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Abstract: A search for the decay B* — DY K* K~ has been reported by the LHCb Collaboration using pp colli-
sion data corresponding to an integrated luminosity of 4.8fb~!, collected at center-of-mass energies of 7, 8, and 13
TeV, in which no amplitude analysis of the K™K~ subsystem was performed. In this work, we study the resonant
contributions to the decay B* — Df K* K~ within the perturbative QCD (PQCD) factorization framework. Contribu-
tions from the S-wave resonances f,(980), fp(1370), and fp(1500), the P-wave resonance ¢(1020), and the D-wave
resonances f>(1270) and f>(1525) are taken into account. By introducing the corresponding two-meson distribution
amplitudes for the K*K~ system, we perform a complete perturbative analysis of the quasi-two-body decays
B* —» D¥(R —)K*K~, where R denotes an intermediate resonance, and present the first PQCD predictions for the
associated branching fractions. Using the narrow-width approximation, we further extract the branching fractions of
the corresponding two-body decays B* — DY R. Our results are consistent with the available experimental measure-
ments and previous theoretical studies. Finally, we find that direct CP-asymmetries vanish for these quasi-two-body
decays within the Standard Model, so that any experimentally observed nonzero CP asymmetry would constitute a

clear signal of physics beyond the Standard Model.
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I. INTRODUCTION

It is well established that B-meson decays provide an
excellent laboratory for precision tests of the Standard
Model (SM), investigations of the origin of CP violation,
and searches for physics beyond the SM. Compared with
two-body decays, three-body B-meson decay modes are
significantly more abundant and exhibit a much richer
phenomenology. Their decay dynamics are intrinsically
more involved, featuring nontrivial interference among
multiple contributing amplitudes, which naturally gener-
ates strong phases and enhances sensitivity to CP-violat-
ing effects. As an illustrative example, the decays
B’ - K)K*n*™ are not flavor specific: both B? and B°
mesons can decay into the final states K{K n* and
K{K*n~ with amplitudes of comparable magnitude. The
sizable interference between these contributions can
therefore induce large CP asymmetries, providing a par-
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ticularly promising environment for CP violation studies.
Over the past two decades, extensive experimental invest-
igations of three-body B-meson decays have been carried
out by the BaBar [1-4], Belle [5—8], and LHCb [9—-18]
collaborations, yielding high-precision measurements of
branching fractions and CP-violating observables. These
results provide stringent tests of the SM and valuable op-
portunities to further elucidate the dynamics of CP viola-
tion and to probe possible new-physics effects.

In two-body decays, the kinematics are fixed, and the
heavy-quark limit can be exploited in a systematic man-
ner within QCD factorization [19—21], soft-collinear ef-
fective theory [22, 23], and the perturbative QCD
(PQCD) approach [24—28], where the hadronic matrix
elements factorize into convolutions of perturbatively cal-
culable hard kernels with nonperturbative inputs such as
form factors and light-cone distribution amplitudes of the
participating mesons. In this framework, long-distance fi-
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nal-state interactions are parametrically suppressed in the
heavy-quark limit, aided by the fixed two-body kinemat-
ics and the large energy release. In contrast, three-body
decay amplitudes depend on two independent kinematic
variables and receive contributions from both resonant
and nonresonant components, as well as potentially siz-
able final-state interactions among the three outgoing
mesons. Many three-body B-meson decays are domin-
ated by intermediate vector or scalar resonances and pro-
ceed predominantly through quasi-two-body channels in-
volving a resonant subsystem accompanied by a bachelor
meson, whereas in certain modes nonresonant three-body
contributions are found to be substantial. Based on com-
prehensive experimental amplitude analyses, it has been
established that nonresonant contributions play a domin-
ant role in penguin-dominated three-body B-meson de-
cays. For example, in B— KKK decays the nonresonant
fraction can reach approximately 70%—90%, while in the
B — Knrn and B — s channels the corresponding frac-
tions are smaller, at about 40% and 14%, respectively
[20].

A clear separation between resonant and nonresonant
contributions is therefore essential for a reliable theoretic-
al description of three-body B-meson decays. The Dalitz
plot provides a natural framework for this purpose, allow-
ing the phase space to be organized into regions charac-
terized by distinct kinematic configurations. The central
region corresponds to configurations in‘which all three fi-
nal-state particles carry comparable energies, E ~ M3/3,
in the B-meson rest frame and none of the particles are
collinear. The edge regions are associated with kinemat-
ics in which two of the final-state mesons move collin-
early, forming an energetic subsystem with an invariant
mass that recoils against a third bachelor meson. The
corner regions describe configurations in which one of
the final-state mesons is soft or nearly at rest, while the
remaining two mesons move back-to-back with large en-
ergies of order E ~ Mp/2. In this work, we concentrate on
the dynamics near the edges of the Dalitz plot, where the
two nearly collinear mesons can be treated as a clustered
system. Within this cluster, the two mesons may form in-
termediate resonant states with different quantum num-
bers, leading to quasi-two-body decay topologies beyond
the narrow-width approximation. From the theoretical
perspective, three-body B-meson decays have been ex-
tensively investigated using a variety of approaches, in-
cluding QCD factorization [29—34], the PQCD approach
[35—42], as well as other theoretical frameworks [43—45].
In addition to the PQCD and QCD factorization ap-
proaches, the Light-Cone Sum Rules (LCSR) method
provides a complementary framework for evaluating
heavy-to-light B meson decay form factors. LCSR com-
bines QCD sum rules with light-cone expansions, offer-
ing reliable predictions in processes where nonperturbat-
ive effects play a significant role, particularly at low to

intermediate momentum transfer. Applications of LCSR
to channels such as B; — f,(980) have demonstrated its
predictive power in describing resonance contributions
and decay amplitudes [45]. Recent studies, including
[46], employ LCSR to compute branching fractions for
B, — D) decays, highlighting the method’s utility in
heavy-to-heavy and heavy-to-light transitions. For more
discussions on LCSR, see [47].

