PHYSICAL REVIEW D 102, 056017 (2020)

Resonant contributions to three-body B ) — [D).D™]K*K~ decays
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In this work, we study the S, P, and D wave resonance contributions to three-body decays B, —
[D(*>, D(*)]K TK~ by employing the perturbative QCD (PQCD) approach, where the kaon-kaon invariant
mass spectra are dominated by the f,(980), f((1370), ¢(1020), ¢(1680), f,(1270), £5(1525), £,(1750),
and f,(1950) resonances. The KK S-wave component f(980) is modeled with the Flatté formalism, while
other resonances are described by the relativistic Breit-Wigner line shape. The corresponding decay
channels are studied by constructing the kaon-kaon distribution amplitude @, which captures important
final state interactions between the kaon pair in the resonant region. We found that the PQCD predictions
for the branching ratios for most considered decays agree with currently available data within errors. The
associated polarization fractions of those vector-vector and vector-tensor decay modes are also predicted,
which are expected to be tested in the near future experiments. The invariant mass spectra for the
corresponding resonances in the B, — [D"), D*)]K* K~ decays are well established, which can be
confronted with the precise data from the LHCb and Belle II experiments.
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I. INTRODUCTION

Studies of nonleptonic B meson decays are crucial for
testing the standard model (SM), understanding the quan-
tum chromodynamics (QCD), and searching for the pos-
sible new physics beyond the SM. Testing the SM requires
first to measure its free parameters precisely and to
understand how to improve the precision of theoretical
calculations. Most of the free parameters of the SM are
related to flavor, such as the Cabibbo-Kobayashi-Maskawa
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(CKM) angles a, f3, and y. The precise measurement of the
angle y of the CKM unitarity triangle is a hot topic both in
flavor physics theories and experiments. An analysis of
the decays B, — D% opens possibilities to offer
competitive experimental precision on the angle y [1-3].
Although the charmed decays B — D¢ are CKM
suppressed compared with the B, — D™ decays, they
are important in the CKM angle y extraction method.
Therefore, a much deeper understanding of the related
phenomena is required.

On the experimental side, more and more detailed
analysis on the three-body B meson hadronic decays have
been performed by the BABAR [4-8], Belle [9-11], and
LHCb [12-19] collaborations based on the large data
sample. The decay BY — D¢ was first observed by the
LHCb Collaboration [14]. Meanwhile, a significant signal
BT — DY KT K™ is observed for the first time by the LHCb
Collaboration [17] and a limit of B(BT — Df¢) < 4.9 x
1077(4.2 x 1077) is set on the branching fraction at 95%
(90%) confidence level (CL). In addition, the LHCb
Collaboration [18] reported their first measurement
B(BY - D*%¢) = (3.740.6) x 107> and gave an upper
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limit B(B® — D°¢) < 2.3 x 107% at 95% CL, where the ¢
meson is reconstructed through its decay to a K™K~ pair.

On the theoretical side, the two-body charmed decays
B, — [DY,DW][S, P, V., T] (here S, P, V, and T denote
the scalar, pseudoscalar, vector, and tensor mesons) have
been investigated within the framework of the PQCD
factorization approach [20-26]. The channels induced by
the b — ¢ transitions are CKM favored, while those
induced by the b — u transitions are CKM suppressed.
Thus, the b — u decays will have smaller branching ratios.
The interference between the b — ¢ and b — u transitions
gives the measurement of the CKM angle y. As is well
known, the charmed decays of By are more complicated
because of the hierarchy of the scale involved compared
with the decays of B,y mesons to the light vector mesons.
For example, the B — D transitions involve three scales:
the B meson mass mg, the D meson mass m1,, and the mass
difference from the heavy meson and the heavy quark
A = mg —m, ~mp —m,, which are strikingly different
from each other. Although, the factorization has been
proved in soft-collinear effective theory [27], it needs more
inputs than the PQCD approach. It can be found that the
momentum square of the hard gluon connecting the
spectator quark is only a factor of (1 —m3/m3%) to that
of the B — light transitions for B — D transitions, which
ensures that PQCD can also work well in B — D tran-
sitions. There are also many other traditional methods and
approaches to estimate the B — D transitions, such as the
heavy quark effective theory [28,29], light cone sum rules
[30-32], and lattice QCD [33-35].

As addressed before, the B — DKK decay is expected to
proceed through a ¢p - KK intermediate state. Moreover,
this process can also be dominated by a series of other
resonances in S, P, and D waves. In this work, we will study
the S, P, and D wave resonance contributions to three-body
decays B — DKK by employing the PQCD approach,
where the kaon-kaon invariant mass spectra are dominated
by the f((980), fo(1370), ¢(1020), ¢(1680), f,(1270),
f5(1525), f,(1750), and f,(1950) resonances. However,
the theory of three-body nonleptonic decays is still in an
early stage of development. Three-body B meson decay
modes do receive the entangled resonant and nonresonant
contributions, as well as the possible final-state interactions
[36-38], whereas the relative strength of these contributions
varies significantly in different regions of the Dalitz plots
[39,40]. In this respect, three-body decays are considerably
more challenging than two-body decays, but provide a
number of theoretical and phenomenological advantages.
On the one hand, the number of different three-body final
states is about ten times larger than the number of two-body
decays. On the other hand, each final state has a nontrivial
kinematic multiplicity (a two-dimensional phase space) as
opposed to two-body decays where the kinematics is fixed
by the masses. This leads to a much richer phenomenology,
but there is no proof of factorization for the three-body B
decays at present. We can only restrict ourselves to specific
kinematical configurations on the basis of the Dalitz

plot analysis. The Dalitz plot contains different regions
with “specifical” kinematics [41,42]. The central region
corresponds to the case where all three final particles fly
apart with similar large energy and none of them moves
collinearly to any other. This situation contains two hard
gluons and is power and a, suppressed with respect to the
amplitude at the edge. The corners correspond to the case in
which one final particle is approximately at rest (i.e., soft),
and the other two are fast and back-to-back. The central part
of the edges corresponds to the case in which two particles
move collinearly and the other particle recoils back: this is
called the quasi-two-body decay. This situation exists
particularly in the low zz or Kz or KK invariant mass
region of the Dalitz plot. Thereby, it is reasonable to assume
the validity of factorization for the quasi-two-body B meson
decay. Naturally the dynamics associated with the pair of
final state mesons can be factorized into a two-meson
distribution amplitude (DA) @, ;,, [43-49].

In recent years, based on the PQCD approach, more and
more detailed analysis on the three-body B meson hadronic
decays have been performed in the low energy resonances
on zz, KK, Kr, and 7y channels [50-68]. Other theoretical
approaches for describing the three-body hadronic decays
of B mesons based on the symmetry principles and
factorization theorems have been developed. The QCD-
improved factorization [69—72] has been widely adopted in
the study of the three-body charmless hadronic B meson
decays [42,73-84]. The U-spin and flavor SU(3) sym-
metries were used in Refs. [85-90]. Unlike the collinear
factorization in the QCD factorization approach and soft-
collinear effective theory, the ky factorization is utilized in
the PQCD approach. In this approach, the transverse
momentum of valence quarks in the mesons is kept to
avoid the endpoint singularity [91,92]. The Sudakov factors
from the k; resummation have been included to suppress
the long-distance contributions from the large-b region
with b being a variable conjugate to k7. Therefore, one can
calculate the color-suppressed channels as well as the color-
allowed channels in charmed B decays within the PQCD
approach. The conventional noncalculable annihilation-
type decays are also calculable in the PQCD approach,
which is proved to be the dominant strong phase in B
decays for the direct CP asymmetry.

As aforementioned for the cases of the quasi-two-body
decays, the two mesons (%;4,) move collinearly fast, and
the bachelor meson /5 is also energetic and recoils against
the meson pair in the B meson rest frame in the quasi-two-
body B — (hihy)h; decays. The interaction between the
meson pair and the bachelor meson is regarded as to be
power suppressed. The typical PQCD factorization formula
for the B — (h;h,)h3 decay amplitude can be described as
the form of [50]

A=, H® D), @ Dy, (1)

where H is the hard kernel, and ®p and @, are the
universal wave functions of the B meson and the bachelor
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meson, respectively. The hard kernel H describes the
dynamics of the strong and electroweak interactions
in three-body hadronic decays in a similar way as the
one for the corresponding two-body decays. The wave
functions ®; and @, absorb the nonperturbative dyna-
mics in the process. The @, ;, is the two-hadron (KK pair
in this work) DA, which involves the resonant and
nonresonant interactions between the two moving collinear
mesons.

The paper is organized as follows. In Sec. II, we give a
brief introduction for the theoretical framework and the
total decay amplitudes with the wilson coefficients and
|

V2

GF *
V2 Vubch

Heff =

where V ;) and V() are the CKM matrix elements and
R denotes the various partial wave resonances f(980),
fo(1370), ¢(1020), ¢(1680), f,(1270), f5(1525),
£»(1750), and f,(1950), respectively." The explicit ex-
pressions of the local four-quark tree operators O ,(u) and
the corresponding Wilson coefficients C; ,(u) can be found
in Ref. [93]. The ¢ in Eq. (2) represents the quark d or s.
Noted that only tree diagrams contribute to these pro-
cesses, which shows that there is no direct CP asymmetry
in these decays. The typical Feynman diagrams for the
decays B(;) — D"(R —)KK and B(,) —» D" (R —)KK
are shown in Figs. 1 and 2, respectively.

We will work in the B meson rest frame and employ
the light-cone coordinates for momentum variables. In the
light-cone coordinates, we let the kaon pair and the final-
state D) move along the directions n = (1,0,01) and
v = (0, 1, OT), respectively. The B meson momentum pp,
the total momentum of the kaon pair, p = p; + p,, the
final-state D*) momentum p;, and the quark momentum k;
in each meson are defined in the following form:

mp mp
=—(1,1,07), kg=1(0,x3g—.k s
PB \/2( T) B ( B\/z BT)

mp 2 2 mp
=—((1=-rp.n07), k=|(z(1-rp)—7=.,0,kr ),
p="E 0= 0. k= (2(1- )" 0.k )

mg , 5 mp
:—r’l— ,0 . k: 0,x 1_ _7k )
P3 \/E(D n,0r) 3 < 3( ’7)\/5 3T>
(3)
where my is the mass of the B meson, 1 = #2_#) with
B D

rp = Mpw/mp, mpe is the mass of the bachelor meson,

'In the following, we also use the abbreviation f, ¢, and f, to
denote the S, P, and D-wave resonances for simplicity.

CKM matrix elements, and the amplitudes of four-quark
operators needed in the calculation will be given in Sec. III.
Section IV contains the numerical values and some dis-
cussions. A brief summary is given in Sec. V. The
Appendix collects the explicit PQCD factorization formu-
las for all the decay amplitudes.

II. FRAMEWORK

A. The effective Hamiltonian and kinematics

For B — D"(R —)KK decays, the weak effective
Hamiltonian can be specified as follows [93]:

SLV2,V ig[CL() 01 (1) + Co(u) Oy ()], for By) — DM(R —)KK decays,

(2)

[C1(1)O1 (1) + Co(u) Oz (w)],  for B(s) — DY (R —)KK decays,

and the invariant mass squared ®* = (p, + p,)> = p?. The
momentum fractions xp, z, and x3 run from zero to unity,
respectively. In the heavy quark limit, the mass difference A
between b-quark (c-quark) and B(D) meson is negligible.

