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Inspired by the significant virtual contributions of the subprocesses D*/B* — Dz and p — wz/KK in
the three-body hadronic B meson decays, we study the off-shell effects of the resonance K* decaying into
the K*z or Kp system in the decays B — K*zh and B — Kph (with h = z, K) within the perturbative QCD
approach. The strong coupling constants gg-g+, and gk, involved in this work are derived from the

coupling constant g,,, under the flavor SU(3) symmetry. The CP averaged branching fractions for the

quasi-two-body decays B — K*[— K*z]h and B — K*[— Kp]h are predicted to be on the order of 10~ to
1077 in this study. And the branching fractions for the decays B — K*[— Kp]h are found to be around half
of the corresponding results for the B — K*[— K*z]h channels, mainly due to the phase space difference
between the Kp and K*z pairs originating from the intermediate state K*. Experimental data for the K*
decaying into the final states K*z and Kp in the B meson decays is expected to be obtained by the LHCb

and Belle-II experiments in the near future.

DOI: 10.1103/1h6g-x5b1

I. INTRODUCTION

Charmless three-body hadronic B meson decays have
attracted significant interest in recent years due to the
valuable CP violation information and abundant resonance
structures in their decay products. Research on relevant
decay processes imposes strong constraints on the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
[1,2], and could potentially provide evidence for physics
beyond the Standard Model. Utilizing the Dalitz-plot
technique [3], numerous experimental analyses for the
three-body B decays have been performed by the
BABAR [4-11], Belle [12—15], and LHCb Collaborations
[16-22]. The rich phenomenology of CP violation in these
decays offers the opportunities to understand the complex
interactions among final states and probe the underlying
CP violation mechanism. In particular, the observations of
large localized CP asymmetries have triggered extensive
theoretical investigations [23-47]. Moreover, the out-
comes of Dalitz-plot analyses typically include the con-
tributions from various resonant states, expressed in terms
of the quasi-two-body fit fractions and CP asymmetries.
In parallel, corresponding theoretical studies have
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been carried out within quasi-two-body framework-based
methods [48-67].

The resonance contributions in the three-body B decays
are predominantly localized around their respective pole
masses in the invariant mass distributions of the daughter
particles. While the virtual contributions, also variously
known as the off-shell effects of resonances, are indispen-
sable to the total amplitudes of specific decay channels,
even when the pole masses of the resonances lie far outside
the kinematically allowed phase space. For instance, the
virtual contributions from the off-shell D* and B* in the Dz
system were found to be non-negligible in the amplitude
analyses of B — Dxh (with h =z, K) decays [68-73].
Specifically, the central values of the fit fractions for the
virtual D** and B* states were reported as 7.6% and 3.6%
in the B~ —» D*n~ K~ decay [71], and 10.79% and 2.69%
inthe B~ — Dtz decay [73], respectively. The detailed
discussion for the virtual contributions originated from D*°
and D** in B — Dnh decays on the theoretical side is
found in Ref. [74]. In Ref. [20], the LHCb Collaboration
reported an unexpectedly large fit fraction around 30% for
the subprocess p(1450) - K™K~ in the B* —» 7t KK~
decay. One of the best interpretations is that the contribu-
tion from the off-shell effect of p(770) was included in the
measurement of the p(1450) contribution for the kaon pair
[75]. The results in Refs. [57,76,77] reveal that the quasi-
two-body branching ratios from the off-shell p(770) for the
kaon pair system in the relevant B decays are comparable
to those from the excited states p(1450) and p(1700).
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In Ref. [78], the branching fraction of B® — D**p(770)~
[~ @z~] was measured to be (1.4870237) x 1073, which is
larger than half of the total branching fraction (2.46 +
0.18) x 1073 for the decay B° — D**wzn~ [79], which
means that a large coupling for p(770) — wz will signifi-
cantly contribute to the distribution of @z in the low-energy
region for the related B decays [80].

Motivated by the studies for the off-shell effects from
D*/B* - Dz and p — wn/KK in the three-body B
decays, we will investigate in this work the virtual con-
tributions arising from the subprocesses K* — K*z and
K* — Kp in the charmless three-body decays B — K*zh
and B — Kph.1 As is well known, the K* resonance
predominantly decays to its final state Kz, with a branching
fraction close to 100% [79]. The natural decay modes
K* - K*z and K* — Kp are kinematically forbidden, as
the K* pole mass lies below the thresholds of its decay
products. However, the K*K*z and K*Kp vertices are
playing the crucial role in the theoretical studies of the
K* — Kzr decay rate [81-84]. Given the large available
phase space, the contributions from the off-shell K* could
be substantial in relevant three-body B meson decays. For
the B — K*zh and B — Kph decays, the experimental
measurements are found for Bt - K*tz at,
BT - K* zFK*, B® 5 K0z 7z~ and B® —» K*OztK¥
by the ARGUS [85], BABAR [86,87], and Belle
Collaborations [88,89]. Meanwhile, Belle has reported
the first observation of the three-body decay B° —
K*pz~ [88]. The total branching fractions (or upper
limits) for the concerned three-body decays were measured,
but the corresponding partial branching fractions for the
decays involving K*z and Kp pairs have yet to be
determined in these experiments. Within the factorization
approach, the branching ratios for the decays BT —
K*Tztz~ and B - K*%zT 7~ were calculated [90], con-
sidering only resonance contributions for the 7"z~ system.