To date, in addition to the numerous charmless three-
body B-meson decay modes measured at the B factories
and by the LHCb Collaboration, an increasing number of
charmed three-body decay modes containing one or two
D;) mesons in the final state have been studied in detail,
both at the B factories [48] and at LHCb [49—53]. Com-
pared with charmless B decays, open-charm B-meson de-
cays are dominated by tree-level amplitudes in SM, ren-
dering them theoretically cleaner for the determination of
the Cabibbo—Kobayashi—-Maskawa (CKM) unitarity-tri-
angle angle y and sensitive probes of possible new-phys-
ics effects [54]. For instance, the decay B — D% has the
potential to significantly improve the precision on Yy,
while a Dalitz-plot analysis of the related three-body de-
cay B® — D°K*K~ can further enhance the sensitivity by
exploiting interference effects among different intermedi-
ate contributions [53]. In contrast to charmless three-body
B decays, charmed three-body B-meson decays exhibit a
richer spectrum of intermediate resonant states: in addi-
tion to resonances formed by two light mesons, resonant
structures composed of a D meson and a light meson can
also be accessed, such as the tetraquark candidate
T:,(2870)° observed in the D*K~ system [55]. Con-
sequently, charmed three-body B-meson decays are ex-
pected to display a rich dynamical structure with mul-
tiple intermediate resonances, and their detailed analyses
provide valuable information on resonance properties, po-
larization fractions, and potential signals of physics bey-
ond the SM. On the theoretical side, quasi-two-body de-
cays of the type B, — [D™,D¥]K*K~ were systematic-
ally investigated within the PQCD framework in Ref.
[56], while the resonant contributions to B— KKK de-
cays, including S-, P-, and D-wave KK resonances, were
studied in Ref. [38].

In Ref. [57], the LHCb collaboration searched for the
B* - D!K*K~ decay using pp collision data correspond-
ing to an integrated luminosity of 4.8 fb™', collected at
center-of-mass energies of 7, 8, and 13 TeV. The branch-
ing fraction of B* — D'K*K~ was measured for the first
time, yielding a value of (7.1+0.5+0.6+0.7)x107°. In
contrast, for the corresponding two-body decay
B* — D! ¢, only an upper limit on the branching fraction
was established: B[B* — Di¢] <4.9%x107;(4.2x1077) at
the 95% (90%) confidence level. Although the LHCb col-
laboration has not yet performed a detailed amplitude
analysis, such a study is anticipated in the near future as
more data becomes available. Motivated by these results,
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in the present work, we extend these studies to the quasi-
two-body decays B* — D}(R —)K* K™, incorporating con-
tributions from S-, P-, and D-wave K*K~ resonances.
Resonant effects associated with the DY K~ subsystem are
not considered in this study, and will be deferred to fu-
ture work due to their additional dynamical complexity.

In quasi-two-body decays occurring near the edges of
the Dalitz plot, one invariant mass becomes small, and
low-energy interactions between the corresponding pair
of final-state mesons give rise to resonant structures,
while the interaction between this meson pair and the
bachelor meson is strongly suppressed. As a result, such
decay topologies effectively resemble two-body decays,
with the essential difference that one of the final-state
particles is replaced by a correlated two-meson system.
By introducing appropriate two-meson wave functions,
the factorization formalism for quasi-two-body decays at-
tains a level of theoretical rigor comparable to that of
genuine two-body decays, even beyond the narrow-width
approximation, which constitutes a key advantage of this
approach. Within the PQCD framework, the amplitude
for a quasi-two-body nonleptonic B-meson decay can be
systematically factorized according to the relevant. en-
ergy scales: physics above the W-boson mass my is gov-
erned by weak interactions and treated perturbatively; ef-
fects between the scales my and the b-quark mass m, are
encoded in the Wilson coefficients C(u), evolved via
renormalization-group equations from' their perturbative
matching at my ; contributions between m;, and the factor-
ization scale A, arise from hard gluon exchange and are
described by a channel-dependent hard kernel H, calcul-
able perturbatively; finally, dynamics below A, are soft
and nonperturbative, and are parameterized by universal
wave functions of the participating hadrons. Accordingly,
the decay amplitude for the quasi-two-body process
B* —» Df(R —)K*K~ can be expressed in the convolution
form [58]

A~ / dx.db, [C(t)@H(x,-,b,»,t)®(I>B(x1,b1)

®(DKK(x2’b2)®(I)D(x3,b3)®eis(t)]’ (D

where x; denote the longitudinal momentum fractions
carried by the quarks in the initial- and final-state had-
rons, b; are the conjugate variables to the transverse mo-
menta ky;, C(t) are the Wilson coefficients, @z and @)
represent the wave functions of the B and D mesons, re-
spectively, and @y is the two-meson wave function of
the K*K~ system. The hard kernel H is perturbatively cal-
culable within PQCD, while the Sudakov factor 5@,
originating from threshold resummation, suppresses soft
contributions and removes endpoint divergences.

The organization of this paper is as follows. In Sec. II,
we present the theoretical framework for the quasi-two-

body decays B* — D!(R —)K*K~ and introduce the rel-
evant nonperturbative inputs, in particular the two-meson
wave functions describing the K*K~ system. In Sec. III,
we derive the analytical expressions for the decay amp-
litudes and present the corresponding numerical results
for the quasi-two-body decay channels under considera-
tion. Employing the narrow-width approximation, we fur-
ther evaluate the branching fractions of the related two-
body decays B* — D!R, where R denotes the intermedi-
ate resonances decaying into the K*K~ pair. Finally, a
brief summary and concluding remarks are given in the
last section.

II. FRAMEWORK

The theoretical description of three-body B-meson de-
cays is 'well recognized to be in the modeling phase. A
key challenge is the model-dependent parametrization of
resonant structures, as the line shapes of strong reson-
ances vary across different theoretical approaches. Dalitz
plot-analysis plays a key role in experimental amplitude
analyses of multi-body decays. Using this technique, the
1sobar model allows the decomposition of the total amp-
litude for quasi-two-body decays into a coherent sum of
contributions from N distinct resonant channels, each as-
sociated with a specific intermediate resonance. The total
amplitude can thus be written as

A= aA;

where a; is the complex coefficient that encodes the relat-
ive magnitude and strong phase of the i-th channel. The
relative strong phase between different resonant amp-
litudes provides a novel mechanism for CP violation,
arising from quantum interference between distinct reson-
ant pathways. The partial amplitude A; for each resonant
channel can be calculated perturbatively within the
PQCD framework, with the general expression given in
Eq. (D).

