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Abstract: We study the quasi-two-body decays B, — ¢[K*(892),K*(1410), K*(1680)] — ¢ Kn by employing the

perturbative QCD (PQCD) factorization approach, where the charmonia ¢ represents J/¢ and ¢(2S). The corres-

P
Kn>

prises important final state interactions between the kaon and pion in the resonant region. Relativistic Breit-Wigner

ponding decay channels are studied by constructing the kaon-pion distribution amplitude (DA) @, which com-
formulas are adopted to parameterize the time-like form factor Fg, appearing in the kaon-pion DAs. The SU(3) fla-
vor symmetry breaking effect resulting from the mass difference between the kaon and pion is taken into account,
which makes significant contributions to the longitudinal polarizations. The observed branching ratios and the polar-
ization fractions of By — ¢ K*(892) — yKn are accommodated by tuning hadronic parameters for the kaon-pion
DAs. The PQCD predictions for B(s) — ¢[K*(1410), K*(1680)] — yKm modes from the same set of parameters can

be tested by precise data obtained in the future from LHCb and Belle II experiments.
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1 Introduction

The B meson decays into heavy vector particles with
charmonia and a kaon-pion pair, i.e., B— J/yKn,
W(2S)Kmr, (etc.). Understanding these three-body hadron-
ic B decays has triggered considerable experimental and
theoretical interest. This focus on the polarization and
CP-asymmetry measurements in B — ¢K* decays is mo-
tivated by their potential sensitivity to the new physics
beyond the standard model (SM) in the b — s transition.
In the SM, the CP violation in b — s transitions is expec-
ted to be very small. Thus, any significant observation of
CP violation may indicate a signal beyond the SM. Be-
cause the precision is far from the measurements using
the tree level processes, this is a new area of research in B
physics, leaving room for contributions from novel phys-
ics. Furthermore, the mixing-induced CP-violating asym-
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metry is measured in the B® — J/yK*° decay, where an-
gular analysis allows the separation of CP-eigenstate
amplitudes. This resolves the sign ambiguity of the cos28
term, which appears in the time-dependent angular distri-
bution due to the interference of parity-even and parity-
odd terms. The detailed amplitude analyses of the
B — yKn decays have been performed by BABAR [1-3],
Belle [4-8], LHCD [9-12], CDF [13-17], CLEO [18], and
the DO Collaboration [19].

In theory, the three-body B meson decays receive
both resonant and nonresonant contributions, as well as
the possible significant final-state interactions (FSIs) [20-
22]. Because the nonresonant contributions and possible
FSIs can not be reliably evaluated, the analysis for the
three-body hadronic decays of the B meson is signific-
antly more complicated than that for the two-body de-
cays. Fortunately, the validity of factorization for these
kinds of B decays can be assumed in the quasi-two-body

* Supported by the National Natural Science Foundation of China (11947013, 11605060, 11775117, 11547020); Ya Li is also Supported by the Natural Science
Foundation of Jiangsu Province (BK20190508) and the Research Start-up Funding of Nanjing Agricultural University; Zhou Rui is Supported in part by the Natural Sci-

ence Foundation of Hebei Province (A2019209449)
1) E-mail: liyakelly@163.com
2) E-mail: jinduil 127@126.com
3) E-mail: xiaozhenjun@njnu.edu.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP’ and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

073102-1



Chinese Physics C  Vol. 44, No. 7 (2020) 073102

mechanism, where all possible interactions between the
pair of mesons are included, and interactions between the
bachelor particle and daughter mesons from the reson-
ance are ignored. Several theoretical approaches have
been developed to describe the three-body hadronic de-
cays of the B meson based on the symmetry principles
and factorization theorems. The QCD-improved factoriz-
ation (QCDF) [23-26] has been widely applied in the
study of the three-body charmless hadronic decays of the
B meson [27-37]. The U-spin and flavor S U(3) symmet-
ries were also adopted to analyze the three-body decays
in Refs. [38-43].

There are several theoretical approaches that can be
used to calculate the hadronic B meson decays, such as
the QCD-improved factorization (QCDF) [23-26], the
perturbative QCD (PQCD) factorization approach [44-
46], and the soft-collinear-effective theory (SCET) [47-
51]. For most B — hjh; decay channels, the theoretical
predictions obtained by adopting these different factoriza-
tion approaches are in good agreement with each other
and consistent with the data within errors. The naive fac-
torization assumption (FA) does not apply to exclusive B
meson decays into charmonia, such as B — J/yK [52],
which belongs to the color-suppressed mode. For a color-
suppressed mode, a significant impact of non-factoriz-
able contribution is expected. The predictions from FA
for such decay channels are consistently small, as they
neglect the non-factorizable effects. Thus, numerous at-
tempts to resolve this puzzle have been made in more
sophisticated approaches (for a review, see Ref. [46]). Al-
though non-factorizable corrections to the FA have been
included in QCDF approach, their predictions are too
small to explain the data. QCDF is based on the collinear
factorization, in which B meson transition form factors
suffer the end-point singularity. The end-point singular-
ity may render the estimation of the non-factorizable con-
tributions out of control. Further details are provided in
Ref. [53]. Based on the k7 factorization theorem, the per-
turbative QCD (PQCD) approach [54, 55] is suitable for
describing different types of heavy hadron decays. The
transverse-momentum-dependent hadronic wave func-
tion is introduced to remove the potential light-cone di-
vergence and the rapidity singularity [56, 57]. Con-

sequently, both factorizable and non-factorizable contri-
butions can be calculated without end-point singularity.
The Sudakov resummation has also been introduced to
effectively suppress the long-distance contributions.
Therefore, the PQCD approach is a self-consistent frame-
work and has a good predictive power. In the previous
studies [53, 58-62], the two-body decays of the B(B.)
mesons to ¥ and a light vector meson have been studied
in the PQCD framework, where the PQCD predictions
are in good agreement with the data. However, the width
of the resonant state and the interactions between final
states associated with the resonances play an important
role on the branching ratios and direct CP violations of
the quasi-two-body decays in Refs. [63-71]. Hence, it
seems more appropriate to treat a light vector meson as
an intermediate resonance.

