to suppress the contributions of the higher states, the form factors are obtained via the LCSR in terms of

the two- and three-particle DA’s of Bg-meson. Our results for f. (g

%), f-(¢*), and f7(q*

) are presented as:

_ Jfamp " (e g (omp,) —p_(omp,)
2 S s m2 d m2 — + s s
o 2-&my 1 2u+1)m3 ¥ -y
/ / : { { (2u+2) (q FM2 BJ;"‘?) +( 5M2 B:] A<w’€)m2 vid)
onmp —w By
6u g —&my 1 3 1X4(0.8) 4u+3)¥4(0.8)
o @O+ {(214— 1)< M o) Ty M my ’
Famd "% o sa((140) P (omp) = p_(omp)
~ 2\ — s s ) d 5 s s
S =5 [ e T g o) + P
/m / 2u+2) ¢’ =atmy, 1\ _(QuA D+ 0)my )] Wy (@,8) = ¥y(@.¢)
omp —® 5 &M? 52 > M? m%’
By s
6u(l+o0) Qu=1)(1+0) (¢ =&"mp, 1 Au+6)| Xa(@.8)  4u+3)¥s(o.§)
_7‘{,‘/((07 5) + — — + — — + — )
GZMZ o 3M4 ZMZ 3M2 mg 02M2 mg
fp.mp (mp +mg: ) % @ ( UmB Gms\
f qz — s s s eMz/ doe” MZ{ / / {|:_ :|lP wg
(@) 2f kymi; 0 omp,—o & *M? v(@:4)
2u+1 q* — > m3 X,
—— | (Pp(@,&) —VYy(@,8) — | —F——F—+2| —¢ ¢, 22
] o0 -t - [ o X 22)
|
where: values of the parameters A% and A% of the B,-meson
DA’s are chosen as: 4% = (0.01 +0.01) GeV? and 13, =
omp —w B omp, (0.15 £ 0.05) GeV? [35].
u= 75 . §ilomp) = A drg.(z), The two-particle DA’s of B;-meson, ¢, (») and ¢_(w)

Kp(.8) = /0 " deXy (1), Fa(w.£) = / " de¥ (5. 8).

0

III. NUMERICAL ANALYSIS

In this section, our numerical analysis of the form
factors f,, f_ and fr is presented for the semileptonic
B; — K decays. The values are chosen for masses in GeV
as: mp =5.37, mg; = (1.43+£0.05), m, =178, and
m, = 0.11 [32]. The leptonic decay constants are taken
as: fg; = (427 £85) MeV [33], and fp = (2303 +
1.3) MeV [34]. Moreover, the continuum threshold of
K; meson, s, is equal to (4.4 +0.4) GeV? [33]. The

have the most important contribution in estimation of
the form factors f,, f_, and f7. The knowledge of the
behavior of ¢, () is still rather limited. However, the
evolution effects shows that for sufficiently large values
of u, the DA ¢, (o) satisfies the condition ¢ () ~ ® as
@ — 0 and falls off slower than 1/w for @ — oo, which
implies that the normalization integral of the ¢, is
ultraviolet divergent. Without considering the radiative
O(ay) corrections, the ultraviolet behavior of the ¢ plays
no role at the leading order (LO) [36]. Also, the next-to-
leading order (NLO) effects have already been taken into
account in more elaborated models of ¢, based on the
HQET sum rules [21]. In this work, we use three
phenomenological models for the shape of the DA ¢,
as [28]:
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Model I: ¢, (0) = {(1 —a) +;—;:J —e
1 !t
Model II: =
odel I ¢ (@) = 55775 Wttt
Model III: ¢, (@) = v

2I(3/2 + ¢) }

where U(a, 3, z) is the confluent hypergeometric function
of the second kind. In our calculations, we take the upper
limiting values for two parameters a and c, hence a = 1,
¢ = 0.5. It is remarkable that for b = 1, the shape of ¢, in
model II become the same as that in model I for a = 1,
therefore we take » = 0.5. The corresponding expression of
¢_(w) for each model is determined by the equation-of-
motion constraint in the absence of contributions from the
three-particle DA’s as [37]:

o-w) = [ oo (24)