To simplify the treatment of momentum variables, we
work in the rest frame of the B meson and adopt the light-
cone coordinate system. The K*K~ pair and the D}
meson are assumed to move along the n=(1,0,07) and
v=(0,1,07) directions, respectively. The momenta of the
B* meson, the total momentum of the K*K~ pair, and the
D? meson are denoted by P, P,, and P;, respectively,
while k; represents the valence quark momentum in both
the initial and final states (as shown in Figs. 1 and 2).
These momenta are given by:

2)

m m
P = 7’;(1,1,(»),& = % (173, 17, 0r),
m
P = 7’; (3, 1=17%, 07), 3)
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Here, my is the mass of the B* meson and r, = mp/mp.
The invariant mass of the K*K~ pair is defined as
w* = (p +py)* = P}, where p,, are the momenta of the
two kaons. The variables x;, x,, and x3 represent the mo-
mentum fractions of the light quark in the B*, D}, and the
resonant structure, respectively, with each ranging from 0
to 1. In the heavy quark limit, we can ignore the mass dif-
ferences between the h-quark and the B-meson, as well as
between the c-quark and the D-meson.

To calculate the decay amplitude, the first step is to
determine the effective Hamiltonian governing the weak
interaction. In the SM, the effective Hamiltonian H,; for
the quasi-two-body decay B* — D!(R —)K*K™ is given
by [59]

G
= LV, Ves [CL01 () + Co(1)0x(w)]

#,
V2

(6)

where Gr is the Fermi constant, V,, and V., are the CKM
matrix elements, O, and O, are the tree-level local four-
quark operators, and C;,C, are their corresponding
Wilson coefficients at the renormalization scale u. The

u

(color online) Leading order emission type Feynman diagrams for the B* — D} (fy/f» =)K*K~ decays.

color online) Leading order annihilation type Feynman diagrams contributing to B* — - -
1 line) Leading ord hilat Feynman diag tributing to B* — D*(R —)K*K

tree-level operators O, are defined as

01 = [_707#(1 _’)/S)M,B 5/37;4(1 _75)szya

05 = by (1 = y5)uy Ty, (1 —y5)sp. (7

It is important to note that the direct CP asymmetry
vanishes in these quasi-two-body decays, as it depends on
the interference between contributions from tree operat-
ors and penguin operators. However, the Hamiltonian
contains no penguin operators, preventing such interfer-
ence.

From Eq. (1), it is obvious that the wave functions of
both the initial and final states are critical to calculating
the decay amplitude. In the PQCD approach, the wave
function serves as the primary nonperturbative input. The
wave functions for the initial B* meson and the final D}
meson have been extensively studied in numerous two-
body decays, including B — PP,PV,VV [26, 60], and
B— D,P,D,V,D,S,D,T [61—66], with these wave func-
tions already well-determined. For brevity, we will not
revisit these wave functions in this work.

The two-meson wave function, which serves as a new
nonperturbative input in quasi-two-body decays, varies
with the intermediate resonances. This will be discussed
in detail below. In this study, we focus on the resonant
contributions of the scalar resonances f,(980), fo(1370),
and f,(1500), the vector resonance ¢(1020), and the
tensor resonances f>(1270) and f;(1525) to the quasi-two-
body decay B* — D?(R —)K*K~. It should be noted that a
precise two-meson wave function derived from a QCD-
inspired approach has not yet been fully established and
remains at the modeling stage. In this work, we adopt a
phenomenological model where the nonperturbative para-
meters are determined by fitting to available experiment-
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al data.

We first introduce the S-wave wave function for the
K — K pair, which involves scalar intermediate reson-
ances such as f,(980), f,(1370), and fy(1500). The S-
wave wave function for the K — K pair has been carefully
determined in Refs. [38, 56, 67], where the explicit form
for @y g is expressed as

1
(I)S,KK = 27@ [Iﬁ
+ 03 (@, 0D+ Wil - D5 LoD, (8)

2¢2 (Z7 (7 wz)

where P, and @ represent the momentum and invariant
mass of the K — K pair, respectively, with P5 = w? follow-
ing the relativistic energy-momentum relation. The func-
tions ¢9, @5, and ¢§ are the twist-2 and twist-3 light-cone
distribution amplitudes (LCDAs), respectively. For the
twist-3 LCDAs, which are suppressed relative to the
twist-2 LCDA, we adopt the asymptotic forms for simpli-
city and precision. The parameter z denotes the mo-
mentum fraction carried by the spectator quark, while ¢
represents the momentum fraction of one K meson in the
K — K pair. These LCDAs are typically expanded in terms
of Gegenbauer polynomials, which are characterized by
corresponding Gegenbauer moments. The explicit forms
of the LCDAs are as follows:

. v 6F5(w?)
¢S(Z’§’w)_ 2\/2—1vc

+assCY*(1-22)], ©)

2(1-9)]asCY2(1 - 22)

K 2y _ Fs(wz)
¢S(Za§’w )_ 2\/Z_IVL’ (10)

Fs(w?)

22N,

¢g(Z’§aw2): (1_2Z)7 (11)

where C3?(n = 1,3) are the Gegenbauer polynomials, and
ais, azs are the corresponding Gegenbauer moments.
These polynomials, C;/* and C3*, have standard forms
available in tables of special functions. However, the val-
ues of a;s and ass have not been determined by QCD-in-
spired methods and are currently probed via phenomeno-
logical approaches. In Ref. [38], we investigated the
B — KKK decays, where we considered only the leading
Gegenbauer polynomial C;’* and neglected the mass of
the K meson. We obtained the value of the Gegenbauer
moment a;s = —0.8. In Ref. [67], the analysis was exten-
ded to the decays B — n/K(fy(980) »)K*K~, where the
masses of the light final-state mesons were retained, and
more precise two-meson wave functions were adopted.
The C3* term was also taken into account. By fitting the

theoretical results to current experimental data, we de-
termined the values a;3 = —0.8 and azs =0.2. These val-
ues, as reported in Ref. [67], are adopted in the present
work. It is important to note that the {-dependent term in
the LCDAs vanishes because the {-dependent function is
a Legendre polynomial, Py(2¢— 1), which equals 1 for all
S-wave LCDAs.