In this study, with the help of the P-wave kaon-pion
DAs and the time-like form factor Fg,, which contains
the final-state interactions between the kaon-pion pair,
the quasi-two-body decays B — y[K*(892),K*(1410),
K*(1680)] — yKn, as shown in Fig. 1, are investigated by
the PQCD approach, utilizing the framework discussed in
Refs. [72, 73], albeit the underlying k7 factorization has
not been rigorously demonstrated [33, 34]. Throughout
the remainder of the paper, the symbol k* is used to de-
note the K*(892) resonance. As the spin of ¢ meson is 1,
there are three possible polarizations generating the lon-
gitudinal (0), parallel (]|), and perpendicular (1) amp-
litudes. Therefore, the Kx DAs involving both longitudin-
al and transverse polarizations are nontrivial nonperturb-
ative inputs in our calculations. The two-pion (two-kaon)
DAs corresponding to both longitudinal and transverse
polarizations have been constructed to capture important
final state interactions in the processes involving the res-
onant p (¢) in our previous studies [74, 75]. The P-wave
kaon-pion DAs are introduced in a manner similar to the
two-pion DAs [74], and the SU(3) flavor symmetry
breaking effect for the kaon-pion pair is considered,
which plays an important role in the longitudinal polariz-
ation.

For the considered three-body hadronic B meson de-
cays, the leading contributions are identified by defining
power counting rules for various topologies of amp-

(d)

i \ ” ‘
B \‘\ E C\/ \Km| | Q |
Vi iV )
q
(a) (b)
Fig. 1. Typical leading-order Feynman diagrams for quasi-two-body decays B — y(K* —)Kn, with g = (u,d,s). Diagrams (a) and (b)

represent factorizable contributions, and diagrams (c) and (d) depict non-factorizable contributions.
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litudes [72]. Presently, there is no proof of factorization lects explicit PQCD factorization formulas for all decay
for the three-body B decays. We can only restrict amplitudes.

ourselves to specific kinematical configurations, which

form the basis of our study. The Dalitz plot contains dif- 2 Framework

ferent regions with "specific" kinematics. The central re-
gion corresponds to the case where all three final particles
fly apart with large energy, and none of them moves col-
linearly to any other. This situation, referred to as a genu-
ine three-body decay, which contains two hard gluons, is
power and «;, suppressed compared to the leading contri-
bution. The corners correspond to the case in which one

We study the B meson rest frame and employ the
light-cone coordinates for momentum variables. The B
meson momentum pg, the total momentum of the kaon-
pion pair, p = p; + p», the final-state ¥ momentum ps, and
the quark momentum k; in each meson are chosen as

final particle is approximately at rest (i.e. soft), and the P :ﬂ(l, 1,0p), p= @(1 —r*,1,07),
other two are fast and back-to-back. The central part of V2 V2
the edges corresponds to the case in which two particles s =@(r2’ 1-7,0r)
move collinearly, and the other particle recoils. Further V2
details are provided in Refs. [27, 76]. The significance of N
these special kinematic configurations is that different kp = (O B V2 kBT) k:(z(l—r )ﬁ’o’h)’
theoretical approaches may be applicable in different re- m
gions. The specific kinematic configuration, where two k3 =(r2X3—B,(1 n)x3 k;T) )
particles are collinear and generate a small invariant mass V2 V2’
recoiling against the third one, yields a dominant contri- where mp is the mass of the B meson, 7 = W with
bution. This situation occurs particularly in the low 7z or . _,, o/mg, my is the mass of charmonia, and the invari-
Kr invariant mass region (s2 GeV) of the Dalitz plot.  ant mass squared w? = p®. The momentum fractions x, z,
The validity of factorization for this quasi-two-body B and x; run from zero to unity.
meson decay seems like an appropriate assumption. Con- We define the momentum p; and p, of kaon-pion pair
sequently, it is reasonable to assume that the dynamics  conventionally as
associated with the pair of final state mesons can be fac- . .
torized into a two-meson distribution amplitude ®;, ;,, [77- p1 =(§p (I=0np™, VLA = Dw, p 1T)’
83]. The contribution from the soft kaon or pion region is P :((1 —~opt.inpt .~ (=D, PzT), 3)
included in the two-meson DA, as it also corresponds to ) o
the region with a small invariant mass. where { = p/P* characterizes the distribution of the lon-
The typical PQCD factorization formula for a  gitudinal momentum of the kaon.

B — yKn decay amplitude is written in the following The kaon-pion DAs can be related to the single kaon
form [72], and pion through a perturbative evaluation of the matrix

A=Op@H® VgD, 1) elements [68, 73],

(K(pr(p2)lg1(y Tq2(0)]0), “4)

The hard kernel H includes the dynamics of strong and
electroweak interactions in three-body hadronic decays in as a time-like kaon-pion production process, where I" de-
a similar manner as the one for the corresponding two- notes the possible spin projectors 1, ys, Yu, Yu¥s, O, pva.and
body decays. The @ (®,) denotes the wave function for s All these projectors, except for the vector project-
the B meson (the final state meson ). The @k, is the or, are evaluated in the same way as the two-pion project-
two-hadron distribution amplitude, which absorbs the  ors [74]. Meanwhile, the vector current matrix elements

nonperturbative dynamics in the K-r hadronization pro-  must be reanalyzed in this study, because the significant
cess. SU(3) flavor symmetry breaking effect is included.
The layout of the present paper is as follows. In Sec. The matrix element for the transition from vacuum to
2, we briefly introduce the theoretical framework. The  the K state via the vector current is defined in terms of
numerical results and discussions are presented in Sec. 3. the vector F lll(,r(s) and scalar F (,)(H(S) form factors as fol-
Section 4 presents our conclusions. The Appendix col- lows,
|
2 2 - m2
(K(pA(p2)Id17u4210) = | (p1 = o) = — 5 (p1 + P2y | Fien(8) + ———(p1 + p2)uFr(s), (5)

(p p2)? (p1+p2)?