In the previous studies [53—64], the contributions from
multiple intermediate resonance states in the charmless
three-body B meson decays have been investigated by
using the perturbative QCD (PQCD) approach [91-93]
based on the k; factorization theorem. The consistency
between the theoretical predictions and experimental data
shows the applicability of the PQCD factorization
approach in studying the quasi-two-body B meson decays.
In this work, we shall focus on the virtual contributions
from K* in the B — K*zh and B — Kph decays within the
framework of the PQCD approach. The excitations
K*(1410) and K*(1680) have been observed to decay
to K*z and Kp final states in the reaction K™ p —
K°z*7~n by the LASS Collaboration [94,95], with the
branching ratios B(K*(1410) - K*z(Kp)) > 40%(< 7%)

'For simplicity, we generally use the abbreviation K* =
K*(892) and p = p(770) in the following sections.

and B(K*(1680) - K*z(Kp)) = 29.9229(31.41599)
[79]. Evidences for K*(1410,1680) — K*z or Kp in the
Kzz distribution have also been found in the amplitude
analyses of BT — J/y(y(2S))K*z"7n~ [96,97] and B —
Xe12)K Tt~ decays [98]. Since well-defined distribution
amplitudes for higher-mass K* excitations and precise exper-
imental data are currently lacking, we leave the contributions
from K*(1410,1680) —» K*z and Kp in the concerned
decays to future studies.

The rest of this paper is organized as follows. In Sec. II,
we give a brief review of the PQCD framework for the
concerned decay processes. In Sec. III, we present the
numerical results and give necessary discussions. A sum-
mary is presented in Sec. IV. The Lorentz-invariant decay
amplitudes and the factorization formulas in the PQCD
approach for the relevant decays are provided in the
Appendix.

II. FRAMEWORK

In the PQCD formalism, the decay amplitude for the
hadronic B meson decay is expressed as the convolution of
a hard kernel with the distribution amplitudes of both the
initial B meson and the final-state hadrons. For a quasi-two-
body decay B — R[— hyh,]h, the h h, pair which pro-
ceeds by the intermediate state R moves collinear while the
bachelor meson /4 recoils energetically. Compared with the
framework for two-body B decays, the two-meson distri-
bution amplitudes are newly introduced to describe the
interaction between the meson pair h;h,. Then, the fac-
torization formula of the decay amplitude A for the B —
K*[— K*n(Kp)]h decay is written as [40,53]

A= @ H® P © ¢, (1)
where the symbol ® stands for the convolution in parton
momenta and the hard kernel H is given by the Feynman
diagrams with one hard gluon exchange. The complete set
of leading-order Feynman diagrams for the concerned
decays is presented in Fig. 1. Among these, Figs. 1(a)
and 1(c) are referred to as the emission diagrams, while
Figs. 1(b) and 1(d) represent the annihilation diagrams. As
essential inputs, the universal hadron distribution ampli-
tudes ¢p, 21";‘2‘7(;), and ¢, absorb the nonperturbative
dynamics in the hadronization processes. In this work, we
employ the light-cone distribution amplitudes for the heavy
B meson and the light # and K mesons as specified in
Refs. [56,57,99], with detailed functional forms and
parameters provided therein and in the references they
contain.

For the decay process of a vector resonance (V) into a
vector (V) and a pseudoscalar (P) meson, the related form
factor Fyp(s) can been defined from the matrix element
[100-102]
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FIG. 1.

The leading order Feynman diagrams for the decays B — K*h with the subprocesses K* — K*z and K* — Kp. The symbol ®

represents the insertion of the four-fermion vertices in the effective theory and x denotes the possible attachments of hard gluons.

<V(pV’/1)P(pP)|jﬂ(0)|O> = i%mﬁgb(PVJ)P%P[}FVP(S%
(2)

where j, is the isovector part of the electromagnetic
current, € and A are the polarization vector and polarization
parameter for the final state V, and p = py + pp and s are
the momentum and the squared invariant mass for the
resonance Vg, respectively. In the vector meson dominance
model, the form factor Fyp(s), which incorporates the
coupling for Vp — VP, is parametrized as [103-106]

Here, the excited states of V in the form factor have not
been taken into account. Then, the decay amplitude for the
quasi-two-body process B — K*[— K*z(Kp)|h can be
written as

MPF = (K*z(Kp))x-h

Heff|B>

= gl(*l(*ﬂ(l(p)eﬂuaﬁsl;(*kgll/(*(p)p;i(l()pﬁ

o 1
Dg-(s)

MBep - pg, 4)

where H.; represents the effective Hamiltonian and
/\/12387qe - pp is the decay amplitude for the B — K*h
decay. To make a distinction, ek denotes the polarization
vector for the intermediate state K*, and &g+ is for the final
state K*. In this work, the components of the amplitude
associated with the form factor are parametrized into the
distribution amplitudes for K* — K*z(Kp) in the final
form of amplitude A for the quasi-two-body decay, while
the parts of polarizations and momenta are included in the
formula of the differential branching fraction as shown
in Eq. (17).

