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Study of B ;) meson decays to D;;(2300), D;,(2317), D;(2460) and Dy, (2536)
within the covariant light-front approach
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In this work, we investigate the form factors of the transitions B(,) — D;(2300), D},(2317), Dy, (2460),
and D,;(2536) in the covariant light-front quark model (CLFQM), where these final states are considered
as P-wave excited charmed mesons. In order to obtain the form factors for the physical transition processes,
we extend these form factors from the spacelike region to the timelike region. The g*-dependence for
each transition form factor is also plotted. Then, combined with those form factors, the branching ratios
of the two-body nonleptonic decays B,y — DE*S)O(23OO, 2317)M, Dy, (2460, 2536)M with M being a light

pseudoscalar (vector) meson or a charmed meson are calculated by considering the quantum chromo-
dynamics (QCD) radiative corrections to the hadronic matrix elements within the QCD factorization
approach. Most of our predictions are comparable to the results given by other theoretical approaches and

the present available data.
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I. INTRODUCTION

In this work, we would like to study some of excited
open-charm states, such as D{(2300), D},(2317),
D,;(2460), and Dy;(2536) in B(,) meson decays. As we
know, D?,(2317) and D,;(2460) were first discovered by
BABAR [1] and CLEO [2] in 2003, respectively. The scalar
charm-strange meson D7,(2317) was observed in the
invariant mass distribution of D 7" and the axial charm-
strange meson D, (2460) was found in the invariant mass
distribution of D;*z°. D;(2300) as the SU(3) partner of
D§(2317), called D{(2400) in the past, was discovered by
Belle [3] in the three-body B decay BT — D ztzt in
2004. Another axial charm-strange meson with J¥ = 1*
D,1(2536) was first observed in the D}y invariant mass
spectrum [4] in 1987.

Previous researches suggest that the masses of the
resonants D%(2317) and Dy;(2460) are just several tens
MeV below the thresholds of DK and D*K, respectively.
Furthermore, they are much lower than those given by the
quark model [5]. Some abnormal properties indicate that
these two states are difficult to be interpreted as conven-
tional ¢5 mesons. Therefore, many authors consider them
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as the DK molecular states [6-12], the compact tetra-
quark states [13—17], the chiral partners of the ground state

Dﬁ*) mesons [18,19] and the states of ¢5 mixed with four-
quark states [20,21]. However, if considering the coupled
channel effects and the fact that there are no additional
states around the quark model predicted masses, these
two states can be interpreted as P-wave charm-strange
mesons [22-31]. As to the D{(2300) state, besides the low
mass puzzle, where the observed mass of D{;(2300) [3,32]
is bellow the predictions from the quark model about
100 MeV [5,33], there exists the SU(3) mass hierarchy
puzzle, that is the masses of Dj(2300) and D},(2317) are
almost equal to each other. These puzzles have triggered
many studies on their inner structures: In Refs. [22,34], the
authors pointed out that the four-quark structure can
explain the data measured by Belle [3] and BABAR [32],
but not for that measured by FOCUS [35]. Another group
authors solved these puzzles within the framework of
unitarized chiral perturbation theory (UChPT) [36-38]
and considered that there exist two states in the D{(2300)
energy region [39], where the lighter one named as
D{(2100) is the SU(3) partner of the D%;(2317), the
heavier one is a member of a different multiplet.
Certainly, other authors also explained D{(2300) as a
mixture of two and four-quark states [21] or the bound
state of Dz [40]. The axial charm-strange meson D (2536)
has been confirmed and studied in the B ;) meson decays by
BABAR [41], Belle [42] and LHCb [43]. Its measurements
of mass and width are consistent with the theoretical
expectations as a charm-strange meson with J© = 1%,
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As we know that the QCD Lagrangian is invariant under the
heavy flavor and spin rotation in the heavy quark limit. For
the heavy mesons, the heavy quark spin S, can decouple
from the other degrees of freedom. Then S, and the total
angular momentum of the light quark j become good
quantum numbers. It is natural to label D,;(2460) and
D,1(2536) by the quantum numbers L, with j(L) being the
total (orbital) angular momentum of the light quark, that is

I/ * and Pg/ denoted as 3{ * and D?{ , respectively.
Slnce the heavy quark symmetry is not exact, the two 17
states Dy;(2460) and D;(2536) can mix with each other
through the following formula [44]

D1 (2460)) =
|Dx1(2 36 ))

While the states D;{z and D?{z are expected to be a
mixture of states 'D,; and 3D,; with J¢ = 17+ and 17,

respectively,
D’ 2
/ \/7|1D91 \/7| Dsl
D) \ﬂ D)+ \/| Dy). )

Combining Egs. (1) and (2), one can find that

|D1/2> sin 6, + |D3/2> cos b,
—|D3/2>sm9 +|D1/2>0056’S. (1)

1D, (2460)) = ['D,y) cos @ + D,y sino,
|D\1(2536)> = _|1D‘\'1>Sin€+ |3Ds1>C089, (3)

where 6 = 6, + 35.3° [45].

Using the manifestly covariant of the Bethe-Salpeter
(BS) approach [46,47], Jaus et al. [48-50] put forward the
CLFQM around 2000. This approach provides a systematic
way to explore the zero-mode effects, which are just
canceled by involving the spurious contributions being
proportional to the lightlike four-vector @ = (0,2,0,), at
the same time the covariance of the matrix elements being
restored [48]. Up to now the CLFQM has been used
extensively to study the weak and radiative decays, as
well as the features of some exotic hadrons [51-59]. In
this work, we will employ the CLFQM to evaluate the
B(,) — D(2300), D3,(2317), Dy;(2460), D,;(2536) tran-
sition form factors, then calculate the branching ratios of

|

the relevant decays. In our calculations these hadrons are
regarded as ordinary meson states. Compared with the
future experimental measurements, our predictions are
helpful to clarify the inner structures of these four hadrons.

The arrangement of this paper is as follows: In Sec. II,
an introduction to the CLFQM and the expressions for
the form factors of the transitions By — D{(2300),
D*,(2317), D, (2460), D, (2536) are presented. Then
the branching ratios of the B(,) meson decays with one
of these considered P-wave excited charm sates involved
are calculated under the QCD factorization approach,
where the vertex corrections and the hard spectator-scatter-
ing corrections are considered. In Sec. III, the numerical
results of the transition form factors and their g*>-depend-
ence are presented. Then, combined with the transition
form factors, the branching ratios of the decays B, —
DZ‘S)O(23OO, 2317)M, D, (2460,2536)M with M being a
light pseudoscalar (vector) meson or a charmed meson are
calculated. In addition, detailed numerical analysis and
discussion, including comparisons with the data and other
model calculations, are carried out. The conclusions are
presented in the final part.

II. FORMALISM

A. The covariant light-front quark model

Under the covariant light-front quark model, the light-
front coordinates of a momentum p are defined as p =
(p=.p*.py) with p* = p° £ p,and p* = p*p~ — p.If
the momenta of the quark and antiquark with mass m/l(”)
and m, in the incoming (outgoing) meson are denoted as
P/1(”) and p,, respectively, the momentum of the incoming
(outgoing) meson with mass M’'(M") can be written as
P' = p| + p,(P" = p| + p,),which is shown in Fig. 1.
Here, we use the same notation as those in Refs. [48,51]
and M’ refers to mp for B meson decays. These momenta

can be related each other through the internal variables
(xi. p!1)

pﬁz = x1,2pl+’pll,u =x1,P P, (4)

with x; + x, = 1. Using these internal variables, we can
define some quantities for the incoming meson which will
be used in the following calculations:

24Lm? 2 42 B
Mg = (91+€2)2=pl+ : +pl+ 2, Mf):\/Mf)z—(mll—mz)z»
X1 X2
2 72
0 _ [ 0 My m3+pt
e =\m"+pt+pZ. pLi= > T M (5)
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FIG. 1. Feynman diagrams for B decay (left) and transition (right) amplitudes, where P'") is the incoming (outgoing) meson
momentum, p'fl/) is the quark momentum, p, is the antiquark momentum and X denotes the vector or axial vector transition vertex.

where the kinetic invariant mass of the incoming meson M, can be expressed as the energies of the quark and the antiquark