The shape parameter w, that is a parameter of B -meson,
can be converted to Az(u =1 GeV) that is the inverse
moment of ¢ (w,u) [36]. Prediction of the 1z value is
varied in different models, for example Ap = (460 £
110) MeV calculated using the two-point QCD sum rules
[21], Az = (460 £ 160) MeV estimated via the LCSR
approach [13], 1z = (350 & 150) MeV adopted in the
QCD factorization approach [38], and Az = (360 +
110) MeV inferred from analyzing the B, — yl~i decay
by the LCSR [39]. In addition, a central value Az >
238 MeV has been provided by the BELLE collaboration
at 90% credibility level [40]. The values of Ap discussed
here, are valid just for B*-meson and are applicable for B

—w/w,
b
@y

—w/wo

ﬁe_“'/moU(c, 3/2—c,m/my),

081 g = 438 MeV

074 .. - a=1

N b=05

0.6 :; / c=0.5

0<a<l

-05<b<1

0<c<05 (23)

only in the SU(3), symmetry limit. Recently, the inverse
moment of the B;-meson distribution amplitude has been
predicted from the QCD sum rules (QCDSR) as A =
(438 + 150) MeV [41]. This value is a reasonable choice
for the numerical analysis of the semileptonic B; — K
form factors. In this work, we take wy = 15 and use the
value (438 £ 150) MeV for it. The dependence of the two-
particle DA’s with respect to @ is shown in Fig. 2 for the
three models in Eq. (23).

Comparing to the two-particle DA’s, the contribution of
the three-particle DA’s is less than 10% in calculations of
the form factors. The three-particle DA’s are related to a
basis of DA’s such as ¢s, ¢4, w4 and w5 with definite twist,
as follows [29]:

Wy (0.8) = 5130, + (0. )]
1
Yy (w.&) = 5[—453(60» &)+ ¢s(w.8)].
Xy (0.8) = 5 [-3(00.8) = (. €) + 2. 9]
Vo (0,8) =3 [(0.8) = i 0.8) +ya(.8) ~ ys(w.8)].
(25)
— I —1I—-——1

2“'! o) = 438 MeV

1.841 a=1

161 o5

FIG. 2. The dependence of ¢, (@) and ¢_(w) on w for the three models.
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0.6 0o - 438 MeV -0.14 0o = 438 MeV 089 0, - 438 MeV
7777777777777 0.2 0.7
0.5 T - |l
o6l T
-0.34
f, o4 f. o frosd—————— e -
044 T TITTiTTms
0.49
o3y
0.5 e -
0.3
02— 0 027
25 26 2.7 28 2.3 3 32.1 3.2 33 34 35 25 26 27 28 29 3 3.1 32 33 34 35 2.5 26 27 28 29 3 31 3.2 33 34 35
M*(Gev?) M?(Gev?) M?(Gev?)
FIG. 3. The dependence of the form factors £, f_ and f; on the Borel parameter M? for the three models in @, = 438 MeV, and
q* =0 GeV>.

So far, several models have been proposed for the shape
of ¢, ¢4, w4, and ys. Since the structure of ¢ in three
models in Eq. (23) is the exponential form, we choose the
exponential model for the functions ¢s, ¢4, w4, and s,
presented as [29,30]:

/12 _w+t /12 22 _w+t
(0.8 =" B2, (0.0 =L o
a’o
2 _wtt 2 e
ya(@,8) =Fwée™ 0, ys(w,&) =—F58e" . (26)
0)() 3600

To analyze the form factors f, f_, and f7, the value of
the Borel parameter M? must also be determined. The Borel
parameter M? is not physical quantity, so the physical
quantities, form factors, should be independent of it. The
working region for M? is determined by requiring that the
contributions of the higher states and continuum are
effectively suppressed. The dependence of the form factors
f4, f— and f; on the Borel parameter M? is shown in

TABLE L.