A key difference between the two-meson wave func-
tion and the meson wave function lies in the time-like
form factor F(w?). As previously mentioned, this form
factor lacks a universal description and remains in the
modeling stage. For narrow-width resonances, the relativ-
istic Breit-Wigner (RBW) model [68] effectively de-
scribes the time-like form factor and is widely employed
in experimental analyses. A detailed discussion of the
time-like form factor will follow.

For the P-wave K — K pair, corresponding to a vector
resonant structure, the P-wave two-meson wave function
is available in Refs. [38, 56]. Due to angular momentum
conservation, only the longitudinal polarization compon-
ent contributes to the quasi-two-body decay
BY — DI(K*K™)p. The longitudinal wave function is giv-
en by

1
Op = —— | P20p(2. £, ) + wp(2, L, )

V2N,
F511152 _Iﬁzﬁl t 2
+m¢p(2,§,w s (12)

where ¢% is the twist-2 LCDA, and ¢} and ¢ are the
twist-3 LCDAs. These can be expanded in terms of Ge-
genbauer polynomials as follows:

3F” 2
W0l 0) = \/’i;_]‘v")zu—z)
X {1 +ag"% (5(1-22)* - 1)} P20 -1),
(13)
s 2\ SF;’_("JZ) _
¢P(Z,§,U) )_ 2\/2_M (1 ZZ)
x [1+a5" (1022 = 10z+ 1) P1(2¢ - 1),
(14)
' 2\ _ 3Fp(w?) A2
X 1+a’2P%(5(1—2Z)2—1)}P1(2§—1).
(15)

Here, Fl(w?) and Fj(w?) are the P-wave time-like form
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factors, which will be introduced later. The Gegenbauer
moments a3, as¥, and af are determined as —0.89 +0.18,
—0.87+0.18, and 0.1 +0.02, respectively. In Ref. [38], we
adopted the same model for the P-wave two-meson wave
function, neglecting the mass of the K meson, and ob-
tained the values of the Gegenbauer moments as
-0.6+0.12, -0.8+0.16, and -0.3+0.06, respectively,
from fits to experimental data on B — KKK decays [68].
In Ref. [56], the Gegenbauer moments were determined
as —0.50+0.10, —0.70+0.14, and —0.30+0.06, respect-
ively. We note that for a%” and asf, the values are in
agreement within the uncertainties, while the value of a7
differs in sign. However, this sign difference does not sig-
nificantly affect the theoretical predictions, as the LCDA
(z,¢,w?) is twist-suppressed.

We now introduce the D-wave two-kaon wave func-
tion, as detailed in Refs. [38, 56]. In the quasi-two-body
decays B* — D! (K*K™)p, both the initial B* meson and
the final D! meson are pseudoscalars. As a result, the
helicity 1= +2 components of the tensor resonant struc-
ture of the K*K~ pair vanish due to angular momentum
conservation. In this case, the D-wave wave function be-
haves similarly to the P-wave function, but with a. dis-
tinct polarization vector derived from the polarization
tensor. Thus, the D-wave wave function for the two-kaon
pair can be decomposed in the same form as in Eq. (12),
involving different light-cone distribution amplitudes
(LCDAs):

2 1
D) = \/; 2N, [I!’zas%(z,g, W) + W (2.4,0”)

M]I’Z _lﬁzﬂﬁl ! 2 :|
+ wl-1) oz, w)|, (16)
where the twist-2 and twist-3 LCDAs are given by:

3F” 2
(L) = Dz(;’ )

(1 =2)[Bap(2z— D1 P>(2{ - 1),

(17)

9F5(w?)
42N,

$p(z.{,0?) = ~ ap(1=62+62)P2(2{ ~ 1),

(18)

Ly, 2
¢Q)(z,{,w2) 9 (w)

=TT ap(1-62+67%)(2z— 1)P,(2¢ - 1),

(19)

where the {-dependent factor is given by the second-or-
der Legendre polynomial P,(2¢—1)=1-6{(1-¢). Here,
Fl(w?) and Fj(w?) are the D-wave time-like form
factors, which will be specified later. The parameter ap is

the Gegenbauer moment, with a value of 0.5+0.1, con-
sistent with the result derived from B — KKK decays in
Ref. [38].

As previously mentioned, the RBW line shape serves
as an effective model for describing the time-like form
factor Fgpp(w?) associated with narrow-width reson-
ances, reflecting the strong interaction between the two-
kaon system and resonant states. The RBW line shape is
expressed as [68]

2 —w?—imy(w?)’

m?
PN =

where the complex coefficients ¢; represent the weight
and relative phase between different resonance states.
The superscript L denotes the spin of the resonant struc-
ture. The nominal mass m; is the mass of the correspond-
ing resonance, while I';(w) is the mass-dependent width.
In"the general case of a spin-L resonance, the expression
for T(w) is given by [4]

[(w?) =T° (ﬁ) (g)zLHXi(rlﬂ), 1)

w

where IV denotes the nominal width of the resonance.
The values of m; and I') for the resonances considered in
this work are summarized in Table 1. The quantity |p,| is
the magnitude of the momentum of one kaon in the K — K
pair (denoted |p]) evaluated at w =m;, and |p| is the cor-
responding momentum at arbitrary o, with the explicit
expression

A //l(a)Z’mil ,mﬁz) 22)

2w ’

A=
where the function 4 is the triangle function, defined as

Ax,y,2) = X +y* +2° = 2xy — 2yz — 2zx. (23)

The Blatt-Weisskopf barrier factor X, [69], which de-
pends on the spin of the resonant structure, is given as

L= O > X()(Cl) = 15 (24)
L=1.X@= 1t (25)
P 1+a?’
at+3a2+9
L=2,X = 0" "H77 (26)
2(@) a*+3a*+9

where ay is the value of a evaluated at w = m;. The para-
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Table 1. Parameters describing intermediate states in our

framework.

Resonance Mass (MeV) Width (MeV) Je Model
J0(980) 990 - 0+t Flatté
So(1370) 1475 113 o** RBW
So(1500) 1522 108 0+* RBW
$(1020) 1019 425 1 RBW
/2(1270) 1276 187 2t RBW
£3(1525) 1525 73 2+ RBW

meter 7 in Eq. (21) characterizes the effective barrier of
the resonance. In experimental analyses [70], 7 is typic-
ally set to a universal value of 4GeV™" ~ 0.8 fm for all res-
onances, as this choice has a negligible impact on the nu-
merical results.