As usual we also define the momentum p; and p, of
kaon pair as

pi=Cp" (1 =Onp™,pin),
pr=((1=8)p*.Cnp*.par). (4)

with ¢ = p{/P* characterizing the distribution of the
longitudinal momentum of the kaon and pi; = p3; =

{1 =¢)a.
B. Wave functions of B meson and the D*) mesons

The light-cone matrix element of the B meson can be
decomposed as [94]

/ d*ze™12(0q5(2)b,(0)|B(ps))

= JZ;'TC{(VB +mp)ys [qu(k,) -5 és(k.)] }ﬂa,

where ¢ represents u or d or s quark. According to the
above equation, there are two different wave functions ¢p
and ¢ in the B meson distribution amplitudes, which obey
the following normalization conditions:

d*k, _fB
/ el = 2

In general, one should consider these two Lorentz
structures in the calculations of B decays as shown in

d*K; - -
@i Ppk) =0 (6)
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FIG. 1. Typical leading-order Feynman diagrams for the quasi-two-body decays B — D*)(R —)KK, with ¢ = (u,d,s), and the
symbol ¢ denotes the weak vertex with the diagrams (al)—(d1) for the B - R — KK transition, as well as the diagrams (e1)—(h1) for

annihilation contributions.

Ref. [95]. However, we neglect the contribution of ¢p
because of the numerical suppression in this work.
Then, the wave function of the B meson can be written
as [94,96-101]
i
Op = N (P + mp)rsdp(ky), (7)

with the widely used B-meson DA in the PQCD approach
[96,98]

M3ix* 1
bul.b) = Np(1 =) exp | ==L = (@) |. (8)
Wp

where the normalization factor N depends on the values of
wpg and fp and defined through the normalization relation
S dxpp(x,b=0) = f/(2V/6). wp is a free parameter
and wg = 0.40 £ 0.04 GeV and wp = 0.50 & 0.05 GeV

D

0000

(al) (b1)

[96,100,101] are used in the numerical calculations. Very
recently, a new method was proposed to calculate the B
meson light-cone DA from lattice QCD, which can be used
as an updated input for the B meson DA in the future [102].

For the D*) meson, in the heavy quark limit, the two-
parton light-cone DA can be written as [20-25]

(D(p3)|94(2)24(0)[0) = \/Z_T / ! rettpre

X [rs(#3 + mp)dp(x,D)] 5 (9)

(D" (p3)|44(2)24(0)[0) = -ﬂlT / L

X [¢1(#3 + mp)h (x.b)
+ ¢r(#3 + mp )l (x, b)) o,
(10)

-
CROCECE

(cD (dn

(e2) (f2)

(g2) (h2)

FIG. 2. Typical leading-order Feynman diagrams for the quasi-two-body decays B — D*)(R —)KK, with ¢ = (u,d, s), and the
symbol ¢ denotes the weak vertex with the diagrams (al)—(d1) for the B - R — KK transition, as well as the diagrams (e2)—(h2) for

annihilation contributions.
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where
L(T
dp(xb) = dp (x.b) =5 \/me 6x(1 =)
272
x[l—i—CD(l—Zx)]exp{ “’2”}, (11)
with Cp=05+0.1,0=0.1GeV and fp- =

211.9 MeV [103] for D meson. In the above models, x
is the momentum fraction of the light quark in the D meson.
We determine the decay constant of the vector meson D* by

using the relation fp: = ,:’:—DD fp based on the heavy quark

effective theory [104].

C. Two-kaon DAs

Below, we briefly introduce the S, P, and D-wave two-
kaon DAs and the corresponding timelike form factors used
in our framework. It will be shown that resonant contri-
butions through two-body channels can be included by
parametrizing the two-kaon DAs. The S-wave two-kaon
DAs are described in the following form [61]:

1
OO = —— [P(2.C. ) + 03 (2. £ )

In what follows the subscripts S, P, and D are always
associated with the corresponding partial waves.

The above various twists DAs have similar forms as the
corresponding twists for a scalar meson by replacing the
scalar decay constant with the scalar form factor [105]. For
the scalar resonances f((980) and f,(1370), the asymp-
totic forms of the individual DAs in Eq. (12) have been
parametrized as [43—46]

2
et =2 5 asz(1 -1 -2, (13
F 2
d3(z. ¢ @*) = 2\5/(%, (14)
Fs(a?)
Hiecod) =g 1-20). (3)
with the timelike scalar form factor Fg(w?) and the

Gegenbauer coefficient ag.

The P-wave two-pion DAs related to both longitudinal
and transverse polarizations have been studied in Ref. [106].
Naively, the P-wave two-kaon ones can be obtained by
replacing the pion vector form factors with the correspond-

V2N, ing kaon ones. The explicit expressions of the P-wave kaon-
¢ . 5 kaon DAs associated with longitudinal (L) and transverse (T)
+ o(tf - 1)¢s(z.{. o). (12) polarization are described as follows:
|
1 ) -
e [Wg(z,c o) + oz L) + EEL B g et w2>], (16)
1 Hepo v -
O = e | B . 0) 4 (e o) 4 10T ). (17)
The two-kaon DAs for various twists are expanded in terms of the Gegenbauer polynomials:

3Fp(a?)
Pp(z.¢, @) :WZ(I —2) [1+‘12P (5(1-22)* - ):|P1(2§_1)v (18)

(2
d5(z, (%) = 32FP\/2£(;V)_)(1 —22)[1 + a3p(10z% = 10z + 1)]P;(2¢ — 1), (19)

3FF(0? 3
By(en o) = 0 (1 =227 1ty 3500 =27 = )] P22 = 1), (20)
3FF (w? 3

#he o) =22 o0 -2 14, S50 - 227 - )] VAT o)

(.2
d%(z, ¢, 0?) = %(1 =22)[1 + a4p(10z2 = 10z + 1)1 /¢ (1 = ©), (22)

3Fp(a?)

p(z.00?) ==L {[1+ (1= 22 + abp[3(22 = 1)2 = 1]}V/¢(1 = 0). (23)

82N,
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with the two P-wave form factors Flh(w?) and F(w?) and the Gegenbauer coefficients abp.
We introduce the D-wave two-kaon DAs associated with longitudinal and transverse polarizations as follows [61]:

P — \@ el [ﬂqs%(z,c, )+ oy o)+ LI L e o wzﬂ, (24)
b= \@ﬁ st )+ o) i TP g o). 2s)
The D-wave DAs are given as
#iencor) = SN 1 2z - D]ma(25 - 1), (26)
(a6 0”) = =4 2L (1~ 62+ 62)|Pa(25 - ) @
(et ) = 22 (1 - 62+ 62) 22— ]l - 1), (28)
#h(enceor) = 52D 1 - a2z - 1)7©) (29)
Poa.C.0?) = fl'%%?az@z G (30)
Bo(e-6.0) = =0 a1~ 6+ 62)70), 1)

with the {-dependent factor P,(2¢ — 1) = 1-6{(1 — {) and

T©Q) =20 -1)/Z(1=0). Fi*(?) are the D-wave
timelike form factors and the Gegenbauer moments a%;’
have been determined in our previous work [61].

The strong interactions between the resonance and the
final-state meson pair, including elastic rescattering of the
final-state meson pair, can be factorized into the timelike
form factor Fg p, p(@?), which is guaranteed by the Watson
theorem [107]. For a narrow resonance, we usually use the
relativistic Breit-Wigner (BW) line shape to parametrize the

timelike form factor F(w?). The explicit expression is [108]

|

The |p,| is the momentum vector of the resonance decay
product measured in the resonance rest frame, while | p| is
the value of |p,| at @ = m;. The explicit expression of
kinematic variables |p,| is

1l = ; (34)

TABLEI. Parameters used to describe intermediate states in our
. C,»m~2 framework.
1
F)=3 m2 —w® — imTy(0?) (32) Mass  Width
' Resonance [MeV] [MeV] JP€  Model Source
where the corresponding weight coefficients c¢; are deter- £4(980) 990 0" Flaté PDG [103]
mined based on the normalization condition F(0) = 1. The ¢ 1370) 1475 113 0t** RBW LHCb[109]
m; and I'; are the pole mass and width of the corresponding  (1020) 1019 4.25 1~ RBW  PDG [103]
resonances shown in Table I, respectively. The mass- #(1680) 1689 211 17~ RBW  Belle [110]
dependent width I';(@) is defined as f2 1270) 1276 187 2t  RBW  PDG [103]
f5(1525) 1525 73 27+  RBW PDG [103]
) m; |l_51 | (2Lg+1) f2(1750) 1737 151 27t RBW  Belle [111]
Ii(0?) =T <;> <@> : (33)  £,(1950) 1980 297 2+ RBW  Belle [111]
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with the Killén function A(a,b,c)=a*+ b*+ c* -
2(ab + ac + bc). Ly is the orbital angular momentum
in the dikaon system and Lz =0, 1,2, ... corresponds to
the S, P, D, ... partial-wave resonances. Due to the limited
studies on the form factor F(w?), we use the two decay

constants f’ ET) of the intermediate particle to estimate the
form factor ratio r’ = F-(w?)/Fl(0?) = (fT/f)).

The BW formula does not work well for f(980),
because its pole mass is close to the KK threshold. The
resulting line shape above and below the threshold of the
intermediate particle is called Flatté parametrization [112].
If the coupling of a resonance to the channel opening
nearby is very strong, the Flatté parametrization shows a
scaling invariance and does not allow for an extraction of
individual partial decay widths. If the scalar resonance lies
under the KK threshold, the position of the peak in the mass
spectrum does not coincide with the pole mass of the
resonance. To solve the problem, the finite width to the
propagator of scalar resonance has been taken into con-
sideration by Achasov [113-115], which is the one-loop
contribution to the self-energy of the scalar resonance from
the two-particle intermediate states. More details can be
found in Refs. [113-118]. In addition, the exponential
factor Fygx = e %% with a = (2.0 & 0.25) GeV~2 is intro-
duced above the KK threshold and serves to reduce the pg g
factor as the invariant mass increases, where gy is the koan
momentum in the kaon-kaon rest frame [119]. This para-
metrization decreases the f(,(980) width above KK thresh-
old slightly. In this work, the invariant mass of the dikaon is
above the K™K~ threshold; we have tested the impact of the
self-energy correction and found it is small. Thus, we
employ the modified Flatté model suggested by Bugg [119]
following the LHCb Collaboration [120,121],

2

me
F(a)z) _ £0(980)

(35)
The coupling constants g¢,, = 0.167 GeV and ggx =
3.47g,, [120,121] describe the f;(980) decay into the

final states 7"z~ and K™ K™, respectively. The phase space
factors p,, and pgg read as [112,120,122]

2 4m? 1 4m?
Przx = 5 I- gt—’__ 1_—2”07

3 W 3 W

1 am?, 1 4m?,

D. The differential branching ratio

The double differential branching ratio can be obtained
as [103]

m?'o(gg()) -’ - imy, 980)(9raPrr + IxkPrKF %K)

d’B _ 730|p1||P3
dédow  32n°m3

| ap. (37)

The three-momenta of the kaon and D meson in the KK
center-of-mass frame are given by

R A(a)z,m%(, m%()

|P1| :—Za) )

| = /I(m%,m%,a)z)
3 20

(38)

The complete amplitude A through intermediate resonan-
ces for the concerned decay channels can be written as the
summation of Ag, Ap, and Ap:

A:A5+AP+AD, (39)

where Ag, Ap, and A, denote the corresponding three S,
P, and D wave decay amplitudes.

