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Study of B, ;, — K;(1430)P and K;(1430)V decays
within QCD factorization
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We study the nonleptonic charmless B, 4, — K{j(1430)P (P = K, z) and K;(1430)V (V = K*,p, @, ¢)
decays. The amplitudes are calculated within the QCD factorization, and the nonperturbative quantities are
evaluated by using a covariant light-front approach. The branching fractions and CP asymmetries of theses
decay modes are calculated, some decay modes are first predicted, and some useful relations based on
SU(3) flavor symmetry are discussed. Comparing the theoretical results with the current available
experimental data, it is found that K(1430) can be described as the lowest-lying p-wave (s, u/d) state

rather than the first excited one.
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I. INTRODUCTION

The inner structure of the scalar (S) meson has been
studied for a long time, and now it is still a hot topic in
particle physics. There are several proposals for their inner
structure, e.g., gq state, tetraquark states, molecule states,
glueball and hybrid states, while there is still no general
agreement on such issue. For the light scalar mesons, in the
2-quark scenario (namely S1), it is suggested that the scalar
mesons with mass below 1 GeV (such as a,(980), f((980),
k/K{(700), etc.) are interpreted as the lowest lying ¢g
states having a unit of orbital angular momentum and form
a SU(3) nonet; while, the ones with mass above 1 GeV
(such as a(1450), f((1370), K;(1430), etc.) are treated as
the first excited gg states and are classified into another
SU(3) nonet. On the contrary, in the tetraquark scenario
advocated by Jaffe [1,2], the former are predominately the
qqqq states without introducing a unit of orbital angular
momentum; accordingly, the latter are treated as the lowest
lying gg p-wave states (namely S2). This scenario is
favored by some lattice calculations [3,4] and mesonic
spectroscopy data [5]; it is also much more acceptable
because the Ot meson has a unit of orbital angular
momentum and hence should have a higher mass above
1 GeV in the gg model. Besides of studies of mass spectra
and decays of scalar mesons, the nonleptonic two-body B
meson decay involving a scalar final state, B — SM,
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provides another efficient way to investigate the features
and the possible inner structures of scalar mesons.

In recent years, although the identification of scalar
mesons is difficult experimentally, some experimental
efforts have been devoted to measuring B, ; — SM decay
modes. For instance, the light scalar f;(980) was first
observed in the B — f;(980)K decay by the Belle [6] and
BABAR [7] collaborations in 2002 and 2004, respectively.
Since then, more and more B — SM decay modes have
been observed by Belle [8—11], BABAR [12-20], and LHCb
[21,22] collaborations. Motivated by the rapid development
of experiment, some theoretical studies on these decays are
made within some QCD inspired approaches, such as the
generalized factorization approach [23], QCD factorization
(QCDF) [24-34], perturbative QCD approach (PQCD)
[35-53] and other methods [54—65]. Most of these previous
works mainly focus on the B, ; — SM decay modes, but
the B, — SM decays have not been fully studied theoreti-
cally because most of the B, — SM decay modes have not
been observed.

In 2019, the B, — K;(1430)"K~ +c.c. and B, —
K;(1430)°K° + c.c. decays are observed for the first time
by LHCb collaboration, each with significance over
10 standard deviations. The measured branching fractions
are [21]

B(BY — Ki(1430)*K~ + c.c.)
= (31.3+£23+0.7+25.1+3.3)x 107,

B(BY — K (1430)°K° + c.c.)
=(33.0+£25+094+9.1+35)x10°, (1)

Unfortunately, there is no relevant theoretical prediction for
these decays before. It is expected that more B, — SM

Published by the American Physical Society


https://orcid.org/0000-0002-4123-2241
https://orcid.org/0000-0003-2887-3033
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.016002&domain=pdf&date_stamp=2022-01-04
https://doi.org/10.1103/PhysRevD.105.016002
https://doi.org/10.1103/PhysRevD.105.016002
https://doi.org/10.1103/PhysRevD.105.016002
https://doi.org/10.1103/PhysRevD.105.016002
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

CHEN, ZHAO, ZHANG, and CHANG

PHYS. REV. D 105, 016002 (2022)

decays will be observed by LHCb and Belle-II collabora-
tions in the near future. Therefore, we would like to make a
detailed study of B, — K;(1430)P and K;(1430)V (P
denotes pseudoscalar meson, and V' denotes vector meson)
decay modes within the framework of QCDF in this paper.
Besides, the B, ; — K;(1430)P and K;(1430)V decays
will also be investigated.' In order to test whether K}(1430)
is a lowest lying gg state or a first excited state, our
calculation and analysis will be made within the just
mentioned two scenarios (S1 and S2).

This paper is organized as follows. In Sec. II, we present
the theoretical framework and calculations for B, ,, —
K§(1430)P, K;(1430)V decays. In Sec. III, the values of

nonperturbative input parameters are calculated; after that,
the numerical results and discussions are presented. Finally,
we give our summary in Sec. IV. The definitions of decay
constant, form factor and distribution amplitude are given
in the Appendix A, and the amplitudes of B, ,, —
K§(1430)P, K;(1430)V  decays are summarized in
Appendix B.

II. THEORETICAL FRAMEWORK

In the Standard Model (SM), the effective weak
Hamiltonian responsible for B, ; ; — MM, decay induced
by b — p transition is given as [66]

10
VinVip(C10} + C,05) + V, Vi, (C105 + C,05) =V, Vi, (Z CiO;+ C7,07, + C8g08g>:| +Hec., (2)
p

Gr
V2
where V, Vi, (¢ =u, ¢ and 1) are products of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C; the
Wilson coefficients, and O; the relevant effective four-quark operators. To obtain the decay amplitude, the main work is to
calculate the hadronic matrix element, (M M,|0;|B). In the QCDF, the hadronic matrix element of each operator can be

written as the convolution integrals of the scattering kernel with the distribution amplitudes (DAs) of the participating
mesons [67-69],

Heff =

(MM |Q,1B) =S PP g, / AT () on, () + My < M)+ Fufur Fo, / dxdydzT" (x.y.2)pns, (D) ows, ()05 (2).

(3)

where x, y, z are the momentum fractions; F f_’M‘ is an appropriate form factor of B — M, transition; f5 and [, are decay
constants of B and light mesons, respectively. The definitions of decay constant, form factor and DAs are given in the
Appendix A. The kernels 7/ ! (y) and 7! (x, y, z) in Eq. (3) are hard-scattering functions and are calculable in perturbation
theory. The former starts at tree level and contains the vertex, penguin corrections at next-to-leading order in «; the later
contains the order «, contributions caused by hard spectator-scattering and annihilation topologies.

Applying the factorization formula, one can obtain the amplitudes of B,, ;; — K{(1430)P and K§(1430)V decay modes,
which are collected in the Appendix B. In each amplitude, the quantity A, is the factorized matrix element and can be
written as

—(mp - mﬁ])Ug_)Ml (myg)fm, if MM, =SP,

A, Gr ] (=m0 i), MMo = PS, "
V2| 2my,e - ppUT™™ (m3y )y, it MM, = SV,
—2my, € - pgAg (M3, fu, if MM, =VS.