). It is similar to the case of the outgoing meson.
The form factors of the transitions B — Dal and B — Dy, (i = 1, 3)% induced by the vector and axial-vector currents are
defined as

(r
€;

(D5(P")|A,|B(P")) = i[uy(q*)P, + u_(q)q,]. (6)
(D1 (P, €)|AB(P)) = =q(q*)€uape™ P q” (7)
(D1 (P".€)|V,[B(P)) = i{l(g*)e; + & - P[Pyc.(q°) + q,c-(q°)]}- (8)

In calculations, the Bauer-Stech-Wirbel (BSW) [60] transition form factors are more frequently used and defined by

2 2 2

2
. my — my,. BD* myg — my,. BD*
(D(P)\AB(P)) = (P,, - Tm)ﬂ )+ ), ©)
. . v B &P i
(D (P", )|V, |B(P")) = —i{ (mg —mip )esVe " (¢2) —————P, V5 > (¢7)
mB - mle]
e P i i
~2mp, g VP - vE P (10)
. 1 i
(D (P, &) A, |B(P)) = = ———— €06 PPgP ABP1 (g), (11)
mB - szS]

where P = P + P”,q = P’ — P”, and the convention ¢g;,3 = 1 is adopted.
To smear the singularity at g> = 0 in Eq. (9), the relations Vf Pa0) = Vg Pa1(0) are required, and

i mB _miD B D mB -|-m:D B D
VB Dy 2y sty B st g2y _ sy B Do 2 12
) = T P (@) - Ry P ) (12)
These two kinds of form factors are related to each other via
BDG 2 BD; o 2 q 2
Fi % q%) = —ui(q®).  Fo "(q°) = —ui(q )—q.Pu_(q ) (13)

"It is similar for the transition B — D*,. From now on, we will use D, and D, to represent Dj;(2300) and D*,(2317), respectively, for
simplicity.

*We will use D,; and D', to represent Dy (2460) and Dy;(2536), respectively. The form factors of the transitions B — Dy, and
B — D', can be obtained from those of the transitions B — 'Dy; and B — 3D, through Eq. (3).
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ABDa(g2) = —(mp —mip, )q(q?),

Vg P (qz) = (mB - mlil)c+(q2)’

The light-front wave functions (LFWFs) are needed in the
form factor calculations. Although the LFWFs can be
derived from solving the relativistic Schrodinger equation
theoretically, it is difficult to obtained their exact solutions
in many cases. Consequently, we will use the phenomeno-
logical Gaussian-type wave functions in this work,

3
7\3 dp, p/2 +p/2
¢ =¢ (x.p)) = 4(ﬁ> dxzz exp <—22T/2L ;

2 dp’, B

/

"

!
€€

@, =@, (x2, p)) = iy (16)

where the parameter ' describes the momentum distribu-
tion and is approximately of order Agcp. It can be usually
determined by the decay constants through the following
analytic expressions [48,51],

N, h'D*
= | dx-d?p, ———— 0
oy =6 | PP
X 4(mxy — myxy), (17)
h
c 2 Ds
Fp, 471'3M’/dx2d plx x,(M"” l—M’z)
m my
[ = ) = 2 =L )
Wip,,
(18)
fip = —NC /dx d2p' —h/lD”
Pa T apm | P G (M = M)
my —m,
(ML) (19)
le]

where m) and m, represent the constituent quarks of the
states Dj,>Dy;, and 'Dy;. The decay constants can be
obtained through experimental measurements for the
purely leptonic decays or theoretical calculations. The
explicit forms of %), are given by [51]

X1 X2 1 Mg f
N. 2ty 23,
(20)

2
Hy; = @z = (M~ )

i 1(g?
Il — T (14
mB - miDS]
BDy( 2 BiDg o o\ 7 2
Vi %) =V, (q)—2 —c_(q%). (15)
m’Dsl
[
1
h{Dl\l = (M2/ _M62) X1X2 (21)

—— ).
N. \2M,

B. Form factors

For the general B — M transitions with M being a scalar
or axial-vector meson [51], the decay amplitude at the
lowest order is

MBM — _i3jvc/d4p/ H;.?(HX/I)

(2r)* S

. (22
N'N'N, H (22)

where N\ = p'"% — /"2 N, = p2 — m2 arise from the

quark propagators. For our considered transitions B — D
BD; B! 3

and B — 'D,;,3D,,, the traces S, °, S5, and S5,”*" can

be directly obtained by using the Lorentz contraction as

follows

')

Si0 = Te(p] + m)prs(P) + mh)rs(=pa + mo)),

(23)

B'D, B 'Dy, B 'D,
S =Sy =8,

v

1
= e (= 0= ol st
X (14— 175) (P + 10, )rs(=n + m2>] R

B D, B 3D, B 3D,
S;w sl — <SV s1 _SA n)

n

1
- Ky v - m)ys (P! + )
X (14— 115) (P + 10, )rs(=n + m2>] o 5)

To calculate the amplitudes for the transition form
factors, we need the Feynman rules for the meson-
quark-antiquark vertices (iI"},), which are listed as

T _— !
ilp: = lHDS,

(26)

. . 1
iy, =—iHy, |7, +W,—(P/1 —P2),|rs. (27)

Dy
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—4Mwm%. (28)

sl

In practice, we employ the light-front decomposition of the
Feynman loop momentum and integrate out the minus
component using the contour method. Then additional
spurious contributions being proportional to the lightlike

|

(1
N

four-vector @ = (0,2,0,) will appear. While they can be
eliminated by including the zero-mode contributions in a
proper way. If the covariant vertex functions are not
singular when performing integration, the transition ampli-
tudes will pick up the singularities in the antiquark
propagators. The specific rules for the p~ integration have
been derived in Refs. [48,51], and the relevant ones are
summarized in Appendix A. The integration then leads to

N N’](”) =x (MI(IIZ _ Mg//)z)v

!/ / " "
Hy — hg, Hy, — hYy,,
Wi, — wl,(for the3Dy, and 'Dy;states),

d dZ / R
/ v Hatls™ — —in / SR DLy §5M, (29)
where
M/Q //2 _|_ m//2 //2 _|_ m
1 0 "o " __ 2
BD“ - m/l/ —m ’ ID.\I - 27 M() x1 + x2 El (30)
[
with p/ = p/| —x,q, and M} = \/M? — (m] — m,)>. 1-2 2 Inx

The explicit forms of %, have been given in Egs. (20)
and (21).

Using Egs. (20)—-(30) and taking the integration rules
given in Refs. [48,51], the form factors FBD*(q ), FgDS(qZ)
and ABP1(g%), ViP' (g%), ViP'(q?). V3! (q?) can be
obtained directly, which are hsted in Appendix C.

C. Vertex corrections and the hard spectator function

Within the framework of QCD factorization [61], the
short-distance nonfactorizable corrections including the
vertex corrections and hard spectator interactions are
considered. The modifications of the Wilson coefficients
a,, from the vertex corrections are given as

as(ﬂ)c Ci(u)
g F N.

Vi(M,), i=12,
(31)

with M, being the meson emitted from the weak vertex.
The vertex functions V;,(M,) are written as [61]

2\/2N

ai(u) = a;(u) +

Via(M;y) =12 ™ - 18 + dxd>M (x)g(x),
U

(32)
where f);, and ®, (x) are the decay constant and the

twist-2 meson distribution amplitude of the meson M,,
respectively. The hard kernel g(x) is

;mx—m> + [2L12( ) = In%x 45—
—(3+2iﬂ)lnx—(x<—>1—x)} (33)

The modifications of the Wilson coefficients a, , from the
hard spectator-scattering corrections arising from a hard
gluon exchange between the emitted meson and the
spectator quark are written as

Crra,C,
N2
Cpﬂ'ascl
N2

ay(u) = ay(u) + H\(M\M,),

ar(u) = ax(u) + Hy(M\ M), (34)

where the hard spectator functions H; (i = 1, 2) are defined
as [62]

_ ~Sefm, [ldp 1dg
s [ Layp) ['Foue)

XAI%[ﬂDMI( )+ A0 §q>1;41( ﬂ’ (39)

H;(M M)

withé =1—¢and i = 1 — 5. @y, and @}, are the twist-2
and twist-3 LCDAs of the meson M. The definitions of
D(MM,) and r}"" can be found in Ref. [62]. It is noticed
that if the emitted meson is heavy, such as D meson, the
mechanism of color transparency is not operative and the
infrared cancellation is lost. While under the limit where
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the charmed meson D is considered as a light meson
(m. <« my), one can give a rough estimate of the next-to-
leading order (NLO) corrections. In this limit the vertex
functions V,,(D) and the hard spectator functions
H{,(M,D) should be modified as follows [63]

1
Vi,(D) = 121n@+/ dx®p(x)[In*(1 — x)
H 0

+1In(1-x)+7°/3-6

+ir(2In(1 —x) = 3)], (36)
B Nefpfu, mp [V dx
H\»(M\D) = mg% 1 _xq)D(x)v (37)

where F| gM‘ is the form factor of the transition B — M,
with M, being a pseudoscalar or a scalar meson. FgM'

should be replaced with Vo' (AS™) when M, is an
(a) axial-vector (vector) meson.