The uncertainties A caused by the variations of the input parameters (5w, =

Fig. 3, for the three models in @, =438 MeV, and
2 =0 GeV?. This figure shows a good stability of the
form factors with respect to the Borel parameter in the
interval: 2.5 GeV? < M? <3.5 GeV2. We take M? =
3 GeV? in our calculations. Uncertainties originated from
the Borel parameter M in this region are about 5%.
Having all these input values and parameters, we
proceed to carry out numerical calculations. Inserting the
values of the masses, leptonic decay constants, continuum
threshold, Borel mass, the parameters of the B -meson
DA’s such as m and other quantities that appear in the form
factors in Eq. (22), we can calculate the form factors of the
semileptonic By — K transitions at zero momentum trans-
fer, g> = 0 GeV?. Table I shows central values of the form
factors for the three models as well as sources of error and
also uncertainties caused by them, separately. As can be
seen g and f k; are the most significant sources of theory
uncertainties.
Taking into account all the uncertainty values except
@, the numerical values of the form factors f,, f_and f7

Central values of the form factors for the three models, as well as sources of error and also uncertainties of the form factors.

+0.150 GeV, 8fx; = +0.085 GeV, 85, = +0.4 GeV?,

Smy; = +0.05 GeV, 65, = £0.001 GeV, 623 = +£0.01 GeV2, 613, = £0.05 GeV2, 5M? = £0.5 GeV>).
Model  Form factor  Central value  A(wy) A(fx;) A(sg) A(my:) A(fp,) A(12) A(2%) A(M?)
+0.252 +0.070 +0.024 +0.004 +0.002 +0.000 +0.004 +0.006
I f+(0) +0.283 -0.114 ~0.047 -0.027 -0.003 -0.003 -0.000 -0.004 -0.007
7-(0) —0.228 +0.114 +0.038 +0.027 +0.003 +0.002 +0.002 +0.002 +0.011
- : -0.262 -0.056 -0.024 -0.003 -0.002 -0.002 -0.001 -0.008
£7(0) +0.324 +0.326 +0.080 +0.030 +0.007 +0.003 +0.000 +0.001 +0.009
T : ~0.145 -0.054 ~0.034 ~0.006 -0.003 ~0.001 -0.002 -0.012
+0.279 +0.102 +0.025 +0.006 +0.003 +0.000 +0.003 +0.005
1 /+(0) +0.412 -0.145 -0.069 -0.030 -0.005 -0.004 -0.000 -0.004 -0.005
7-(0) —0.369 +0.149 +0.061 +0.029 +0.004 +0.003 +0.001 +0.001 +0.009
- : -0.293 -0.092 -0.027 -0.006 ~0.004 -0.001 -0.002 -0.009
£7(0) 40.495 +0.363 +0.123 +0.033 +0.011 +0.004 +0.001 +0.002 +0.009
T : -0.186 -0.082 -0.038 ~0.009 -0.004 ~0.001 ~0.001 ~0.009
+0.195 +0.127 +0.015 +0.008 +0.005 +0.000 +0.004 +0.013
I £+(0) +0.511 -0.124 ~0.085 -0018 -0.005 -0.004 -0.000 -0.003 -0.007
£-(0) —0.506 +0.127 +0.084 +0.019 +0.006 +0.005 +0.001 +0.002 +0.0035
- : -0.188 -0.125 -0.014 -0.007 ~0.004 -0.001 -0.001 -0.008
£7(0) +0.644 +0.243 +0.161 +0.019 +0.014 +0.006 +0.001 +0.002 +0.013
T : -0.158 -0.107 -0.023 -0.011 -0.005 -0.000 -0.001 -0.007
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TABLE II. The form factors of the semileptonic By — K|
transitions at zero momentum transfer from the three models
and different approaches.

with the constants a and f determined from the fitting
procedure. The values of the parameters a and f are
presented in Table III for the three models. The values of
parameter f;(0) expressed the form factor results at g*> =