Finally, the transverse time-like form factor F ;D(wz),
present in the LCDAs of the P-wave and D-wave two-
meson wave functions, is determined via the approxim-
ate relationship

Fr_fi

T ﬁ’ (27)

Fl

where f" denotes the (transverse) decay constant of the
resonance. These quantities will be summarized in the
following section.

We note that the resonances considered in this
work—such as £,(1370), £,(1500), #(1020), £(1270), and
f5(1525)—can be well described by the RBW line shape.
In contrast, the simple RBW model fails to describe the
f0(980). This discrepancy arises because the mass of
f0(980) coincides with the KK threshold, triggering
strong coupled-channel effects and threshold phenomena.
As a result, the resonance line shape deviates signific-
antly from the symmetric peak predicted by the RBW for-
mula. To appropriately parameterize this resonance, a
multi-channel coupled model, such as the Flatt¢ model
[71, 72], is required. Thus, we adopt the modified Flatté
model [72], commonly used in experimental amplitude
analyses, to describe the f,(980). The updated expression

is given by

2
M,980)

F(wh) =
2 ; 2
M 980) — wW? = im980) (gmrpmr + 8kkPkK KK)

. (28)

where g, and ggx are the coupling constants of the
f0(980) to the nm and KK channels, respectively. Their
values are typically taken as g,,=0.167GeV and
gxx = 3.47g,. [72]. Here, p,, and pxx are the phase space
factors, given by [72]

[ 4m? 4m?
Prr = 1_7”7 PKK = _72](,
w w

with m, and my denoting the pion and kaon masses, re-
spectively. The factor Fgg, introduced in Ref. [73] to
suppress the KK contribution, is factorized as
Fyx =e " with @ = 2.0GeV 2.

29

III. AMPLITUDES and NUMERICAL RESULTS

In Fig. 1 and Fig. 2, we present the leading-order
Feynman diagrams for the B* — D}(R —)K*K~ decay in
the PQCD framework. Fig. 1 shows four emission-type
topologies, where the first two correspond to factorizable
emission diagrams and the remaining two to nonfactoriz-
able ones. Fig. 2 illustrates four annihilation-type topolo-
gies, including two factorizable and two nonfactorizable
diagrams. Although annihilation contributions are power
suppressed relative to emission ones, they provide the
dominant strong phase necessary for generating direct CP
asymmetry.

Using the factorization formula and the wave func-
tions introduced above, the decay amplitudes can be eval-
vated systematically. For B* — D!(R —)K*K~ decays
with S-wave intermediate resonances, including f,(980),
f0(1370), and fy(1500), the contributions from the four
classes of topologies—factorizable emission, nonfactoriz-
able emission, factorizable annihilation, and nonfactoriz-
able annihilation—are denoted by F,rs, Meurs, Aars, and
Wanrs, respectively. For the two factorizable emission
diagrams in Fig. 1, the amplitude F,;s is written as

1 1/A
Fops = SFCFméfD/ dxldxz/ bidb, bydb; pp(x1,b1)
0 0

X { [0 = D (B3 () (320 + 1) = 2 = 1)+ 2oy = D5 (x) + 85 (1))

X Eop(t)hes[x1,X2,b1,b5] + [77(772 -1 (¢§ (x2)n =245 (xz))] Eor(tp)hefl X2, x1,b2,by ]} )

(30)

where b; (i = 1,2) denotes the variable conjugate to the transverse momentum k;z. The Sudakov factor E,, and hard ker-
nel &, are given in Ref. [60]. Since the emitted D} meson can be factorized and integrated out, its effect is encoded in

-7
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the decay constant fp, so that F,;s depends only on the wave functions of the B meson and the S-wave KK system.

By contrast, in the nonfactorizable emission diagrams the hard gluon is attached to both valence quarks of the emit-
ted D}, preventing factorization of this meson. Consequently, the amplitude involves all three wave functions and takes
the form

) 1 1/A
Menf,S = 16 gﬂCFmZ;/ dX|d)C2d)C3/ b]db| b2db2 ¢B(X],b|)¢D(.X3,b3)
0 0
X {{—¢2 (7 (3 = 2:03) = % ()3 + 32 [ 65 () = 65 ()]

X Eopp(t)Neng1[x1, %2, b1,02] + [77(7]2 - 1)(¢2 (x2)m =245 (xz))] Eenr(tp)henpa X1, %2, b1, bz]} , (3D

where the corresponding evolution factors and hard functions are also specified in Ref. [60]. In two-body B decays into
two light mesons, such as B— PP, PV, or VV, this class of amplitudes is typically suppressed due to a cancellation
between the two nonfactorizable diagrams induced by the relative minus sign of the antiquark propagator. When a D
meson is emitted, however, this cancellation becomes ineffective because the large mass difference between the charm
quark and a light quark breaks the symmetry between the two diagrams. As a result, for color-suppressed channels the
nonfactorizable contributions can even dominate the total decay amplitude [62—65].

The diagrams in Fig. 2 correspond to annihilation topologies. When the hard gluon attaches to the quarks entering
the four-quark operator and subsequently flowing into the final-state mesons, the resulting diagrams are classified as
factorizable annihilation diagrams. In this case, the initial B meson can be factorized and integrated out, yielding its de-
cay constant fz. Consequently, the amplitude A,s depends.only on two meson wave functions and can be written as

! 1/A
Aups = SﬂCFm%fB/ dxzdx3/ bydb; b3dbs ¢p(x3,b3)
0 0
X {{ — 3 (x2) [x3(rj +2n' =)+ 772] = g (x2) ra(xs + 1)77} Eq¢(ta) haplx2,x3,b7,b5]

- [¢§ (xz)(zrd + (7 - 1)) + (1 + Zrdxz)n¢§ (x2) +2r4(x2 = Db (xz)] Eqp(1) haf[xa,xz,b3,b2]}- (32)

If instead the hard gluon is emitted from a quark in the initial B meson, the topology becomes a nonfactorizable an-
nihilation diagram. The corresponding amplitude W,,s involves all three wave functions and is given by