For the P-wave distribution amplitudes of the K*z (Kp)
system, we here only need to consider the longitudinal
polarization component, which can be collected into [99]

P-wave -1

K*n(Kp).L(x’s) = NG [\/§¢L¢O(x’s)
T (x,5) + V3 (9] (5)

with p and s denoting the momentum and the square of
invariant mass for the K*z(Kp) pair, respectively. The
symbol ¢; represents the longitudinal polarization vector
and x is the momentum fraction of the positive quark in the
intermediate vector resonance K*. The twist-2 and twist-3
distribution amplitudes are parametrized as

3fka(kp)(5)
V6

3
x 1—l—a‘l‘K*3(2x—l)+a!K*§(5(2X—1)2_1) :

P (x.5) = x(1-x)

(6)
TY
Plxs) =2 K‘z”j‘g( ) (2x -1, (7)
| 3% i ()
P (x.s) = =T (1-20) (8)

with the Gegenbauer moments a‘llK* =0.03+0.02 and
a!p = 0.11 £ 0.09 [99]. The factor fg- 4k, (s) in Eq. (6)
is related to the transition form factor F-,,(s), which

includes the coupling for K* — K*z(Kp). Following the
treatment of the subprocess p — @z in Ref. [80], we have
the parametrization

. gK*K*;z(Kp)mK*f K
frenkp)($) = Dy (5) :

where my- and fg- denote the mass and decay constant of
the K* meson, respectively. Here, the denominator D,
modeled by a Breit-Wigner propagator, is defined as

©)

D+ (s) = m%. — s —i/sTg(s). (10)

Following the form for p — wz in Refs. [106,107], the
energy-dependent width of the K* including the coupled
channels Kz, K*z, and Kp can be expressed as
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me. [ qi(s) \® Grpr
| =Ty K 1 K*K*z 3
) = T 2 (L) e gy

ity q3(s). (11)

127 3

+

where the momentum magnitudes of one of the decay
products in the rest frame of the intermediate state are
given by

\/[S B (mK + mﬂ)z] [S B (ml( - mﬂ)z]

qi(s) = NG . (12)
_ \/[S — (mg: 4 m,)?[s = (mg: —m,)?|
0:(s) = NG E
and
[S - (mK + mp)z] [S - (ml( - mp)z]
q3(s) = \/ . (14)

2V/s

respectively. In this work, the coupling constants gg+ g+,
and gk, are derived through the flavor SU(3) symmetry

relation, explicitly expressed as gg.x-, = Gk-x, = 3 Gpor
[108,109]. According to the discussions in Ref. [80], we
adopt the input value g,,, =16.0+2.0 GeV~!. The

derived coupling g%. . . is consistent with the result % =
18 GeV~ in Ref. [82]. We also employ isospin symmetry,
taking K** as an example, which leads to the relation
|9K*+K*0n+(K"p+)| = \/§|9K*+K*+n0(l(+p0)| = é |gK*K*ﬂ(Kp)|‘
For the factor fi*”(Kp)(s) in the twist-3 distribution
amplitudes  ¢"*(x,s), we use the assumption
Fntin) )/ Fintn) () ® i/ fx as in [53] with the
result f%./fg- = 0.853 [99].
With the help of the polarization sum relations
v

> erp e pd) = -+ 21

A=0,+

lewasPhe’ (v, A) P3P’ 1> = sIpv1* i (1 — cos?0),
1=0,£+

(16)

the differential branching fraction of the B — K*
[- K*z(Kp)|h decays can be expressed as [80]

aB 543(3)61;31

das " 2473m],

|A

2 (17)

7p being the mean lifetime of the B meson. In the rest frame
of the intermediate resonance, the magnitudes of the
momenta ¢, and g5 are related to the K*z and Kp pairs

as shown in Egs. (13) and (14), and the expression of ¢, for
the bachelor meson #/ is described as

VImg = (Vs + my)Hmg — (Vs = my)?]
25 ’

where mp and m;, are the masses for the B meson and the
bachelor 4, respectively. By combining contributions from
the relevant Feynman diagrams shown in Fig. 1, we obtain
the Lorentz-invariant decay amplitudes A for the consid-
ered B decays, which are provided in the Appendix. In
addition, the CP averaged branching ratio B is defined as

qn(s) = (18)

B:B(Bﬁf);-B(Baf)’ (19)

while the direct CP asymmetry Acp is given by

A = BB )1 BB = 1)

(20)

where f denotes the final state and B — f is the CP
conjugate mode of B — f.