Here, it has been assumed that the final-state meson M carries away the spectator quark from B meson, and the other
one is M,. The coefficients of flavor operators a appeared in the amplitudes are expressed in terms of the effective
coefficients a” as

"The B, , — SP and SV decay modes have been investigated in detail in Ref. [30] and Ref. [31], respectively. Some problems in these
works are corrected and the predictions are updated by the same authors in Ref. [33]. Besides the corrections made in Ref. [33], some
essential improvements will be made in this work.
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ay (M\M;) = a;(M\M,),

(M M) = ay)(M M), (5)

o (M M) = a? (M\M,) + a? (M\M,) if MM, = PS, SV, VS, o
T al (M M,) — ak(MM,) if MM, = SP,
o (M, M) — al (M\M,) — rjyzag(M M,) if M;M, = PS.SP.SV, )
4 al (M\M) + ry"al (M\M>) if M\M, = VS,
P . .
a§(M M) + a5 (M\M,) if M\M, = PS,SV,VS,
o gy (M M) =1, ; : - @)
af (M M,) — ab (M M) if M\M, = SP,
o (M, My) = ably(M\My) = rial (M M,) it M{M, = PS,SP,SV, o
4 EW ably (M M) + ry2al (M{M,) if M{M, = VS,

where the ratio r, is defined as

P (u) = 2m3 Y (1) 2my [y (1)
d my(u) (my (u) +my(u))” * my(u) fv '
(10)
S . 2mg J_Cs(ﬂ) o 2’”%
W= fs - m@ ) — @)

In Egs. (5)—(9), the general form of effective coefficient
a? at next-to-leading order in a is

Cis
N;(M
Nc ) l( 2)
Cit1 Cray
N. 4n
+ P} (M),

al (M\M,) = <Ci +

[V,(Mz) +3

where i = 1, ..., 10, the upper (lower) sign applies when i
is odd (even), Cp=(N2-1)/(2N,) with N, =3,
and N;(M,) =1 except for Ngg(V)=0. The terms
proportional to N;(M,) are the leading order contribu-
tions, and are the same as the results obtained by
naive factorization approach; the «, corrections are
encoded in the quantities V;(M,), H;(M;M,) and
P?(M,), which are obtained by calculating vertex,
hard-spectator and penguin diagrams, and can be written
as the convolution integrals of the hard-scattering kernels
with meson light-cone DAs. The convolution integrals for
these quantities can be evaluated by using expansions of
the DAs in terms of Gegenbauer polynomials. In this
work, we include the first four terms in the Gegenbauer
expansion for the twist-2 DAs due to the nontrivial

contribution related to the odd Gegenbauer moments of
scalar meson.

The integral forms of V;(M,) and P?(M,) for B — SP
and SV modes are the same as the ones for B — PP and PV
modes, which have been obtained in Ref. [69]. After
integrating out the momentum fraction, we obtain

my, 37 . M 11 . M
Vi(M,) = <121n7—7— 31ﬂ>a0 P+ (7— Jir |a;’
21 1\42 79 2in M,
13
BETRCE <36 3 >a3 (13)

for i =14, 9, 10, and

m, 13\ y 11\ u
Vi(M,) = <—121n7+7+3m)a02 + (7—3171' ay’
21 1&42 79 2171' M,
— 14
Tont <36 3 >a3 (14)
fori =5,7 when M, = P, S, V; while, for i = 6 and 8, we
have
-6 if M, = PandS,
Vi(M) = . (15)
9—6ri if My,=1V.

It is noted that our result given by Eq. (14) is different
from the one given in Ref. [30] but is consistent
with the one given by the same authors in Ref. [31]. For
the penguin functions Gy, (s) appeared in P/ (M,) (one
may refer to Ref. [69] for detail), we have the following
analytic results,
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Gya(s) = (2= M2+a?42+ M2+ - 2 (8ak" + 94" + 94 +9a)
m,(8¢) = 373 Se |ag 5 5 9 3 ay a, a, ay’)s.

150543 94904M>
i 2<8a342 + 63} 4 21da)" 4 = >33 - <9a72 +80ay” 4 —— 3 >s3

27 ¢
1000a2" 2
+ (2880a’2”2 + %) — 39200353 — 2 /1 —4s, [(1 +25.)ay”

M M M M M M 2440a}"
+6(4ay* + 27a,* + 78ay > + 160a; *)s2 — 36 <9al >4+ 70a, * + 43) 3

9 c

+ (432043 + 40600455 — sssooag”zsg] (2arctanhy/1 — 4s, — iz) + 1252 {a?fz

4
+3a)" + 643" + 1045 _g(ag% +9a)" 4 36a3" +100a5?)s, + 18(a) + 10ad™ 4 50a3")s?

9800a3"

— (240a)" +2800a3")s? + 3

s‘c‘] (2 arctanhy/1 — 4s, — iz)*, (17)

155 7001
Gy, (1) = < — 6+ ) o2 _ ( > 36fn+12n) M2+< : 504\/§ﬂ+136n2>a§”2

14920 2) ",

- 6000V37 + —— % | ay". (18)

(146581

where, 5. = (m,/m;)?*; while, the functions GMZ(S> read

A 16 2
Gy, (s.) = 5 (1 -3s.)— ln Se — 5(1 — 4s,.)%?(2arctanhy/1 — 4s, — i)
N 16 27r A 27 32
Gy, (0) = Gy, (1) =—7——, 19
when M, = P, S, and
Gy, (s.) =1 =365, + 125,/1 — 4s.(2arctanh/1 — 4s, — in) — 1252(2arctanh/1 — 45, — ix)?,
A A 4n?
G, (0) =1, GM2(1)2—35+4\/§7T+%, (20)
when M, = V.
The hard-spectator corrections can be written as
B )
R e e 1)
Ay M, Xy Xy
fori =14, 9, 10,
B Dy (x)D 0]
Hi(MlM2> — M MZ / / dx/ |: M'> M1 (y) i y)]}/ll M, (X_)g_le (y):| (22)
AM \M, Xy

fori=35,7,and H;(MM,) = 0 fori = 6, 8, where x = 1 —x, y = 1 — y. The upper (lower) sign should be applied when
M, =V, P (M; =2S). The quantity By, is defined as

qufleM2 lf M M2 - PS SP

B = 23
MR { ~fp,fanSu, if MM, =VS.SV. @)
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Integrating out the momentum fraction, we can finally obtain

H:BMIMz@,B( '+ a Fa) 3(a) + ) + a) + al) 21
" Ay, A 430 (010 —al +a2 —a?z)XHL M, = P(S),
o BM]Mz@. [3(aOM‘ My a b4+ a D) -3(a0M' My a12v12 + aéuz) (25)

LAy, Ap 4300 ( 2ol - ) (3Xy, - 6)), M, =V,
for i = 14, 9, 10, and

H — By, mp Blap" +a)" + @) +a5") - 3(ag” — @y + a3 — a3) (26)
l AMM2 g j:Sy (O —|—a1 +a —|—a2 Xgl, M, = P(S),

oo _BMIMZE. [3( +a +a +a ) 3.(c1342 —al +a aéuz) 27)
l A, 48 43y (ag” + al + a4+ i) (3%, - 6)], M =V,

for i =5 and 7, where, the upper (lower) sign in Egs. (24)
and (26) is applied when M; = P (S). As has been
discussed in many previous works [33,55,69-75], hard-
spectator corrections suffer from the endpoint divergence,
which is usually parametrized by the endpoint parameter

Xy =In ( Ah> (1 + pre®). (28)

The parameters py and ¢ reflect the strength and possible
strong phase of the end-point contributions, respectively.

The amplitudes of B, 4, — K{;(1430)P and K{(1430)V
decays collected in the Appendix B also receives the
contributions of weak annihilation, which are involved
in the effective coefficients 7 defined as

B
B (M M) = 12 p? (29)
MM,
where,2
Cr . . Cr . .
bl_ﬁgCIAla bz—N—gczA,
Cr
b =5 —L[C3A] + C5(A] + A}) + N.CoA%),
C
bt = N§ [C4A] + C4Ab),

C ) .
bg,EW = N_Z [C9A11 + C7(A§ + Ai) + NcCSAQv

c . 4
b o = N—§ [C10A} + CgAd). (30)

’In Refs. [30,31], the superscript of the l_ast terms in bf: and
bY 1 [Eq. (3.12)] should be corrected, i.e., A} — A and A} — A].