1/A
0

2 1
Wangs = 16 \@ncpm‘; / dx,dx;doxs / bidby bydbs $(x1,b1)dp(x3,b2) X {{ — 5 () [132xy = x5 + 1) = 2y + 17
0
—7qn [¢§ (02) (X2 + 23 +2) + ¢l (x2) (x2 — X3)] }Eanf(fu) Rangi[X1,%2,b1,b,]

- [¢2 (x2)x3 —rqm [¢§ (02) (X2 + X3) + i (x2) (X3 — xz)] ] Eopf(tp) hanpa[x1, X2, b1, bz]} . (33)

The P-wave and D-wave contributions to the B* — D!(R —)K*K~ decays, associated respectively with the P-wave
resonance ¢(1020) and the D-wave resonances f,(1270) and f;(1525), are listed below. The factorizable annihilation
amplitude for the P-wave case is

1 1/A
Aaf,p = 87TCFm2»fB/ d.XZd.X3/ bzdbz b';db; ¢D(X3,b3)
0 0
X { [¢§)>(x2)x3(r§ + 2772 -1- ¢?>(X2)le —2¢p(x2)r4(x3 + 1)77] Eqr(t)heslx2,x3,b5,b5]

+ [¢0P(x2) (rQCx+ 1)+ X207 = 1) = ran(265(x2) X2 + $3(x2) + Pp(x2) (2, — 1))] X Eqp(tp)halx3, X2, ba,bz]} . (34
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while the nonfactorizable annihilation contribution reads

1/A
0

2 1
Wan_ﬂp =16 \/;ﬂCFm‘;/ dxldxzdx3 / bldbl bzdbz ¢B(X1,b1)¢D(X3,b2) X { |:¢(1))(XZ)(7‘§(2X2 — X3+ l) — X+ ]72)
0
- Vdﬂ(‘ﬁfs(xz)(xz +x3+2) + Pp(x2) (X2 — x3))} E ot )hansi1[x1,%2,b1,b5]

= [ #5002 = 203) + (023 + ra ($p(x2) (62 + X3) + Bp(02) (X5 = %2)) | X a0 anys [xl,xz,bl,bz]}. (35)

For the D-wave sector, the factorizable emission amplitude is

2 1 1/A
Fef,D = 8 \/gﬂCFm?}fD/ dXIdXZ/ bldbl b2db2¢3(xl,b1)
0 0
x { [0 = D () (r32x2 + 1) = x2 = 1) + (22 — D) + By (x2)) |

X Eof(t)hes %1, X2, b1, by + [ - 1)(¢%<xz)n—2¢§(xz))}Eef(th)hef[xz,xl,bz,bll}, (36)

and the corresponding nonfactorizable emission amplitude is

32

Menf,D = 3

1 1/A
ﬂCszfD/ dxldxzdx3/ b]dblbzdb2¢3(xl,bl)
0 0
x {{ — B (2 = 223) = G (x2)ixs + xam [ 85, (x2) — i (x2)] |

X Eong(ta)henp [0, X251, ba] + [1107° = 1D($(02) = 26 (42)) | X Eeny (1) fz[xl,xz,bl,bz]}. (37)

The factorizable annihilation and nonfactorizable annihilation amplitudes in the D-wave case are

2 1 1/A
Aapp =8 gﬂCFm%fB / dxrdx; / bydb; b3dbs ¢p(x3,b3)
0 0
x {{ =88 (e2) [+ 27 = 1) = 17] =265 (w2 + D}
X Eqp(ta) hap(x2,x3,b2,b3) = [¢2 (02) (2%, = D) + 227" = 1)) = 5 (x2)n (=2ra(x2 + 1))

+ s (x2)n (2r(x, - 1))} X Eqz(tp) haf(x39x2’b3vb2)} , (38)

32 1 1/A
Wang.p = 5 7Crmiy / dxdx,dxs / bidby bydb ¢(x1,b1)¢p(x3,b2) X { {= 8 [F2x - x5+ D= x + 7]
0 0
—71qn [(15; (02) (X2 + 23 +2) + ¢l (x2) (x2 — Xa)] } X Eyn(ta) hanp1(x1,%2,b1,b2)

- [(152 (x2) (le(xz —2x3)+ X3) +ran [¢§ (02) (22 + 2x3) + P (x2) (o3 — Xz)H X Eunp(tp) hanpr (X1, X2, b1, bz)} . (39)

Using the amplitudes derived above, we obtain the

+ + + =\ n .3 s
total decay amplitudes, which incorporate the CKM mat- A(B™ = D5 (fo(980) =)K"K) = My sind + M cos6,

(40)
rix elements and Wilson coefficients. The total S-wave
amplitudes corresponding to the resonances f,(980), AB* — DI(f,(1370) »)K*K ™) = 0.78 M} +0.51 M,
f0(1370), and f,(1500) are summarized as (41)



Zhi-Tian Zou, Jun-Peng Wang, Rui Zhou et al.

Chin. Phys. C 50, (2026)

A(B* — DI(fo(1500) =)K"K™) = —0.54 M + 0.84 M,

(42)
where the amplitudes M{ and M are defined by
s =AB" - Di(fy§ »)K'K")
= OV Vla Fups +CiMoys] (43)
\/§ ub VeslU1L ef S 1 Venf,S 1
Mg = AB* — D{(f; >)K'K")
G
= lvshvcs[alAaf,S +CiWanps]. (44)

V2

The internal structure of the f,(980) resonance re-
mains unsettled till. Although some experimental evid-
ence favors a tetraquark interpretation, we treat it here as
a conventional quark—antiquark state described by the
mixing ansatz

£,(980) = [ni) sin§ + | s3) cos 6, (45)
with nii = (uii +dd)/ V2. The mixing angle € is not yet
precisely determined. Previous phenomenological’ ana-
lyses of B — f,(980)K™ decays extracted § = 17°, and our
recent study of quasi-two-body processes
B — K/n(f,(980) =)K*K~/n*x~ 'showed that this value
consistently accommodates current experimental data.
We therefore adopt 6 = 17° throughout this work.

For the resonances f,(1370) and f,(1500), a similar
mixing pattern [74] is assumed,

£5(1370) = 0.78|nit) + 0.51]s5), (46)

fo(1500) = —0.54|ni1) + 0.84]s5), (47)

where small scalar-glueball components are neglected,
since they are beyond the scope of the present analysis.