ITII. NUMERICAL RESULTS AND DISCUSSIONS

A. Transition form factors

The input parameters, such as the masses of the initial
and final mesons, the decay constants, are listed in Table 1.
The decay constants of the axial mesons Dy, and D’ can be
obtained from f D2 and f 2 through the mixing between

1/2 3/2
D " and D}
fp L= fD]/Z cos 6, + fD3/z sin6,,
§ sl sl

Jo, = —fD;{Z sinf; + fD?{Z cos b;. (38)

Using these decay constants and the masses of the
constituent quarks and mesons given in Table I, we can

TABLE II. The shape parameters f (in units of GeV) in the
Gaussian-type light-front wave functions defined in Eq. (16), and
the uncertainties are from the decay constants.

Br B B, B Bp
0.317 037  0.26110001 0.279 £0.004 0.464-00!]
B B, b, B Bp:
0.55510048 0.62870933 0.4971992  0.40910021  0.43870916
b; Po,, Pip, v,

0373/485 0325888 0342 0302y

obtain the values of the shape parameters f' for our
considered mesons, which are listed in Table II.

It is noticed that all the computations are conducted
within the g™ = 0 reference frame, where the form factors
can only be obtained at spacelike momentum transfers
q*> = —q% <0. It is necessary to know the form factors in
the timelike region for the physical decay processes. Here,
we utilize the following double-pole approximation to
parameterize the form factors in the spacelike region and
then extend to the timelike region,

_ F(0)
1 —aq*/m® + bg*/m*’

F(q*) (39)

where m represents the initial meson mass and F(q?)
denotes the different form factors. The values of a and b
can be obtained by performing a 3-parameter fit to the form
factors in the range —15 GeV? < ¢?> <0, which are col-
lected in Tables III and VI. The uncertainties arise from the
decay constants of the initial B(;) meson and the final state
mesons.

TABLE I. The values of the input parameters Refs. [64—68].
Mass (GeV) my, = 4.8 m, =14 my = 0.37 my, 4 =025 mp = 5.279
m, = 0.140 myg = 0.494 m, = 0.775 myg- = 0.892 mg = 5.367
mp. = 2.343 mp. = 2.317 mp = 1.86966 mp, = 1.96835
mp, = 2.460 mp = 2.536 mp: = 2.1122 mp- = 2.010
Decay constants (GeV) f-=0.13 f, =0.209 + 0.002
fx=0.16 fx =0.217 £0.005

f5=0.19£0.02
fp = 0.2046 £ 0.005
fp = 0.245 £0.02705%
fp, =0.145£0.011
s =005
fp, =—0.121
b = 0.103 £ 0.021
0

f5, =0231£0.015
fp, = 0.2575 £ 0.0046
fp: =0.272 +£0.016150%
fpr, = 0.032 £ 0.006
fpyp =0.145
fip, =0.038
fp:, = 0.067 +£0.013
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TABLE III. Form factors of the transitions By — D§, D, Dy, DZ‘S) in the CLFQM. The uncertainties are from

the decay constants of B(,) and final state mesons.

2 _ 2
Fi(q - O) Fi(qmax) a b
BD: 40.03+0.05 +0.03+0.06 +0.04-+0.03 +0.08+0.03
F° 0.2570 62005 0.3029,03 0.7 0.70Z0 050,11 0.652607 0.7
BD: 40.03+0.05 +0.02+0.04 40.04+0.05 +0.07+0.08
Fy° 0.2570 62005 0.22%5 512004 —0.38%504 0.0 0.21%5,67 0.08
B.D +0.02+0.04 +0.02+40.05 40.05+0.07 +0.08+0.01
Fr° 0.21%50120.04 0.24%50120.05 0.63%506-0.12 0.785,00-0.04
B.D* +0.02+0.04 +0.02+0.03 () 42+0.01+0.01 +0.03+0.01
Fy 0.21%5 61 0.04 0-18%501 0.3 0.4375 00 0.02 0-2875/06_0.04
BD +0.00--0.00 +0.00+0.00 +0.01-0.00 +0.03+0.01
Fy 0.662051-0.01 08155012002 0.80Z501 2001 0.862003-0.01
BD +0.00-+0.00 +0.02+0.00 +0.01+0.01 40.10+0.03
Fy 0.66Z5 012001 0.70Z50220.01 0.46Z500 0,00 0.78Z5:1020.02
B.D, 40.00+0.01 +0.00+0.01 +0.01+0.01 +0.03+0.04
Fi 0.652)60-0.02 0.79Z500-0.03 0.84Z5 012002 1025042005
B.D, 40.00+0.01 +0.0140.01 +0.01+0.01 +0.07+0.09
Fy 0.652)60-0.02 0.68206120.03 0.5029510.02 0990072010
BD* +0.0140.01 +0.01+0.01 +0.01-0.00 +0.05+0.02
v 0.73200120.02 0.89%06220.03 0.82%5 612001 0912565 0.02
BD* +0.00+0.02 +0.00-+0.02 +0.02++0.00 +0.00-+0.00
Ag 0.672051-0.02 0.70Z9 520,03 0.1625 63 001 0.152561-0.01
BD* +0.00-+0.01 +0.01+0.01 +0.02++0.01 +0.03+0.02
Aj 0.6325 60-0.01 0.72%5 002001 0425502 001 0.22%5 012000
BD* +0.00--0.00 +0.00+0.00 +0.01+0.01 +0.04+0.03
A7 0.59% 012001 0.71%5 012001 0.75Z 0 002 0.782504-0.03
B,D: +0.01+0.02 10.02+40.03 10.02++0.01 +0.05-+0.04
v 0.7225600.02 0.862)00-0.02 0.8620620.00 L.10Z5 052002
B.D: +0.01+0.02 +0.01+0.02 +0.02++0.00 +0.01+0.02
Ay 0.652560-0.03 0.692061-0.04 0.23%5 03 001 0.21%5 012001
B.D: +0.00+0.01 +0.00+0.00 +0.01+0.00 +0.03+0.03
AP 0.6220510.02 0.72%5 020,03 0.48Z5 03 0.0 0.32Z5 0 001
B.D: +0.00-+0.00 +0.00-0.00 +0.01+0.01 +0.04+0.06
Ay 0.572960-0.00 0.68260-0.00 0.80Z9,02 002 0.95%50420.03

TABLE IV. Form factors of the transitions B, — Dy, D]
theoretical results.