[
with the invariant mass squared s = w? = (p; + p2)>. The factor F ?(n(s), whereas the vector resonances contribute to
scalar strange resonances contribute to the scalar form  the vector form factor F}‘(n(s). This study focuses on the
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vector strange resonances K*(892),K*(1410), K*(1680).
Notably, the second term in the bracket appears because
of the unequal mass between K and n. The term
(m% —m2)/(p1 + p2)* describes the SU(3) symmetry break-
ing effect.

The parametrization for the longitudinal and trans-
verse components corresponding to the vy, spin projector
is applied.

(1) For the case u=+, we obtain (p;—p),=
(2Z-Dp*, (p1 +p2)u = p*; the twist-2 DA of longitudinal
polarization can be described as

2

K
w?

2
n

pPlP12L-1)— Po2¢ - 1)|4°,

(6)

where Py(2¢—-1)=1 and P{(2{—-1)=2{—-1 aretwo Le-

K1)l (67 1yuqa(0)10) =24 — 1 — %)pﬂ

1 -
(K(p1)r(p2)ld: 07 g2(0)/0) = fo 2P (2, ),

(K(p)r(p)lg1(y™)oyvq2(0)]0) = —i

1
(K(p)m(p2)lg1(y oy ysq2(0I0) = = V(1 = Derypy fo dze¢" (z,w),

gendre Polynomials.
(2) For the case u = x, we obtain

XVpo
evr €TyPpll—o

(p1—p2)* =2p) = -2 - Hw———"—,
pn

(p1+p2)* =0, (7)
where the transverse polarization vector is normalized to
[74]

_ G/vaap‘llpp nZ

ey = ———.
M ZA =0 wpn

Obviously, the SU(3) asymmetry term contributes to the
longitudinal twist-2 DA, but not the transverse one.

Following the prescription in Refs. [74, 84], the ex-
pansions of nonlocal matrix elements for various spin
projectors I" up to twist-3 are listed below:

(®)

2 2

1
f dze*"¢°(z, w)
0

UVpO 1 )
) ((1_5)60%] dze' Y ¢" (z, w), )
p-n- 0
(10)
_ 1
. P1uP2v ~ P1vPay f dze P (2. ), (1)
w 0
(12)
1
V(1 = Dwery, f dzePY 9% (z,w), (13)
0

(K(p)7(p2)lg1(y ) yuysq2(0)10) =i

(K(p1)r(p2)lg1(y~)y542(0)|0) = 0, (14)
with the kaon-pion DAs ¢% and ¢*"* being of twist-2
and twist-3, respectively. The SU(3) asymmetry factor
(m% —m2)/w?* only exist in the longitudinal DA ¢°, but not

[
in the other DAs up to twist 3.

The P-wave kaon-pion DAs related to both longitud-
inal and transverse polarizations are introduced in ana-
logy with the case of two-pion DAs [74],

L _ ! 0 2 s 20 PPl 2
Kn = \/2_1\76[15(1) (2,4, 07) +wp*(z,{,w )+—w(2§_1) Pz, w )} ,
R T vP -0
n = W[VWTWT(Z’{,J) +w75¢r¢“(z,§,w2)+iw#¢v(z,g,w2)} (15)

The aim of our study is to obtain the expressions of
#°(z,¢,w?). According to Eq. (2.9) in Ref. [81], we de-
compose the kaon-pion DA into eigenfunctions of the
evolution equation (Gegenbauer polynomials C,% 2z-1)).
Eventually, the explicit expression of ¢°(z,Z,w?) is writ-

ten in the following form:

F 3
#edw) =t -9 Y aciea- e —c(x>.6 |
1

Below, we label the SU(3) symmetry breaking effect
(m% —m2)/w? by « for simplicity.

Various twist DAs ¢' assume similar forms as the cor-
responding DAs for the K* meson [53] by replacing the
decay constants with the time-like form factor,
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F” 2
¢0(Z,§,w2) =3K+\/%) (1-2) 1+a 3t+a2K 2(St —1)]
X(2{-1-a),
a7)
2
¢ (@l = %{ [1+afgf]—afs22(1—z)}(2§—1),
' (18)
3FL 2
¢l w?) = #\/%)t[t+at(3t2— Dlec-1, (19
3FL 2
¢ (z,¢, %) =%z(1 ~ )| 1+aty.3t+ar,. %(StQ - 1)}
X N{(1-0),
(20)
2
#'(w) = - \/(_){[ +a'l'at]—a'1'a2z(1—z)} (1-0),
(21)
Il (a)Z)
P @ioh = e[l d A V-0, )

where 7= (1-2z). Two Gegenbauer moments a; and a;
are introduced for the twist-2 DAs and one Gegenbauer
moment a; for each twist-3 DA. The B meson and y DAs
are the same as those widely adopted in the PQCD ap-
proach [59-62, 74].