Me.thOd £+ /-© /1(0) 0 GeV? were listed in Table I, before.
Thfs work (I) +0.287 09 -0.103510 +0.32%01) The dependence of the form factors £, f_ and f7 on ¢?,
This work (II) +0.41501 -0.37014 +0.50101; for the three models, is shown in Fig. 4. In this work, the
This work (1D +0.5157 -0.51%01¢ +0.641072 form factors are estimated in the LCSR approach up to the
LCSR(S2) [42]  +0.421042 =0.34%p40 +0.521508 three-particle DA’s of the B;-meson. Our calculations show
LCSR(S2) [43] +0-39f8f(())2 —0-25f8f(())55 +0-41f8'81 that the most contributions comes from the two-particle
LCSR(S2) [44] +0.44 —0.44 a functions ¢, for all form factors, so that the contributions
PQCD(S2) [45]  +0.561543 o +0.7250% of the three-particle DA’s are less than 10% of the total. The
LCSR(S1) [44] +0.10 —0.10 contributions of the two- and three-particle DA’s in the
PQCD(S) [45] 0321072 o ~0.41200 form factors depict in Fig. 5 for model II, separately.
QCDSR [46] +0.24+0.10 The form factors at large recoil should satisfy the
QCDSR [47] +0.25£0.05 -0.17+0.04 +0.21 +0.04 following relations [48]:
in ¢ =0 GeV? i My, +MK; my

q eV~ are presented in Table II for the three fr(@®)=——2F (%) =—L—F_(4%). (28)
models. This table also includes a comparison of our mp, mpg —mg:

results with the predictions of other approaches such as
the LCSR with the light-meson DA’s [42-44], perturbative
QCD (PQCD) [45] and QCDSR method [46,47]. As can
be seen, there is a very good agreement between our
results in model II and predictions of the conventional
LCSR with the light-meson DA’s in S2 [42]. As a result,
our calculations confirm scenario 2 for describing the
scalar meson Kj.

Due to the presence of cutoff in the QCD calculations, we
look for a parametrization of the form factors to extend our
results to the full physical region, 0 < ¢* < (mp —mg: ).
Through fitting the results of the LCSR among the region
0 < ¢*> < 8 GeV?, we extrapolate them with the pole model
parametrization

) 1,0
1 —a(q*/my ) + B(g*/mp )*

fi(d?) (27)

Figure 6 shows that the computed form factors from the
LCSR with the B;-meson DA’s for the three models satisfy
the relations in Eq. (28), by considering the errors.

With the derived transition form factors, one can proceed
to perform the calculations on some interesting observables
in phenomenology, such as decay rate, polarization asym-
metry, and forward-backward asymmetry. Note that the
forward-backward asymmetry for the decay mode B, —
K§IT1~ is exactly equal to zero in the SM [49].

The effective Hamiltonian for b — ulv; transition is

. G _ o
Heff(b - ull/l) = 7gvubu7/ﬂ<l _yS)bl}/ﬂ(l _7/5)1/1‘ (29)

With this Hamiltonian, the ¢> dependant decay width (;iqz
can be expressed as [44]

dq? N 384ﬂ3m%S (¢%)? s

dar _ GZ vu 2 q2_m2 2
(8, Kyloy) = 22Vl L \/(m% —m%;—q2)2—4q2m?<3{(m12+2q2)

2

2
o, =, = PP = AP ) + o, = P 1)+ g ) ] 30)

K

mp

K

— M
Ky

where V,,;, = (3.82 4 0.24) x 1073, and m, is the mass of the lepton. Integrating Eq. (30) over ¢ in the whole physical region
mj < q* < (mp, —my:)*, and using the total mean lifetime z5 = (1.509 + 0.004) ps [32], we present the branching ratio

TABLE III.  The parameters o and f obtained for the form factors of the semileptonic B — K transitions for the three models.
f+(d?) f-(a*) fr(d?)

Form factor model 1 II 1 I II I I I I

a —0.14 -0.24 -0.49 +0.09 +0.19 +0.46 -0.14 —0.27 —-0.60

B +0.26 +0.63 +3.89 —0.14 -0.45 -3.76 +0.25 +0.69 +5.00
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044"

0.2+

qz ( GeV* )

047"~

T T T

5 10 15
qz ( GeV* )

0.4

0.2 T T T

qz ( GeV* )

FIG. 4. The dependence of the form factors £ (¢%), f_(¢?*), and f7(¢?) of the semileptonic B, — Kj; transitions on ¢ for the three

models.