(s

)-m(p). K(K*) at g*> =0 together with other

Transitions References Fy(0) V(0) Ap(0) A(0) A,(0)
B — D,D* This work 0.66 0.73 0.67 0.63 0.59
[51] 0.67 0.75 0.64 0.63 0.62
[70] 0.67 0.76 0.69 0.66 0.62
[60] 0.69 0.71 0.62 0.65 0.69
B; = Dy, D; This work 0.65 0.57 0.72 0.65 0.62
[71] 0.74 0.95 0.67 0.70 0.75
[72] 0.61 0.64 e 0.56 0.59
[73] 0.57 0.70 0.70 0.65 0.67
[74] 0.70 0.63 e 0.62 0.75
B —m,p This work 0.25 0.25 0.28 0.22 0.19
[51] 0.25 0.27 0.28 0.22 0.20
[75] 0.26 0.34 0.37 0.26 0.22
[70] 0.29 0.31 0.29 0.26 0.24
[60] 0.33 0.33 0.28 0.28 0.28
B - K,K* This work 0.35 0.30 0.33 0.26 0.24
[51] 0.35 0.31 0.31 0.26 0.24
[75] 0.34 0.46 0.47 0.34 0.28
[70] 0.36 0.44 0.45 0.36 0.32
[60] 0.38 0.37 0.32 0.33 0.33
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In Table III, we list the form factors of the transitions
By = D, Dy, Dy, D’(‘S). One can find that the form
factors of the transitions B(,) — Dy, D}, are much smaller.
This conclusion is also supported by other works, for
example, the form factor of the transition B — D{ was
obtained as 0.24 and 0.18 within the CLFQM [51] and the
2nd version of the Isgur-Scora-Grinstein-Wise (ISGW2)
approach [67], respectively. Furthermore, our result for the
form factor of the transition B; — D7, is consistent with
0.20 given in the ISGW2 model [67], while smaller than
0.40 given by the QCD sum rules (QCDSR) approach [69].
As to the form factors of the transitions B — D),
Dy z(p), K(K*), they have been searched by many

approaches, such as the Melikhov-Stech (MS) model [70],
the relativistic quark model (RQM) [71], the BSW
model [60,72], the Bethe-Salpeter (BS) equation [73],
the QCDSR [74] and the light cone sum rules (LSCR)
approach [75]. Considering the need for the latter branch-
ing ratio calculations, we also give them in Table IV with
other theoretical results for comparison. Obviously, our
predictions are consistent well with these theoretical
results. For the transitions By — Dg, Dy, Dy, D)y, we
also use the z-series expansion to parameterize the form
factors, which is expressed as [76]

1 K

— D dilela) O] 40)

F(q*) =

where @) refers to the fitting parameters and z(g*) =
2(¢*. 1) is the function

gy = VEZLTYETO )
L+ =T

in which 7 and 1, are (Mg +Mgy)® and

(Mg, + Msa)) (/Mg —

the subscript S(A) refers to the charmed scalar (axial-
vector) mesons, that is D, D%,(Dy;. D’ ). Since the higher
order terms in the z-series parameterization given in
Eq. (40) have trivial contribution, the expansion is trun-
cated at K = 2, which contains the free parameters aj,, a/,
and a),. The comparison between these two parametrization
schemes, namely the 3-parameter function (type I) and the
z-series expansion (Type II), is listed in Table V. Although
the fitting parameters for these two types of parametriza-
tions are very different (a, b refers to the slope parameters,
while a/, a, do not correspond to any physical interpreta-
tion), one can find that the differences of the g*>-dependence
of the form factors between these two parametrizations
are small.

In order to determine the physical form factors of the

transitions By — Dy, D’;, we need to know the mixing

M4))*, respectively. Here

TABLE V. The comparison of the fitting results for the form
factors of the transitions By — Dg, Dy, Dy, Dy, between the 3-
parameter function (type I) and the z-series expansion (type II).

Type I  F;(¢> =0) a b

Form factors Type 11 a Fi(q%a) @ )
PP Type I 0.25 030 070  0.65
Type 1T 0.25 022 297 1043
FED Type 1 0.25 022 -038 021
0 Type II 0.25 027 166 0.0
FBD% Type I 0.21 024 063 078
: Type 1T 0.21 0.18 240 791
FBP Type I 0.21 0.18 -043 028
0 Type II 0.21 023 134 -0.16
AB:Da Type I 0.20 0.18 =027 0.11
Type 11 0.20 0.21 141  0.80
VB Type I 0.40 042 -0.17 -0.02
Type II 0.40 039 358 654
VB Type I 0.58 0.57 —0.05 0.2
Type I 0.58 0.58 460 6.05
yBDa Typel  —0.05 005 056 250
Type I —0.05 005 —0.67 —2.06
ABD,, Type 1 0.08 003 205 557
Type 1T 0.08 006 121 448
vEP Typel  —0.08 005 124 074
0 Type I —0.08 007 —1.04 -334
s Type I 0.17 015 -052 036
! Type 1T 0.17 0.19  1.08 -022
VAL Type I 0.11 0.10 025 -0.07
: Type II 0.11 011 106 208

angle 0 = @, +35.3° between 'D,; and 3D,; shown in
Eq. (3). Here we take 8, = 7°, which was determined from
the quark potential model [67]. The results are listed in
Table VI, where the uncertainties are from the decay
constants of B, and the final states (°D,;, 'D,;). In
Fig. 2, we check the dependence of the form factors of
the transitions B; — Dy, D', on the mixing angle 6,. We
find that the form factor V| of the transition By — D,
(By, — Dy;) is (not) sensitive to the mixing angle. It can be
used to explain why the branching ratios of the decays
associated with the transition B; — D', (B; — D) are
(not) sensitive to the mixing angle, which will be discussed
in the latter.

In Fig. 3, we plot the g>-dependence of the form factors
of the transitions B ;) — Dy, Dy, Dy, D). There exists the
similar g>-dependence of the form factors F ; (¢*) between
the transitions B — D and B; — D7,. It is consistent with
our expectation. While it is very different in magnitude
between the corresponding form factors for the transitions
By — Dy, and B; — D’;.
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TABLE VI. The form factors of the transitions B; — Dy and B; — D’ in the CLFQM. The uncertainties are
from the decay constants of B, and final states.

Fi(q2 = O) Fi(qrznax) a b
WO OISRRIEN | 07N OnSERie
VEPL OMESDE  onMEMLN ongEURNE owuman
VoL osSBICOEDE  owLOEDE oo oo
VIPL oosHEURE  ooSMRNTE  oseREURNE  2sdnL
WU GSLOEND  oovBmLOR  osimie s
o ORI  oosBESRNN  LeSSORN omtmal
BT ONENEGE  ISIROEY 0sTEAENY 0l
SO orgmomen  olmiesy  oosgledme ooy

B. Branching ratios

In addition to the parameters listed in Table I, other inputs, such as the B ;) meson lifetime 7 o the Wilson coefficients
ay, a, and the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, are listed as [65,77]

75 = (1.519 £0.004) x 10~'2s, 5 = (1.520 £ 0.005) x 107"%s (42)
75, = (1.638 £ 0.004) x 107'2s, a, = 1.018, a, =0.17, (43)
Vea = 0.221 +0.004, Ve, = (40.8 +1.4) x 1073, V., = 0.975 £ 0.006 (44)
V,s = 0.2243 + 0.0008, V,a = 0.97373 4 0.00031. (45)

First, we consider the branching ratios of the decays B,) — DZ‘”OM with M being a light pseudoscalar (vector) meson P (V)
or a charmed meson (D<*), D§*)), which can be calculated through the formula

* TB(»Y) *
Br(B(,) — D(s)oM) = TF(B(S) - D(s)oM)’ (46)

where the decay width I'(B(,) — D§(Dj,)M) for each channel is given as following

B e e e e e L s o e e e LA b7 T 7T T T T T T T T
B,—Dq, _CO
08| ) 4
- =-Vi
—-=-V2
o6 D= == b
5 F----""°° 5
S 3
BT S U . =
£ £
o o
w w
02} =
0.0 N 01} el 4
ool o2l
7 6-5-4-3-2-10 123456789101l 765432-1012345678 91011
05(°) 0,(°)
(a) (b)

FIG. 2. The dependence of the form factors of the transitions B, — Dy (a) and By — D' (b) on the mixing angle 6.
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0.5 . 0.5 .
B—)D*o Bs_)D*SO
0.4f 0.4 ]
—Ff R —F - F
03} 1 __ o3} 3
T e o
T T e e e e e 'y —
0.2} ] 0.2 T ]
0.1} ] 0.1}
0.0 . . . . . . . 0.0 . . . . . . .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
q*(GeV?) q*(GeV?)
(a) (b)
0.8 T T T T T 0.3 T
Bs—»D
Bs-Dg A==V =V — s st A== Vo =V —
(|- 1 [
------------ 0.2
& 0.4f-—----===----SSSSSSSSSTTSSTIIIIIIIEITT o~ .
= Z 041
T L
1 el
0.0
oo———————————————————————————— b
. -0.1
0 2 4 6 8 10 12 14 0 2 4 6 8 0 12 14
q*(GeV?) q*(GeV?)
(c) (d)

FIG. 3. The g*>-dependence of the form factors of the transitions B — D{ (a) B, » D%, (b) B, » Dy (¢) and B; — D', (d),
respectively.