The total amplitude for the quasi-two-body decay in-
volving the P-wave resonance ¢(1020),

A(B* - D! (¢(1020) =)K*K~)
— GF

\/2 V;h V(‘x [alAaf,P + Cl Wanf,P]’

(48)

arises purely from annihilation topologies.
Taking into account the mixing between f>(1270) and
£5(1525), the corresponding D-wave amplitudes are

A(B* - DI (f>(1270) =)K*K")

= M}, cos(8') + My, sin(6), (49)
AB* - D (f(1525) >)K*K")
= M}, sin(8") — M}, cos(8), (50)
with  =7.8° [75, 76] and
M}, = ABY - Di(fy =)K'K")
Gr
=—V' V.aF.ep+CiM,pl, 51
\/z ub [ 1 f.D 1 f,D] ( )
My=AB* - Di(f, =)K'K")
G
= =LV, VaslaiAuzp + Ci Wansp]. (52)

V2

The coefficient a; denotes the usual combination of
Wilson coefficients,

C
(11:C2+?1,

(53)
where C;, and C, are the wilson coefficients in the
Hamiltonian of Eq. (6).

After calculating the total decay amplitude, we obtain
the differential branching fraction,

d*8 _ TB"-"ﬁl‘ |l3)3‘

- |ﬂ|2 ’
d¢dw 32m3m3

(54

where 15 is the B-meson lifetime. The three-momenta of
one kaon and of the bachelor meson D} in the KK center-
of-mass frame are

|ﬁ]| — V /l(w;jm%{’m%(), \/ A(m%, sz,(,t)z) . (55)
w w

|75l =

For numerical evaluation we adopt the following in-
put parameters (masses and decay constants in GeV, life-
time in ps) [68]:

mp+ = 5.280,m;, =4.8,m, = 1.275, mg= = 0.494,
mp; = 1.968, f5 = 0.19£0.02, f, = 0.215, 7 = 0.186,
ff2(1270) = 0.102,ff€(mo) = 0.117,ff2'(1525) = 0126,

Fass) =0.065,75- = 1.638. (56)

Finally, the magnitudes of the isobar coefficients in
Eq. (2) are taken as
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|Cf0(1370)| =0.5, |Cﬁ)(1500)| = 0-3,|Cf2(1270)| =0.3. (57)
Each coefficient ¢; is, in general, complex and encodes
the relative phase among different resonant channels. In
the present work, however, only their magnitudes are re-
tained, since interference among distinct resonances is
not included in our analysis.

Based on the total amplitudes and the input paramet-
ers specified above, we evaluate the branching fractions
for the quasi-two-body decays B* — D}(R—)K'K~,
where the intermediate resonance R includes the S-wave
states f,(980), fo(1370), and f,(1500), the P-wave state
#(1020), and the D-wave states f,(1270) and f;(1525).
The numerical results are collected in Table 2. Theoretic-
al predictions in the PQCD framework are subject to sev-
eral sources of uncertainty. In this analysis we consider
three dominant categories. The first, quoted as the lead-
ing error in Table 2, arises from variations of hadronic in-
puts entering the initial- and final-state wave functions.
These include the B-meson decay constant fg, the shape
parameter wp = 0.4 +0.04 GeV in the B-meson LCDA, the
decay constant of the D! meson, the parameter
cp =0.4+0.1 in the D,-meson wave function, and the Ge-
genbauer moments appearing in the S-, P-, and D-wave
two-kaon distribution amplitudes introduced previously.
This source provides the dominant theoretical uncer-
tainty, reflecting the fact that the wave functions consti-
tute the primary nonperturbative inputs of the PQCD
formalism. The second category estimates the impact of
unknown next-to-leading-order contributions, including
radiative and power corrections. We assess this uncer-
tainty by varying the QCD scale Agcp'= 0.25+0.05 GeV
and the typical hard scale ¢ within the interval 0.8r—1.21.
The third source originates from the experimental uncer-
tainties of the CKM matrix elements. The combined ef-
fects of these three classes of uncertainties define the total
theoretical errors reported in Table 2.

From Table 2, the predicted branching fractions lie in
the range 1078—107%, which falls within the sensitivity of
current and forthcoming measurements at experiments
such as LHCb and Belle 1I. In particular, the branching
fractions for the channels B* — D?(¢(1020) —»)K*K~ and
B* - D! (f,(980) »)K*K~ are markedly smaller than

those of the remaining modes. For
B* — D (¢(1020) »)K*K~, the total amplitude in Eq.
(48) shows that this process proceeds purely through an-
nihilation topologies, whose contributions are power sup-
pressed relative to emission diagrams, leading naturally
to a reduced rate. By contrast, although
B* — D! (f,(980) —)K*K~ receives sizable color-allowed
emission contributions, its branching fraction remains
small because the invariant mass of the final-state kaon
pair slightly exceeds the nominal mass of the f,(980) res-
onance. In the narrow-width limit this channel would be
kinematically forbidden. The finite width of the f,(980),
however, permits the decay through its off-shell tail, but
the available phase space is strongly restricted, resulting
in an additional suppression of the branching fraction.

In Ref. [38], the predicted dependence of the differen-
tial branching fractions dB/dw on the kaon-pair invariant
mass @ is presented for the resonances ¢(1020), fo(980),
£>(1500); £,(1710), and f£;(1525) in the B — K(R — KK)
decays (see Figs. 2 and 3). It is evident that the dominant
contribution to the branching fractions arises from the re-
gion around the pole mass of each resonant state. We note
that the distribution for B* — D}(R — KK) exhibits a very
similar behavior; for this reason, the corresponding plot is
omitted in the present work for limited space.

To assess the reliability of the two-meson wave-func-
tion formalism, we extract the branching fractions of the
corresponding two-body decays B* — DR from the cal-
culated quasi-two-body results using the narrow-width
approximation (NWA). Within this approximation, the
branching fraction for a quasi-two-body decay
B* — D!(R —)K*K~ factorizes into the product of the
branching fraction for the underlying two-body transition
B* — D!R and the decay probability of the intermediate
resonance R — K*K~. Explicitly,

B[B" — D} (R — K*K")] = B[B* — D;R|B[R — K*K"].
(58)

Using this relation, we combine our predicted quasi-two-
body branching fractions with the experimental values for
B[R —» K*K"] to determine the corresponding two-body

Table 2. PQCD results for the branching ratios of the S, P and D wave resonant channels in the B* — D} K*K~.