The subscripts n = 1,2, 3 of Ai,’f correspond to the possible
Dirac structures (V —A)(V—-A), (V—-A)(V+A) and
(S = P)(S + P), respectively; and the superscripts i and
f refer to gluon emission from the initial- and final-state
quarks, respectively. The explicit expressions of AL for
B — PS and SP decays can be written as

A 1 1 1
Al = dxdy{ @ o ——+ =
= e, [ s om0t

= 1 O, 0, 0) 2 | (1)
Al =0; (32)
Al = na, /0 1 dxdy{—CDMz ()P, (v) [ﬁ 4 xiyz}
R ()b, 0) 2 (33)
A} =0, (34)
Al = za, A l dxdy{i}'ff ‘®M2(x)¢M](y)ﬁ
i 90w, 0) (35)
4] = s, [ asar{ o, (9, )2
- ), )2, (30

where, the upper and lower signs are applied to B — PS
and SP decays, respectively. The Al for B> VS decay

016002-5



CHEN, ZHAO, ZHANG, and CHANG

PHYS. REV. D 105, 016002 (2022)

can be obtained from the A/ for B — PS decay by
changing the sign of second term in A'i,3 and A];, and
the first term in A’; while, the AL/ for B — SV decay is the

2
A’i(PS)zZ;raS{9{ (XA— +%)+al

10
+CZ3 (IOXA +—3ﬂ'2>:|

Aé(PS)%ZﬂaS{—9{ (XA—4+ 3> +a)f

2956 100

M,
X _
+ ay <A+ 9 3

2
AL(PS) ~ 6ra, {y;; [agh <X,% —2X, + %) +3ay" (X%

19 191
+10a3" (xg -5 Xa +§+%)] +7s (xf,

187
Ag(PS) 67T(XXA{7)( [ao (ZXA—1)+61] (6XA—11>+612 (12XA—31)+CI3 (20XA—T):|—}/§(2XA—1)}

for MM, = PS, and

2
AL(VS) & 675%{3 {ao’”z (XA -4 +’;
23 10

+a3 (IOXA

)

E—?ﬁ)] — 773 Xa(Xa —2)},

same as A/ for B — SP decay except for the overall sign
of A. After integrating out the momentum fractions, we
can finally obtain

107
3XA+4 7r2)+a <6XA—T+2 )

2
AL(VS) ~ 6nas{3 [agh (XA —44 7;) +a) (X, +29 = 372) 4+ ay* (X4 — 119 + 1277)

2956 100

+Cl3 (XA

2

AL(VS) ~ 671'0{S{—7)\(/ [3aOM2 (X%

61
+ 1043 <3X§ — 19X, + =+ 37:2)] -7 (Xg —2X, +

+T_T”2)] ~ 771y Xa(Xa 2)},

A’;(VS)z67zas{ 3yX(XA—2)[aO (2X, — 1) + a2 (6X, — 11) + a2 (12X, — 31)

187

+a <20XA - T)} XA (2X 4 - 1)}

st} (37)
2(X4 +29 = 37%) 4+ ad2 (X4 — 119 + 1222)
y;xg}, (38)
7> 16 15 =2
—4XA+4+?> +6a§42(x/§ —?XA+7+?>
2
—2X, +%) } (39)
(40)
07
—>+a1 (3XA+4 T[) <6XA—T+27[>
(41)
(42)
—2X, +4 _%> +9a)* (X3 —4X, — 4 + 7%) 4 3a52 (6X% — 32X, + 79 — 27%)
ﬂ'2
N 43
3)} (43)
(44)

VS, where, X, is the endpoint parameter and is defined in the same manner as X given by Eq. (28). The

AL(SP) = —AL(PS), AL(SP) = A4 (PS), (45)

for M|M2 =
results for the cases of MM, = SP and MM, = SV can be obtained via the relation
AL(SP) = AY(PS).  A3(SP) = Al(PS).
AL (SV) = —AL(VS), AL(SV) = —A{(VS),

AL(SV) = AL(VS),  AL(SV) = -AL(VS), (46)
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but with different sign of agll > and agll *. In above evaluation,
the asymptotic DAs of P and V mesons are used for
simplicity; while, for the DA of S meson, the first four
terms in the Gegenbauer expansion are included because of
the dominance of af . In the previous works [30-33], the
contributions related to aj and @3 are neglected, which is
reasonable for the cases of scalar (u, d) state and quarko-
nium because a3, ~ 0. However, for the case of K{j(1430),

the contributions related to nonzero aj, are possibly

nontrivial compared with the ones related to af 5, and

hence are considered in this work.

ITII. NUMERICAL RESULTS AND DISCUSSIONS

Before presenting our numerical results, we would like
to clarify the input parameters used in the evaluations. For
the CKM matrix elements, we adopt the Wolfenstein
parametrization and choose the four parameters as [76]

A =0.79070917.

~ 0.016
p = 0.141:1017 ,

A = 0.226507900048.
i =0357"0011 (47)
As for the quark masses, we take [76]

mq(u)/m,(u) = 27.3297, my(2 GeV) = 9371' MeV,
my,(my) = 4.18709 GeV, (48)

m.=167+007 GeV,  m;, =478 +0.06 GeV,
m, = 172.76 + 0.30 GeV, (49)

where m, = (m, + m,)/2. For the well-determined Fermi
coupling constant, masses of mesons and lifetimes of B
mesons, we take their default values given by PDG [76].

The nonperturbative inputs used in this work
include decay constant, Gegenbauer moment and form
factor. Unfortunately, for the B, ,,— K;(1430)P and
K{(1430)V decays concerned in this work, some of these
nonperturbative inputs are not known. The standard light-
front (SLF) approach [77-80] provides a conceptually
simple and phenomenologically feasible framework for
calculating the nonperturbative quantities of hadrons.
However, it is powerless for determining the zero-mode
contributions by itself and the Lorentz covariance is lost. In
order to cover the shortages of SLF approach, a manifestly
covariant light-front (CLF) approach is exploited [55,81,82]
with the help of the manifestly covariant Bethe-Salpeter
(BS) approach, and has been applied to study the B, ; — SP
and SV decays [30-33]. Unfortunately, this traditional CLF
approach has some self-consistence problems, and the
covariance in fact can not be strictly guaranteed due to
the residual spurious w-dependent contribution [55,83,84].
In order to resolve these problems, a self-consistent scheme
is presented in Ref. [83] by improving the correspondence

between CLF and BS calculation, and has been tested in, for
instance, Refs. [84-92]. Most of the results based on such
improved self-consistent CLF approach for the decay con-
stant and form factors generally agree with the experimental
data and the predictions obtained by using lattice QCD
(LQCD) and light cone sum rules (LCSR) (some examples
can be found in Refs. [85-89]), while the self-consistent
CLF results for some DAs of light P-mesons (for instance,
the twist-3 DAs of 7 and K mesons [92,93]) are different
from the QCD sum rule (QCD SR) results.

In the previous works for B, ; — SP and SV decays
[30-33], the decay constant and Gegenbauer moments are
evaluated by using the QCD SR, while and the form
factor is evaluated by using the traditional CLF approach.
In this work, all of the nonperturbative parameters will
be calculated by using the self-consistent CLF approach
for consistence. The theoretical framework for the decay
constant of S, P, and V mesons and the form factors of
P — (S,P,V) transitions within the CLF approach has
been given in, for instance, Refs. [55,85], and the self-
consistent correspondence relation between the BS and
the LF approaches has been discussed in detail in
Refs. [83-86,88,89,91,92]. Using the Gaussian-type wave
functions®

4t [0k K
sk ) = Fif a—xzexp [— Z—ﬂz} (50)
2
l//lp(x9kl) :%—Wls(-x»kl)’ (51)

5 /2
l//2p(x’ ki) = \/;<5—ﬂ2 - 1>l//lp(x7 kL)v (52)

and the values of input parameters collected in Ref. [84], we
obtain (in units of MeV)

fr;430)=18£5 S, frr(1430)=43+10  S2, (53)

fp,=186+7,  fz =224+09,
fr=131£7,  fx=156%5, (54)
[k =205£8,  f,=210+4,
fo=210%4, fp=228+£5, (55)
fr=113£6,  ff=167+4,
fo=167+4, f5=198+4, (56)

*Our sign convention for y, »(x.k ) is different from the one
in Ref. [94], and ensures the positive decay constant of S(2P) and
form factor of P — S(2P) transition. It should be noted that the
different conventions do not affect the final results of observables.
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TABLEL Form factors of B — K(1430), K, K*, 7, p, , and B; — K;(1430), K, K*, ¢ transitions in S1 (lower entry) and S2 (upper
entry) by using the self-consistent CLF approach.
F F(0) a b F F(0) a b
U?*KS 0.29 +0.02 1.27 0.33 Ug%K 0.29 +£0.02 0.16 0.11
0.18 £ 0.01 1.03 0.15 0.18 +0.01 -0.23 0.29
UB,—>K3 0.28 +0.02 1.58 0.84 UB s—kKg 0.28 £0.02 0.55 0.20
! 0.23 £0.02 0.92 0.29 0 0.23 £0.02 -0.23 0.36
F&~r 0.27 +0.03 0.65 0.03 FB=K 0.3440.03 0.66 0.07
FOB\‘)K 0.23 £0.03 0.95 0.28 AOB_"” 0.29 £0.03 1.54 0.74
Ag"/’ 0.29 +0.03 1.54 0.74 Ag*K* 0.34 +£0.04 1.52 0.65
ABoK 0.21 +0.04 1.94 1.62 AB—? 0.28 +0.04 1.80 1.29