Due to the angular momentum conservation require-
ment, the vector mesons ¢, D*, D* and tensor meson le) n
the quasi-two-body decays B(,) — (D*, D*)[fo —]KK and

B = (D.D)[. fg) —]KK should be completely polar-
ized in the longitudinal direction. For B(,) — (D*, D*) x

[, fg) —]KK decays, both the longitudinal polarization
and the transverse polarization contribute. The amplitudes
can be decomposed as follows:

Apipy = AL + Ayer - 37 + iAr€apponinlerey,  (40)

where A; is the longitudinally polarized decay amplitude,
and Ay and Ay are the transversely polarized contributions.

Therefore, the total decay amplitude for B — (D*,D*) x
2 fg) —]|KK decays can be expressed as

|Appy > = [ Ao + [A)[> + [ALI% (41)
where Ay, A, and A, are defined as

A():'AL’

The polarization fractions f, with 1 =0, ||, and L are
described as

Ay =V2Ay. AL =V2A4p. (42)

_ | AP
[Aol> + [A > + |AL]>

Ja (43)

with the normalization relation fo + f + f1 = 1.

III. CALCULATION OF DECAY AMPLITUDES
IN PQCD APPROACH

In this section, we intend to calculate the relevant decay
amplitudes. For the considered B, - D*(R —)KK
decays, the analytic formulas for the corresponding decay
amplitudes are of the following form:
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(i) S-wave:
A(BY = DO(fy =K K-) = ZEV v, [agFLE + CoMLL],
s fO _\/i bV us|2 efo 2% efols
A(B? - D*°(f, =)K*K") _Gryey [ay FLf + CoMLf
s 0 /2 ch Y us|42 2M gl
(i) P-wave:

G
—LVEV lasFEE + CoMEL,

V2

Gr
V2

A(BY - D°(¢p -)KTK™) =

AZ(B_(S‘) b D*O<¢ >K+K ) Vibvus[azFed)l + C2 €¢ l]

(ii1)) D-wave:

_ - _Gr .
.A(BO - DO(fg —>)K+K ) = 7Vcbvud[a2(F£}{‘2 + FIa‘}lz) + CZ(Mgfz +M‘lll}€2)]’

V2
A(B° RO ( £4 +r- GF LL
(Bs - D (f2 —>>K K ) = TVcbV,”[azF + C2Mafz]’
0 N0 £s + - Gr * LL LL

A(BY - D°(f5 =)KTK™) = 7§VCme[azl‘76f2 + CZMefz]’

- G R i
Ai(BO - D*O(fLZI _))K+K_) \/_V:bvud[QZ(Fej | + Faf l) + Cz(MS; i + Mﬁﬁ,,i)]?

A;(BY - D*(f4 -)K*K™) = Cr Vi VslaFEE .+ C

i( s (f2 _)) )_ﬁ ch M\[aZ af, 1+ 2 ale]
(B DO(f3 —)K+K-) = CEV v, [agFLL  + CoMLL .

i\Ps 2 - \/§ cb Vusl@2l' p, 2% efsi

While for B(,) — D®)(R —)KK channels, the total decay amplitudes are written as
(i) S-wave:

G
A(BY = DO(fo =)KTK™) = =L Vi, Ve[aFEE + CMEL ),

\/E ub

Gr
A(B(s) - D*O(fO _))K+K_) - EVZchs[GZFef + C2 efo]'

(i) P-wave:

G
A(BY — D(¢p —)K*K™) = V3, V. [as FEE + CoMEE],

\/E ub

eqp, l]'

Gr
Al(Bg g D*O(¢ —>>K+K_) = TVZbVCS[azFe(/)l + C2
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(ii1)) D-wave:

A(B = D¥ (1§ =)K*K7) = CEVi,Voalar(FE: + L) + C (M, + MEB) (58)
A(B = DO =K K) = LV Veslaa L, + i) + CaMEf, + M) (59)
A(BY = DO(fS =K K) = LV, VedfasF L + CME) (60)
A(BY = DO(f3 =K K) = CEViVofasFl: + oMt (61)
Ai(B* » D (f] »)K'K™) = %V&,Vcd[al (Fef, i+ Flipe ) + Ci(MLf 4+ MG ), (62)
Ai(B® = D(f5 —=)K*K™) = % VipVealas(FLf,  + Fupe ) + Co(MEE  + MG )], (63)
Ai(BY = D*(f3 =)KTK™) = % VipVeslaaFpe ; + CoMEp. ). (64)
Ai(B? —» DO(f5 -)KTK™) = % VipVeslaa L+ CMEE ], (65)
in which the combinations a; of the Wilson coefficients are defined as
a1:C2+%, a2:C1+%. (66)

For B(;) — (D*, D*)[¢, fg) —]KK decays, the superscripts i = L, N, T, represent longitudinal, parallel, and transverse

polarization contributions respectively. Fﬁ(L@ and MS(I;) describe the contributions from the factorizable emission

(annihilation) and nonfactorizable emission (annihilation) diagrams as show in Figs. 1 and 2. The explicit expressions
of the amplitudes F{;) and M({, will be given in the Appendix.

IV. NUMERICAL RESULTS

In this section, let us first list the parameters used in our numerical calculations, such as the masses (in units of GeV)
[103]:

mp = 5.280, mg = 5.367, my, = 4.8, m, = 1.275, mg+ = 0.494,
mp+ = 1.870, mDO/DO == 1.864, Mmp++= = 2010, mD*O/D*O = 2.007. (67)
The values of the Wolfenstein parameters are adopted as given in Ref. [103]: A = 0.836 &+ 0.015, 1 = 0.22453 &+ 0.00044,
p = 012225917, 7 = 0.355259;7.
The decay constants (in units of GeV) and the B meson lifetimes (in units of ps) are chosen as [56,123,124]
fp=0.19+0.02, fp, =0.234+0.02, S 10200 = 0.215, fg(mzo) = 0.186,
ffz(1270) - 0102, f;2(1270) - 0117, ff/2(1525) = 0126, f]2(1525) - 0065,
T = 1.519, 75+ = 1.638, 7, = 1.512. (68)

The form factor ratio r7, the coefficients c;, and the Gegenbauer moments ag p p have adopted the same values as those
determined in Ref. [61],
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($(1020)) = 0.865,  rT(p(1680)) = 0.6, 1T (f5(1270)) = 1.15,
T(F(1525) = 052, A(£2(1750) = 03, FT(f2(1950)) = 1.5,
cry1370) = 0.12€", Cp(1680) = 0.6, cpass) = 1.2,
cry(1270) = 0.1e™, cr,(1750) = 0.4€™, cry(1950) = 0.3,
as =0.80£0.16, a% = 0.40 £ 0.08, al =0.90 +0.18,
Wy = -050+0.10, a3 =-070+0.14,  ab, = —030 % 0.06,
al, = -050+0.10,  a% =040+008,  a}p=—0.60%0.12. (69)

|
By using the Egs. (37)~(43), the decay amplitudes in B, — [D™), D®](R —)KK are summarized in Tables II-
Sec. III and the Appendix and all the input quantities, VL In our numerical calculations for the branching ratios
the resultant branching ratios 5 and the polarization  and polarization fractions, the first theoretical uncertainty
fractions f, together with the available experimental — regylts from the parameters of the wave functions of the
measurements for the considered quasi-two-body decays  jpitial and final states, such as the shape parameter

TABLE II. PQCD results for the branching ratios of the S, P, and D wave resonance channels in the B(OS) -
DK* K~ decay together with experimental data [103]. The theoretical errors are attributed to the variation of the
shape parameters wp, (C ) in the wave function of the B >(D) meson and the decay constant fp , the Gegenbauer
moments of two- kaon DAs, and the hard scale ¢ and the QCD scale Agcp, respectively.

Decay modes Quasi-two-body Data [103]
BY — D°(£,(980) —=)KTK~ B(1079) 1.36 001 067+0.79 < 1.55
BY — D(f(1370) —)K* K~ B(1077) 5661705 56
BS - D(O)( (1020) )K*K_ B(107) 1. 21j§ %ggiigi’%z 1.50 £ 0.25
BY — DY%(¢(1680) =)KTK B(107%) 1.350 00 5atos
BY — DO(£,(1270) —)K* K- B(1077) 187104 0o 06
BY — D(f5(1525) —)K* K~ B(107°) 3,561 e
BY — DO(f,(1750) —)K*K~ B(1077) 276250 050118
B? — D°(f,(1950) =)K*K~ B(107%) 7.021330131013.66
BO — D°(£,(1270) =)K* K~ B(1079) 3.541 60+ 1.95+1.20
— DO(f4(1525) =)K* K~ B(107%) 5867031 Vi o0

TABLE III. PQCD results for the branching ratios of the S, P, and D wave resonance channels in the B(()_Y> -
D*K+K~ decay together with experimental data [103]. The theoretical errors are attributed to the variation of the
shape parameters wp (Cp-) in the wave function of the By, (D*) meson and the decay constant fp , the

Gegenbauer moments of two-kaon DAs, and the hard scale ¢ and the QCD scale Aqcp, respectively.

Decay modes Quasi-two-body Data [103]
BY — D(f9(980) =)K*K~ B(10°%) L1405 000

B) — D*(f(1370) =)K* K~ B(1077) 4,66 755 T o0,

BY — D*0((1020) —)KT K~ B(1075) 1767084022409 1.85+0.30
BY — D*(4(1680) —)K* K~ B(107°) 211060 o066,

BY = D*(f,(1270) —)K* K~ B(107) 2451036 0T 03T

BY — D™(f(1525) =)K K~ B(107°) 6.9 0 P 155

BY — D*(f,(1750) —)K*K~ B(1077) 6,251 3 00

BY — D*(f,(1950) —)K K~ B(1077) 3.551 05 oo

B® = D*0(£,(1270) =)K*TK~ B(107%) 3.671] 2 2056

B’ — D*(f5(1525) —»)K"K~ B(1077) 576115 072050

056017-10



RESONANT CONTRIBUTIONS TO THREE-BODY B_(S) ...

PHYS. REV. D 102, 056017 (2020)

TABLE IV. PQCD results for the branching ratios of the S, P,
and D wave resonance channels in the B, — DK"K~ decay.
The theoretical errors are attributed to the variation of the shape
parameters wp  (Cp) in the wave function of B(;) (D) meson and

the decay constant fp . the Gegenbauer moments of two-kaon
DAs, and the hard scale 7 and the QCD scale Agcp, respectively.

Decay modes Quasi-two-body

BY = D°(f,(980) —=)K*tK~ B(1077)  1.3070621 0581031
BY - DO(fo(1370) =)KTK~  B(1078)  3.91F] 54189048
BY - D°(¢(1020) =)K*K~  B(107)  9.6553 %20
BY - DO(p(1680) —)K K~  B(1078)  7.42532H12240
BY - DO(f,(1270) =)K*K~  B(1078)  7.23#] 903410
BY — DO(f4(1525) =)KTK~  B(107) 4397704+ 34L17
BY - DO(f,(1750) =)K*K~  B(107%) 220721+l 7H 14
BY — D(f,(1950) =)K*K~  B(107%)  4.071163+179+050
BT — D" (f,(1270) —)K K~ B(1077) 1765055 007
BT — DT (f3(1525) —)K*K™  B(107%) 1055051051012
B® - DO(f,(1270) -)K*K~  B(107%)  1.6610:201073+0.16
B® — DO(f5(1525) —»)K*K~  B(10710)  1.5240:48506120.16

wg = 0.40 +£0.04 GeV or wp = 0.50+0.05 GeV and
Cp =0.5=+0.1, and the decay constant wa in a B

meson wave function. The second one is due to the
Gegenbauer moments in DAs of a KK pair with different
intermediate resonances, which are supposed to be varied
with a 20% range for the error estimation. With the
improvements of the experiments and the deeper theoretical
developments, these kinds of uncertainties will be reduced.
The last one is caused by the variation of the hard scale ¢
from 0.75¢ to 1.25¢ (without changing 1/b;) and the QCD
scale AQCD = 0.25 = 0.05 GeV, which characterizes the
effect of the next-to-leading-order QCD contributions. The
possible errors due to the uncertainties of m, and CKM
matrix elements are very small and can be neglected safely.