BD, 2
0 - ’GFV"”VZ‘/alfP(Wm%Fo O(m%’(v))‘ 2
[(B” - Dy P(V)) = 320y (1 - rDS)’ (47)
BD; 2
N (GrVesViga fpomiFo ()| o
(B —» Dy D™T) = 32, (1 — Ty = rD(*)>, (48)

where P(V) refers to 7, K (p, K*) and the subscript ¢ = d(s). ['(B® — DO‘Dﬁ*H) can be obtained by replacing V4, D*)
with Vg, D£*> in Eq. (48). There exist similar expressions for the cases with B, D¢~ replaced by BY, D}y in the upper
decays. While for the charged B decays B — D;°P(V) with P(V) being =, K*(p™, K**), the corresponding decay

widths should be written as

(GFVszuqm%)z(l - r2D3>

= BD;; Br(K 2
I(B™ - DOO’T+(K+)) = Damy afax)Fo O(mig()) + asz(*)Fo ( )(m%);;) ) (49)
_ (GFV:quqm%)z(l — ) BD;, Bp(K* 2
L(B* — Dyp* (K*)) = 32mmy a2 o) + arf Al (50)
Secondly, the decay widths of the decays B, — Di/l)M are defined as
G-V .V* 2 VBSDE/I) 2 2
0 FVeb uqalfﬂ(K)mBS 0 (mn:(K)) )
F(Bs - DSl”(K)) = 3271'1’)13 (] - rD('))’ (51)
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. 5,0 2
0 ‘GFVcchqalfD@m%}l‘ Vo' (m%)(s\))‘ 5 )
(B, —» D)) = 8}'{’22 (|4 (B = DOV)[" +2|ay (B, = DY) [ 424 (B, ~ DYV) ). (53)
B.Y

where V represents a vector meson, such as p, K*,DZ‘S), and the summation of the three polarizations for the decays

B, = D_(Y/I)V are performed. The three-momentum p is defined as

b, = Oy ), = (g = my))

— sl 4
7 i , (54

and the three polarization amplitudes A;, Ay, and Ay are given as

\3
. (/) o (—l)‘ GF « 1
iAL(B; — Dy V) = Tvcbvqlqzalfvmé 2”D<r>
sl
A1, 13,72 ,)
B,D") TV Tp)p pl)
x (1= ”%/ - rlz)(,))(l - rD<’l>)V1 ! (m%,) T, =V (my) |
sl s D.E/l)
: (=i)’G i 5.0"
ZAN(BS - DEII)V) = TFVCbVqlqzalfVm%’l\.rV(l - rD£’1)>V1 ! (m%/)’
. A1,y r2,)
. Ny _ —IGF # 2 Di” BDV( 2
iAr(B, - D/V)=—=V_V* afymsr AP (my), 55
T( K sl ) \/E ch¥ q19, lfV B,V l—rD(/) ( V) ( )

sl

with g; = u, cand g = d, 5, A(1, 13, 1 ) = (1 + 1y, = rp, )* = 4rj. As to the decay widths of the decays B — DY'D and

B — Dﬁ'l)D*, they can be obtained from Eqgs. (52) and (53) with some simple replacements, respectively. Using the upper
listed input parameters and the formulas given in Egs. (46)—(55), one can calculate the branching ratios for the considered
decays shown in Tables VII-XIV.

TABLE VII. The CLFQM predictions for the branching ratios of the decays B — D{z(K). The label LO, VC and HSSC mean the
inclusions of the leading order, the vertex corrections and the hard spectator-scattering corrections, respectively. NLO means the
inclusions of these two kinds of corrections at the same time. The upper (lower) line is corresponding to f Dy = 0.078(0.103) GeV for

each decay. The first and second uncertainties are from the decay constants of B and Dy.

LO VvC HSSC NLO Other predictions References

1078 x Br(B* — Di'a*) 2987 il 468110 2600505 4185 ERY 8.93 PQCD [78]

7.3 CLFQM [51]
2442.53 5743 1542, 484298

SASHERS  SAOTSIS  ATITMERE 7ol 77 ISGW2 [67)

4.2 ISGW [79]

107X Br(B) - Dyr')  368USUIE SNTLY SO 375 428 PQCD (78]
3242 374278 2942, 3442,

66011220 GOTHIEN  6S4BEN 6811 26 ISGW2 [67]

4.1 ISGW [79]

0 X Br(B" — DYKY) 225900 345G Loa Il 32000501 696 PQCD (78]
SED I ST L R

05 Br(B Dy KY) 291PE S0UER 28RN 2ewlay 35T QoD [
0442, 0942, 014204 05+42.
52900050 552055 5340 Ty 5351003508
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TABLE VIII. The CLFQM predictions for the branching ratios of the decays B — D{z(K) — Dzz(K), where the upper (lower)
line is corresponding to f Dy = 0.078(0.103) GeV for each decay. The first and second uncertainties are from the decay constants

of B and Dj.
This work PQCD [78] Data
10 x Br(B* -» D’z* - D~ n*z") 279508 595534 6.14+0.6 +0.9 + 1.6 Belle [3]
6.8 £ 0.3 0.4 £ 2.0 BABAR [32]
5061050 1y 5.78 £ 0.08 £ 0.06 = 0.09 LHCb [80]
10 x Br(B" - D z" — D_szﬁ) 2.50F007—1a3 2.851193 0.60 £ 0.13 £ 0.15 £ 0.22 Belle [82]
0.77 £ 0.05 + 0.03 4 0.03 LHCb [83]
4541080418 0.80 £ 0.05 £ 0.08 = 0.04 LHCb [83]
1075 x Br(B* - D°k* — D n*K*) 2.131085+ 105 465124 0.61 £ 0.19 + 0.05 £ 0.14 £ 0.04 LHCb [84]
4052078415
107 x Br(B" — Dy K+ — D'z~ K™) 196050 2.38% 13 1.77 £ 0.26 + 0.19 £ 0.67 £ 0.20 LHCb [81]
3 57+0.70+1442
1 -0.63-1.37

TABLE IX. The CLFQM predictions for the branching ratios (1073) of the decays B — D(’SD( 5) D(’SDE‘S), Dgp. D{K*. The labels LO,
VC, HSSC, NLO and the error sources are the same with those given in Table VII. Other theoretical predictions are also listed for