[—f: ——2pPDAs 3P DA's

Model-II

FIG.5.

fr(q?) for model II.

values of semileptonic decays By — K/, (I =pu, 7) in
Table IV, for the three models. Here, we should also stress
that the results obtained for the electron are very close to the
results of the muon, and for this reason, we only present the

[— - ]

1.84
1.6
1.4

1.2

0.6 1

Model-T @) =438 MeV .’

()4<

0247

0

qz ( GeV? )

[—f -~ 2PDAs ~ 3PDA's]

-+~ Model-IF - -

T

5 10 15
q*(Gev®)

.

Model-II  ®, =438 MeV

5 10 15
qz ( GeV? )

27 Model-lL /;

[—f;— - 2PDA's - 3PDA's]

The contributions of the two-particle DA’s (2P DA’s) and three-particle DA’s (3P DA’s) in the form factors £, (¢%), f_(¢?) and

branching ratios for the muon in our table. This table contains
the results estimated via the conventional LCSR with the
light-meson DA’s [42] and PQCD [45] through S2 as well as
QCDSR [46] approaches. Considering the range of errors, the

e

Model-TIl  ®, =438 MeV

0 5 10 15

612 ( GeV* )

FIG. 6. The dependence of the form factors £, (¢%), —f_(¢?) and f7(¢*) on g via the LCSR with the B;-meson DA’s for the three

models.
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TABLE IV. The branching ratio values of B; — K/, for the three models and different approaches.

This work
Mode I 1I 111 LCSR (S2) [42] PQCD (S2) [45] QCDSR [46]
Br(B, — Kyuv,) x 10* 0.9919% 1.675,3 1.90%) 48 1301530 2454107 0.361038
Br(B, — Kjv,) x 10* 0.4970-2 0.71595/ 0.65703; 0.52707 1.0959% :

values obtained in this work are in a logical agreement with differential branching ratios of B; — K{lv;, (I = u, 7) decays

the LCSR and PQCD results. Especially, the obtained values  on g for the three models in Fig. 7.

of model II are in a good agreement with the conventional The semileptonic decays By — K{jI"I~ /v are induced
LCSR. As can be seen in this table, uncertainties in the values by the FCNC (Appendix). Using the parametrization of
obtained for the branching ratios of the semileptonic decays  these transitions in terms of the form factors, the differential
By — Kjlp; are very large. The main source of errors comes  decay width in the rest frame of B,-meson can be written

from the form factor f (¢?). We show the dependency of the  as:
|

_ GilVaViylPmy @ D, (x,)]

dr - 2 30y s e 2412

dq? (By — Kyvo) = 28 Sin*6y, ¢‘/ (L7285 f(q)]
dr 77— G%|thvrb|2m?ija2 1/2 A A 21 A A 7
d—qz(BS - Kjltlm) = A% v (1,7, 8) || 1 +§ Q(1, 7, 8oy + 121, |,

where 7, §, I, x, and i, and the functions v, ¢(1, 7, §), D,(x,), a;, and 8, are defined as:

2 A
. Mk . q s om? m? R m, 4]
r=-"75 S=-5 [=—, X =5 my =——-, v=A{/1-—

2 3x,— 6
D,(x,) _x,( + x; X,

— In s LA =1+P2+5—2/—28 278,
2 x[—1+(xt—1)2 x,> P(1,7,8) + 7+ 8§ F—28§ =278

2

+ |Crof +(¢%)]?

n 21, CS" f1(q°)
1+ /7

pi=1CuP | (1+ 7= S )IFIP + (1= AR L)) + 3 I7-P |

9

ap = ‘Cgffer(qz)

7 0y = 438 MeV
0.8
"
(=]
=
> 0.6
[
L=}
M o
Th"g
| 044
B~
m
=
0.2
Oﬂ T T
0o 2 16

& (Gev?) 7 (Gev?)

FIG. 7. Differential branching ratios of the semileptonic B — Kjlv; decays on ¢ for the three models.
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TABLE V. The branching ratios of the semileptonic By — K1~ /v decays for the three models, including only

the SD effects.