Decay Modes

Quasi-two-body

B* — D¥(f5(980) »)K* K~

B* - DF(fo(1370) »>)K* K~
B* — D*(f5(1500) =)K*K~
B* — D¥(¢(1020) -)K* K~

B* - DF(f>(1270) »)K* K~
B* — D}O(f](1525) =)K* K~

B(10°%) 9.90%3 8545431074
B(10°6) 1042030050+ 0.0%
B(1077) 191X 03 0a0%
B(10°8) (EPARFAL R
B(1077) 6.3353 37151103
B(10°7) 2134 50 0
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branching ratios B[B* — D}R]. Comparison of these ex-
tracted results with existing measurements or independ-
ent theoretical calculations provides a nontrivial consist-
ency check of the framework. The experimental branch-
ing fractions for the relevant resonance decays into K*K~
are [68]

B¢ — K*K™]=(49.9£0.5), (59)
BL£5(1500) > K*K] = (4.25+0.5), (60)
BI£(1270) > K*K 1= (2.3+0.2), (61)
BIf(1525) > K*K™] = (4.4 1.1). (62)

Employing these inputs together with the results in
Table 2, we obtain approximate values for the corres-
ponding two-body branching fractions B* — DR, which
are listed in Table 3. Unfortunately, there are currently no
reliable experimental results available for comparison;
therefore, we can only compare our findings with previ-
ous pQCD predictions[62, 64, 77]. The NWA-extracted
results are consistent with earlier PQCD calculations
within theoretical uncertainties, providing supporting
evidence for the validity of the present treatment.

We do not extract B[B* — D! f;(1370)], since the ex-
perimental value of B[f,(1370) - K*K~] is presently un-
available. Likewise, we do not determine B[B" —
D7 £,(980)] from the channel B* — D! (f,(980) =)K*K".
The NWA is applicable only when the intermediate res-
onance is narrow and lies sufficiently above the kinemat-
ic threshold of its decay products, such that both subpro-
cesses B — MR and R — M,M; can occur on shell. In the
present case, the decay f,(980) — K*K~ is kinematically
forbidden at the resonance pole. The observed quasi-two-
body process instead proceeds through the finite-width
tail of the f,(980), implying that the intermediate state is
off shell and cannot be factorized within the NWA. Con-
sequently, the NWA is not applicable to

Table 3.
B* - DR decays, extracted from the corresponding quasi-

The branching fractions (in units of 107°) for

two-body decays based on the Narrow-Width Approximation
(NWA), along with the PQCD predictions[62, 64, 77].

Decay Modes NWA PQCD
B' — D} o(1500) 4497339 199153 [64]
B* — D} ¢(1020) 0.15+5:99 0.13+0.0 [77]
B* - D} ,(1270) 27,52 1519 29.9°216 [62]
B - DI’ f;(1525) 0487053 0414924 [62]

B* — D! (f,(980) -»)K*K~, and this channel cannot be
used to extract B[B* — D7 f,(980)]. A determination of
this quantity would instead require channels such as
B* — D! (£,(980) —)nr, for which the resonance decay is
kinematically allowed.

In Ref. [57], the LHCD collaboration reported no sig-
nificant signal for the pure annihilation decay B* — D¢,
but a branching fraction was extracted using the follow-
ing relation:

BID* - K*K]

B[B _)DS¢]:KB[¢—>K+K*]

B[B* —» DD, (63)

where x represents the efficiency-corrected ratio of sig-
nal to normalization yields, measured as [57]

k=(1.6"72+1.1)x107. (64)
The derived branching fraction is
B[B* - D¢] = (1.2715+0.8+0.1)x 1077, (65)

which is in good agreement with our NWA-based predic-
tion shown in Table 3. This agreement provides an inde-
pendent verification of the accuracy of our theoretical
calculations for the three-body decay
B* — D! (¢(1020) —»)K*K~. Additionally, it strengthens
the case for the validity of the two-meson wave function
mechanism. Future measurements, including amplitude
analyses, are expected to refine the understanding of the
decay dynamics and will provide further opportunities to
test and refine the predictions presented in this work.

Finally, we emphasize that no direct CP asymmetries
arise for these modes within the SM, since they are medi-
ated exclusively by tree-level operators. Direct CP viola-
tion requires interference between amplitudes with differ-
ent weak phases —typically tree and penguin contribu-
tions—which is absent in the present case.

IV. SUMMARY

In this work, we investigate the quasi-two-body de-
cays B* — D!(R —)K*K~ within the PQCD approach, fo-
cusing on contributions from the S-wave K"K~ reson-
ances f,(980), fo(1370), and f,(1500), the P-wave reson-
ance ¢(1020), and the D-wave resonances f>(1270) and
f(1525). The dynamics of the K*K~ system are de-
scribed by parameterizing the corresponding timelike
form factors Fgpp(w?) using relativistic Breit-Wigner
line shapes and the modified Flatté model, as appropriate.
By introducing the relevant S-, P-, and D-wave two-kaon
distribution amplitudes to account for the interactions
within the kaon pair, we complete the calculation of the
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decay amplitudes in a consistent factorization framework.
As a result, we obtain predictions for the branching frac-
tions of the considered quasi-two-body decay modes,
which are found to lie in the range 107® to 107 and are
within the reach of current experimental sensitivity. Fur-
thermore, employing the narrow-width approximation,
we also extract the branching fractions of the correspond-
ing two-body decays B* — D!R, providing complement-
ary theoretical predictions for future experimental studies.
Our comparison of the theoretical predictions for
B* - D!(R —)K*K~ decays with the experimental res-

ults from the LHCD collaboration confirms the validity of
the perturbative QCD approach. The agreement between
theory and experiment further strengthens the credibility
of this model for quasi-two-body decays. Future work,
particularly with more refined experimental data from
amplitude analyses, will provide even greater precision
and help to refine the theoretical predictions. This study
contributes to the growing body of knowledge on rare B-
meson decays and their potential as probes for new phys-
ics beyond the Standard Mode.
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