0

0

where, as has been mentioned in the introduction, S1 and
S2 are the two assumptions for K(1430) meson that
(i) SI: K;(1430) is the first excited p-wave two-
quark state;
(i) S2: K((1430) is the lowest-lying p-wave two-
quark state.
It is found that our result for f K;(1430) in S2 is in agreement
with the results f Ky = 34 +7 MeV [95] and 42 £+ 8§ MeV
[96] obtained within QCD SR and f Ky = 42 +£2 MeV [97]

obtained within the finite-energy sum rules. The heavy
lepton 7 decay process v — K;;(1430)v, is very suitable
for testing the value of f K; because there is only one
hadron evolved in this decay, the interaction in the leptonic
vertex can be calculated with high precision, and its
branching fraction is dependent on fx. directly. Using
our prediction fx. =43 MeV and the formulae given in
Ref. [96], we obtain B(r — K(1430)r) ~0.81 x 10~ (S2),
which is allowed by current data B(r — K{(1430)v)*P <
5x 107 [76].

Our results for the form factors of B — K{(1430),
K,K*,m,p,w, and B; — K;(1430), K,K*, ¢ transitions
are collected in Table 1. Our results UngG =0.29 £
0.02(S2) and 0.18 + 0.01(S1) are a little larger and smaller

than the traditional CLF results UgVTKS = 0.26(S2) and
0.21(S1) [30]. The results for B; — Kj transition are first
obtained in this work. The previous results for the B —
K,K*,m,p,w and B, — K,K* ¢ transitions at g> =
0 GeV? obtained via other approaches are collected in
Table II for comparison. It can be found that these results
based on different approaches are generally consistent with

each other except for the large AB s~ (K"9) = (0.363 £
0.034,0.474 £+ 0.037) predicted by LCSR [98,99] (rela-

tively small results A5~ = (0.314 £ 0.048,0.389 +
0.045) are obtained in Ref. [100]). From above discussion
and Table II, we can roughly conclude that the uncertainties
of form factors associated with B and B, decays caused by
different approaches are less than about 20% and 35%,
respectively.

The DAs of mesons have been studied within the LF
approaches in, for instance, Refs. [83,92,93]. The
Gegenbauer moments can be extracted from DAs via

“3(m+1)(n+2) (n+2

where, Cn are Gegenbauer polynomials. Our numerical
results for the Gegenbauer moments at y= 1 GeV are

—X)®(x), (57)

TABLE II. Form factors of B - K, K*, n,p,w and B, — K, K*, ¢ transitions at q2 = 0 GeV? obtained in this and some previous
works.

This work LCSR [98,99] SCET [101] LFQM [102] pQCD [103,104] CCQM [105]
FOB”” 0.27 +0.03 0.258 £0.030 0.247 0.25 0. 26+8855 0.283 £ 0.019
FB—’K 0.34 +0.03 0.331 £0.040 0.297 0.34 0. 31j8855
Fg —k 0.23 +0.03 0.290 0.23 0,26j8855 0.247 £0.015
Ag"/’ 0.29 + 0.03 0.303 £0.028 0.260 0.32 0,25j8_'8g 0.266 £+ 0.013
Ag—»w 0.29 +0.03 0.281 £0.030 0.240 0.28 0_23j8'856 0.236 £0.011
ALK 0.34 4+ 0.04 0.374 4+ 0.034 0.283 0.38 0311040
AB—K 0.21+0.04 0.363 + 0.034 0.279 0.25 0.241008 0.225 +0.090
ABs—d 0.28 +0.04 0.474 £0.037 0.279 0.31 0. 31j8879

0
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TABLE III. Gegenbauer moments of pseudoscalar and vector mesons at y= 1 GeV.
ai a as
T This work 0 0.10 £0.04 0
LQCD [106] 0 0.116 £0.020 0
QCD SR [107] 0 0.25£0.15 0
Linear (HO) [108] 0 0.12(0.05) 0
K This work 0.09 £0.01 0.02 £0.02 0.05 £0.01
LQCD [106] 0.05373031 0.106 + 0.016
QCD SR [107] 0.06 £0.03 0.25£0.15
Linear (HO) [108] 0.09(0.13) 0.03(—0.03) 0.06(0.04)
P This work 0 —0.01 +£0.02 0
QCD SR [99] 0 0.09%949 0
QCD SR [109] 0 0.15£0.07 0
Linear (HO) [108] 0 0.02(-0.02) 0
K~ This work 0.13£0.04 —0.07 £ 0.00 0.02 £0.00
QCD SR [99] 0.10 +0.07 0.0710
QCD SR [109] 0.03 £0.02 0.11 £0.09
Linear (HO) [108] 0.11(0.14) —-0.03(-0.07) 0.03(0.02)
¢ This work 0 —0.13 +£0.03 0
QCD SR [99] 0 0.0610 % 0
QCD SR [109] 0 0.18 £0.08 0

collected in Tables III and IV. The results obtained by using
LQCD [106], QCD SR [30,99,107,109] and traditional
light-front quark model (LFQM) with linear confining and
harmonic oscillator (HO) potentials [108] are also collected
in these tables for comparison. For the pseudoscalar and
vector mesons, our results are generally agree with the
results based on the other approaches within errors except

for the signs of a’z”K*’{/', which is caused by the fact that
the DAs predicted by LF approaches are usually different
from the QCD SR predictions especially at x — 0 or 1
(some examples can be found in, for instance,
Refs. [92,108,110]). For the K{(1430) meson, it is found
from Table IV that our results are much smaller than the
ones given by QCD SR [30]. In order to clearly show their
difference, we plot the DA of K{;(1430) in Fig. 1. For the
case of n = 1 (dashed lines), our results in S1 and S2 are
similar, while the QCD SR results in S1 and S2 are totally

. . . . Ky
different with each other due to the different signs of a;°

(QCD SR, —7.21 vs 7.33). In addition, the afé correction to
D (x) in our evaluation is not as significant as the one

predicted by QCD SR. More theoretical and experimental
efforts are needed for a clear picture of . (x).!

Using the inputs given above, we then present our
numerical results and discussion. The QCDF approach

“The 7y — K" (1430)K3(1430) — 2K2x process may pro-
vide a way to test the DA of K(1430), which is similar to the
cases of yy » ntn~ and KTK~ processes for testing the DAs
of 7 and K mesons [111,112]. Such process is in the scope of
Belle(-II) in principle [113], but the specific measurement has not
been made.

TABLEIV. Gegenbauer moments of K{;(1430) at u= 1 GeV in
S1 (lower entry) and S2 (upper entry).

ap as as
This work —-1.65+0.38 —038+0.02 -0.0640.01
—-1.93 £0.69 0.75+0.13 —-1.13+£0.72
QCD SR [30] -=7.21 +1.64 -5.31 +2.70
7.33 £0.89 —-15.17 £1.01

itself cannot give the exact values of the end-point
parameters Xy (py,¢y) in the hard-spectator scattering
corrections and X, (p4, ¢4) in the annihilation amplitudes,
which can only be determined by fitting to the exper-
imental data. The current data indicate that p g is at the
level of 1, but ¢4y is generally different for kinds of
decay types. For instance, ¢, = —55°, —22° and —70° with
pa =1 (the so-called “Scenario S4” in Ref. [69]) are
favored by the B — PP, PV and VP decays, respectively
[69-71]. In order to clearly show the effects of end-point
contributions, we plot the dependences of the measured
B(B,.qg — K;(1430)(z, p,w, ¢)) on the end-point param-
eters in Fig. 2, in addition, the experimental data are also
shown in such figure for comparison. The dash and dash-
dotted lines show the dependences on ¢4 with (p4, py) =
(1,0) and ¢y with (p4,py) = (0,1), respectively.
Comparing the dash with the dash-dotted lines, it can
be found that the measured decay modes are very sensitive
t0 X4 (pa, Pa), but the effect of X (py, ¢y ) is trivial. It can
be easily understood because these decay modes are

016002-9
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FIG. 1.