comparison.
LO VC HSSC NLO ISGW2 [67] ISGW [79]
T POt +0.47+0.76 +0.47+0.75 +0.47+0.75 +0.4640.74
Br(B* — Dy'Dy) 15475552066 152205 063 15255 063 1512557 065 0.80 2.7
2.79+055+1.11 2 76+0.54+1.10 2 76+0:55+1.10 2 747+0.54+1.09
<17 _0.49-1.07 -10_0.29-1.06 -10_0.49-1.06 1% _0.48-1.05
0 -+ +0.44+0.70 +0.4340.70 +0.4440.70 +0.4340.69
Br(B” — Dy DY) 1427555 0 61 L412555 061 L41Z555 061 1.40Z5 5470 60 0.73 2.6
+0.51+1.03 +0.5141.02 +0.50+1.01 +0.49+1.00
2.597026-0.99 2.562) 75 008 2.53%0 452007 25120542096
L 0y 40.53+0.85 10.52+0.84 +0.53+0.85 +0.5340.84
Br(B* - Dy'D;™) L1505 07 170%5 57073 L7350 353707 L1553 2073 0.35
3.11+061+1.24 3.08+0-61+1.23 3.14+062+125 3. 11+0-61+124
- 2055-1.19 U8 054-1.18 1% _0.55-1.20 12055119
0 o Tyst 10.49+0.78 +0.49+0.78 +0.49+0.80 +0.4940.78
Br(B” — Dy~ D;*) 1.59%550 2068 157050 068 1.60Z550 .69 1.58Z550 068 0.32
+0.57+1.15 +0.56+1.14 +0.56+1.14 +0.56+1.13
2897051 001 2.862)5021.10 2.862)3021.10 2.832050-1.09
+ D0+ +0.28+0.44 +0.29+0.47 +0.29+0.46 +0.3040.48
Br(B* — Dy’p") 0812557058 0.8520%5 2040 0.89%023 040 0.94%05, 04 1.30
1 47+0.32+0g)5 2 03+8§§+(§)757 1 63+0‘34+0‘68 2 21+(())§2+(())78§)
“12029-0.61 U3_034-07 -03_030-0.65 <1_036-0.
0 S +0.29+0.46 10.30+0.48 +0.29+0.47 +0.3040.49
Br(B® — Dgp™) 0.94Z553 040 097054 04 0.95Z023 041 099024 042 0.64
+0.3440.68 +0.35+0.71 +0.3340.66 +0.3440.69
1702550 065 LT7Z550 2068 1662055 0,64 1732051 20.66
T 0 gt +0.016+0.025 +0.016+0.026 +0.016+0.026 +0.01740.027
Br(B* — D’K*™")  0.04570015 0o 0.0472) 613 0.022 0.049%) 51320022 0.05225 51320023
+0.018+0.037 10.022-0.044 +0.019-+0.038 +0.02240.045
0.082%) 0160034 0.116Z 62020.043 0.090Z5017 0,036 0.126% 0050 -0.041
0 S 40.017-+0.026 +0.01740.028 +0.01740.027 +0.017+0.028
Br(B° — Dy~ K*) 0.054% 1320023 0.0562 914 0,004 0.05420 13 0,023 0.056014 0,024
40.019-0.039 40.020-+0.040 +0.019+0.038 +0.020+0.040
0.097Z) 01720037 0.101Z561820.039 0.095Z)91720.036 0.099%18-0.038
+ A0 1+ +0.016+0.026 +0.016+0.025 +0.016+0.026 +0.016+0.025
Br(B* — Dy’D*) 0.0522501320.052 0.05125613 0,025 0.0522) 1320022 0.0512)13%002 0.114
+0.019+0.038 +0.01840.037 +0.019-+0.037 +0.018+0.037
0.094%501720.036 0.093Z)016-0.036 0.094Z5 01720036 0.092%5016-0.035
0 =)+ +0.01540.024 +0.015-+0.023 +0.015+0.024 +0.01540.023
Br(B" — Dy~D™) 0.048250150.021 0.047Z5 01> 0020 0.048Z5 015 0021 0.047Z57013 0020 0.111
+0.017+0.035 +0.017-+0.034 +0.017-+0.034 +0.017+0.034
0.087Z501520.033 0.0862) 91520033 0.0862)01520.033 0.085Z) 01520032
N +0.023+0.037 +0.023+0.036 +0.023+0.037 +0.023+0.037
Br(B* — Di’D™")  0.07420013 003 0.073Z0613-0.031 0.075Z0 01920032 0.07425 51320032
013520001 005 0133105300050 013720050 0 1.34020051°00%%
0 o TyE 40.021-40.034 40.021-0.033 +0.02240.034 +0.02140.034
Br(B” — Dy D*") 0.069Z501720.030 0.068Z)917 0029 0.070Z 51720030 0.069Z)91720.029
+0.024+0.050 40.024-0.049 +0.025+0.050 +0.024+0.049
0.125%5022 0048 0.123%502 01047 01247505570 a5 0122255550047
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TABLE X. The CLFQM predictions for the branching ratios (10~*) of the decays B, - D*,z(K), D%yp(K*). The labels LO, VC,
HSSC, NLO and the error sources are the same with those given in Table VII. Other theoretical predictions are also listed for

comparison.

Br(B; — Diyn™) Br(B, - DXy K") Br(B;, — Diyp™) Br(B;, - Dy K*1)
Lo S0 A0S ST 07843
ve 5275058 o 0.422006 7015 134017507056 0.772017203%
Hssc 196317 038 582 0.t 072Ag}E
NLO 51703 s 0402506 0114 13.1257935056 0.7520:1 08
PQCD [36] Sa9rzs s 0512980 0ar0 T LT e
LSCR [68] 50125 0.4+02 1312 0.8%p%
RQM [71] 9 0.7 22 1.2
NRQM [87] 10 0.9 27 16
ISGW2 [67] 33 e 8.3 e

TABLE XI. The CLFQM predictions for the branching ratios (107*) of the decays B™ — D’ D*)° and B — D’ D*)~. The labels
LO, VC, HSSC, NLO and the error sources are the same with those given in Table VII. Other theoretical predictions and data are also
listed for comparison.

Br(B* — Dy D) Br(B* — Di D) Br(B - DI D") Br(B® - DIy D*)

Lo 13819502 1399.00107 1280.384 037 1297888
ve 13,6198 048 13830401048 126683037 1283810
HSSC 136210510 13.95%050 055 12621015 05 1296205 055
NLO 13472050 025 13807030 004 12482515703 128150507
PQCD [88] 125570578 18310017765 1055570570 1592090455
FH [89] 103+ 1.4 50407 9.6+ 1.3 47406
T™ [90] 6.77+ 1.9 12.10 £3.39 6.37 + 1.78 8.89 4 2.49
Data [65] 8.0 9.0179 10.65¢ 15.0789

TABLE XII.  The branching ratios (1073) of the decays B, — Dj:oDﬁ*), D:OD(*). The labels LO, VC, HSSC, NLO and the error sources
are the same with those given in Table VII. Other theoretical predictions are also listed for comparison.

LO VC HSSC NLO PQCD [88] RQM [71] LSCR [68]
s— Tyt £0.3240.81 10.32440.80 10.3240.80 £0.3140.79 £0.940.340.1 +7
Br(B; » DG DY) 1.96%055707) 19475507070 19470557070 192705570 60 2156201 01 L1 1375
s Tyrt £0.3640.90 0.3510.89 £0.3510.89 £0.35+0.88 £0.940.140.1 429
Br(B; — DigDy™) 21820507 2162535 075 2162532075 214705570 78 1.8%5620.1-0.1 2.3 6.023,
syt £0.01140.027 £0.010+0.027 £0.010+0.027 H0.01140.027 £0.034--0.00640.002 . 102
Br(B; — DigDT)  0.06620010 00 0-0651001) 0ons  0.06515011 0057 0.06470 010 005 0.0657 565 00050 00 0.5%y3
BB, = DGD™) 0095 LI 0008 SHTAS 000 AT 002U OOSRTLNE 0]
s+ - £0.0040.06 £0.0010.06 £0.00--0.06 £0.00+0.06 £0.56--0.0240.04
Br(B; > Dy D7) 1.29%55 e 12825012006 12425012006 122756512006 L11Z05770 .04 0.04
oy £0.0140.06 10.0140.06 10.0140.06 £0.01+0.06 £0.69+0.05+0.06
Br(B; —» Dy Dy™)  1.28%00%)7) 12725012006 1262500 011 124700 00 1487 4670.07-0.05

gives the dominant contribution. The other two decay
channels B - Dj~z" and B° — D{"K* only receive
one kind of Feynman diagram contribution to their branch-
ing ratios, which is associated with the B — Dy transition
accompanied by a light pseudoscalar meson (7, K) emis-
sion. In any case, the contributions from the vertex
corrections and the hard spectator-scatterings are destruc-
tive with each other. In view of the large uncertainty from

From Table VII, one can find that the branching ratios of
the decays BT — D’z and BT — D°K ™ are sensitive to
the vertex corrections. Both of these two channels are
related to two kinds of Feynman diagrams, one is asso-
ciated with the B — Dj transition accompanied by the
emission of a light pseudoscalar meson (7, K), the other is
associated with the B — #(K) transition accompanied by
the scalar meson Dy emission. We can find that the former
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TABLE XIII. The branching ratios (1073) of the decays B, — DE’I)P(V). The labels LO, VC, HSSC, NLO and the error sources are the
same with those given in Table VII. The results given in the RQM, the NRQM and the ISGW2 models are also listed for comparison.