The relativistic Breit-Wigner (RBW) line shape is ad-
opted for the P-wave resonance K*(892), K*(1410), and
K*(1680) to parameterize the time-like form factor FL'(ﬂ(s),
which is widely adopted in the experimental data analys-
is. The explicit expression is in the following form [85],

2
C1Mg. 39)

Il
Fi (s)= -
K — s —img.go2l'1(s)

2
M- 892)

2
C2M. (1410)

—s—img-1410)2(5)

+

2
M- (1410)

2
c3ms,
. K*(1680) ’ 23)

My 1680y~ 5 ~ 1MK-(1680)3(5)

where ¢; (i = 1,2,3) are the corresponding weight coeffi-
cients and satisfy ¢; +c¢; +¢3 = 1 due to the normalization
condition F ',l{”(O) = 1. The three terms describe the contri-
butions from K*(892), K*(1410), and K*(1680), respect-
ively. We find that there is no existing data for the inter-
ferences among these resonances. Thus, as a first order
approximation, we only determine the modules of the
complex weight coefficients ¢; (i = 1,2,3) and ignore their
phases.
Here, the mass-dependent width T';(s) is defined by

| 1| QL+1)
where |pj| is the momentum vector of the resonance de-
cay product measured in the resonance rest frame, and
Ipo| is the value of |p}| when +/s = mg-. Lg is the orbital an-
gular momentum in the K7 system, and Lg =0, 1,2, ... cor-
responds to the S,P,D,... partial-wave resonances. Be-
cause the vector resonance has spin-1, and kaon (pion)
has spin-0, when the Kz system forms a spin-1 reson-
ance, the orbital angular momentum between the kaon
and pion must be Lg = 1, which refers to a P wave config-
uration. m; and T'; are the pole mass and width of the cor-
responding resonance, respectively, where i =1,2,3 rep-
resents the resonance K*(892), K*(1410) and K*(1680), re-
spectively. According to Ref. [63], we also assume that

Fieo($)/Fy ()~ fi.] fx-. 25)

with fx- =0.217+0.005 GeV, f. = 0.185+0.010 GeV [86-
88]. Because of the limited studies on the decay con-
stants of K*(1410) and K*(1680), we use the two decay
constants of K*(892) to determine the ratio Fy _(s)/F ‘,‘Or(s).

3 Numerical results

The differential branching fraction for the B — yKn
decays into the P-wave kaon-pion pair is expressed as

d8 _ tpwlpilipsl ’
as 26
do  323M3 OZ”L AL (26)

where the kaon and charmonium three-momenta in the
Kn center-of-mass frame are given by

JAW?, m%,m3) A(m%,mi, w?)

-
s =— 27
2w P3| 2w 27

with the kaon (pion) mass mg (m,) and the Kallén func-
tion Aa,b,c) = a®>+b* +c* —2(ab+ac + bc). The terms Ay,
Ay, and A, represent the longitudinal, parallel, and per-
pendicular polarization amplitudes in the transversity
basis, respectively, which are related to A, y 7 in the Ap-
pendix. The polarization fraction f;, with 1 =0, ||, and L is
described by

pil=

AL
[ Al + | A2 + | AL’

fa= (28)

with the normalization relation fy + fjj + fL = 1.

Before proceeding with the numerical analysis, the
meson masses and widths (in units of GeV) are collected
below for the numerical calculation [89]:

073102-5



Chinese Physics C  Vol. 44, No. 7 (2020) 073102

mp=5.280, mp =5367, mgo=0.89555,

mg-(1410) = 1.421, mMEK-(1680) = 1.718, myy = 3.097,

Myos) = 3.686, my =0.140, my. = 0.494,

Tk =0.0473, Tx410)=0.236, Ti-(1680) = 0.322.
(29)

The values of the Wolfenstein parameters are adop-
ted from Ref. [89]: A=0.836+0.015,1=0.22453+
0.00044, 5=0.122*3018 7 =0.355*0012. The decay con-
stants (in units of GeV) and the B meson lifetimes (in

units of ps) are chosen as [59, 60, 64]

f3=0.19, f5 =023, fi,=0405 fius) =0.296,
fe=0217, fF =0.185 71p=1519, 75 =1638,
5 = 1.512.

(30)

The Gegenbauer moments and coefficients ¢; (i =
1,2,3) are determined on the basis of the existing data for
the B — yKn branching ratios and polarization fractions
from PDG2018 [89],

al. =02, d, =05 a,=-02, a=02,
ajg. =03, ay. =08, dl =-03, d} =03,
¢1 =072, =035 c3=0.145. 31)

In place of the asymptotic forms of the twist-3 DAs used
in the two-body study [58], we introduce one Gegen-
bauer moment a; for each twist-3 DA in analogy to the
cases for the resonance p in Ref. [74]. We also include an
important asymmetric factor a, which has strong influ-
ence on the Gegenbauer moments of twist-2 DAs. The
combined effect differentiates the Gegenbauer moments
of twist-2 DAs in the quasi-two-body framework from
those in the two-body framework [58]. In this study, we
fix the Gegenbauer moments of the kaon-pion DAs by
matching the theoretical results to experimental data. To
determine the four longitudinal Gegenbauer moments
a'll K ag - ai,» and aj,, we pick up the four branching ra-
tios associated with the longitudinal polarization of the
B® = J/y(K*(892)° =)K*n~ and B® — y/(25)(K*(892)" —)
K*n~ decays from [89], and of the BY— J/y
(K*(892)° —)K~n* decay measured by LHCb [11], as
well as the branching ratio of the B°— n.(15)
(K*(892)° —=)K*n~ decay [89] as the data inputs. Thus,
we can solve the four longitudinal Gegenbauer moments
from the four inputs. Similarly, the four transverse Ge-
genbauer moments can be constrained by the transverse
polarization fractions of the two decay modes
BY SJ/U(K*(892)° —=)K*n~ and B® — (25 )(K*(892)° —)
K*n~. Each decay channel has parallel and perpendicular
components. We solve the four transverse Gegenbauer
moments from the four inputs as well. Naturally, consid-
ering experimental uncertainties, it is difficult to pre-
cisely restrict these parameters. We merely make the the-
oretical branching ratios compatible with the experiment-