III. RESULTS AND DISCUSSIONS

Before the numerical analysis, we first introduce the
input parameters adopted in our calculations in Table I,
which includes the masses and decay constants for the
initial and final states, the decay widths of the K*, the
lifetimes of the B(S) mesons, and the Wolfenstein param-
eters of the CKM matrix.

Based on the formula of the differential branching ratio
in Eq. (17) and the decay amplitudes given in the
Appendix, we calculate the CP averaged branching frac-
tions and the direct CP asymmetries for the quasi-two-body
decays B — K*[— K*z]h and B — K*[— Kp|h, with the
results listed in Tables II and III, respectively. The first error
for each PQCD prediction comes from the uncertainty of
the shape parameter in the B meson distribution ampli-
tudes, specifically wg = 0.40 0.04 GeV for B*° or
wp = 0.50+£0.05 GeV for BY. The second error is

induced by the Gegenbauer moments a‘ll - = 0.03 £0.02

and a'z‘K* =0.11+£0.09 for the K*z(Kp) distribution
amplitudes, combined with the coupling constant
Gpwr = 160 £2.0 GeV~!, which is utilized to determine
the values of gg- g+, and gg-g,. The last one stems from the
variations of the chiral masses m§ = (1.4 £0.1) GeV and
m& = (1.6 £0.1) GeV, as well as the Gegenbauer
moment a% = 0.25 £ 0.15 for the distribution amplitudes
of bachelor pion and kaon. The errors associated with
uncertainties in other parameters are negligible and
have been omitted here. One interesting thing is that
the error for the PQCD-predicted branching fraction
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TABLE 1. The input parameters adopted in numerical calculations [79,99].

Mass (GeV) mpg: = 5.279 mpo = 5.280 mpgo = 5.367
my- = 0.892 My = 0.896 m, = 0.775
myg: = 0.494 mygo = 0.498 m = = 0.140
my = 0.135
Decay constant (GeV) fp =0.190 S, = 0230 f==0.130
x = 0.156 x = 0.217 r. =0.185
Decay width (GeV) gz =0.0514 ko = 0.0473
Lifetime (ps) Tpe = 1.638 g = 1.517 7p = 1.520

Wolfenstein parameters

A =0.22501 £ 0.00068
p = 0.1591 £ 0.0094

0.016
A =0.8261508
i = 0.352310007

B(B = K*[— Kp]h) caused by the uncertainty of g,,,
adopted in this work is larger than that for the correspond-
ing branching fraction B(B — K*[— K*z]h). This is
because the coupling constant gg«g+.k,) derived from
9pwr appears in both the numerator and denominator of
the factor fg4(k,)(s) in Eq. (9). While this configuration
partially cancels the variation effect of gx-g+z(x,) on the
branching fraction, the cancellation magnitude depends
critically on the terms independent of gg: gk, in the
denominator. Here, different ranges of the invariant mass
squared s in these two types of decay produce varying

cancellation magnitudes. Due to the isospin symmetry, the
branching fractions of the quasi-two-body decays involving
a neutral pion (or tho meson) as a decay product of the
intermediate K* state are half of those listed in Tables II and
III, while their CP asymmetries remain identical.

As shown in Tables II and III, the branching fractions

contributed by the off-shell K* states for the considered
three-body decays range from 10~ to 10~7. Among them,
the branching fractions predicted for the decays B - K*[—
Kplh in Table III are approximately 55% of those for B —
K*[— K*z]h in Tables II. This suppression arises from

TABLE II. PQCD predictions of the CP averaged branching fractions and the direct CP asymmetries for the

quasi-two-body B — K*[— K*z|h decays.

Decay modes

BT - K- K** 7 |a"
Bt - K**[—> K*07"]2"
BT - K[ K*0z*]K°
B - K[> K at]K*

BY — K*t[—» K*0rt|n~
B > K= K**n7]x°
B’ —» K*[— K*z"|K~
BY - K*"[- Kz K+
B® > K*[— K**77]K°
B —» K- K*~zt]K°

BY - K*"[-» Kz |zt
BY - K[ K*~ 7]
BY - K*t[— Kz t]K-
BY - K*"[-» Kz K+
B? - K- K"z ]K°
BY - K[ K*7*]|K°

B Acp(%)
(4.595 153 00010 ) % 1077 —1.553703 005
(3415578 006031 ) x 1077 ~21.2575 3
(1505557 015505 ) x 1078 344322427464
(304105 0033 ) x 1078 TLOZ3 15057
(3691573 0044 ) x 1077 —42.05 5T
(L0200 0) x 1077 —94%51 2050
(6.891031 105 55) x 1079 =32.01371 54
(3497039516607 o (-9 19.8533 755150
(134281810057 ) x 1078 0
(283108 005037 ) x 1078 0
(7.09+ 2360601006y o 17 —13.95 743
(12229535000 ) x 1078 ~70.4173285%57
(4672058 010 056 ) X 1077 =36.123723,207
(5.53+ 11940724080y o 107 49.8104537775
(5731133801001 ) x 1077 0
(3591530 0sr-050 ) X 1077 0
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TABLE III. PQCD predictions of the CP averaged branching fractions and the direct CP asymmetries for the
quasi-two-body B — K*[— Kp]h decays.