RQM NRQM ISGW2

LO vC HSSC NLO [71] [87] [67]
Br(B,~DGDI)  GSSUMOBLY  eaBEUMUY  eadIBI aawlmgpus 30
Br(B, - DGDI)  RASUROMLY  sAUBOENT  sOLURNY RIS so
B(B,~Dix) LGTREORES  LWOEUREY LGy egigEes 1 15 0w
Br(B,~ ") 4dRONED  AUDULY  sofIUUNY  asuSmony 40 36 13
Br(B,~ DK OINEMORMEY  OlRGRAY olRUEUE  owadiumur  on on
Br(B,~ DGK") 026 07BN  026BENUE  o2r9BUNOE 02 020
B(B,~D5D")  02ENEY  02RAMEE  0GEELUD  oxgmobon
Br(s,~DGD) O 0nEEEY 0T oty
Br(s, - DGDD)  0MVRSRUR 02HPUNEE 03MRES ontumhn 0se
Br(B,~ DGD) 0BEUREY  0HOIBEY  0asBSRNRS  osctipige 1S
Br(B, D) 006 RUBVEG 007 SEOUINT 008 UBANIG oomIBARI 029 07 1S
Br(B, D) 00PEORNE  02UEINDY 0GR oadBuEER  0m 19 38
Br(B, ~ DiTK") 0006 SREOUNES 0006 SR IIELS 0007 S 0007 QKA 0021 0054
Br(B, — DiEK™) 001 SRR 00U 0014 BRI 0014 IEAR M 00m o
Br(B, ~ DY) 0009 3RIERY  0.009 SRINE 0011 SRR 001 00 Am 0
Br(B, - DGD™) OOISGRTRNIIL 0010/ GMT RN o021 SIS o0z igiy o o

TABLE XIV. The branching ratios (107%) of the decays B — D(*)Dig). The labels LO, VC, HSSC, NLO and the error sources are the
same with those given in Table VII. Other theoretical predictions and data are also listed for comparison.

ISGW2  ISGW
LO Ve HSSC NLO [67]  [91]  FH[89]  TM[90]  Data [65.92]
Br(B® —» D™D}) 641700500 70850300 63310924008 6.9910024009 3.9 34 2364036 1.158+£0324 35+1.1
Br(B" —» D*"Dj;) 97859505 1052709705 97070905 10447990815 - 685+1.05 270940759  93+22
Br(B* = D'DY)  6OPRNN TR 6SLR0R TSN 43 35 2544039 1255+0351 303
Br(B* — D*Dj) 10.5550970%% 11.357090 06 10467007050 1126700708 16 - 7334112 3.065+0.858 12.0+3.0
Br(B® - D™D.})  0.2910%01900 3210001000 0 2910.0040.90 (9340004000 (.28 33 0.39 +0.18"
Br(B"~ DD) 04SHYGE 04BTANN  04aNEUR oaspLn 11 e e 0708
Br(B™ — D°D})  0.325007090 035500 00 031100 080 0.34100079090 0.31 34 0.35 +0.16"
= b
BriB' - DUDG) 048NEGN 0GR 04sIGR osugRgn 12 o o 091036
"It is obtained from the ratios Z2=204) = 0.44 4 0.11 and % = 0.049 4 0.010 [92].
"It is obtained from the ratios F2=2Dul — 0.58 £ 0.12 and 3 G- 74 = 0,044 £ 0.010 [92].

the decay constant fp. as mentioned before, two decay  for the branching ratio of the decay B* — DiPz* is also
constant values are used in our calculations, which are agreement with the previous CLFQM calculations [51].

shown in Table VII. For each decay, the upper (lower) line The branching ratio of the quasi-two-body decay B —
is the result corresponding to fp; = 0.078(0.103) GeV.  DjP — DzP can be obtained from the corresponding two
We can find that the branching ratios are sensitive to the ~ body decay B — D;P under the narrow width approxima-
decay constant fp.. Our predictions are consistent with  tion Br(B — DyP — DzP) = Br(B — DyP)Br(Dj — Dr),
other theoretical calculations, such as the PQCD approach ~ where P refers to a light pseudoscalar meson (7, K).
[78], the ISGW quark model [67,79]. Certainly, our result ~ Assuming the Dy state decays essentially into Dz, we have
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Br(Dy® — D=zt) = Br(D§~ — D°z~) :% from the
Clebsch-Gordan coefficients. The branching ratios of these
quasi-two-body decays are collected in Table VIII, where
the PQCD results and the data are also listed for compari-
son. One can find that if taken the bigger decay constant
f Dy = 0.103 GeV, the branching fraction for the decay

Bt - Di’z* - D=zn"zt can agree with the data from
Belle [3], BABAR [32] and LHCb [80] within errors. While
for the decay B’ — D;"K™ — D%z K™, if taken the
smaller decay constant f Dy = 0.078 GeV, our prediction
can explain the LHCb measurement [81]. For the other two
quasi-two-body decays, the predictions for their branching
ratios are much larger than the present data. Similar
situation exists for the comparison between the PQCD
results and the measurements. Another difference is that
our results for the charged (neutral) channels by using the
bigger (smaller) decay constant f Dy = 0.103(0.078) GeV

can be consistent well with the PQCD results. Further
experimental and theoretical researches are needed to
clarify these discrepancies and puzzles.

If replaced the light pseudoscalar mesons 7z, K in the
final states with the vector meson p, K* and the charmed

meson D), Dg*), the branching ratios for the correspond-
ing decay channels are listed in Table IX. One can find that
our predictions by using the bigger decay constant fp. =
0.103 GeV are consistent with those given in the ISGW
model, it is because that the form factor of the transition
B — Dj at maximum momentum transfer obtained in the
CLFQM with fp. = 0.103 GeV is about 0.30, which is

almost equal to the value calculated in the ISGW model
[79], while much larger than 0.18 given in the ISGW2
model [67]. The differences between the ISGW and ISGW2
models are mainly from the g>-dependence of the form
factor. About twenty years ago, Chua [85] studied the
decay BT — Dy’p™ in the CLFQM approach and obtained
its branching fraction about 1.7 x 1073, which is consistent
with our result by taking f Dy = 0.103 GeV.

Taking D}, as a c§ meson, we calculate the branching
ratios of the decays B(,) — Dj,M with M being a pseu-
doscalar meson (z,K,D,D;) or a vector meson
(p, K*,D*,D%) in the CLFQM, which are listed in
Tables X—XII. From Table X, one can find that our
predictions for the decays B; — Dyn(K), Dip(K*) are
consistent well with those calculated in the LCSR [68]
and the PQCD approach [86] within errors, while (much)
smaller than those given by the RQM [71] and the non-
relativistic quark model (NRQM) [87]. Especially, for the
pure annihilation decay B; — D’y K*™, its branching frac-
tion reaches up to 1073 predicted by the NRQM [87], which
seems too large compared to other theoretical results. These
divergences can be clarified by the future LHCb and Super
KEKB experiments. The branching ratios of the decays
B, — D¥;nt(p") were also calculated in the ISGW2

model [67], which are smaller than our results. It is because
of the difference from the form factor of the transition
B, — D¥, and its g*>-dependence. It is similar for the
decays B® — Dy~ nt(p*).

In Table XI, all the predictions from the different
theories, including the PQCD approach [88], the factori-
zation hypothesis (FH) [89] and the triangle mechanism
(TM) [90], show that the branching ratios of the charged
decay B* — D’ D) are slightly larger than those of the
corresponding neutral decays B — Dy D®~_ Tt is just
contrary to the case of the data [65]. Certainly, there still
exist large errors in the experimental results, especially for
the branching ratios of the decays with the vector meson D*
involved. We expect more accurate measurements in the
future LHCb and Super KEKB experiments. Theoretically,
the decays B* — D’y D)0 and B® — D*{ D)~ have the
same CKM matrix elements and Wilson coefficients for the
factorizable emission amplitudes, which provide the dom-
inant contributions to their branching ratios. Furthermore,
there exist similar transition form factors for isospin
symmetry among these channels. So these four decays
should have similar branching ratios. From Table XII, one

can find that the branching ratios of the decays B; —

DjODFY*),D;‘OD(*) are consistent with those given in the
PQCD approach [86] and the RQM [71], while much
smaller than those obtained within the LCSR [68]. Further
experimental and theoretical researches are needed
to clarify these divergences. For the decays B, —
D*;D™)*, their branching ratios are much smaller than
those of other four channels mainly because of the smaller
CKM matrix element V., compared with V., that is to say
there exists a suppressed factor |V 4/ Vs> = 0.05 for the
decays B; — Dy D™+ compared to other four channels.