The DA of K{(1430) predicted in this work and QCD SR [30]. The dashed and solid lines correspond to the truncations up to

n =1 and n = 3, respectively, according to Eq. (Al1).

penguin

-dominated, and the hard-spectator scattering [69]. Therefore, we assume that the endpoint parameters

corrections may be significant only when the decays  are universal in the annihilation and hard-spectator scat-
are dominated by the color-suppressed tree contribution  tering corrections, i.e., Xy (py, ¢r) = Xa(pa, P4), in our

BB~ —K(1430)°77)[1070]

BB -K§(1430)"w)[1079]

BE-Ka(1430)p")[10°]

FIG. 2.
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The dependences of measured B(B,, 5, = K§(1430)(z, p, @, ¢)) on ¢, with (p4. py) = (1,0) and ¢y with (ps, py) = (0, 1)

are shown by the dash and dash-dotted lines, respectively. The solid lines are plotted with the simplification that X (py, dy) =
Xa(pa,pha) with p4, = 1. The shaded region is the experimental result with 1o error bar. See text for further discussion.
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(h)

The dependences of measured Acp(B, g — Kj(1430)(7, p. w. $)) on ¢4 with p, = 1 in S1 and S2. The shaded region is the

experimental result with 1o error bar. See text for further discussion.

following discussions for simpliﬁcation.5 Under this

assumption, the dependences of the measured branching

fractions and direct CP asymmetries of B,,;—

K§(1430)(m, p, w, ¢) decays on the endpoint parameters
are shown in Figs. 2 and 3 (solid lines), respectively.

(i) From Figs. 2 and 3, it can be found that the scenarios

S1 and S2 give significantly different results for the

branching fractions, but the direct C P asymmetries are

similar with each other. As shown by Fig. 2, the results

based on S2 could agree well with the experimental

data at the level of 16 when a proper value of ¢, is

taken; however, the results for most of decay modes

based on S1 are much smaller than data for any value

of ¢,. This implies that the measured B,, —

K{(1430)P and K;(1430)V decays favor K;;(1430)

as the lowest-lying (s, u/d) state rather than it as the

’In the decay modes considered in this work, B, —
K%(2° p°, w) decays are color-suppressed tree dominated, thus
the simplification Xy (py, dy) = Xa(pa,h4) may affect our
following predictions for these decays.

first excited one. In addition, this conclusion would
not change even if the 20% uncertainties of form
factors caused by different approaches are considered.
Therefore, our following discussion is mainly based
on S2, unless otherwise stated.

In S2, it can be found from Figs. 2 that ¢, ~
[-50°, —100°] and [50° 100°] is allowed by the
branching fractions, while a negative ¢, is favored
by the CP asymmetries as shown by Fig. 3. In our
following numerical calculation, we take

(Pa-pa) = (1,-55°) (1,-64%)

for B — SP and SV decay modes, respectively.

Using the values of endpoint parameters given above,
we then present our numerical results and discussions.
The branching fractions and the direct CP asymmetries
of B, s — K{(1430)P(P = =, K) and K{(1430)V(V =
K*,p,w,¢) decays are given in tables V-IX and X. For
each result, the first error is caused by the uncertainties of
CKM parameters, the second error comes from the varia-
tion of quark masses, and the third error from the decay
constants, form factors and Gegenbauer moments. In each

(i)

and (58)
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TABLE V. Branching fractions (in units of 107%) of B, 4, — K;;(1430)P(P = z,K) decays.

Decay modes S2 S1 QCDF(S2) pQCD Data
B~ — K;(1430)K° 0.087 000005 005 0.065000 001 00y O-11Zgg3 1291 038 +022[115]

B~ — K;(1430)°K~ 3197013 01136 0.54500 00z 337igss 201 399138 [1IS] 038+0.13
B o Kp(430)0r  BATHINIT sestnres o powepy 47607 127) 3976

18 42+0482+2418+9.52

B~ — K;5(1430)"7° 20.58-3.73-7.80

Bg N I_(S 1430)°K° 0.0810-00+0.01+0.04

+0.15+0.39+2.03
3.41 —0.11-0.67-1.61

0 06+0AOO+0A01+0A04

( ) ~0.00-0.02-0.03 -0.00-0.01-0.03
B} — K;(1430)°K° 29751355y 0505505015 055
B} — K;(1430)"K* 0.085501 005008 0-02550 00 001
B} — K;(1430)" K~ 0.097551 %005 004 0.052500"001-003
B — Kp(1430)7* 3055557705 0 S3GHIESY

+0.61+1.89+4-8.24
13'78—0.44—3.20—6454

29 70+l431+3474+16.51

+0.10+0.32+1.68
2'26—0.07—0.54—1.25

5 40+0.24+0.66+3.59

( ) —0.93-6.37-13.32 —0.17-1.13-2.76
B o KG430PKY 308U e
B~ K430 KT 20790300 5370240000
B K400 K- So4IEOTILT sz
B o K430t 6AINIONHIE 45103
B - KG(430)°°  070%8800T0 0210000

36.6 £ 11.3 [115]

74775 133] 28.878% [127] 11,9429
12.7 £4.2 [115]
0.247013 29] 0.49 £0.33 [115]
4.0551 58 1291 4.61 £+ 1.50 [115]
0.111967 [29] 0.09 £ 0.06 [115]
0.061005 [29] 0.62 £ 0.40 [115]
13.8157 [33] 43.05557 [127] 33.513%

33.44+10.2 [115]
18.4755 [127]
2244 6.6 [115]

5.677% [33]

37.05050 [51]
0.417939 [51]

table, the experimental data given by PDG [76] or HFAG
[114] and the theoretical results obtained in previous works

are also listed for comparison.

(i) From Tables V and VI, it can be found that the

(i)

branching fractions obtained based on S2 are gen-
erally much larger than the ones based on Sl1
because relatively larger decay constant of
K{(1430) and form factors of B — K{;(1430) tran-
sition are predicated in S2. In addition, most of
predictions based on S2 (S1) are favored (disfa-
vored) by experimental data, the only exception is
B~ — K;(1430)°K~ decay. Our result B(B~ —
K;5(1430)°K™) = (3.1950157 284 15) x 1076 in S2
is consistent with the results obtained in the previous
works, (3.37*193) x 10-° (QCDF) [29] and (3.99 +
1.38) x 107% (pQCD) [115], however all of these
theoretical predictions are an order of magnitude
larger than experimental data (0.38 £ 0.13) x 1075,
The reason will be analyzed in the next item.

B~ — K} (1430)°K~ and K;(1430)" K" decays are
penguin dominated. After neglecting the power
suppressed contribution, their simplified amplitudes
can be written as

B . B K0
A(B~ = K;(1430)°K™) ~ (af =7, ag)Ak-kg(mo)O,
(59)

016002-12

A(B™ = K(1430)"K?) ~ (af —V;Ifoag)AKg(mo)OK--
(60)

A significant feature of scalar meson is that its chiral
factor is proportional to M3/ (my(u) — ma(n)),

. . K.
which results in that y,° is much larger than yffo.

*0

Numerically, we obtain yfo 7K ~126:14 at
u~my. As a result, it is expected that B(B~ —
K;(1430)°K~) > B(B~ — K;;(1430)"K"). More-
over, for all of the penguin dominated B — SP
and SV decays, the decay modes with M, = S (M,
is the emitted meson) generally have relatively larger
branching fractions than the ones with M, = (P, V),
which can also be found from the numerical results
listed in Tables V and VL.

In addition, the large ;/f"o also results in the large
theoretical predictions for B(B~ — K;(1430)°K")
compared with data, which has been mentioned in
the last item. It should be noted that the significance
of data, (0.38 £0.13) x 1075, is smaller than 30,
thus more precise measurement on B(B~ —
K;(1430)°K~) is required for confirming or refuting
such possible anomaly.
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TABLE VI. Branching fractions (in units of 107%) of B, 4, — K;;(1430)V(V = K*,p,, ¢) decays.