This work
Mode I I 111 QCDSR [47]
Br(B, — Ki) x 107 0.982053 1661993 1.8971%7 0.25£0.12
Br(B, — Kiu'p~) x 10° 1.325972 221758 248738 0.71£0.29
Br(B, — Kjrz7) x 10° 0.61107 0.637071 045100 0.35+0.16

These expressions contain the Wilson coefficients
Cf = —0.313, C§T (see Appendix) and Cjy = —4.669,
the CKM matrix elements |V,,V;,| = 0.008, the form
factors related to the fit functions, series of functions
and constants. Integrating Eq. (31) over ¢ in the physical
region 4m; < q* < (mp —mg:)*, and using 7z, the
branching ratio results of the B — K{l/TI"/up are
obtained for the three models as presented in Table V.
In this table, we show only the values obtained by
considering the short distance (SD) effects contributing
to the Wilson coefficient C§' for charged lepton case.
Predictions by the QCDSR [47], are smaller than those
obtained in this work, because of their estimated form
factors are smaller than ours (see Table II).

It should be noted that we have computed the branching
ratio values of By — K{/*1~ decays in the naive factori-
zation approximation using the factorizable LO quark-loop,
i.e., diagrams (a) and (b) in Fig. 8. In this method,
contributions of the O;_g operators have the same form
factor dependence as Cy which can be absorbed into an
effective Wilson coefficient C§.

For a complete analysis of the branching ratio values of
By — K1~ decays at the LO, the contributions of the
weak annihilation amplitude of diagram (c) must be added
to the form factor amplitude related to diagrams (a) and
(b) in Fig. 8. Diagram (c) is related to the nonfactorizable
effects at the LO. They arise from electromagnetic
corrections to the matrix elements of purely hadronic
operators in the weak effective Hamiltonian. Since the
matrix elements of the semileptonic operators Oy j( can be
expressed through B; — K form factors, nonfactorizable
corrections contribute to the decay amplitude only

RO
(b) (c)

(a)

FIG. 8. Factorizable and nonfactorizable contributions in the
LO. The circled cross marks the possible insertions of the virtual
photon line.

through the production of a virtual photon, which then
decays into the lepton pair [50,51]. These contributions
for B; — K{(1430) decays are actually suppressed by
small Wilson coefficients of the penguin operators and can
therefore be neglected in the current analysis. In addition
to the factorizable and nonfactorizable LO diagrams
in Fig. 8, there are factorizable NLO quark-loop and
nonfactorizable NLO hard-scattering and soft-gluon con-
tributions in the FCNC b — s and b — d transitions and
the effects of them must be taken into account [52].
Considering the large current uncertainties due to the form
factors, the NLO effects can also be ignored in our
calculations.

In this part, the branching ratios including LD effects are
presented. In the range of 4mj < ¢* < (mpg — my;)?, there
are two charm-resonances J/y and y(2S) used in our
calculations. We introduce some cuts around the resonances
of J/w and y(2S) and study the following three regions for
muon:

Region-1: /g, <1/ q* <M, —0.20,
Region-2: M, +0.04 < V¢ < M, 25— 0.10,

Region-3: My, 55) +0.02 </ ¢* < mp —m:, (33)

and for tau:

Region-2: \/q2. < 1\/q* < M,,o5 —0.02,

Region-3: MV/<2S) +0.02 < \/q_2 <mpg — Mg, (34)

where \/¢2. = 2m;. The branching ratio values for muon
and tau for the three models with LD effects are listed in
Table VI. After numerical analysis, the dependency of the
differential branching ratios for By — KjI*1~/vi on ¢* for
model II, with and without LD effects is shown in Fig. 9.

Finally, we want to calculate the longitudinal lepton
polarization asymmetries for the considered decays. The
longitudinal lepton polarization asymmetry formula for
B, — K1 is given as:
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TABLE VI. The branching ratios of the semileptonic By — K[/~ decays for the three models including LD effects.