al ones by adjusting the corresponding Gegenbauer mo-
ments. Apart from the results for the B’ — J/y
(K*(892)° =)K*n~ and B — y(25)(K*(892)° —=)K*n~ de-
cays from [89] and the branching ratio of the
B? — J/y(K*(892)° —)K~n* decay associated with the
longitudinal polarization [11], other results shown in
Tables 1 and 2 are our predictions based on the determ-
ined parameters.

The SU(3) asymmetric term a = (m% —m2)/w’ plays
an important role in the longitudinal polarization fraction
Jo, as it appears in the expression of the longitudinal
twist-2 kaon-pion DA. We also estimate the average
value of the asymmetric factor « to lie within the range
from 0.05 to 0.6 using the relation a=(m%—m?2)/w?
with the kinematic bounds on the value of w
[(mg +my) < w < (mp—my)]. We find that the average
value of « is effectively approximately 0.2, as shown in
Fig. 2, where the curves for the central values of
B° — J/y(K*(892)° —)K*n~ (the gray dashed line) and
B? — (25 )(K*(892)° —)K*n~ (the gray dash-dotted line)
decays associated with longitudinal polarization fractions
from data [89], and the curves for the B°— J/y
(K*(892)° —)K*n~ (the red solid line) and the B® — y(2S)
(K*(892)® —)K*n~ (the blue dotted line) decays are ob-
tained by varying « as a free parameter.

Because the K*(892) components in both J/y and
¥(25) modes are efficiently measured with a high signi-
ficance by the Belle Collaboration [6, 8], we can exactly
determine its weight coefficient ¢; = 0.72 based on its fit
fraction. However, the significance of the two high-mass
K* states is too low for precise determination of ¢, and cs.
For example, the fit fractions for the K*(1410) and

0.8 : .
—— B S Uy(K>)K'r

— = (B> Jhy(K’-)K7)™

| |- = = B'sy(2S)(K’—»)K'r

— - — (B>y(2S)(K *—)K'1)*®

04 1 1
0.2 0.4 0.6

Fig. 2. (color online) Longitudinal polarization fraction f, as
a function of asymmetric factor « for the
B® — J/y(K*(892)° —=)K*n~ (red solid line) and BY — y(25)
(K*(892)° =)K*n~ (blue dotted line) decays. The gray
dashed and dash-dotted lines represent the central values of
the experimental data [89] for their corresponding decay
modes. Shaded bands indicate experimental errors.

073102-6



Chinese Physics C  Vol. 44, No. 7 (2020) 073102

Table 1.

PQCD predictions for branching ratios and polarization fractions defined in Eq. (28) of P-wave resonance channels in B?

o~ JIYyK*r™ decay
|

along with experimental data [89]. Theoretical errors are attributed to the variation of the longitudinal (a‘l k- and "QK*) and transverse (a{y. and ay;.)

Gegenbauer moments, the shape parameters wp, in the wave function of B(;) meson and the hard scale ¢, and the parameters in the wave functions of

charmonium.
Modes PQCD predictions Experiment’

BY - J/y(K*(892)° —)K* 7~ B(107) 831131t Bl 000 8.47+0.03
Fo%) 559 129 0500 0.1 57.1£0.7
fi(%) AR R A -
F1(%) 23,0185 e 05 00 21108

B = J/p(K* (14100 =)K* 7~ B(1079) 19846024025 0.35 0,02 -
fo(%) S35 810521708 -
fi(%) 201 3 T -
f1(%) 26818 a0 -

B = J/p(K"(1680)° =)K* 7~ B(1079) 20210677054 7032- 062003 -
Fo%) L2 0 a0t -
£i(%) 197 0 05 0504 -
f1(%) 20157530350 -

BY — JJu(R*(892)° —)K 7t B(107) 2293 0505037 000 273£027
fo%) 5431157155500 00500 49735
1i(%) 24.7+10.618840.1100£00 17.9+3.0
fu(%) 2105 00 0Ny -

B) = J/y(K*(1410)° -)K 7t B(107) 722 R R 2000 -
fo(%) 4831500400 -
fi(%) 278110506 03 -
F1(%) 239103108 -

B} = J/p(K*(1680)° —)K " 7* B(107) 736 e ST 052004 -
fo%) 4261133 TP 0s 20s -
i) 296173 K5701206-06. -
f1(%) 278158 i 304 -

* Experimental results are obtained by multiplying the relevant measured two-body branching ratios according to Eq. (32).

K*(1680) components in the (25) channel are 5.57%%
and 2.8*78% (statistical errors only), respectively. The
corresponding measurements in the J/¢ mode for the two
components are both 0.3*04% (statistical error only). LH-
Cb made the first Dalitz plot analysis for
B® - n.(1S)K*n~ decays [90]. Their fitting model yields
almost equal fit fractions of K*(1410) and K*(1680) (Ta-
ble 7 of Ref. [90]), which is very similar to the situation
in the J/y mode, as mentioned above. Therefore, it is
reasonable to assume that the branching ratios of
B — yK*(1410)° - ¢yK*n~ and B — ¢K*(1680)° — yK* 7~
are approximately equal, and employ the normalization of
ci+cy+c3=1. Then, ¢, and c¢3 are determined as 0.135
and 0.145, respectively. The small gap between them is
understandable with respect to the different nominal

masses and widths of K*(1410) and K*(1680). We em-
phasize that our predictions on the excited state channels
are only rough estimates of the magnitude, which need to
be tested precisely in future experiments.