Decay modes S2 S1 QCDF(S2) pQCD(S2) Data
B Ky(I430)KD 024NHOONO 007ttt 0018 po) 13903 145

B K4300KT 248NN 04300y 21708 o) 1555 145)

B~ — K;(1430)%p" L8187 e 866037 Voo-i.i0 39.05353 [33] 12,1355 [52]

B~ — K;(1430)7p° 20997066 035 0 3.15%010 050 k0 14.8737 [33] 84155 [52]

B K430 e 2SeSULERS anBOERr s 74t 240£50
B Kj(143009  AOTURUAUN La0MKeenns 3007 (33 256'03 (28] TOEL6
Bj — K;(1430)°K 0 0.222001 0010004 0.067060"000-0.01 <33
By — K;(1430)°K* 2.302010 01105 0.397005 008 030 2.01%)35 [29]

B~ Ki(1430) K 00NERUUR  0orSRUON 018 0o

B K(1430) K 0040 005 e 001500 [20)

By — K;(1430)~p* 45921160 024 767054 4380, 363177 [33] 10.5%57 [52] 280+110
BY = KG(43000 2795 s10NRURnd matilpnl 48 270£50
By = K430 4TURES a0eiR 210003 9352 160434
Bj — K;(1430)°¢ 4.801035 105 i L2500 o 0 3.7 133] 23.6237 [128] 42+£05
B (400K 9STURSEUT SoRgRses

B KG(MS0PRD SIS 205

BY - Ko(1430)7K™" 28395550 05y 4831015 055 26

B~ (30K SavGREEE 2amglieng

Bo K430 1IN sy 108°3 [53]

B = KG(430)%0 12800 03s i 09603 (53]

BY — K;(1430)°w 1450107020 0.8 0.4420631005 0 0.86%)15 [53]

B} — K;(1430)° 190700803 04 0.355 00t 007017 0.955)% [53]

TABLE VII.  The direct CP asymmetries (in units of %) of B, 4, — K{;(1430)P(P = x, K) decays.

Decay modes S2 S1 QCDF(S2) pQCD(S2) Data
B~ — K;(1430) K" 30325 05 18.58707) 070 134 —22.5115357 [29]

B - K(I400KT  _leSeEIN  pasiiaan g0 18 9 10417
B~ — K;(1430)°n 0.65%065 001006, 0.57005 7007 015 13559 133] 6.143.2
- Ky(1430)7 R ATIOE0NS  sa0let e 30704 133 S 6l
B~ Ki(MSOPKY OG8RI oosgmamin

By — K;j(1430)°K°  —2075T00705570% —19.68207, 750150

By — K;(1430)°K*  —1.381003 050 0 =015 PPy

B — K;(1430)7 K" 1462006 015 016 3.56013°0 15 146

By — K;(1430) 7" 2251067 0w 06 2,597 008 050053 0.21%)56 [33] o+8
B KOaore  20eORUS afEREEY o) 151
B~ Ri(4G0UKY  omgmume oy

B} — K;(1430)°K° 0.03%060°007 004 0172001 0140 16,

B~ k(1430 K- LSS s

BY - Kg(1430)°K~  —63.790, 300500 —61.911 300y

BY — K;(1430) "z~ 2523000 % 67 15145535075 057 210731 [51]

B} — K;(1430)°x° —58.325 10 Panast  —T1T206 7 oy 955747 [51]
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TABLE VIIL.  The direct CP asymmetries (in units of %) of B, 4, = K;(1430)V(V = K*, p, @, ¢) decays.
Decay modes S2 S1 QCDF(S2) pQCD(S2) Data
B™ = Kj(1430)°K* 1324103000050 —13TI0R e l0  —31021050 291 —34.9538 [45]
B~ = Ki(1430)°K™  —19.99%075700 s —2627%00y (g5 0641355 [29] —=67.9755 [45]
B~ — K (1430)°p" L0275 03 000005 1132064 006 016 0.32753 [33] =7.15¢ [52]
B~ — K;(1430)7p° —464101 050 —6.105510 %06 16756 [33] 6.3%7 [52]
B™ — K3(1430)"w —42510 0 0 SR 0.55%)33 [33] 6.2150 [52] -10£9
B™ — K;(1430)74 0.68 003 0050116 0427551 006 047 0.64%053 [33] 1.9 [128] 4£15
B = Ri(30PK®  asSIiens  aartieds
By o Ki(MS0PRY  CISTRUGOSOE  isel iy
By~ Ki(1430) K™ S10RURS el -839:£07 49
By — Ki(1430)7 K™ 4270090705075 —3.647015 7000 0y 38.5%55 [45]
B) — K;(1430)"p* —015% 00 01 0ie  —030%001 015030 L1755 133] —4.8%05 [52]
B} — K;(1430)°° 4.85%013 006 03 5.64018 010050 0.54%p58 [33] —24.2757 [52]
B} — K;(1430)°0 =330%050 %010 0 —4247013 05 g 0.03%)37 [33] 10.0%5 [52] —7+9
By — K;(1430)° 0.15% 000005 0.i4. 0.031060°09 030 0435054 [33] 124+81
B~ Ri(L30PKD  ogsBmay ospim
B~ Ki(430°K o0l oslitio
B K(1430) K™ 041000000 0150000l 17203 as)
B KG(1430) K~ —d6135/SI0A 360l ~63.6%1%7 45)
B KG(1430) 7 ISR ggsaniigia 126700 (53]
B K300 7g3EnlEn  gopiilaiid 4.5 153
BY = Ky(1430fw  -SOI03L0RY syl liiaaiine ~867°3} 53]
B K(90rs iR nasiing
iii) The BY — K;(1430)"K™)* and Kj(1430)" K"~
o decaysdare p?li‘e am)lihilation procegs(es, ar)ld thus A(B™ — K;(1430)77")
are very suitable for probing the effects of annihi- ~ A( Bg > K 6(1430)—7;4')
lation corrections. However, these decays have very -
~ A(BY — Kj(1430)"K "), (64)

(iv)

)

small branching fractions ~10~7 because their am-
plitudes are power suppressed, and therefore are not
easy to be precisely measured in the near future.
The BY—K;(1430) "z~ /p~ and B — K(1430)°2°/
p°(w) decays are tree-dominated, while the former
are color-allowed and the later are color-suppressed.
As a result, the branching fractions of former are an
order of magnitude larger than the later.

The SU(3) flavor symmetry indicates some useful
relations between the decays considered in this
work. Taking B, 5, — SP decays as examples, after
applying SU(3) flavor symmetry on the spectator
quark, one may expect that

A(B™ = K§(1430)"K°) ~ A(BY — K;(1430)°K0),
(61)

A(B~ - K;5(1430)°K~) ~ A(B) — K;5(1430)°K?),
(62)

A(B™ — K;j(1430)°z7) ~ A(BY — K;(1430)°2°)
~ A(BY - K;(1430)°K"),
(63)

016002-14

which further imply that

. FB*—»K(*)(143O)*K° N FB*—»K(*)(143O)°K* N

Rl = ~ 1, R2 = ~ 1,
U'po k2 (1430)0k° U302 (1430)°%0)
(65)
R3 — FB’—>I_(6(1430)”7[’ ~1
230 . & (1430)02°
R, = Us K040 ~1, (66)
FB?—>I'<3(1430)0KU
R, = 2FB‘—>K6(1430)‘710 ~ 1.
FB?,—)KZ;(1430)’inr
;o 2FB*—>K(*)(1430)’EO ~1. (67)

FB§?—>K(*)(1430)‘K+

Besides, the SU(3) flavor symmetry also expects
that
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TABLE IX. The branching fractions (in units of 107°) of Bgﬁ — K;(1430)K™) + c.c. decays in S2.

Decay modes This work pQCD [45] Data
B; - K’K" +c.c. 3051013595615

BY > K"K~ +c.c. 0171 oy

BY - K'K" + c.c. 3278 o sy 33.0+10.1
R 373 e 3134254
By~ K’k +ce. 25220112049 1 0.590;

By~ Ky K™ +ce. 0.07%550 0.01-0.0> L1504

B = KPR+ ce. 34,08 113512504 502 13,02

B) - KitK*™ +c.c. 33810 s 15.0150

(vi)

~ Tpok:(1430) 2+
Ry = BB

bl

- 200 k(143002
Re = % ~ 1. (68)
0
It is found in our calculation (S2) that
R, =093, R,=100, R;=1.12,
R} = 1.10, Ry =0.99, R, =1.08, (69)
Rs =111,  Rg=0.90, (70)

which generally agree with the expectations of
SU(3) flavor symmetry. The flavor symmetry
breaking effect is mainly ascribed to the remaining
suppressed contributions. Taking R as an
example, the amplitude of B~ — K;(1430)~z° de-
cay receives additional CKM-suppressed contribu-
tions proportional to J,,a;, as well as CKM- and
color-suppressed  5,,@,, compared with B~ —
K;(1430)°7 decay.