Region-1 Region-2 Region-3 Total
Mode I I I I I I I I I I I I

Br(B, » Kjpu'tp™) x 108 0.94 1.73 2.14 0.20 0.27 0.21 0.02 0.02 0.01 1.16 2.02 2.36
Br(B, - Kjrte7) x 10° 0.21 0.24 0.17 0.31 0.30 0.22 0.52 0.54 0.39

2v o o cett 2C fT<q2>> }
= —~ 1’ , eff 2\ _ 7 2 ’ 35
= (1, 7. e + 1205, Re[d’( " <C9 Fle) == 7 ) (Cof+(d) (35)

where v, 1, 7, §, ¢(1,7,8),a;, and 5, were defined before. The dependence of the longitudinal lepton polarization
asymmetries for the B, — K3I*1~, (I = p, 7) decays on the transferred momentum square g for model II, with and without
LD effects is plotted in Fig. 10. The averaged values of the lepton polarization asymmetries of these decays for the three
models, without the LD contributions are obtained and presented in Table VII. These polarization asymmetries provide
valuable information on the flavor changing loop effects in the SM.

- LD —— SD LD —— SD 0.20
0 04 Model-Il ®, =438 MeV
-5 T .4 — 3
| Model-TI o, = 438 MeV Model-TI ) =438 MeV
0.4 0.15
= £ ™
5 g o3 g
— = B
. N < z
|03 A Rt
v El X, 0.10
* * S
£l Sl02 Jf S
Ll S0z LI =
] .27 @ [
= = 5
= &
= =1 o1 0.05
0.1
0% T T T T 0% T T T T T T T 0% T T T T T T
12 13 14 15 16 0 2 4 6_ 8 _10 12 14 16 0 2 4 6_8 _10 12 14 16
qZ(GeVZ) qZ(GeVZ) ﬂz(Gevz)

FIG. 9. The differential branching ratios of the semileptonic B, — K/l /v decays (I = u, 7) on g* for model I The solid and
dotted lines show the results without and with the LD effects, respectively.

""" LD —SD LD —SD
0.2 0.2 g -
Model-1I o, =438 MeV Model-II o) =438 MeV
0 = t
0.1 -0.2 g
— — "
S s .
R = -04 :;
- =R I
0 S -0.6 '
! T 3
= & 084 .-';
T al e J
-0.1 o S S
-1.2
-0.27% T T T T -1.47% T T T T T T T T
12 13 14 15 16 0 2 4 6 _8 10 12 14 16
a*(Gev?) a’(Gev?)

FIG. 10. The dependence of the longitudinal lepton polarization asymmetries on g> for model II. The solid and dotted lines show the
results without and with the LD effects, respectively.

116027-12



SEMILEPTONIC By — K§(1430) ...

PHYS. REV. D 105, 116027 (2022)

TABLE VII.  Averaged values of the lepton polarization asymmetries of B, — KjI*1~, (I = u,t) decays for the
three models, without the LD contributions.

Model I 1I I

(PL), ~0.80 ~0.88 ~0.98

(P,). ~0.12 ~0.13 ~0.11

IV. CONCLUSION

In summary, the transition form factors of the semi-
leptonic By — K, transitions were calculated via the
LCSR with the B;-meson DA’s in the SU(3)p symmetry
limit. We considered the three different models for the
shapes of the two-particle DA’s, ... It was shown that in
estimation of the form factors, the main uncertainties
came from the shape parameter w, and the decay constant
of the Kg-meson. In this work, we used w; = Az .
Recently, the inverse moment of the By-meson distribu-
tion amplitude, A5 has been predicted from the QCDSR
method as Az = (438 +150) MeV. There was a very
good agreement between our results for the form factors
at zero momentum transfer in model II and predictions of
the conventional LCSR with the light-meson DA’s in
scenario 2. Therefore, our calculations confirmed sce-
nario 2 for describing the scalar meson K(1430). Using
the form factors £ (¢?), f_(¢*) and f7(g?*), the branching

|

b—d __
Heff -

—( ubvch

+VcdeZC

ratio values for the semileptonic B; — Kj/v; and B; —
Kjll/ui (I = e, p, 7) decays were calculated. It is worth
mentioning that we computed the branching ratio values
of By — Kl I~ decays in the naive factorization approxi-
mation. Considering the SD and LD effects, the depend-
ence of the differential branching ratios as well as the
longitudinal lepton polarization asymmetries for B; —
K1l decays were investigated with respect to ¢*. Future
experimental measurement can give valuable information
about these aforesaid decays and the nature of the scalar
meson K;(1430).