In the quark model the axial-vector mesons exist in
two types of spectroscopic states, 3P (JF¢ = 1*+) and
P, (JP€ = 177). In some cases the physical particles are
the mixture of these two types of states. For example,
K(1270) and K,(1400) are considered as the mixture of
K4 and K for the mass difference of the strange and light
quarks. Similarly, the charm-strange mesons Dy, and D/,
are usually written as the mixture of the states 'D,; and
3D, which are given in Eq. (3). The quark potential model
determined the mixing angle 6, ~7° [67]. So we use

. = 7°to calculate the branching ratios of the decays B, —

DE? P(V) with P and V being the pseudoscalar mesons
(z,K,D,D,) and the vector mesons (p,K*, D*, D),
respectively, which are listed in Table XIII with the
results given in the RQM, the NRQM and the ISGW2
models [67,71,87] for comparison. The following points
can be found
(1) It is interesting that our predictions for the decays
B, — Dy P(V) are consistent well with the results
obtained in the RQM [71] and NRQM [87] models,

033006-15



YANG, ZHANG, YANG, SUN, and XIE

PHYS. REV. D 110, 033006 (2024)

(ii)

while those for most of the channels B, — D', P(V)
are about 3 times smaller than the RQM calcula-
tions. Certainly, the decays B, — D,;z(p) and B, —
D’ n(p) have been researched by using the ISGW2
model [67] about twenty years ago. We argue that
the mixing formula between |'D,;) and |?D;,;) used
in Ref. [67] is incorrect, which induced Br(B, —
D' n(p)) are larger than Br(B; — Dy n(p)). It is
just contrary with other theoretical predictions. That
is to say the values of the branching ratios Br(B, —
D' n(p)) and Br(B; — Dy z(p)) should be ex-
changed with each other under the correct mixing
formula shown in Eq. (3). Since many of these
decays have large branching ratios, which lie in the
range O(1073) ~ O(1073), we expect that the LHCb
and Super KEKB experiments can clarify the
differences between these results in the future.

The branching ratios of the CKM-favored decays
B, — D'/D\" and B, » D"z(p), which are asso-
ciated with the CKM matrix elements V. and
V,a(~1), respectively, are much larger than those

of the CKM-suppressed channels B, — D(/I)D(*) and

A

(iif)

@iv)

B, — DE/I)K (), which are associated with the CKM
matrix elements V., and V,,(~0.22), respectively. It
shows a clear hierarchical relationship for the branch-

ing ratios of these color-favored decay modes,

Br(B, » D")D{")) > Br(B, - D)D),
Br(B, - D")z(p)) > Br(B, » D{)K™).  (56)
Our predictions for the branching ratios of the
decays B, — D P(V) are at least one order larger
than those of the corresponding decays B, —
D’ P(V). This is because that the related form

factor Vg"'D"" is much larger than that of Vg“'D”".
There exists the similar situation between the
branching ratios of the decays B — D*)D, and
B — D(*)D/w where Dgll) is at the emission position
in the Feynman diagrams.

In view of the mixing angle #, uncertainty, we check
the dependence of the branching ratios of the decays

B, - D(/l)zr(K) on the mixing angle 6,, which are

N

shown in Fig. 4. One can find that the branching

185 T T T T T T T T T 150 T T T T T T T T T
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_ 180 g 145 1 g
> == - S ==
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o N o
o . o
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FIG. 4. The dependence of the branching ratios of the decays B, - D;;z" (a), B, > D;;K" (b), By » D7z (c) and By > D'7K*
(d) on the mixing angle 0.
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ratios of the decays B; — D’ z(K) are very sensitive
to the mixing angle, while those of the decays B, —
D, z(K) show an insensitive dependence on 6.
Furthermore, the changing trends for the branching
ratios of these two kinds of decays are just opposite.
In Table XIV, we present our predictions for the

branching ratios of the decays B — DYDY which are

sl
associated with the B — D™ transition, accompanied by
the Dg? emission. When the emission meson is D, our
results for the decays B — D~D!, and B™ — D°D7, are
larger than those given by the ISGW(2) [67,91] and the
FH [89] by a factor of 2 to 3. While for other two decays
B® - D*"DJ, and B" - D**D!,, our predictions are
consistent well with the theoretical and experimental results
within errors except for those given in Ref. [90], where the
triangle mechanism was used by considering Dy, as a mole-
cular state. When the emission meson is D', the branching
ratios of the decays B — D*)~D'T and B* — DD’}
are at least one order smaller than those of the decays
B’ - D®~D!, and B* — D™D It is because of the
much smaller decay constant f D, compared to fp . Such
character has been verified by the data shown in Table XIV.

C. SUMMARY

First, we studied the form factors of the transitions
B — D, Dy, Dy and D' in the covariant light-front
quark model (CLFQM). One can find that these form
factors are (much) smaller than those of the transitions
B — D(S)’DTS)' Certainly, because of the mixing
between Dy, and D/, the determination of the form factors
for the transitions By — Dy, D), are more difficult.
Second, using the amplitudes combined via the form
factors, we calculated the branching ratios of the B
nonleptonic decays with these four charmed mesons
involved. Furthermore, the QCD radiative corrections to
the hadronic matrix elements within the framework of QCD
factorization were included. From the numerical results, we
found the following points

(1) The small form factors of the transitions B, —

Dg, Dy, are related to the small decay constants
f D;» f D7, Unfortunately, there exist large uncertain-

ties in these two decay constants. Combined with the
data, our predictions for the branching ratios of the
B(s) decays with Dg, Dy, involved are helpful to
probe the inner structures of these two states. Most
of the decays B(,) — D3P (V), Dy P(V) with P(V)
being a light pseudoscalar (vector) meson or a
charmed meson are not sensitive to the QCD
radiative corrections including the vertex corrections
and the hard spectator-scattering, except for the
decays BY — Di’z*(K"), where two kinds of
Feynman diagrams contribute to the branching
ratios. Our predictions for the branching ratios of

the quasi-two-body decays Bt — D'zt —
D~ ztzt and B® - Dj K+ — Dz~ K™ can explain
the data by taking appropriate decay constant value
for Dj, while for the decays B" — DK+ —
D z*Kt and B®— Dint — Dz xt, their
branching ratios are much larger than the LHCb
measurements. There exist the similar cases for the
PQCD calculations compared with the data.

(2) We checked the dependence of the branching ratios
of the decays B, - D P(V), D' P(V) on the mix-
ing angle 6, and found that the branching ratios of
the decays B, — D’ P(V) are very sensitive to the
mixing angle, while those of the decays B, —
D, P(V) show an insensitive dependence on 6.
The changing trends of the branching ratios between
these two kinds of decays are just opposite. Fur-
thermore, the branching ratios of the decays B, —
D P(V) are at least one order larger than those of
the decays B; — D', P(V). Itis because of the larger

B.D/
form factor VgSD““ compared to V" '. Such a

feature is similar to the decays B — D)D), where

the DE,/I) is at the emission position in the Feynman
diagrams. That is to say, the branching ratios of the
decays B — DD, are at least one order larger
than those of the decays B — D™D’ . Tt is because
of the larger decay constant ff, ~compared to f D, -
This point has been verified by the experimental
measurements.

(3) Our predictions are helpful to clarify the different
assumptions about the inner structures of these four
charmed hadrons by comparing with the future data.
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APPENDIX A: SOME SPECIFIC RULES UNDER
THE p~ INTEGRATION

When preforming the integration, we need to include the
zero-mode contributions. It amounts to performing the
integration in a proper way in the CLFQM. Specifically we
use the following rules given in Refs. [48,51]

A . 1 1
P, = PAY + A5 (A1)
Al A . 2 2
PP = 9uAY + P,P,AY
2 2
+(Pug, + ,P)AY + q,q,A7.  (A2)
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; M — M . M+ M" : qz N % "
B D.x 2\ B Ds 2 BD.VI 2 c 2 D.v]
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1
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with i = 1, 3.
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