Compared with B(;) — DR — DWKK decays, the
By — D®R - D®KK ones are enhanced by the
CKM matrix elements |V.,/V,,|>, especially for those
without a strange quark in the four-quark operators. So for
most of the B,y > D*)R — D KK decays, the branching
ratios are at the order from 107 to 10~>; while for the
By — DWR — D¥KK decays, the branching ratios are
at the order from 107 to 10~7. The two-body branching
fraction B(B — D™R) can be extracted from the corre-
sponding quasi-two-body decay modes in Tables II-V
under the narrow width approximation relation

B(B - DYR - DWKTK")
=B(B - D"R)-B(R— KTK™). (70)

By using the measured branching fractions B(¢(1020) —
KTK™) =492%, B(f5(1270) » K*K~) =2.3% and

TABLE V. PQCD results for the branching ratios of the S, P,
and D wave resonance channels in the B(,) — D*K" K~ decay.
The theoretical errors are attributed to the variation of the shape
parameters @p (Cp) in the wave function of the By (D")
meson and the decay constant fp , the Gegenbauer moments of
two-kaon DAs, and the hard scale ¢ and the QCD scale Agep,

respectively.

Decay modes Quasi-two-body

BY — D*(f(980) »)K*K~  B(107%) 9.67423 52122
BY — D*(f,(1370) »)K*K~  B(107%)  3.067 1137 a0
BY — D($(1020) —)K*K~  B(1077)  6.3971731003+007
BY — D*((1680) —)K*K~  B(107%) 4,697 2842014 LIS
BY — D*(f,(1270) —»)K*K~  B(107%)  3.1270874 18402
BY — D*O(f5(1525) >)K*K~  B(1077) 4015011601
BY - D*(f5(1750) ->)K*K~  B(107%)  2.22[{1+0934065
BY — D*(f,(1950) »)K*K~  B(107%)  4.87+ 3+ 81041
BY — D" (f,(1270) =)KTK~  B(1077)  1.7240{7106240.18
B — D**(f5(1525) =)KTK~  B(107%)  1.061327 5540
B® - D(f,(1270) -»)K*K~  B(107%)  1.105039 0354017
B® — D*O(f}(1525) —»)K*K~  B(107'") 7.96:3{1 5214112

B(f5(1525) > KTK~) =44.4% [103] as an input, we
can extract the branching ratios of two-body decays B —
D $(1020), B — D™ £,(1270), and B — D™ f5(1525),
which agree with those from the two-body analyses based
on the PQCD approach [23-25] within errors. The tiny
differences between our predictions of the two-body
decays and previous results of Refs. [23—25] are mainly
due to the parametric origins and the power corrections
related to the ratio 2, = m? /m%. As we know, a significant
impact of nonfactorizable contribution is expected for a
color suppressed decay mode. Taking the decay channel
BY - D*9((1020) —)K K~ as an example, one can see
that the inclusion of the power correction 72 can suppress
the branching ratio efficiently, especially for the contribu-
tions of nonfactorizable emission diagrams as shown in
Table VII.

Now, we come to discuss the contributions of P-wave
resonances. It is obvious that the PQCD predictions of
the B(BY - D™*)°¢(1020) — D*K*K~) are consistent
well with the experimental data within errors. Taking the
BY - DYKTK~ decay as an example, we can calculate
the total P-wave resonance contributions B(BY—
D°K*K™) pyave = 1.32x 107, which is nearly equal to
the sum of resonance contributions from ¢$(1020) and
¢(1680). The main reason is that the interference between
the two P-wave resonant states ¢(1020) and ¢(1680) is
really small due to the rather narrow width of the former
(Tp(1020) = 4.25 MeV). Since the contribution from high
mass resonance is one order of magnitude smaller, the P-
wave resonance contribution is dominant by ¢(1020).
From the numerical results given in Tables II and III, we
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TABLE VL. PQCD results for the polarization fractions of the B,y — (D*, D*)|, fg) —]K*K~ decays together
with experimental data [103]. The theoretical errors are attributed to the variation of the shape parameters wg o (Cp+)

in the wave function of the BM(D*) meson and the decay constant f’ By the Gegenbauer moments of two-kaon

DAs, and the hard scale ¢ and the QCD scale Agcp, respectively.

Decay modes fo(%) 1)1(%) f1(%)
B~ DOp(1020) K K- D BTV N TY U
Data [103] 73+15+4
B~ DOp(1680) K K- SOUTITU satenky isoyar
BY = D*(£,(1270) —)K*K~ 12.9ji.9_+‘7.6_+0'.9 34'2t0:6ji.1j1:5 52.9t112_+3ﬂ3_4;210
0 _, 70( 1 + - +1.léa—154'.51 4—11‘41‘.8 +(())1§+36111 +26?6 +})'.99+“6'%J:597
By — D*(f5(1525) -)K'K 388717 120 122 291209 6755 321005595758
BY — D*0(£,(1750) =)K*K~ 34,71 31361107 31.61 08158158 33.81 09107132
BY — D(f(1950) =) KK~ 235 35811355 407
B® - D*(£,(1270) —)K* K- 13.4;+'1.8_+'7.6_+éﬁ2 37'8t110j2'.5:r3‘.2 48.8foﬁ7_+3'.3_+4.3
2 L 25-6.7-7.1 “£09-3.4-32 I 14-55-510

BY — D*0(4(1020) —)K* K~

79 6+1A6+5A2+1A9

13 5+2.3+841+2.1

6 +1.54+4.944.2

—2.8-12.6—6.2 -3.1-3.6-3.2 +7—=0.0-2.2—-0.0
B — DO(H(1680) K K- 756/ 140, BT 15510550
B = DO7(1270) K K- 842000 o 6T
B~ D(7(1525) =K K- 2631 e, 3l
B — DO(7(1750) )K" K- o551 2218 23185
B = D0(f(1950) KK 53,2086 156 o1 76T
BY = D (73(1270) <K K- w3 IR B0
BE o D183 KK 20 16,171 b 1100
B~ DO(7(1270) K K- 5 1a2 s 10475505
B~ DO((1529) K K- 087850k 3057 62043

obtain the relative ratio R(¢) between the branching ratio of
the BY meson into D** and D° plus the resonance ¢,

B(BY - D*(¢p -)KTK™)
B(Bg - Do(gb —)KTK™)

R y) = ~ 14513
(71)

which is in agreement with the corresponding ratio of ¢
reported by the LHCb measurement [18],
B(BY - D(¢p —)K+TK~
Rexp(¢): ( 0 _0( ) - _)
B(B} - D°(¢p -)KTK")
=123 +£0.20 £ 0.08, (72)

where the first uncertainty is statistical and the second is
systematic.

Utilizing the PQCD prediction in Table II and B(BY —
DYK*0)) = (2.337}:48) x 10™* taken from our previous
work in Ref. [59] together with the two known branching
ratios B(¢p - KTK™) = (49.2+£0.5)% and B(K* — Kx)~
100% [103], we expect that

PQCD B(B(s) - DO¢)

Ryt = o =050
9/K° " B(BY » DK*)

=0.11590, (73)

which is a bit larger than the data measured by LHCb [14],

ep _ B(BY = D)
#/K* = B(BY > D'K™)
= 0.069 4 0.013(stat) + 0.007(syst). (74)

TABLE VII.  Branching fractions with (and without) the r3,-dependent terms in the B — D**(¢(1020) —)K K~
decays. FE and NFE represent the contributions from factorizable emission and nonfactorizable emission diagrams,

respectively.
FE B (in 1077) NFE B (in 1073) Total (in 1075)
Modes BRL BRN BRT BRL BRN BRT Br
BY = D*9((1020) —=)K+tK~ 0.26 1.32 0.04 1.35 0.66 0.24 2.26
BY = D*9((1020) =)K+tK~(r3) 0.27 1.04 0.16 0.95 0.53 0.18 1.76
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Recalling that the theoretical errors are relatively large, one
still can count them as being consistent within one standard
deviation.

In contrast to the vector resonances, the identification of
the scalar mesons is a long-standing puzzle. Scalar reso-
nances are difficult to resolve because some of them have
large decay widths, which cause a strong overlap between
resonances and background. The prominent appearance of
the f4(980) implies a dominant (5s) component in the
semileptonic D decays and decays of B, mesons. By
assuming the f,(980) as a pure s state, the authors studied
the B, — J/yfy(980) by using the light-cone QCD sum
rule and factorization assumption in Ref. [125] and using
generalized factorization and SU(3) flavor symmetry in
Ref. [126]. In Ref. [127], the authors calculated the B, —
f0(980) form factor from the light-cone sum rules with B-
meson DAs, and investigated the S-wave B, — KK form
factors to study the width effect, where the f,(980) is
dominated by the §s configuration. Ratios of decay rates of
B and/or B mesons into J/y plus f(980) or f(500) were
proposed to allow for an extraction of the flavor mixing
angle and to probe the tetraquark nature of those mesons
within a certain model [128,129]. The phenomenological
fits of the LHCb Collaboration neither allow for a con-
tribution of the f;(980) in the B — J/wzx [121] nor an
f0(500) in By — J/wrx decays [120] by using the isobar
model. The authors conclude that their data is incompatible
with a model where f,(980) is formed from two quarks and
two antiquarks (tetraquarks) at the eight standard deviation
level. In addition, they extract an upper limit for the mixing
angle of 17° at 90% confidence level between the f(980)
and the f,(500) that would correspond to a substantial (5s)
content in f(980) [121]. However, a substantial f,(980)
contribution is also found in the B-decays in a dispersive
analysis of the same data that allows for a model-inde-
pendent inclusion of the hadronic final state interactions in
Ref. [130], which puts into question the conclusions of
Ref. [121]. At this stage, the quark structure of scalar
particles are still quite controversial. As a first approxima-
tion, the S-wave timelike form factor Fg(m%y) used to
parametrize the S-wave two-kaon distribution amplitude
has been determined in Ref. [61]. Therefore, we take into
account f,(980) and f,(1370) in the 5s density operator.

For the S-wave resonances f((980) and f(1370), first
we define the ratio between the f,(980) - K"K~ and
f0(980) - nt 7,

R - B(B(s) - D°f0(980)(—> KTK™))
Km = B(BY - D£,(980) (= 7 77))
N B(f,(980) - KTK™)
- B(fy(980) - ztn7)

(75)

On the experimental side, BABAR measured the ratio of the
partial decay width of f;(980) - K*K~ to f,(980) —

nta~ of Ry =0.69+032 using B~ KKK~ and

B — Kn"x~ decays [131]. Meanwhile, BES performed a
partial wave analysis of y. — f(980)fy(980) —
atr atx™ and y.9 — f0(980)1(980) - 7"z~ K"K~ in

w(2S) — rxeo decay and extracted the ratio as Ry =
exp

0.25%0] [132,133]. Their average yielded Ry =
0.35J_r8"112 [16]. Recently, the LHCb Collaboration [15]
reported a measurement, B(B?— D°f,(980)— Dzt n~)=
(1.741.1) x 107°; one can roughly infer the wide range of
B**(BY — D°f,(980) —» D°KTK~) = (0.2 —1.0) x 107°
combining with the ratio Ry . Our PQCD prediction
B(B? - D°f((980) — D°K*K~) = (1.36730) x 107
lies above the range within errors, which also agrees with
the upper limit 1.55 x 107 given by PDG [103] as shown
in Table II. However, BES also measured Ry, = 0.625 +
0.21 by studying the decays J/w — ¢f¢(980) —» ¢pztn~
and J/w — ¢f4(980) - ¢K+TK~ in Ref. [134]. It seems
that we hardly can reach a reliable and universal Rg/,. It
should be stressed that there are large uncertainties in both
experimental measurements and the theoretical calcula-
tions, so the discrepancy between the data and the theo-
retical results could be clarified with the high precision
experimental data and the high precision of theoretical
calculations. Since the situation of the knowledge about the
f0(1370) decaying into KK or zz is rather unclear, no
evidence of the f;(1370) resonance in the B - DKK
decay has been reported so far. Our predictions on the KK
channel involving the scalar resonances f((980) and
f0(1370) in Tables I1I-V will be investigated at the ongoing
LHCb and Belle-1I experiments in the future.