APPENDIX: THE EFFECTIVE WEAK
HAMILTONIAN OF THE b — di*1~ TRANSITION

The effective weak Hamiltonian of the b — dIti~
transition has the following form in the SM:

ViV, Zc )

where V ; and C;(u) are the CKM matrix elements and Wilson coefficients, respectively. The local operators are current-

current operators

15, QCD penguin operators O;_g, magnetic penguin operators O;g, and semileptonic electroweak

penguin operators Og ;9. The explicit expressions of these operators for b — dI™[~ transition are written as [53]

01 = (dic;)y_p. (€b;)y_a
05 = (C;'b)v—AZ(CM)V—A’
q

= ab)V—AZ(‘M)WA»

07 = émb(&aﬂy(l + yS)b)F/Aw

e -

oz (@b)y (1)

g
Oy = 2=
87 822

e - _
Oy = g(db)V—A(”)A’

0, = (ac)V—A(c_b)V—A’

;b V—AZ(CL'%)V—A*

ibj)y- AZ Jvias

mb(&ig}w(l + yS)Tl]b_])Gﬂl/’

where G, and F, are the gluon and photon field strengths, respectively; T; are the generators of the SU(3) color group; i
and j denote color indices. Labels (V & A) stand for y#(1 & y°). The magneuc and electroweak penguin operators O, and
Oy 1 are responsible for the SD effects in the FCNC b — d transition, but the operators O;_¢ involve both SD and LD
contributions in this transition. In the naive factorization approximation, contributions of the O_¢ operators have the same
form factor dependence as Co which can be absorbed into an effective Wilson coefficient CSif. The effective Wilson
coefficient CT includes both the SD and LD effects as
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C§" = Cy + Ysp(q?) + Yip(g?).

where Y, (g?) describes the SD contributions from four-quark operators far away from the resonance regions, which can be
calculated reliably in perturbative theory as [53,54]:

1
Y5p(q?) = 0.1380(s) + h(mc. $)Co + Z,h(nie, $)(3C) + C2) = 3 h(1.5)(4Cs +4Cy +3Cs + Co)

1 2
- Eh(O, S)(2/1M[3C1 + CQ} + C3 + 3C4> + §<3C3 + C4 + 3C5 + CG)’

where s = ¢*/m2, ni, = m./my, Co = 3C; + Cy +3Cs + C4 + 3Cs + Cg, 4, = V;"Z:d, and

2 4 2 5+4s 2s(1 + s5)(1 —2s) 5+ 9s — 652

w(s) = —§7t2 —gLiz(S) —gln(s) In(1 - ) _mln(l —8)- 3(1 = s)>(1 + 2s) In(s) +m7

represents the O(a,) correction coming from one gluon exchange in the matrix element of the operator Oqy [55], while
h(ii.,s) and h(0,s) represent one-loop corrections to the four-quark operators O,_¢ [56]. The functional form of the
h(ni.,s) and h(0,s) are as:

( V_XH’ 'n'), foer4'?%<1
x|1/? :

8 8 8 2 i
B s) = =™ S+ 2 2o o - et
9" 79 27 9% 9 > aret T
arcanm, Or)C:—S >
and

8 8 my, 4

h(0. ———1———1 -

(0.59)=57-3 glns +gim

The LD contributions, Y, 5 (g>) from four-quark operators near the uit, dd, and c¢ resonances cannot be calculated from the
first principles of QCD and are usually parametrized in the form of a phenomenological Breit-Wigner formula as [53,54]:

3r LV, = [T )my,
Yin(4?) = {(c0 +ABCHG) Y Iy :
@ Vi=dfyyp(as) MV T 4T VY

In the range of 4mj < q*> < (mp, —my;)*, there are two charm-resonances J/y(3.097) and w(3.686) used in our

calculations.
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