The O(a?) corrections to the amplitudes of non-
leptonic two-body B decays have been evaluated in
recent years [116—126]. In Ref. [116], it is found that
the next-to-next-to-leading order (NNLO) vertex
correction to the color-suppressed amplitude
a, is sizable, but when combined with the O(a?)

correction to spectator scattering, the overall NNLO
corrections to the color-allowed and -suppressed
tree amplitudes are small due to the large cancella-
tion. Therefore, the O(a?) corrections to the
tree-dominated B9 — K;(1430)*z~/p~  and
BY - K;(1430)°2°/p°(w) decays would not be
significant. The NNLO correction to the penguin
amplitude has also been studied in Refs. [117,118].
It is found that the NNLO contributions from
current-current and penguin operators are sizable,
but there is a strong cancellation between them,
which results in a much reduced overall NNLO
corrections to the penguin amplitude ay“. As a
consequence the full NNLO result for a;“ is very
close to the NLO result [118] (an example, a;“ (zK),
is shown by Fig. 8 in Ref. [118]). Therefore, based
on these previous works on the O(a?) correction, we
can expect that the O(a?) corrections do not affect
the main findings of this work.

Different from the other decxay modes, B? or BY can
decay into K}(1430)K™) and its CP conjugate state simul-
taneously. The sum of the K};(1430)K"*) and K;j(1430)K*)
decay rates is measured more accurately than the individual
rates. Our prediction for BY — Kj(1430)K™) + c.c.
decays are given in Table IX, the LHCb data [21] given
by Eq. (1) and the pQCD predictions [45] are also listed
for comparision. In addition, the CP violations of

TABLE X. The CP asymmetry parameters (in units of 1072) of BY  — K(1430)K™) + c.c. decays in S2.

Acp C AC S AS
B) — KK +c.c. -20.241071 10.045937 -10.72:0% 2.151008 8.701 93¢
Bj — Ky K™ +cc. 1.42700¢ —0.041000 1.42700 4767813 6.357032
B - Ki’K" + c.c. —0.74100 —0.42200)! —0.40700! 0.0370%0 0.315901
BY - Ky Kt +cc. -8.56103¢ 31.275578 -32.5270% —-11.39790% 3.4910:30
Bj - Ki’K* +c.c. -14.03103 9.877039 591793 -14.20103% -6.58703%
B) - Ky K" +c.c. -0.5210% 4.697018 0.4270:02 5.617510 —0.7519:53
B — KK +c.c. —0.5510%2 -0.447 001 -0.241 001 0.701505 -0.237091
BY > Ky K™ +c.c. -7.740% 22.861077 -23.271371 30.72595 —23.55504
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BY, — K;;(1430)K™) + c.c. decays are much more com-

plicated because Kjj(1430)K™*) + c.c. are not CP eigen-
states. The system of these decays define five CP asymmetry
parameters, C, AC, S, AS and A-p, where S is referred to as
mixing-induced CP asymmetry, C is the direct CP asym-
metry, AC and AS are CP conserving quantities, and Acp is
the time-integrated charge asymmetry. Our results for these
observables are first given in Table X.

The BY — K;~K"* + c.c. decays are caused by the
pure annihilation transition, and therefore have very small
branching fractions ~O(1077). The BY — K’k + c.c.
decays are dominated by penguin contributions,
but are CKM-suppressed. The penguin-dominated B? —
K5 K"+ + c.c.and KiPK)0 + c.c. decays have relatively
large branching fractions, and our results for the SP modes
are in good agreement with the data obtained by the LHCb
collaboration with significance over 10 standard deviations
[21]. However, some systematic variations do impact
strongly on the need to include tensor resonances in the
fit model, and thus the model uncertainties of experimental
data are very large [21]. It is expected that the future refined
measurements for the B) , — Kjj(1430)K™) + c.c. decays
can provide serious test on the theoretical predictions.

IV. SUMMARY

In this paper, the nonleptonic charmless B, ;,—
K{(1430)P (P=K, =) and K(1430)V (V= K*,p,w,¢)
decays are studied. The amplitudes are calculated by using
the QCD factorization approach, and the nonperturbative
quantities (form factor, decay constant and distribution
amplitudes) are evaluated by using a covariant light-front
approach. The branching fractions and CP asymmetries of
theses decay modes are calculated, our main theoretical
results are collected in tables V-X. Some decay modes are
first predicted in this work. In order to test the underlying
structure of K((1430) meson, our calculation are made
based on two different scenarios that Kj(1430) is the first
excited (scenario S1) and the lowest-lying (scenario S2)
p-wave two-quark state. Comparing our results with data,
we find that the scenarios S1 and S2 lead to significantly
different results for branching factions, and the results
based on scenario S2 agree well with the experimental data,
which implies that K;5(1430) as the lowest-lying (scenario
S2) p-wave (s,u/d) state is favored by data. However,
the theoretical results for B(B~ — K;(1430)°K~) are much

*0
larger than data due to the large chiral factor yf“. The

(S arrsblB ) = =i (-

(P(p") |y, blB(p)) = (Pﬂ _ My =y

future refined measurement on B(B~ — K;(1430)°K~) is
required for confirming or refuting such possible anomaly.
Besides, some useful relations based on SU(3) flavor
symmetry are studied.
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APPENDIX A: DECAY CONSTANT, FORM
FACTOR, AND DAS

The decay constant, form factor and DAs are essential
nonperturbative inputs for the amplitudes of B — SP and
SV. In this sections, we would like to clarify our convention
for the definitions of these nonperturbative quantities.

1. Decay constant

The decay constants of pseudoscalar (P), vector (V) and
scalar (S) mesons are defined as

(P(P)|@17"7’42]0) = =if .
(V(p.€)|gi17"q2|0) = —if ymye™,
(S(P)1g17q210) = fspu:  (S(P)|162|0) = msfs(u).
(A1)

The scale-dependent scalar decay constant f¢(u) and the
vector decay constant fg are related by the equation of
motion, and thus have the following relation,

m3

) —mG) Y

. Hs - :
fs=—"fs=psfs, with pug=
mg

where m;(u) and m,(u) are running masses of current
quarks.

2. Form factor

The form factors of B — S, P, V transitions concerned in
this paper can be defined as

- m2 mz - m2
7sqﬂ> Ui(q?) +%%Uo(qz> ) (A3)
2 e — m2
q,,>F1(q2) LM L p ), (Ad)
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(V(e.p")layr.b|B(p')) =

* .

; V(g®) .

_ - P , €-P
(V(e.p")|ar,ysb|B(p')) = 2’”\/7%1‘10((]2) + (mg + my) <€u - 7%)1‘\1(42)

e -P <
- (P, -
mB—|—mV

where P, = (p' +p").q, = (p' = p") and &3 = —1.
The momentum dependence of form factor can be para-
metrized as

_ F(0)
~ 1—a(q*/m}) + b(q*/m})*

The values of parameters a, b, and F(0) for the transition
concerned in this work are summarized in Table 1.

F(q?) (A7)

3. Distribution amplitude

For the light-cone distribution amplitudes of pseudosca-
lar and vector mesons, we take the same definition and
convention used in the Ref. [69]. For the scalar meson,
the twist-2 and -3 light-cone distribution amplitudes are
given by

1 . _
(S(P)|@2(z2)7,a1 (2)10) = f5p, A drel Pt g (x),

(AS)
1 . _
(S(p)[a2(z2)an (2)10) = Fs A e P20 o (),
(A9)

(8(P)|g2(22)0,,91(21)|0)
$5(x)

1 . .
:_fS/’lS(pﬂZv_vaﬂ>/ dxel(xp‘zz+xp-21)—6 . (AIO)
0

The leading-twist DAs are conventionally expended in
Gegenbauer polynomials,

ch(x,u):éx(l—x)[Hia%(mci/z(x—x)], (AL1)
n=1

where M = P, S, V. Equivalently, for the scalar meson, one
can also use

®s(x) = 6x(1 — )i (1) [bg 3B e - x>] |

(A12)

v pa ﬂ’ A5
mB+mV yuaﬂe q ( )
m2 _ m2
%qﬂ)f\z(qz)v (A6)

|
where, a3 (u) = jig(u)b5 () and jig(u) can be conveniently
absorbed by fs via Eq. (A2).