Decay modes B Acp(%)

B* = K[> K*p7]x* (24615357055 050) x 1077 — L1030
B = Ko Kl (LO1BB00) x 107 203387537
BY — K[> K%*]K" (9370500 ) x 107 —29.83875055%
B = KOl KK (L7345 4155030) x 10° SO

B" = K**[= K°p*]a~ (2022030 00034 ) x 1077 —41.555015550
B — K°[= K*p7z" (52025702045 002 ) x 1078 =9.7: 01 06y
B — K**[— K%p*]K~ (3482023105100 ) x 1077 —46.0130 Y
B — K~ [» K% ]K* (2012511072 005y) x 1077 238230155 108
B — K[> K*p7|K° (78211 541511 755) x 1079 0
B’ — K[ K~p*]K° (159203 s 051 ) x 1078 0
B — K" [» K% ]x* (3682553 0410003 ) x 1077 —12.85) 51
B — K[ K~p*]a" (77455105 )) x 1079 —59.817800 5%
BY - K" [— K]k~ (2671057 050 0.5 ) x 1077 34414450407
B — K~ [» K% ]K* (312103305105 ) x 107 47103530
B} — K*°[= K*p7]K (3215565 0530030 ) x 1077 0
B! —» K°[= Kp']K" (1942030 055 05 ) x 107 0

phase space differences; namely, the mass combination
mg + m, is greater than mg- + m,. In addition, one can
observe similar CP asymmetries for the same decay with
different subprocesses in Tables II and III. In the Standard
Model, direct CP violation in a B meson decay arises from
the interference of tree and penguin amplitudes. The
predicted large CP asymmetries are attributed to sizable
interference between these amplitudes, whereas small ones
result from scenarios where either the tree or penguin
amplitude dominates. Since only the penguin diagrams
contribute to the B — K[> K**z~(K*p~)]K® and
By — K*[= K*"n"(K~p*)]K” decays, direct CP viola-
tion does not occur in these modes.

In Table IV, we present the available experimental data of
the branching fractions and CP asymmetries for the two-
body B — K*h decays [79]. Under the isospin symmetry of

strong decays, the subprocesses K* — Kz satisfy the

B(K*—=Kz*) _ 2 B(K*—Kx%) .
m =3 and m =3 By combin-

ing the data in Table IV and assuming
B(K* — Kr) ~ 100%, one can obtain the branching frac-
tions for the B — K*[— Kx*~|h decays via the quasi-two-
body approximation

relationships

B(B - K*|— Kn*]h) = B(B — K*h) x B(K* — Kz™%).
(21)

Defining the ratio

B(B - K*[- K*”i]h)PQCD

R * = N 22
K77 B(B = K[> Knt|h)ey, (22)

we find that Ry, is concentrated between approximately
5% and 8% for all measured decay channels, which is quite
small as expected, except for the case related to
BY — K*~z*. But it should be noted that a significant
discrepancy persists between the theoretical predictions and
experimental measurement of B(B? — K*~z™"), with the
predicted value [55,99,110-114] being about three times
larger than measured [79,115]. A similar ratio Ry, is also
55% of Rg-,. Collectively, the K*z and Kp contributions
are negligible and physically insignificant, considering that
the K* predominantly decays via the Kz channel (~100%).
As the phase space expands in B meson decays, however,
the ratios of branching fractions for associated quasi-two-
body channels become significantly enhanced.

Up to now, several three-body decays of B — K*zh have
been observed by the ARGUS, BABAR, and Belle
Collaborations [85-89]. In this work, the central values
of the PQCD-predicted branching fractions for the
decays BT - K*'[- K**727|n", B® - K**[— K%z t|n~,
and B° - K**[- K*'z]K~ correspond to 0.61%,
0.67%, and 0.15% of the measured three-body branching
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TABLE IV. Available experimental data on the branching
fractions and CP asymmetries for the B — K*h decays [79].