Using Egs. (26)—(28), the decay amplitudes in the Ap-
pendix and all input quantities, the resultant branching ra-
tios B and the polarization fractions f;, along with the
available experimental measurements are summarized in
Table 1, while those values for (2S) are listed in Table 2.
Because charged B meson decays differ from the neutral
decays only with regard to the lifetimes and the isospin
factor in our formalism, we can derive the branching ra-
tios for the B* meson by multiplying those for the B°
meson by the ratio 7. /7. For the color-suppressed de-
cays, it is expected that the factorizable diagram contribu-
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Table 2.

B?S) — Y(2S)K*x* decay along with experimental data [89]. Theoretical errors are attributed to the variation of the longitudinal (a‘

PQCD predictions for branching ratios and polarization fractions defined in Eq. (28) of the P-wave resonance channels in the

Il
1x- @nd a5 ,.) and

transverse (ajy. and ay;.) Gegenbauer moments, the shape parameters wg,,, in the wave function of B(5) meson and the hard scale ¢, and the paramet-

ers in the wave functions of charmonium.

Modes PQCD predictions Experiment”

BY - (28 )(K*(892)° —=)K* 1~ B(10™) 338 0 T 00 3.93+0.27
Fol%) 464116 a0 600 463135
fi%) 254130507008 -
fL(%) 28278530 a0 30.026.0

BY = y28)(K* (1410)° 5)K 7~ B(10°) 4881111053081 103 001 -
fo%) A48T O a9 03 -
fi(%) 232 e s 1305 -
11(%) 3201575035208 -

BY - y(2S)(K*(892)° -)K~n* B(107%) 7.69+30243:32+1.53+1.80+0.08 22.0+33
fol%) 394003 52.0£6.0
1i(%) 32,0760 05 0% -
£1(%) 28,6153 08 0307505 -

B) - y(28)(K*(1410)° —)K 1 B(107) 1501030 03035 030001 -
o(%) 2850173 8 00300 -
(%) B0 0 -
fu(%) 374 e 30 -

* Experimental results are obtained by multiplying the relevant measured two-body branching ratios according to Eq. (32).

tion is suppressed due to the cancellation of Wilson coef-
ficients Cy + C,/3. After the inclusion of the vertex cor-
rections, the factorizable diagram contributions in Fig.
1(a) and (b) become comparable with the nonfactorizable
ones in Fig. 1(c) and (d).

In our numerical calculations for branching ratios and
polarization fractions, the first two theoretical errors ori-
ginate from the Gegenbauer moments in the longitudinal
and transverse twist-2 kaon-pion DAs, namely,
al . =02+02,d), =05+0.5 and at,. =03+03,a%,. =
0.8+£0.8, respectively. For the hadronic charmonium B
decays, the energy release may not be sufficiently high to
justify the PQCD leading order (LO) calculation, and the
theoretical accuracy must be improved. Here, significant
vertex corrections are included, such that the Gegenbauer
momenta a'll K_,agK, in Eq. (17) are redefined and different
from those in our previous study [69], for which the hard
kernels are evaluated only up to the LO level. Therefore,
a wide variation of the Gegenbauer moments is con-
sidered for the error estimation, such as a'll r =02+0.2,

II
)

central value a‘l| = 0.05,ag « = 0.15. The third theoretical
uncertainty results from the shape parameter wp, of the
B(smesondistributionamplitude.Weadoptthevaluewp = 0.40+
0.04 GeV or wpg =0.50+£0.05 GeV and vary its value

=0.5+0.5, which covers the previously determined

within a 10% range, which is supported by intensive
PQCD studies [44, 45, 91, 92]. The fourth error is caused
by the variation of the hard scale ¢ from 0.75¢ to 1.25¢
(without changing 1/b;), which characterizes the effect of
the high order QCD contributions. The last error is attrib-
uted to the hadronic parameter w.=0.60+0.06
(we=0.20£0.02) GeV for J/y (¥(2S)) meson [61, 62]
from the wave functions of charmonium.

The main uncertainties in our approach originate from
the Gegenbauer moments, as listed in Table 1 and Table 2,
which can reach a total of about 60% in magnitude. The
scale-dependent uncertainty is less than 25% due to the
inclusion of the NLO vertex corrections. We evaluated
the sensitivity of our results with respect to the choice of
the shape parameter w. in the charmonia meson wave
function. The variation in w, results in small changes of
the branching ratio and polarization fractions, less than
approximately 10%. We also examined the sensitivity of
our results with respect to the choices of other Gegen-
bauer moments (alls,allt,a']'a,all| ;) in the twist-3 DAs. These
Gegenbauer moments in the twist-3 DAs have a smaller
impact on the total branching ratios than those in the
twist-2 DAs. With the increase (decrease) of
alls,allt,allla,all‘v, the total branching ratios and the longitud-
inal polarization fractions become larger for the B° (BY)
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decay modes. The opposite pattern of the B and B, modes
is understood, as they decay into different Kx pairs. The
positive af’” related to a K*n~ pair carries an 5 quark,
while ali’”must change the sign for the K~z* pair with an s
quark. The errors due to uncertainties in m, and CKM
matrix elements are very small and can be safely neg-
lected.