When three-particle contributions are neglected, the
twist-3 two-particle DAs of P and S mesons are determined
completely by the equation of motion, which then require

bps =1, $p s = 6xX; (A13)
For the vector meson, the twist-3 DAs can be expressed in
terms of the leading-twist DA @ (x) of transversely
polarized state, are usually expressed by the function,
¢y, defined as

=33 ()P (26— 1),
n=0

Py (x,u) = A dv
(Al14)
where aj | = 1 and P,(x) are the Legendre polynomials.

APPENDIX B: DECAY AMPLITUDES

The amplitudes of B, ,, — K;(1430)P (P =K, n)
decays are written as

1
AB*—»K[*]*KO = Ag:k [0pufr + ay — EaZEW +pL + ﬁé’,EW

' (1)

1
AB*—»K(*J”K’ = Akk; [0puPr + ay — Eaff,Ew + 85 + B pw

(B2)

1
AB‘—»RSO;;‘ = AHKS |:5puﬂ2 + O‘Z - EaZ.EW + ﬁg + ﬂg,EW:| ’

(B3)
1 P
AB‘—»K(*)‘n:O = EAHK(*) [51714 (al +ﬁ2) + ay
+ aﬁ,EW +p5 +ﬂ§,EW]
1 3
+EAK6,[ [5],“052 +§a§.EW] s (B4)
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1 1 1
Apiox0 = Agix | @ { 2“4 ew B8+ By =5 B5pw 2ﬂ4 EW:| + Bkg; [b 5 beWj| (B5)
, 1 ) 1 1
ABO_,KSOI'(O :AKKS a4 2a4EW +ﬂ +ﬁ4 3EW 2ﬁ4EW +B](]( b _§b4EW (B6)
1
AB°—>K3’K+ = AKS [ puﬁl +ﬁ4 +ﬂ4 EW] + BKK* [b 2bﬁ75w] (B7)
1
AB°—>K3*K* = Akk; [6,uB1 + By + Bl pw] + Bg.k [b bfgw] (B8)
1
‘ABO—’K?)_”* = Azx; [51"40‘1 +oay +ah gy + 5 — Eﬁg,Ew} ) (B9)
1 , 1, PR R 1 3,
ABO_,,’(SO”O = 7§A”K(§ —Qy + 5“4,EW —ﬁ3 + EﬂB'EW + EAKSH 5,,ua2 + 5“3,EW s (BlO)
p 1 P p 1 op 1o, Y
AB?—»I‘(;;OKO = AKK:) ay — §a4,EW +/55+ Py — §ﬂ3,EW - 5ﬁ4,EW + BKgK by — §b4.EW ) (B11)
p 1, P P Ly
Ap ok = Axik | 5 %W + 55+ Py~ ﬁs EW 2ﬁ4 ew | + Bk | by 2b4 EW (B12)

'AB‘S—>KE§‘K* = AKKZS [517“0‘1 + O‘Z + af:.EW + ﬂg + ﬂf ﬁs EW 2:34 EW] + BK* [5pub1 + bp + b4 ewl  (B13)

1 1
AB?»K;*K- = AK;K [51::40‘1 + 0‘5 + aft).EW + ﬂé’ + ﬂf - Eﬂg,EW - Eﬂf:,EW] + BKKg; [5pub1 + bf + bf:,EW]’ (B14)

1
Apogita = Ak [5[,“0:1 +af + o gy + 5 - Eﬂg’w} . (B15)
1 p 3 p L p L
ABQ—»K;%“ = 7§AK(§7z Oputy — 0ty + 5 %3.EW + 5 %aEw ~ p3 + §ﬂ3,EW : (B16)

The amplitudes of B, 4, — K;(1430)V (V = p, K*, @, ¢) decays are written as

1
Ap-ki-k0 = Agxe [5;7“,52 +af - Eaf:,EW + L+ ﬂé’,EW} ) (B17)
1
Ap-_kg- = Agk; [5puﬂ2 +af — Eaf,EW + L+ ﬂé’,EW} ) (B18)
1
AB*—>1’<3°pf = Apkg {51):4,52 + O‘f - iaf,EW + ﬂg + ﬁg,EW] ) (B19)
1 PP P | pp 1 3
Ap-— k-0 = 7§A/)K(*) Bpular + B2) + af + af gy + B5 + P pw + EAKS/} Sputty T %Ew | (B20)
1 PP P pp 1 po 1 o
Ap— k0 = %A{,)Kg [Bpulr + o) + &) + & gy + B + B3 pw] + 75141(3“; Oputty + 203 + > %Ew |- (B21)
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1 1
AB‘—>I((*)‘¢ = Ak:p [5pu,52 +af +ay - Eag,EW - Eaf,EW +p5 + ﬁg,EW:| , (B22)
1 1 1 1
AB‘)—J(SOK*O = AKSK* [O’f - Eaflj,EW + ﬁg + :Bf - Eﬁg,EW - Eﬁf,EWj| + BK*KT) [bf; - zbf:.EW] ) (B23)
1 1 1 1
AB"—»K(*)"I’(*O = Agk; [O‘f - Eafl),EW +B5+ Py - Eﬁg.EW - Eﬂf:.EWj| + Bk [bft) ) bf:,EW] ] (B24)
A P P p Loy
BOKi K = AK;K* [5puﬁ1 + Py + ﬁ4,EW] + BK*K;; by — Eb4.EW ’ (B25)
P P p 1oy
ABO_u(yK*- = AK*K;; [6puB1 + By + Bl pw] + By k- by — §b4,EW , (B26)
1
AB"—*S‘#* = ApKS [5lmal +aj + aZ,EW +p5 - Eﬂg.Ew:| , (B27)
1 p oy p oL 1 3 p
ABO—J(;;"p“ = EAI)KS —ay + 5“4,EW -p5+ §ﬂ3.EW + 7§AK£§/7 Sputty + §a3,EW ) (B28)
1 p 1o p 1o 1 p 1 op
ABO—»I_(SO(H = ﬁAwKS ay _§a4,EW +ﬁ3 _§ﬁ3’EW +EAK6(U 5[)”02 + 203 +§a3,EW s (B29)
P p Ly L p Loy
AB°—>I'<3°¢ =Aggp |3 tay = 5 %3 EW T 5 MEW +p5 = zﬂS.EW ) (B30)
1 1 1 1
Apogogo = Agek; [O’f - Eaff,Ew + 5+ By~ Eﬂg,EW - Eﬂf,zzw} + Bg: k- [bff ~5 bff.Ew] : (B31)
1 1 1 1
A = Ao |of = 0l + 058 = 380 = 3P| + B [0 =300 (B2
1 1
AB?—K;;‘K** = AK*KS {@mal + aff + aZ,EW "‘ﬂg "‘/}Z - Eﬁg,EW - E/}X.Ew:| + BKgK* [5pub1 + bf + béll),EW]’ (B33)

1 1
AB?—»KG*K*_ = +AK6K* {5%“1 —+ aé,: + aZ,EW _|_ﬂ[; +ﬂ£ - Eﬂg,EW _Eﬂz,EW] + BK*KS[épubl + bg + bZ,EW]’ (B34)

1

ABﬁKS*ﬂ' = Ak [‘Spual +ay +af gy + B — Eﬂg,EW] ) (B35)

1 p .3 1, p 1 op
AB,Y—>K3°p° = EAK(*)P Sputty — ay + EaS.EW + §a4,EW -p5+ 553,EW , (B36)

1 p p 1, 1, p Loy

ABS—>K3°w = 7§AKSw Sputty + 205 +ay + EQS,EW - §a4.EW +p; - SP3Ew | (B37)

p L p Lo p L,
ABS_’KSO(/) — A¢K6 0(4 _§a4‘EW +ﬂ3 _zﬁS’EW +AK6¢ a3 _§a3,EW . (B38)
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