Decay modes Bexp Acp(%)
Bt —» Kzt (1.01 £0.08) x 1075 —=2.1£32
Bt —» K*ta° (6.8 £0.9) x 1076 -39 421
BY —» KOK* (5.94+0.8) x 1077 4+5
B —» K*tn~ (7.5+£0.4) x 107° -27+4
B® - K*7° (33£0.6) x 107° -154+13
B’ - K**KF <4x1077

B® - K*0K® 4+ K"K <9.6 x 1077

B — K*n+
BY — K**K¥
B? N K*OI_(() + I_(*OKO

(29 +1.1) x 107
(1.9+0.5) x 1075
(2.0 +0.6) x 1075

fracions ~ B(B* — K*'z7z") = (7.5 &£ 1.0) x 1075,
B(BY - K*zt7n7) = (554+05) x 107>, and B(B’ —
K972TK™) = (4.5 £1.3) x 107%, respectively, as pre-
sented in the Review of Particle Physics [79], where
these values represent averages derived from results in
Refs. [85-89]. Besides, the B — K*p°K~ decay has also
been observed for the first time by the Belle Collaboration
[88] and the corresponding partial branching fraction for
mg, €[0.75,1.20] GeV was also presented. Under isospin
symmetry, one also has B(B? - K**[— K*p'|z7 )~
BET=KT =K% ) — 1,01 x 1077, which is 3.6% of the
measured B(B° - K*p%z7) = (2.8 £0.7) x 10 by
Belle. Compared to the B — Dwx channel, where off-shell
p contribution dominates [78-80], the PQCD predictions
indicate that the K* — K*z and Kp contributions in the
concerned three-body B decays are substantially smaller.
Similar conclusions were obtained in a very recent study for
the charmed decays B — DV*[— VP] [116], but they
considered only the K* — Kp contribution and ignored
the more important K* — K*z term in the specific decay
processes.

Unlike the two-body B-meson decays with fixed kin-
ematics, the quasi-two-body decay amplitudes exhibit
strong dependence on the invariant mass of intermediate
resonance daughter particles. In Fig. 2, we plot the differ-
ential branching fractions for the BT — K**[— K** 77|z *
and BT — K*%[— K'p~|z" decays with the invariant mass
My (kp) Tanging from threshold to 3.5 GeV. The area
between each curve and the horizontal axis reflects the
difference in branching ratios of the two decay channels as
discussed in the previous paragraph. For a full resonant
contribution in the B meson decay, the bulk of the
corresponding branching fraction concentrates where the
invariant mass of the decay products equals the pole mass
of the resonance. However, strong phase-space suppression
near threshold shifts the peak positions in the differential
branching fractions for the B* — K*'[—» K**z~|z" and

777

— B S KK

o]
T

dBldmy. . (107Gev™)
S [}
T T

N
T

25 3.0 3.5

0.|..."..|....|...
1.0 1.5 2.0

My Kp) (GeV)

FIG. 2. Differential branching fractions for the B* — K*0[—
K**z7]a" and BT — K*°[— K*p~|z* decays with the invariant
mass mg:, or mg, ranging from threshold to 3.5 GeV.

B —» K*%[— K*p~]n" decays to approximately 1.4 GeV
and 1.6 GeV; this feature could be misinterpreted as the
signal of new resonance contributions. Meanwhile, the off-
shell components may also bias the extraction of contri-
butions from excited states such as the K*(1410) and
K*(1680). It should also be noted that in the kinematic
region of K*zw or Kp where the virtual K* contribution
exists, there may be contributions from other full resonance
states and final-state interactions. The predicted CP asym-
metries in this work can be clearly observed only if the
virtual contribution of the K* is dominant. However, due to
the current lack of Dalitz plot analysis and partial wave
analysis for those three-body B meson decays, it is difficult
to determine the significance of such virtual contributions
in the discussed phase space, necessitating further exper-
imental verification.

In Table V, we list the available data on the branching
fractions for the B — K*(1410,1680)h decays [79],
derived from experimental analyses of the related quasi-
two-body modes with the subprocesses K*(1410, 1630) —
Kr [4,7,12,14,19]. Except for B(B° — K*(1680)"z")
which has a definite value, the others are only given an

TABLE V. Available experimental data on the branching
fractions for the B — K*(1410, 1680)h decays [79]. Upper limits
for the branching fractions are set at 90% confidence level.

Decay modes Bexp

BT — K*(1410)°z+ <45x107
B — K*(1680)°z+ <12x107
B® — K*(1680)°7° <75x107°
BY - K*(1410)* 2~ <8.6x107°

BY — K*(1680) "z~ (1.41 £0.10) x 1073
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upper limit at 90% confidence level. Using the PDG

values B(K*(1680) - K*z) = 29.9% and B(K*(1680) —

Kp) = 31.4%, together with 2/3 for the K*'z" and Kp*

fractions, one obtains

B(B® - K*(1680)" [ K*z+]z~) = (2.81 £ 0.20) x 1075,
(23)

B(B® — K*(1680)"[— K°*]z~) = (2.95£0.21) x 107°.
(24)

B(B"—K** [—’K*O”ﬂ”—)mw _

Then, it is easy to obtain the ratios BIPSK (1630 oK n r ) —

BO— K+ [ KO+ o~
13.1% and B?Eaﬂ-»1<*(1£80)+€—»]£0/))5?§?)
the off-shell K* contribution is not very significant in the
partial wave analysis of the K* family. It is important to
notice that the reported B(B° — K*(1680)*7z~) = (1.41 &
0.10) x 107 by LHCb [19] is consistent with BABAR’s
result B(B® - K*(1680)*z~) < 2.5 x 107> [7] but not
with B(B® — K*(1680)*z~) < 1.0 x 10~> presented by
Belle [14]. Due to the lack of precise experimental data
for other decays, this conclusion still needs to be further
confirmed. Namely, future high-statistics experiments by
Belle I and LHCb are expected to search for the K* meson
and its excited particles through intermediate states K*z and
Kp in the Kzz spectrum from relevant charmless B meson
decays.