Our predictions of the branching ratios for the in-
volved J/y channels are in good agreement with the
available data [89] in Table 1. For the B — /(25 )}(K*° —)
K*n~ decay, the PQCD prediction for its branching ratio
is consistent with the world average (3.93+0.27)x 107
within errors. Meanwhile, for the B — y(2S)K* — y K~ n*
decay process, the central value of our theoretical predic-
tion the branching ratio is slightly smaller than that of the
PDG number [89], within errors. However, the PDG res-
ult is obtained by multiplying the best value B(B° —
W(28)K* ™) with the measured ratio B(BY — ¢(2S)K*n7)/
B(B" - ¢(2S)K*n™) via an intermediate state K*(892)°
from the LHCD collaboration [12]. We hope that the ex-
periment will provide a direct measurement of this decay
mode in the future.

The two-body branching fraction B(B — ¢K*°) can be
extracted from the corresponding quasi-two-body decay
modes in Tables 1 and 2 under the narrow width approx-
imation relation
BB - YK 5 yKn)= BB - yK?)-BK* - Ktn),

(32)
where we assume the K** — K branching fraction to be
100%. Isospin conservation is assumed for the strong de-
cays of an I =1/2 resonance K*0 to Kn when branching
fractions of the quasi-two-body process B — yK** —
WK*n~ are computed, as follows:

r K*O K*n T K*O KO 0
gzz/& (l;ﬂ)z /3. (33)
I'(K*0 — Kr) I'(K*0 — Knr)

When compared with previous theoretical predictions for
B — yK* in the two-body framework both in the PQCD
approach [53, 58, 61] and in the QCDF approach [93], we
find that the branching ratios of the quasi-two-body de-
cay modes are in good agreement with those two-body
analyses based on the PQCD approach [58, 61]. Taking
B — J/yK*® decay as an example, we obtain the
B(B" — J/yK*¥) ~ 1.25x 1073 from the value as listed in
the first section of Table 1, which agrees well with the
theoretical prediction B(B° — J/yK*) = (1.237032)x 1073
as provided in Ref. [58], and with the world average of
the measured ones from BABAR, CDF, and Belle Collab-
orations [2, 8, 14]: (1.3+0.06) x 10~* from HFLAV [94].
The consistency of the PQCD predictions for the branch-
ing ratios supports the usability of the PQCD factoriza-
tion for exclusive hadronic B meson decays. Our PQCD
predictions for branching ratios are also consistent with

those in the QCDF approach [93] within errors.

In Fig. 3(a), we show the w-dependence of the differ-
ential decay rate dB(B° — J/yK*n™)/dw after the inclu-
sion of possible contributions from the resonant states K*
(the solid curve), K*(1410) (the dashed curve), K*(1680)
(the dotted curve). Similarly, we display the PQCD
prediction for dB/dw for B® — y(25)K** — y(2S)K*n~
(solid curve) and B — y(25)K*(1410)° — y(2S)K*n~
(blue dashed curve) in Fig. 3(b). For the considered de-
cay modes B” — yK*7~, the dynamical limit on the value
of invariant mass w is (mg-+my) < w < (mpg—my). For
B > y(2S)K*n~ decays, as mg-(1680) > Wmax = (mp—
my2s)), the resonance K*(1680) does not contribute to this
decay. Evidently, the differential branching ratios of these
decays exhibit peaks at the pole mass of the resonant
states. Thus, the main portion of the branching ratios lies,
as expected, in the region around the resonance. For
B® — J/yK*® — J/yK*n~ decay, the central values of the
branching ratio 8 are 4.29 x 10~* and 6.49 x 10~* when the
integration over w is limited in the range of
w=[mg —05Tg. ,mg- +0.5T k. Jorw = [mg- — Tk, mg- +Tk-]
respectively, which amount to a respective 51.6% and
78.1% of the total branching ratio 8 =8.31x 1074, as lis-
ted in Table 1. The peak of K*(1680) has slightly smaller
strength than the K*(1410), while its broader width com-
pensates the integrated strength over the entire phase
space. Therefore, the branching ratios of the two compon-
ents are of a comparable size, as predicted in our work.

From the numerical results as given in Tables 1 and 2,
we predict the relative ratio R; between the branching ra-
tios of B meson decays involving y(2S) and J/y with the
resonance K*(1410)°,

B(B® = y(2S)(K*(1410)° =)K*n7)
B(BO — J/W(K*(1410)° -)K*n™)
=0.25*001, (34)
which is smaller than the corresponding ratio of K* repor-
ted by the LHCb measurement [9],
gew _ BB’ > y25)K™)
! B(B® — J/YyK*0)

Ri(K*(1410)) =

=0.476+0.014+0.010+£0.012.

(35)
The gap is governed by the different masses and widths
in the Breit-Wigner functions of gk* and K*(1410). The
forthcoming LHCb and Belle-II experiments are expec-
ted to provide a direct measurement of R, (K*(1410)).

The polarization fractions defined in Eq. (28) associ-
ated with the available data are also listed in Tables 1 and
2, which have the same origin of theoretical uncertainties
as the branching ratios. For these decays, the contribu-
tions from the non-factorizable tree diagrams in Fig.
1(c,d) are comparable with those of the color-suppressed
tree diagrams, although the latter are enhanced by the in-
volving vertex corrections. The fraction of the longitudin-
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500 . T . . .
—— B UK sJyK

- = B>JiyK (1410 >JyK'n
- -« -B° UK (1680) > JiyK ' [

400

300 -

dB/de (10° GeV™)

100 -

0.6 0.9 12 15 1.8 21

®=m(K'r) (GeV)

(a)
Fig. 3.

al polarization is generally reduced to about ~50%, while
the parallel and perpendicular fractions are roughly equal.
In particular for the By — ¢(2S) modes, all the three trans-
versity amplitudes are of comparable magnitude. The res-
ults are quite different from the expectation in the factor-
ization assumption that the longitudinal polarization
should dominate based on the quark helicity analysis [95,
96]. We adopt the helicity amplitudes (Ay, A, A-),
which are related to the spin amplitudes (Ay, Ay, AL) in
the Appendix by

Ay AL

V2
where A, is common to both bases. From the results of
Tables 1 and 2 and Eq. (36), there is a hierarchy of heli-
city amplitudes |Ay| ~ |A,| > [A_|, which is similar to the
case of two-body charmonium B decays [61].