The branching ratios of the considered D-wave reso-
nances are also presented in Tables II-V. Belle [10]
provided a Dalitz plot analysis of B — D%z* 7z~ decays
and obtained the branching ratio of B(B”— D'f,)=
(1.2040.18(stat) ==0.21(syst)) x 1074, Afterwards, LHCb
[16] analyzed the resonant substructures of B® — D%z 7~
decays and reported the branching ratio of B(B’ —
D°f,) = (1.68 + 0.11(stat) & 0.21(syst)) x 10~*(Isobar).
Their weighted average yielded B(B® — D°f,) = (1.56 +
0.21) x 10~* [103]. For a more direct comparison, we can
extract out the branching fraction for the two-body decay
B(B® — D°f,) = (1.541%) x 107* through the narrow-
width approximation relation in Eq. (70), which agrees
with the above experimental results within uncertainties.
Furthermore, we have explicitly written the relative ratio of
B(BY - D°f,(1270)(— K*K~)) compared to B(B? —
DYf,(1270)(— #x*z7)) in the narrow width limit,

_ B(B? - D°f,(1270)(— K*K™))
R(f2) = B(B® = D°f,(1270) (= 7))
_B(f»(1270) > K*K")
T B(f5(1270) > nta)
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(a) The m(K"K~) dependence of the differential decay rates di3/dw for the contributions from the resonances f(980),

£0(1370), ¢(1020), $(1680), £,(1270), f5(1525), £2(1750), and £,(1950) to BY — DK+ K~ decay with a linear scale. (b) The same

curves are shown with a logarithmic scale.

Thereby, using the experimental data B(f,(1270) —
KTK™) =1(4.6)%, B(f2(1270) - z*z") =%(84.2)%
from PDG [103] and the measurements B(B?—
D°£,(1270) - D°z*z~) = (6.8 £2.4) x 10> from Belle
[10] and B(B? —» D°f,(1270) - Dztz~) = (9.5 +
1.3) x 1073 (Isobar) from LHCb [16], the experimental
value of the BY — D°f,(1270)(— K*K~) decay is esti-
mated to be

2.7%x107°, Belle,

0 _, 0 ) —
B(B) — D(f,(1270) »)KTK™) {3.8 L 10-5, LHCb.
which is one order of magnitude larger than our prediction
B(BY - Df,(1270) - D°K*K~) = 1.87 x 1077 in its
central value. Since the property of the tensor resonance
is not well understood and the theoretical uncertainties are
relatively large, this issue needs to be further clarified in the
future.

From the numerical results given in Table II, we can
evaluate the relative branching ratios between two tensor
modes,

o BB~ D°f,(1270))
21T B(BY = DOf,(1525))

=0.057008, (77)

which can be tested by the forthcoming LHCb and Belle-II
experiments.

In Fig. 3, we show the @ dependence of the differential
decay rate dB(BY — D°KTK~)/dw after the inclusion of
the possible contributions from the resonant states f(980)
(the black solid curve), f(1370) (the red solid curve),
¢(1020) (the orange dotted curve), ¢(1680) (the blue solid
curve), f,(1270) (the cyan solid curve), f5(1525) (the
magenta solid curve), f,(1750) (the violet solid curve), and

£2(1950) (the navy solid curve). To see clearly all the peaks
of the various resonances, we draw them both in Fig. 3(a)
with a linear scale and Fig. 3(b) with a logarithmic one. For
the considered decay mode BY — D°K*K~, the dynamical
limit on the value of invariant mass @ is (mg+ + mg-) <
@ < (mp — mp). It is clear that an appreciable peak arises
from the ¢(1020) resonance, followed by f%(1525).
Another three resonance peaks of f,(980), fo(1370),
and ¢(1680) have relatively smaller strength than the
f5(1525) one, while their broader widths compensate
the integrated strength over the whole phase space.
Therefore, the branching ratios of the four components
are of a comparable size as predicted in our work. The
contribution of the tensor f,(1270) is really small in the
BY — DK+ K~ decay mode, since it decays predominantly
into zz. Apart from the above obvious signal peak, there
are two visible structures at about 1750 and 1950 MeV in
Fig. 3(b). Obviously, the differential branching ratios of
these decays exhibit peaks at the pole mass of the resonant
states. Thus, the main portion of the branching ratio lies in
the region around the resonance as expected. For BY —
D) — D°K* K~ decay, the central values of the branching
ratio BB are 5.82 x 107% and 8.29 x 107% when the integra-
tion over o is limited in the range of = [m,—
0.5Ty, my +0.5Ty] or w = [my—T,. my+Ty] respec-
tively, which amount to 48.1% and 68.5% of the total
branching ratio B = 1.21 x 107> as listed in Table II.
The B — (D*,D*)[qb,f(z/) —]KTK~ decays are vector-
vector (vector-tensor) modes and can proceed through
different polarization amplitudes. We display the polariza-
tion fractions associated with the available data in Table VI,
which have the same origin of theoretical uncertainties as
the branching ratios. It is easy to see that the fraction of the
longitudinal polarization can be generally reduced to about
~50%, while the parallel and perpendicular ones are
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roughly equal. The results are quite different from the
expectation in the factorization assumption that the longi-
tudinal polarization should dominate based on the quark
helicity analysis [135,136]. For BY— D*(4(1020)—)
KTK~ decay, although the central value of f,~55% is
a little smaller than the measured one f;* = 73%, they are
consistent with each other due to the still large theoretical
and experimental uncertainties.

It is worthwhile to stress that the polarization fractions of
the color-suppressed decays B — D*(f, —)KK and B —
D*(f, =)KK are quite different from each other. For B —
D*(f, —=)KK (b — ¢ transition) decays, the percentage of
the transverse polarizations (f| + f ) can be as large as
80%, while for B — D*(f, -»)KK (b — &t transition)
decays, the percentage of the transverse polarizations are
only at the range of 10% ~ 20%. This situation can be
understood as the following reasons [25]: The D* meson in
B — D*(f, —»)KK decays is longitudinal polarized since
the ¢ quark and the u quark in the D* meson produced
through the (V — A) current are right-handed and left-
handed, respectively. Because the ¢ quack is massive,
the helicity of the ¢ quark can flip easily from right handed
to left handed. Thus, the D* meson can be transversely
polarized with the polarization A = —1. The recoiled tensor
meson can also be transversely polarized with the polari-
zation A = —1 due to the contribution of orbital angular
momentum. Then the transverse polarized contribution in
B — D*(f, —)KK decays can be sizable. While for the D*
meson, the i quark in the D* meson is right handed and the
¢ quark can flip from left handed to right handed, which
makes the D* meson transversely polarized with the
polarization A = +1. In order to have the same polarization
with the D* meson, the recoiled transversely polarized
tensor meson needs contributions from both orbital angular
momentum and spin, so the situation is symmetric. But the
wave function of the tensor meson is asymmetric.
Therefore, the transversely polarized contribution in B —
D*(f, =)KK is suppressed on account of Bose statistics.
More precise measurements of such decay channels are
expected to help us to test and improve our theoretical
calculations.

V. CONCLUSION

In this work, we have performed a systematic analysis of
various partial wave resonant contributions to three-body
By — [D™), D¥]KK decays in the PQCD approach. For
BY — [D™), DW]K*K~ decay modes, the dominant con-
tributions are expected to be from P-wave resonance
¢(1020) and D-wave resonance f5(1525). Besides the
two prominent components mentioned above, some sig-
nificant resonant structures also exhibit in the KTK~

invariant mass spectrum, like f((980), f((1370), and
¢(1680). Such resonances have relatively smaller strength
than the f%(1525) resonance, but their broader widths
compensate the integrated strength over the entire phase
space. Since zz is the dominant decay mode of f,(1270),
the contribution of the tensor f,(1270) is indeed small. The
whole pattern of By — [D*), DW]KK decays will be
confronted with the experimental data in the future.

Each partial wave contribution can be parametrized
into the corresponding timelike form factor, which con-
tains the final state interactions between the kaons in the
resonant regions. The Flatté model for the f,(980)
resonance and the Breit-Wigner formulas for other
resonances have been adopted to parametrize the timelike
form factors Fgpp(@?) involved in the dikaon DAs.
Using the determined parameters of the two-kaon DAs in
our previous work, we have predicted the branching
ratios of B — [D™), DW](R —)KK decay channels. It
has been shown that our predictions of the branching
ratios for most of the considered decays are in good
agreement with the existing data within the errors. The
branching ratios of the two-body B,y — [D(*), D(*)]R can
be extracted from the corresponding quasi-two-body
modes by employing the narrow width approximation.
Moreover, we calculated the polarization fractions of the
vector-vector and vector-tensor decay modes in detail.
For most of the considered channels, the transverse
polarization has been found to be of similar size as
the longitudinal one, which is quite different from the
general expectation in the factorization assumption. More
precise data from the LHCb Collaboration and the future
Belle II Collaboration will test our predictions.
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APPENDIX: DECAY AMPLITUDES

For B(,) — D™ (R —)KK decays (R denotes the various
partial wave resonances), the expressions of the individual
amplitudes F ﬁ(IZ; , and Mﬁ(’; , can be straightforwardly
obtained by evaluating the Feyman diagrams in Fig. 1.
Performing the standard PQCD calculations, one gets the
following expressions of the relevant amplitudes:
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87Cpm’} 1 1/A
Fit = 8aCrmyfp / dxpdz A bdbbydbydy(xs. by)

x {[#o(2y/n=nrd(F(=2n(z +1) + 224 1) + (1= D)z + 1))

+ (1= 1) ((h:(2) + ¢5(2)) (1 +22(rp, = 1)) (n = 1) + rip(i(2) —¢S(Z)))}
“E (t,)ha(xp,2,b,bg)S,(2)

+\/n—nrp [¢0(Z)(rD(77 —xg) = (n—=1)n) +2¢4(z)\/n —nrp

1+ (=204 x4+ 1) = 1)] - el hal(xm 2. by S, (x5 = 1) }.

87Cpm} 1 1/A
pr — 87Crmst s / dxsydz / bdbbsdbspp (x3, bs)
0

x{ [bo@)y/n = (Fp2n =20 = Dz = 1)+ (1= 1)(e = 1)) = 21
X rp(r = 122((2) = () + 40 (= Dby (2)| Ealr)

X B2, 33, 0,53)8,(2) + 1 = b [do(@) (g = 0 = 1) + (1 = 1)
X (13 = 1)%s) + 21y (2)y/n = nr (= 1 = nxs + x5 + 1)

X E, 1)y (z.33.b3.B)S, (s = 1) = x3]) }.