= 6.8%, suggesting that

IV. SUMMARY

In this work, we studied the virtual contributions
originated from K* — K*z and K* — Kp in the charmless
three-body B meson decays by employing the PQCD
approach. We calculated the CP averaged branching
fractions and the direct CP asymmetries for the quasi-
two-body B — K*[— K*z|h and B — K*[— Kp|h decays.
The branching fractions for the concerned decays

range from 10~ to 1077, among which the predicted
|

B(B - K*[—> Kp]h) are approximately half of
B(B — K*[— K*x]h). The natural decay modes of K* —
K*rn and Kp are blocked since the resonance pole mass is
below the thresholds of the K*z and Kp pairs, and the K*
meson is widely accepted as decaying almost one hundred
percent into Kz. As the phase space expands in B meson
decays, however, the ratios of the predicted B(B — K*
[ K*z*|h) to the experimentally measured B(B — K*
[— Kz*)h) mainly range from 5% to 8% in this work.
Several decays of B — K*zh and B — Kph have been
measured by different collaborations but without any
information for the K* family in the K*z and Kp systems.
Based on the existing experimental data for the branching
fractions of related three-body B decays, PQCD calcula-
tions indicate that the virtual contributions from K* — K*z
and Kp in these decays are small. More information on the
K* and its excitations decaying into K*z and Kp final states
in the B meson decays is expected to be measured in the
future high-statistics experiments by Belle II and LHCb.
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APPENDIX: DECAY AMPLITUDES

With  the subprocesses K** — {K*9z", K"},
KO 5 {K* 2 K*p~}, K~ = {KO K%} and
K - {K* 2", K p*}, the concerned quasi-two-body
decay amplitudes are given as follows:

G a C C
A(B* - K07+) = 7‘% {v;;bvw [a)FEE + C MEE = Vi, Vo [<a4 - %) FLE+ <C3 -~ 79) MEE + <C5 - 77> MELR

- (ag + ar)FEE + (ag + ag) ST+ (Cs + Co)MEE + (Cs + awﬂ } (A1)

G
AB k) = I { © VilasPEL 1 CoMEL. + ay(FEE 4 FLE) + Cy(MEE + MED)]
3 3C 3C

=V Vis {5 (ag — a7)FEL. + TIOM%(* + TSM% + (a4 + ayo) (FEE + FEE)
(o + ag)FSE 4 (Ca + Co) (MEE 1 MEE) 1 (Cs + Cy)(MER + Mﬁf)] } (A2)
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G a a C
Gl ViV + ot ViVl (04= 2 Pl + (0= 2 ) P+ (€-2)

A(B* - K*"K%) =
V2
C
XM%%(‘ + (CS —77> leﬁ* + (614 —|—a10)F/];ﬁ* -+ (a6 +(18)Fi1;(* + (C3 -+ Cg)Mﬁé* + (CS -+ C7)Mﬁ§*:| },
(A3)

_ G a C C
ABT —» K*K*) = é{v;bvud[aﬂg + CMEE = ViV Ka4 - %) FEL 4 (C3 - 79> MEE + <C5 27>M§§

T (g + o) FEE -+ (ag + ag)FSE + (Cy + Co)MEE + (Cs + aw&ﬂ } (A4)
G
N {v;bvm[a,wﬂ b COMEE] = ViV (s + @) FEE 4+ (Cs + Co)MEE + (Cs + Cy)MER
aw\ 11 asg \ sp C9 LL | C7 LR
+ (14—7 FAh+ (16—7 FAh+ C3 2 MAh C5 2 MAh (AS)
3 3C 3C
3 = + 250t gy,

G
A(B® - K*972%) = TF {V;; »Viuslar FEE + CoMEL. ] = Vi Vi [ 5

S R O o A R L R e I Re I
(a6

G
L {VZqud[aZFAK + C2MA§( ] Vt*thd [(03 +ag —as — aﬁFﬁ% + (C4 + C10>MAI(

A(B® - K*K~) =

\/_
sP dg LL 4 Cio LL 4 Cs\ \ysp

+ (Co + Cg)M 3y + a3_?_a5+ 2 Fi +{ Ca— =7 )M + ( Co = | Man| ¢ (A7)

G
A(BO — K*‘K*) — \/ﬁ{V;qud[azFﬁi + CzMﬁﬁ} - ijvtd [(a3 + 619 - a5 - aﬁFﬁﬁ + (C4 + Clo)Mﬁé + (C6 + Cg)