The PQCD predictions for polarization fractions of
most considered B?S) — yK* - yKnr agree with currently
available data within errors. For the BY — y(2S)(K*
(892)° —)K~n* decay, although the central value of fy~
39.4% 1is slightly smaller than the measured one
f3? =52%, they are nevertheless in agreement due to
large theoretical and experimental uncertainties. As
stressed above, we expect a systematic angular analysis
of the BY — (25 )(K*® —)K~n* decay mode to accurately
extract various polarization amplitudes. According to Ta-
ble 2 and Eq. (9) from Belle collaboration [8], the central
values of longitudinal, parallel polarization fractions are
46.3% and 24.8% for B® — J/yK*(1410)° —»J/yK 7+, and
37.2% and 31.9% for B° — J/yK*(1680)° — J/WK . In
comparison to our predictions in Tables 1 and 2, their
longitudinal polarizations are small, whereas the parallel
ones are large. As mentioned before, as the tensor and
vector decay constants for K*(1410) or K*(1680) are not
known, we use the decay constants of x* to define the ra-
tio Fg (s)/F ‘I‘ﬁ(s). In fact, the ratios Fy (s)/F L'Qr(s) should
be regarded as free parameters and determined by fitting

As = , (36)

150 . .

—— B yK >yK'r
— =B’5yK (1410)°>yK'n

120

90

dB/do (10° GeV™)

30

- —_ L
0.6 08 1.0 12 14 16

® =m(K'r) (GeV)

(b)

(color online) (a) Differential branching ratios for the B — J/y[K*0,K*(1410)°, K*(1680)° —]K*n~ decays, and (b) Differential
branching ratios for the B® — y(25)[K*0, K*(1410)° -»]K* 7~ decays.

to the data in the absence of any theoretical and experi-
mental bases. However, the statistical errors in Ref. [§]
are large, and the corresponding systematic errors are still
absent; hence, it is not possible to perform a global fit-
ting from the current data. More precise measurements of
such decay channels are expected to help us test and im-
prove our theoretical calculations.

4 Conclusion

We studied the quasi-two-body decays B} —
Y[K*0, K*(1410)°, K*(1680)° —]K7 in the PQCD factoriza-
tion approach by introducing the kaon-pion DAs. Analog-
ous to the case of the P-wave pion pair in the final state,
the kaon-pion DAs corresponding to the longitudinal and
transverse polarizations are constructed through a per-
turbative evaluation of the hadronic matrix elements asso-
ciated with various spin projectors.

The SU(3) flavor symmetry breaking term has a signi-
ficant influence on the longitudinal polarizations of the
kaon-pion pair. Furthermore, we also fixed the hadronic
parameters involved in the kaon-pion DAs on the basis of
the data for the branching ratios and polarization frac-
tions of the relevant decay modes.

Our PQCD predictions for the branching ratios and
polarization fractions for the considered B’ — y(K* —)Kn
decays are in good agreement with the existing data. The
clear differences between the PQCD predictions and the
measured values for the B? — y(2S)(K*® —)K~n* decay
can be tested in the future experiments. The branching ra-
tios of the two-body B — yK* can be extracted from the
corresponding quasi-two-body modes by employing the
narrow width approximation.

We also calculated the branching ratios and polariza-
tion fractions of the B?S) — y[K*(1410), K*(1680) =K
decays, and defined the new ratio R;(K*(1410)) among
the branching ratios of the considered decay modes.
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These predictions can be tested by the future experiment-
al measurements.

Appendix A: Decay amplitudes

The contributions from the longitudinal polarization, the nor-
mal polarization, and the transverse polarization are marked by the
subscripts L, N, and T, respectively. The superscript 7.1, LR, and
S P refers to the contributions from (V-A)®(V-A), (V-A)®(V+A),
and (S —P)®(S +P) operators, respectively. The total decay amp-
litude is decomposed into

A=A+ Aner -7 +iﬂreaﬁpanir£€§£§r7~, (Al)
where the three individual polarization amplitudes are written as

Gr

V2
. 1 1

- thV,S(rd)[(C3 + §C4 +Co + gCIO)TLLJL\/,T

§ 1
AL (BYy = yKn) = [VC;, Vcs(cd)[(cl + ECZ)TLL,QT + CZMf,LN,T]

1 1
+(Cs+ 3Co+Cr+ gcs)fffﬁj

+(Cq+ CroOMP 1 +(Co + Cg)M‘z,};\]’T]},
(A2)

Many thanks to Hsiang-nan Li and Wen-Fei Wang for
valuable discussions.

with the CKM matrix elements V;; and the Fermi coupling con-
stant Gr. The Wilson coefficients C; encode the hard dynamics of
weak decays. The above amplitudes are related to those in Eq. (26)
via

Ao =AL,

A =V2Ay,

A, =V2Ar. (A3)

The explicit amplitudes (M) from the factorizable (nonfactor-

izable) diagrams in Fig. 1 can be obtained in a straightforward
manner just by replacing the twist-2 or twist-3 DAs of the nr sys-
tem with the corresponding twists of the K in Eqgs. (17)—(22), as
the P-wave kaon-pion DA in Eq. (15) has the same Lorentz struc-

ture as that of two-pion DAs in Ref. [74].
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