327Cpm? 1 /A
My, = dedde3/ bsdb3bpdbpep(xp. bp)dp(xs, b3)
" 601 —nrp) Jo 0

x {02 (=1 + 7% + D= (1= 73) (s + x5 = 1) = (33 + 2)n)
+ (1 =2r3)) + (=3 + D((2) (1= 1)z(1 = 1) = (1 = m)x3
+xB)) + ¢AY(Z)(rD(x3 + 2 + Z) - Z)(”/ - 1):| n( c)hc(va 2, X3, vabS)

- [¢o(Z) n=nrp(=n+2n=1)rp + D((rp = Dz + (n = 1)x3 + xp)
(=% + D(($4(2) = ()0 = D3 +x5) + (0= 1205 = 1)
X ($1(2) + ()] En(ta) a2, 5, by ) .

056017-16

(A1)

(A3)



RESONANT CONTRIBUTIONS TO THREE-BODY B_(S) ... PHYS. REV. D 102, 056017 (2020)

3272C m 1 1/A
mit — 2Cems [N g, / bdbbydbydy (. by)bn (3. by)
0

6 =nrh) o
x {[#o(2y/n = (P n(=n(xs + 2= 2) + 25 4 x5) = 1) + (1= Dl
2= 1) = x5 = xg)) +1rp(1 = ) ((2) = A ()((1 =) (33 = 1) + xp)

+ ($(2) + 4,(2)z = 40,(2)) | Enl1 )y (5. 2. 3. b. )
—[#o@ =+ =Dy =B +2-2) —xs 4 xp =2+ 1)
+ (1= D)1= 2)) +1rp(1 = B)((2) = () = Dz = 1) + ($(2)
o 8,(2)) 1= Dy + X = 1) | Ey (1) (5. 2. %3, ., by }.

(i) By — D*(fo —=)KK

82Crm¥fp 1 1/A
prt — __ S7Crms/p / dxpdz / bdbbydbypp(xg. by)
0

S =)= Jo
< {[#o(@y/n = (3 (1 =201 = D2) + (1= Dz + 1))

(=% + D(($4(2) + () (1 + 220 = D)0 = 1) + (=1 (2) + ()]
" E,(t,)ha(xp.2,b,bg)Si(z) = \/n—nrp, [¢o(Z)(—(V%((fv = 2)n+xp) = (n="1)n))
+ 24,2\ = b=+ rhxp = 1)+ 1)] - Ee(ty)hy(x5.2. 5. )8, (s = 1) }.

3272Crm* 1 1/A
M = it / dXdedxs/ b3dbsbgdbggp(xp. bp)pp(xs, b3)
Jo = /6(n—nr) (T —n) Jo 0

x { [¢0(Z)(f7 +rp = Dy/n=nrp((n(1 = x3 = 2) + rpn(xs + 2 -2)
+ (1 =rp)(x3 + x5 = 1)) +n(=rp + 1) (s (2)(n = 1)z(1 = rp) = rp((1
—n)xs +xp)) + ¢ (2) (rp (3 +2 +2) —2)(n - 1)] - E,(t.)h(xp. 2, %3, bp, b3)

= [#o(@)n+ 1 = D= b (5 = Dz + (1= Dars + xp)

(=1 + V() = A ((n = 13 +x5) + ()
+ $(2)2(1 =) = V)| - Eylta)halrvp. 255, bp. bs) }.

FL = 8”CFme 8 / ydz / bdbbsdbsdp(x3. by)
x{[¢o<z>r%<—2< ~Dz=1)+ (1= (= )] - Bt he(z.x3,b.53)8,(2)
+ (3 = () [0 = 125 = nln + 7% = 1)]

=201 = Vrpdu(@\n =7 (0 + (= (1 = x3))]

Eu(ty)hy(z x5, b3, D)Si([n(xs = 1) = x3)) |,
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L 322Cpm}
B e
x { [ @)y n=nrb(rb (1= 2)(xa(1 =) x5 = n(z=2) +1)
+ (1= Dy + 2= 1) = x3 = xp)) + (L= mhnro (1 = ) (1(2) = 44(2))
(1= 3)(1 = 1) + x5) = 2((6(2) + 8(2)) - En (1), (5. 2.33. b. bp)
+ [@o(2)(=n+ 7% = Dy = (1 = Dy = 2)xs = 1)
(1= D)z = 1) + (1= Dnrp(1 = ) (1(2) = () (rh = Dz = 1)
T ((6(2) + D)1+ (1= m)xs = x0)))| - o145, 2. %5, b, b}, (A8)

1 /A
/ drgdzdrs / bdbbydbydy (g by)bn (3. by)
0 0

with the ratio rp = mp /mB(S) and the color factor Cr =4/3. f,. (fp) is the decay constant of the

D™ (B,)) meson.
(iii) B — D(¢ —)KK

FL: _% A L dxpdz A v bdbbydbydy(xp. by)
x{ [hol@/n = (=21 + 1) + 2e 4 1) + 1= Dz +1))
+n(=rp + D((¢(2) + ¢5(2) (1 +22(rp = 1)) (n = 1) + rp(¢h,(2)
= 0 (D))]  Eelt)halxn. 2..55)S,(2) + 0 =17 o) (7 0 = xp)
—(n=1n) + 2¢S(Z)m(f7 +rp(=2n+xp+1) - 1)} “E,(1p)hq(xp. 2. bp. b)S,(|xp — nI)}, (A9)
Mﬁé :\/3%__%% 01 dxpdzdx; /01//\ b3dbsbgdbggp(xg, bg)pp(xs, b3)

x { [o@) (=1 7 + Dy =0 (1= ) (x5 + x5 = 1) = (x5 + )

(1= 278)) + (=7 + D)= a1 = ) = (1= )y

) + $y(2) (B (33 +2+2) = (1= 1) - Byt he(xi, 2,33, by, b3)

= [do@/n=nrb=n+ 2n= 1) + DB = D+ (1= x5 +35)

Fa(=ry + D) = 3 = 1)+ x5) + (1= D2l = D(i(2) + ()]

“E,(ta)hy(xp, 2. x3, bp, b3)}, (A10)
872C-m* 1 1/A
Fib — \”/iT_Bi;P / dx;dz / bdbbydbsdp (3. b3)
’ n—nrp Jo 0

x {[do(@)y/n = (5320 =200 = Dz = 1) + (0= 1)z = 1)) = 20r5(r3

= 122((2) = (@) + Anrp(r = DAu()] - Bt ez, 5.59)5,(2)

- \n =1 [0 @) (nn = nrd = 1) 4+ (1= D2(rh = 1)) + 2rpgh (2)

X (= rh =y x5 + 1) - Ealtp) (2,305,535, ) (n(xs = 1) = )}, (AL1)
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3272Cr-m* 1 1/A
M, = ot [Faxyaadrs [ bdbbydbuytrn. by s, )
0

x{[do(@)n = b (n(=n(xs + 2= 2) + x5 + 25) = 1) + (0 = D(n(xs
2= 1) = x5 =)+ 1rp((4() = A (D)((1 =) (3 = 1) +xp)

F((2) + $4(2)2 = 465 (2))| Bty hy (x5, 2,55, bg)

—[#o@ =+ = Dy = +2-2) —xs 4 xp =2+ 1)
+ (1= 1)(1 =) +1rp(1 = B)(($(2) = ()5 = Dz = 1) + (4,(2)
+ 45(2) (01 = V)xs + x5 = )| - Ey (1) (5. 2.3, b.by) . (A12)

(iv) B(, — D*(¢ =)KK
The formulas for the longitudinal component amplitudes A; are as follows:

FLb, =-— M / dx;dz / bdbbsdbspp(x. bs)
x{[qso( ) D<—< =Dz =1)+ (1= 1)z = 1)] - Ealte)he(z, 5, b.55)S,(2)
+ [ = 1)go()((n = 17235 = n(n + 3, = 1)
=201 = Do (2 n =1 (3 + (1= 1)(1 = x7))]

Eg(t)hy (2,253,535, B)S (s = 1) = xs]) . (A13)

87Cr-m* f* 1 1/A
pit, — - STl / sz [ babbydbygy (. )
0

V(i =nrp)(1—n
< {[#o(2)y/n = (501 =201 = D2) + (1= D)z + 1))
n

(= + D((B(2) + 4212203 = D)= 1)+ 7 (~1(2) + $.(2)]
( )h (xB9va9bB)SI(Z)

— /1= [#o(2) (= (1= 2+ x5) = (1 = 1))

2@\ = (on s = )+ D] Bl has, 2. bs, D) =)} (AL4)

322Cpms 1 1/A
Ml T | dsudzars [ bidbsbpdbppulan. ol )
=

< {[#o(@)n+ 7 = 1)y fn=nr((n(1 = x5 = 2) + (s +2-2)

(1= ) (s g = 1) Fn(=r + D (y(2) (g = Da(1 = ) = (1

= )%+ xp)) + (D) (B +242) = = 1) - Ey (1) he(vp. 2053, bp. b)

—[¢o< Y0+ 1% = Dy/n=nrb((rh = Dz + (n = Vs + xp)

n(=rh + V() = @) ((n = 1) +x5) + ((2)

+¢s<z>> (1=n)(% = D] - En(t)ha(ep. 2,33, b5, b3) . (AL)
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327xCrm? 1 1/A
ML, = 2 [Taxyazdrs [ bdbbydbudytrn. by)bo s, )
V6(n—nrp)(1 =) Jo 0

x{ [ /n =[50 = D1 =) x5 = (e =2) + 1)

+ (1= D(n(xs + 2= 1) = x5 = xg)) + (1 =mhnrp | (¢(2) = 44(2)) | 1
=)= 1) + 35| = 2(2) = 4,(2))| || - Ea1)hy (9. 2033, b.bp)

+ [ol@) =+ 7 = Dy = (7 (0 = 1) s = 2)xg = 1)

(1= Dz 1) + (1= Darp(1 = ) (#(2) = () (7 = D= 1)

T ((#() + $a(2) 1+ (1= )53 = x5))] - Bt 255, b b) b (A16)

The transverse polarization amplitudes Ay ; are of the following form:

Fﬁqf’N = —8ﬂCFm‘1§fD*rDAl dedzAl/A bdbbgdbgpp(xg, by)
< { [\ = (B (=2) + 2+ 20a(2) + dr ()1 + (13 = 1)(2nz = 1))
+ (rzD - 1)Z n-= ’1’%471;(2)} : Ee(ta)ha(xBa <5 b’ bB)St(Z)

— 1= [ b+ x5 = 1)+ B+ = x5 = 1)]

- Eo(t)ha(xn. 2, by, b)S, (v =) }. (A17)

LL
Fet/),

1 1/A
= —8ﬂCpm4BfD*rDA dedzA bdbbgdbggp(xp, bg)
< { (=3 + Day/n=1r30a(2) + b0 + oz + DB - 1))
—\n=nrp(rp(=2) + 2+ 2)%(2)} “E,(ty)ha(xp.2.b,bp)S,(2)
1= | ($a(2) + BuD)(1 = 1) + ($(2) = Ba(2)) (0 = x5)|

- Eo(t)ha(xs, 2, by, 0)S,(xi =) }. (AL8)

2 1 1/A
Méq'l;,N = 16\/;ﬂCFm%VD/)' dedZdXSA b3db3b3db3¢3()€3,bB)¢D()C3,b3)

<{[#r@ o+ rntr+2-2)+ (1= ) + x5 = 1) +51(1 =33 = 2))|
“E,(t:)h(xp, 2, x3,bp, b3)
— @1 =132 = Dz + (1= D + x5) + (75 = Dby (2)((n

= 1)xs 5 = 12))] - Ey(ta)ha(xp 2,63, by b3) }. (AL9)
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L 2 1 1/A
M bT — =16 JTCFmBrD dedZdX3 b3db3b3de¢B(XB,bB)¢D(X3,b3)
0

x{p¢ﬂw«@+ﬂm—1xl—n»+n« ~1)(x=2) + 1)
En(tc)hc(xB’ 2, X3, bBa b3)
= [<(03 = Der@ s + 2) = x5+ x5) + 20/ =B (N~ 1)

X2 (1= 1)+ x5))] + Ea(ta) a5, 2 %5, by, b3) . (A20)

FLiy = 8aCpmyfprpy\/n— ﬂrp/ dx3dz/ bdbbydbsgp(x3, b3)
< {0 = D2(a(2) = $(2)) + 204(2)] - Eulte)he(z.x3, b, 3)S,(2)
+ B0+l = 1) = x5 = 1) = 4D + (1 =) (s = 1))

Eyt7)hy (2. %3, b3, B)S,(In(vs = 1) = x3)) |, (A21)
Pl = $aComiforonJn=nr [ dudz [ babbsdbigolns. )
% {[(7% = D2u(2) = $u(2)) = 260(2)] - Ealt)he(z, 25,5, b3)S,(2)
+ [BD0D + (1= = 1) + B = 7 = s + x5+ 1)]
(A22)

Eu(t7)hy(z. %5, b3, b)S,(n(xs = 1) = x3)) }.