C C
+ <ag—%—a5+ 2)F1/;§( <C4—¥)MI/;§( <C6—78>M§§*H, (A8)
. G a ag C C
A~ k08 = =S fviv| (a0 P+ (a0-5) (0 + Pl + (€= D)t + (0= )
4 Cy+C Co+C
x (MER. + MER.) + <§ <C3+C4—%> as + 2>F§1L( <C3+C4—%>

C C
X MEE. + <06 - —8) (M5 + M) + <a3 s %) FiE 4 <c4 - %) Mﬁﬂ } (A9)

2
- G a a Co (o
A~ ko) = =S viv| (a0 ) i + ( - g) P+ (Co- )t + (o= ) et + i)

4 Cy+C Cyo+C
+ (o= S8\ mse 4+ mse 2 G\pre (o, =10\ pie A10
6= (My), + M%) + 03—7—054'7 AK* 4= |Mak-| (A10)
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Gr
V2
G

a C
+(Cs+ ot + (= 00) i + (a3 )P+ (€= 5 )i + (€= 5 ot |
(Al1)

A(B) = K*~zt) = {VZbVMd[alF%IL(* + O\ Mg ] = Vi Vial(as + ayg) Fige + (ag + ag) Fig. + (C3 + Co) M.

- Gr 3a; 5C a
A(B) = K*02%) = =% {Vuqud[azFTK* + CMEL] = ViV [(—@ — St C10> FLk. - <a6 - 28) Fik.

3a C 3C a a
+ (—c3 —i—%)M%@ _ (cs ;)mg + 2 - (a4 21°> FLL. (% -38> FSE.

C C
- (ca= S )tk - (- F )| (A12)
Gr
\/_

4 Cy+C a a
X MEL 4 (Cs + Co)MEE + <3 <c3 Le —9210) ~ as +27>F55 + <a6 _;) FS

A(B) - K*TK™) = {V*hvus[alFTﬁ + C\ME + axFlk 4+ CoMEL] = Vi Vil(ag + ai0) Fijy + (C3 + Co)

Co+C C C
+ (C3 +C4—%)M55 + (C5 —%)MﬁﬁH <06 —%)Mf{,} (a3 + ag — as — as)

X Fik 4+ (Cy+ Cio) M5k (Co + Cs)Mii*} } (A13)

Gr
\/_

4 Co+C
X Fig. 4 (C3 4 Co)Mfg. + (Cs + C7)MER. + <3 <C3 +Ci- 9210> a5t 2>F/L*§<*

A(BY - K*K*) = {V*bvus[al T+ CIME% 4 ayFl 4+ CoMEE] = Vi Vi[(ag + ai0) Fig + (ag + ag)

a Cy+C C C
+ (a6 - f) FSh. + <C3 +Cy - %) ML, + (C5 - 77) MR, + (C6 28>Mf;,';

+ (a3 + ag — as — aq) Ff + (Cy 4 Co)M5T + (Co + Cs)Miﬂ } (A14)

= G a a C C
At~ koK) = =S Vv, | (=) ok (a0 %) mi (0= )tk + (0= ) ot -+ o)

4 Cy+C a Cy+C
+<§<C3+C4—%>—a5+77>Fﬁﬁ+<C3+C4—u>Mﬁﬁ

C a a C
+ (C6 - 78) (M35, + M%) + (a3 - 59 —as+ 37) Flik + <C4 - %)Mﬁ%] } (A15)

_ G a ag C C
A(B? - KOKO) = — —\/g { Vi Vi [<a4 - —210> FEL + <a6 -5 ) (Fik- + F3R) + (c3 - —29> MEL. + (CS - —27>
4 Co+C a Co+C
+ (MER. + MER.) + (5 <C3 +C, —%) - as +?7>Fﬁ§(* + <c3 +Cy- %)
MLL Cs sp sp 99 ay LL Cio\ asrr
X Migke + ( Cs == ) (M + M) + (a3 = —as + 7 ) i+ | Ca— =7 | MEL | 5. (Al6)

in which Gy is the Fermi coupling constant and V., ;4) (¢ = b, s and d) are the CKM matrix elements. The combinations «;
of the Wilson coefficients are defined as
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c o

a1:C2+?1, a2:C1—|—3, (A17)
and
C;+5, fori=3,57,9,
a; = . (A18)
Ci+%  fori=4,6,8,10.

In Egs. (A1)-(A16), the symbols F and M stand for the
individual amplitudes of the factorizable and nonfactorizable

Feynman diagrams. The superscripts LL, LR, and SP denote
the contributions from (V —A)(V —A), (V—-A)(V +A),
and (S — P)(S + P) operators, respectively. The subscripts
TK* and Th identify the amplitudes from the emission
diagrams in Figs. 1(a) and 1(c), corresponding to the B —
K* and B — h transitions, while the subscripts AK* and Ah
refer to the amplitudes for the annihilation diagrams in
Figs. 1(b) and 1(d). The specific expressions for these general
amplitudes are the same as in the appendix of Ref. [58] with the
replacement ¢» — K*, and are omitted here.
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