Mﬁg_N = 16\/%HCFm‘};Al dxpdzdx; AI/A bdbbgdbypp(xp, bg)dp(xs, bs)
< { [2r0\/n=1rba(@) + br(2) (=rb((1 =) (xs + 2) + x5 + (0 = 1)
= (n=1)nz) + 2rp\/n = nrpd,(2) (rp(z = 1)
(x5 = 1) = x3 = x5 = 2+ 1)| - By (1, )y (5. 2,33, b, by)
+ [ = 1)@ (B n(xs = 1) = x5+ xi) + 01 =n)(z = 1)

£ 2\ = mrhb @) (= Dz = 1) + 1wy = 1) = x5+ 59))]| - B 255,55 | (A23)

M%’T = 16\/ZrCFm‘}; /1 dxpdzdx; AI/A bdbbgdbgdp(xp, bg)dp(x3, b3)
< {130 + (1= Dz = 1) + 1= x3)) = (0= 1)n2))
= 2rp\[n = 1rp(2) 0+ (2 = 1) = ¥y + %3 + 6 = 2+ 3)| - Bt hy (5.2, %3, b, )
+ (3 = Dgr@ (010 = 1) = x5+ x5) + (1= (2 = 1))

+ 2rp\/n—=nrp,(2)(n+ rp(z—1) —nxs +x3 —xg — 2+ 1)} “E,(ty)hy(xp. 2, X3, b, bB)}- (A24)
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For the decays involving D*) mesons, similarly, the corresponding decay amplitudes can be obtained by evaluating the
Feyman diagrams in Fig. 2.

1 1/A
Fﬁ';}) = SﬂCFm%fD/ dXBdZ/ bdbdebeﬁB(xB, bB){ |:¢0<Z)(7'ZD(—27’](Z + 1) + 2Z + 1) + (7] - 1)(Z + 1))
0

=1 (@(2) + B (2D (0 = D1 +22(% = 1) + B (2)
= $s(2)] - Eelta)hals. 2.5, b5)S,(2) + [0(2) (53 = x5)

— (1= 1) + 20 )\ =7+ 7 (=20 x5 + 1) = 1)] - Eo(t)ha (5,2 by )8, (15 = 1) }.
(A25)

L 32aCeml

DT
< {[#o) (1 =mxs (7 = 1) + 1) =n(rh = Da(=n + 75 + 1)
+xg) = x5) /1= 1 (B (= 1xs + 25)((2) + ()
— (0= 1)2(r} = 1)(5(2) = ()] - Enlte)he(xp. %3, by bs)
+ [@o(@) =0+ @n= 1) + D+ (2= 1) =iy + 35+ x5 = 2= 1)
1= 1 ((2) + (D) (=mxs + 3+ x5) = 26, () — 1))
(13 = D01 = Da(ei(2) = bo(2)| - Ealta)halp, 2,33, b b3) }. (A26)

1 1/A
dxpdzdx; A b3db3bpdbyp(xp, bp)dp(x3, b3)

Pt = -saComfy [ dvsdz [ bavbsavstrp(os.bs) { o200 07 = 1)+ (1= 12075 = 1))

+ 2rpps(2)\/n = nrpy (=0 + i + (1 = 1)xz = 1) | - Eg(2,)h (2, x3, b, b3)S,(2)
- [(77 — 1)o(2) (rp(n =22+ 1) + 2) + 2rp\/n = nrp (¢, (2) + ¢4(2)) (1 = 1) + 2(,(2)

= $3(2))] - Ealty) (2,33, b3, D), (x5 = 1) = xs]) } (A27)

322Crm?
V6

< {[#o@0H((1 =Py + (1= Dy + (P +1 =22 - 1)

LL __
MaD -

1 1/A
duudzdy [ babbydbyba(in. b o)
0 0

= (= 1)((n+ 1)(xg +2) =n) = rp\/n = nrp((#:(2) + ¢(z
— 13 + (1(2) = () (x5 + 2) = 24(2))] - En(1, )y (5.2, 3, bg)

= 0@ (=14 13+ 1)(=((3 = 1)z +x3)) = (1= D3

rD—l —VD\/’? ’VD (¢:(2) + (2 (rD_l)Z+xB)

+ (65(2) = @)1 = 1)%3)] - En(t4)ha (052,33, b. b) . (A28)
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(i) By — D*(fo —=)KK

4
LL _ 8ﬂ'CFmeD*

1 1/A
Flf = ———F—=—0 | dx dz/ bdbbydb Xp, b
fo =) A sl | sdbpdp(xp, bg)

< {[#0@)H(1 =20 = 1)) + (1= Dz + 1) +/n -}
X (¢4(2) + ()0 = 1)1+ 220 = 1)) + 7 (4(2)
=~ ()] - Eelta)hals, 2.5 b5)S,(2) = |0(2) (=3 (1 = 2 + x5)

= (0= 1)) + 26,2\ =nrb (=0 + 7 (e = 1) + D] - Eo(ty)hy (5. 2.bp. 0)Si(lxp =)}, (A29)

LL 32”CFm%

| 1/A
= o= Jo dedzdx3/0 b3dbsbgdbpp(xp. by)pp(xs, b3)

x {3 = Do) n + 73 = 1)((n = 1)xs + x5 = n2)

+ /1= (9:(2) + ¢s(2))rp (1 = 1)x3 + xp)

+ ($(2) = 4321 = 13) (1= 1)2)] - Ey (1) (e 2.3, by by)

+ [#o@ 0+ %= D+ (2= 1) = (1= Dy

g = 2= 1)+ = (62 + (D) (1 = (1 = 73)z

+ ($(2) = 4(2) (== 1)xs + x5)

+2rpi(2)(n = 1))} - E,(t2)ha(xp. 2. x5, bp, bs)}, (A30)

LL 87[Cpm§f3

FLE === A ' dxsdz A v bdbbsdbypp (x3, bs)
x {3 = D)ol (1= 1255 =l + 13 = 1)) + 201 = Doy (2)
X = 7 =+ s = 1] Bt (2, . 53)S,(2)
+(1=0) o)z = B+ 22 = 1))
Eg(t)hy(z,x3,b3,b)S (x5 = 1) = x3]) . (A31)

LL 327[CFm;‘3

1 1/A
M5 =— dxpdzdx / bdbbgdb xg, b X3, b
D 6(i =1 Jo B 3 A pdbgpp(xp. bg)pp(x3. b3)

< {[#o@B0P (s +2) =23+ (1= D+ (1 =22+ D = (7 = 1)

x (x5 +2) 0= D)+ y/n =1 (0 = 1D(=rp) ((2) = () (1

= )% = 20,(2) + (1) + 5(2)) (65 + )] - En 1)y (x5, 2,3, b. b)

+ @)+ 7 = (0= 1) = Dxs = (7 = Dz + x))

T (1= (=)0 = 1 ((2) = ) = Dz +x5) + (6(2)

+ 0(2) (1= 1)33)] - 14 (5. 2,33, b, b) . (A32)
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87C 4 1 1/A
Fé{/f _or FmeD/ dedz/ bdbbgdbgpg(xg, bg)

x{[#o(2)y/n=nrd(F(=2n(z +1) + 224+ 1) + (1= D)z +1))
(=% = D)(((2) + ()0 = 1)(1 +22(% = 1))
73 ((2) = ()] - Eolta)hals, 2.0, b5)S,(2) + \Jn = nr
x [#0(2) (0P = ) = (1= 1) + 2052\ =0 (0 + (=20
X +xp + 1) - 1)} : Ee(tb)ha(xB’Z7bB’ b)St(le - ’7|)}’ (A33)
L 32xCpmy [ o dedy /A . x
uth = ot [ dydzar [ budbsbpavuputin. ol )
% { (3 = 1) [do(2) (=(=n1+ 1% + D)y n =1 (1 = Vs + x5 = n2)
+1((2) + B (D) B (01 = Dy + x3)) + (84(2) = 4(2)
X (= 1)1 = 1)z] - Ey (1) he(xp. 2. %3, by, bs)
— [@ol)\/n = (= + (20 = 1) + D)((n = 1)(1 = x3) + Bz = 1)
+xg—2) +1(rp — D((4:(2) + () (n = Dz(1 = 1)
— (¢:(2) = b5(2)) 1Dy (=nx3 + x5 + x5) + 21 (2) (1 — 1))} “E,(ta)ha(xp. 2, x3, bp, b3)}, (A34)

8aCrmyfp (1 1/A
Fep = - ﬁ/) dxm/) bdbbsdb3¢n(x3,b3){ [tﬁo(Z)\/n—nr%(n(n—nr% -1)
- D

+ (1= 1)(rp = 1)x3) = 20rp(rpy = Deps(2) (=n + rh + (= 1)x; = 1)} CEq(te)he (2, %3, b, b3)S,(2)

= [tr=Dao(@y/n =30 =22+ 1)+ 2)

+20rp(h(2) + b)) (1= 1) + 20rp2(d(2) = $,(2)|

E(tp)hy(2.x3.b3.5)S, (s = 1) = ) | (A35)

LL 327TCFm%

V6l —nrp) Jo
x { [do(@)y/n =1 (h (=) x5+ (1 = D + (P + 7= 2)2 = 1)
— (1= D)n(xg + 2= 1)+ xp +2) +1rp(=(1(2) + 5(2) (1= 1)xs)
+ (64(2) = B2 (x5 + 2) + 264(2)] - Ealty) (.2, 3, b. b)

- [450(2)(—'7 +rh 4 Dy =nrp (0= D(rh = Dxs = n((rp = 1)z + x3))
+r(rh = D((¢:(2) + () ((rh = Dz + x5) + (= 1)x3 x (hy(2) = ¢t(Z)))]

1 1/A
dxydzds, / bbb ydbydy(xy. by)dp (xs. bs)
0

< E,(tn)hy(xp, 2. x3, b, bB)}- (A36)
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(iv) B() — D*(¢ —»)KK
The formulas for the longitudinal amplitudes A; are as follows:

8aCrm%fp- 1 1/A
FLE | =- il F”;Bf b / dxpdz / bdbbgdbgpg(xg, bg)
vV (n=nrp)(1=n)Jo 0

x{ [bo@y/n =1 (B (1 =201 = 1)2) + 0= e + 1) +1(=(h = 1))

X (((2) + (@) 1 = V(1 +22(% = 1) + (s (2) = ()]

X Eo(t)ha(xp: 2. 0.b5)S,(2) = 1= 07 [40(2) (<0 (01 = 20n + x5)

— (1= 1)+ 252y n = nrb (= + s = 1)+ 1)]

X Ey (1) ha (5.2 by, b)S: (15 = 1) |, (A37)

87C -m* 1 1/A
Fik, :%’zf’? A dxydz A bdbbydbsdy (x5, bs)

x {0 = Do) (= 1% =l + 7% = 1)) + 201 = 7oy (2)
X (Y ’7r2D(’1 + rlz) —NX3 + X3 — 1):| Ea(te)he(Z,X3,b, b3)St(Z)
+ (1= ) [$0(2) (e = rh(n + 22 = D) | Elt)hy(z.x3.b3.B)S,(Inlxs = 1) =)} (A38)
yil _ __ 32aCpmiy
P Vel =nrp) (1= n)
x { [t/)o(Z)(ﬂ +rp = Dy/n=nrp((n = 1)xs + xp —n2)
= 1(($(2) + B DB = D + x8) + (h4(2) = 1(2))
X (1 = 1)1 = 1)2) | Eu(te)he (s, 2. x5, s bs)

1 1/A
A dxgdzdy, /) badbsbydbyds(xp. be)d(xs. by)

+ (@@ 0+ 3 = Dym=nr 1+ Bz = 1) = s + x4

x5 = 2= 1) 1% = D((6(2) + 8(2) (0 = )rdz

= (1= 1)2) = (¢(2) = #s(2)) 1 (=113 + X3 + xp)

=20 (2) (1 = 1) Ey(ta)ha(p. 2,33, by, b3) }. (A39)

0 321Cpmi

Mot = e =)

x{ [0\ /n = (B 0P (s +2) = x5+ (0= 1)y + (7 = 22+ 1)

= (0= 1)nCxs + 2= 1)+ x5+ 2)) + (1= Dro(((2) + () (1

= )3 = 26,(2) + (4(2) = 4,(2)) (xp + 2)) | En(1,)y (x5, 2. 3., )

+ [0+ 7 = Dy fn=nr (1= 1) = Vs = n((rh = D+ x))

= Dn(=rp) (75 = D((#:(2) + 5275 = Dz + x5) + ($4(2)

= 3201 = 1)x3)) | En()hn(xi. 2,65, b.bg) |- (A40)

1 1/A
/ drydzdry / bdbbydbyds(xp. by)do (xs. by)
0 0
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The expressions of the transverse component Ay r are given by
1 1/A
FIE‘% N — —SJTCFm%fD*rD/ d.deZ/ bdbdebB¢B(xB,bB)
<[\ = (3 = )2 (@(2) = ul2)) + 264(2))
+ pr(@) 0+ (7 = D@0z = V)| Ect)hal(xp 2.b.bp)S,(2)

—\/n nrD[(d)a() $u(2)) (=11 + x5) + ($a(2) + ¢4(2))

X (1 = 1) Ec(ty (5, 2. b5, B)S, (15 = 1) .

FHL = —8aCrmifprp A ' drgdz A Y bbb ydb s (g by)
< {[=\n=1rb (7 = D2(a(2) = #(2)) + 26, (2))
+ dr(2) 1+ @0z + D)1 = 1) Ee(t)hy (5. 2.5, by)Si(2)

1= | (#a(2) = $u D)1+ x5) = ($0(2) + bul2)

X (1 = )] Eelt)halxi 2. by b)S, (x5 = 1) }.

1 1/A
Mle‘]%N 16\/»7rCFmBrD/ dXBdZdX:;/) b3db3b3de¢B(XB,bB>¢D(X3,b3)
x {0 = D= + x5 = x4+ 12)| $u (DBt e (s, 2. %3, b )

- 2= mba@ (= D)1 %) + (e = D) 35— 2)
—dr(2)(n+rp(nlxs +z2-2) —x3 = x5 + 1)
= (s +2) %3 + x5 = 1) En(t)ha(p. 233, by b3) |

MﬁfT 16\/;7rCFmBrD/ dedzdx3A1/A bsydbsbgdbgdp(xp, bg)pp(xs, b3)
x {3 = [0 D + x5 + 12|, (D Eult Ve (i, 2. 63, by )
+ [@r @)+ (=35 = x4 1) 0 = 1)y = 2) x5 + 25— 1)
= 2y/n = ()= 1)(1 = x3) + Bz = 1) + x5 = 2)|

X En(td)hd<x37 2, X3, bBab3>}7

FLE = 82Cemfarpy/n— 1 A ' dndz /0 " bdbbydbygdp (s, by)
% {[(#a(2) = #0201 = 133 4+ %5) + (Ba(2) + A1) (=1 + 1)]
X Ey (1), (2525 02)S,(2) + [(@l0) + 4,2 (B~ 1) =)

+ ($a(2) = $u() 01 = 1| Ealty) g (2,35, b3, 0)S,(n(xs = 1) = x3]) },
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LL 4 / A /A
Fopr = 8nCpmyfprp\/n—nrp | dxdz bdbb;db;dp(x3. b3)
0 0

1 {[(@a(2) = B D)1+ 113 = 53)) + ($a(2) + 6, (D) (=15 + 1)
X Eg(t, (2. 63,5 53)S,(2) + [(#a(2) + 412D (P (2 = 1) = 2) + (8al2)

= o) (=1 + 1) a1y (2. %5, b3, )S (s = 1) = xs]) .

ML\ = 16\/§ﬂCFm‘l§/ol dedzdx3AI/A bdbbgdbgpp(xg, bg)pp(xs, bs)
x{ [2rotal)\fn =17 + 1) (=053 + )+ 33+ o2 = 1)
— (0= 1)n(xp +2 = 1) By 1)y (xp. 2,63, b b)
+ [¢r(@) (1 +m) (=% = Drdxs = n((rh = )z +xp)|

X En(th)hh(xB, 2, X3, b, bB)}’

Mﬁ,ﬁj = 16\/371:CF1714B/)1 dxpdzdx; AI/A bdbbgdbgdp(xg, bg)dhp(x3, b3)
x {12 (=01 = 1) (s +712) = 1) + (1 = Dty + 2= 1))
200 = b ()| En 1)y (5. 2. 63, b.bg) + [ () (1 +1)

X (rh (3 +12) = (2 = x5)) | En(1) (¥ 2,33, b. ) }.

(A46)

(A47)

(A48)

For D-wave decay amplitude A, its factorization formula can be related to .Ap by making the following replacement:

2 1
0 0 L [l.L
A} = \/;AP|(/)(});.Y.I g ApT = \/7 EAP |¢£.V,a g

The evolution factors E;(t)(i = e, a,n) in the above equations are written in the form
Ec(t) = a,(1) exp| =S5(1) = S(1)]
E,(1) = (1) exp[ =S, (1) = S(1)].

E, (1) = a,(1) exp[=$5(1) = S(1) = Sp(1)].

where Sudakov exponents Sg p, z are defined as

mpg 5/' dpn _
S =S| X _,b +_ —_ as ’
B ( Bﬁ B) 3 by Yq( (ﬂ))

sw=s(c1-5) "2 0) +s((1-21 =) "85 ) +2 ),
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mpg t dﬁ _
Sp=sx3(1=n)—,b +2/ —7,(a , A55
p=s(n0-nZLp)+2 [ e (A55)
with the quark anomalous dimension y, = —a,/z. The explicit expressions of the functions (s(xzmp/ V2,b B) ) can be

found in the Appendix of Ref. [23].
The threshold resummation factor S,(x) is of the form

21421(3/2 + ¢)

S ==+ o)

[x(l - x)} ‘. (A56)

The value of ¢ is 0.3 in numerical calculations.
The hard functions %;(i = a — h) in the above amplitudes can be derived from the Fourier transform of a hard kernel:

hi(x1,x2(,x3), by, by) = hy (B, by) X hy(a, by, by), (A57)
_ [Ko(VPBby), p>0
ip b2 = {Ko(i\/:ﬁbz), p<0 (A58)
hola. by by) {G(bz — b))Io(Vab))Ko(v/aby) + (b < by), a>0 (459)
2\&, U1, U 9([72 — bl)IQ(\/__abl)KO(l\/__abZ) + (bl <> b2)7 a<0

where Ky (ix) =5 (=Ny(x) +iJy(x)). @ and f are the factors a;; — hy; and ey; — hy; (i = 1, 2) given in the following
paragraph.

The hard scales #; that appeared in the above equations are chosen as the maximum of the virtuality of the internal
momentum transition in the hard amplitudes. For B,y — D™(R =)KK decays, we have

Iy, = max{mB\/|aT, mB\/E’ 1/b, l/bB}a by, = max{mB\/UaT, mB\/W? 1/b, l/bB},
le, = maX{mB\/m, mp/Icial 1/bs, 1/193}, tg, = max{mB\/m, mg+/|d o], 1/bs, l/bB},

] max{mB\/m,mB\/m,l/b,l/b3}, zf]:max{mB\/m,mB\/m,1/b,1/b3},

o = max{mp/lgrTomp/lgal 1/6.1 /by bty = max{mp /Ty lmg/Thial. 1/6.1/by }. (A60)

NN
I

N
I

with the factors

apy :(1_’%)11 012:(1_’%)sz7 by, :(I_FZD)(XB—W)» by = ay,

cn=ap  cp=I[1=rh)z+rpllxg— (1= -x)],

diy =ap,  dp=(1-r3)zxg— (1 —n)xs),

en=z01-r3) =1, en=(z=1)(rh=1)[n—1)x; -7,

fi= 0 =rp)ln—1)xs — 1], Jio=en,

g1 = ey, g =1=[(1=2)rp +2J[(1 =n)(1 —x3) — x3].

hi=en o= (1-2)(1=rb)n—1)xs =+l (A1)
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While for By — D" (R —)KK decays, similarly, we have

max{ms\/Jan], m/Jaral 176, 1/b},
{mav/lenl.mp/lewl 1/65.1/bs .
{

{

Iy

=

ax

=

ax

mp/ |€21 » Mpy/ |€22 ,1/b, 1/173},

la]
tcl
tez
tgz

= maX{mB\/ |by1], mpr/|b12, 1/, l/bB},

fg, = max{mB\/ |di1], mpr/|di2|, 1/ b3, l/bB},

Iy, = max{mB\/ \f21], mp\/|f2l. 1/D, 1/b3},

= max{ mg\/|921], mpr/|9221, 1/b, 1/[93}7 ty, = max{mB\/ |ha1], mp/|hl, 1/, 1/193}7 (A62)
with the factors

aj = (1-rp)z, ap = (1 —rp)xgz, by = (1—rp)(xs—n), by, = ayy,

C11 = app, 612:(1—7%))1(?%—(1—’7))53)7

dyy = ap, d12=((z—l)r%—Z)[(l—n)(l—xs)—xB],

€ :(l—r%)[(x3—l);7—x3], 622:(1_’7><r%)—1)x327 fa :(7]—1)[24’%(1—2)},

S = e, g1 = e, 9o = [1 = (L =n)x3][(1 = rpy)z + xg] + (1 = n)x,

hy = e, hyy = (1 =n)x3[xp — (1 - r%)z]. (A63)
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