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Abstract: This study is devoted to calculating the form factors of B, — D*, B, — D, B, — D}, and B, — D;
transitions in the framework of three-point QCD sum rules. At the QCD side, the contributions of (gg), {(ggs0Gq),
(g%Gz), (& farcG?), and (Eq)(ngz) are taken into account. With the obtained form factors, the decay widths and
branching ratios of several two-body nonleptonic decay processes, B, — n.D*, n.D, J/yD*, J/yD, n.D%, n:Ds,
J/yDy, and J/y Dy, are predicted. These results on the form factors and decay properties of the B, meson provide

useful information for us to study the heavy-quark dynamical behavior.
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I. INTRODUCTION

The pseudoscalar meson B., which is composed of
two heavy quarks with different flavours, is an excellent
laboratory to study B physics. Because each heavy quark
in the B, meson can decay individually with the other act-
ing as a spectator, B.is expected to have more rich decay
channels than other B mesons. Moreover, it was estim-
ated that the inclusive production cross section of theB.
meson including its excited states at the LHC is at a level
of 1 ub for V14 TeV. This means that O(10°) B, mesons
can be anticipated with 1 fb~! [1]. A similar viewpoint
was also presented in Ref. [2]. Thus, the abundant events
in experiments have encouraged physicists to pay more
attention to them.

B, is the lowest bound state consisting of b and ¢
quarks and lies below the threshold of decaying into the
pair of B and D mesons. Thus, pure electromagentic and
strong decaying processes with flavor conservation are
forbidden. B, can only decay according to weak interac-
tion and is comparatively long-lived. The B. meson ex-
hibits three distinct decay channels: (i) decay of the b-
quark with the c-quark acting as a spectator, (ii) decay of
the c-quark with the b-quark being a spectator, and (iii)
annihilation of ¢b such that B! — [I*v/(c5,u5), where
[ = e,v,7. The ratios of these processes are 45%, 37%, and
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18%, respectively [3]. However, only the former two de-
cay processes have been confirmed by experiment, such
as B, — J/ym and B, — B°n decay channels [4, 5].

The decay processes B.— J/yD; and B.— J/yD:
were observed by the LHCb experiment with high signi-
ficance, and the following branching decay ratios were
measured [6]:

B(B. — J/yD;)
B(B. — J/ym)
B(B. — J/yD;)
B(B. — J/yD;)

=12.90 +0.57(stat.) + 0.24(syst.)

=2.37+0.56(stat.) = 0.10(syst.)

Experimental progress has motivated physicists to con-
duct deeper studies on these nonleptonic decays of the B.
meson in theory, which can enhance our understanding of
the heavy-quark dynamical behavior. The analysis of de-
cay processes B, — D™ and B, — D% can be conducted
using methods such as perturbative QCD (pQCD) [7—-11],
QCD sum rules (QCDSR) [12—17], the Bauer-Stech-Wir-
bel (BSW) relativistic quark model [18, 19], the covari-
ant light-front quark model (CLFQM) [20—24], the cov-
ariant confined quark model [25], the relativistic quark
model [26, 27], and light-cone QCD sum rules [28] (LC-
SR). QCDSR is a powerful non-perturbative method to
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study the properties of hadrons containing heavy quarks
and has made great achievements in predictions of the
mass spectra, form factor, coupling constant, and decay
constant [29-38].

Theoretically, the decay processes B.— D™ and
B. — D% are accompanied by b — c¢d and b — céstrans-
itions, which can be described by an effective Hamiltoni-
an. The long distance dynamical behaviors are parameter-
ized as weak form factors, which are complicated due to
the non-perturbative QCD effects in the bound hadron
states. To study the nonleptonic decay processes of theB.
meson, we must know the values of the form factors un-
der the on-shell condition ¢*>= M?, where ¢ is mo-
mentum transfer and M is the mass of the final state
meson. In our previous study, form factors of B, — 7. and
B. — J/y were calculated using QCDSR [39]. As a con-
tinuation of that study, the form factors of B. — D™ and
B, — D% are systematically analyzed using the same
method, and the two-body nonleptonic decays of B, de-
caying to charmonium plus D® or D meson are also
studied.

The remainder of this article is organized as follows.
In Sec. II, we introduce how to analyze the form factors
in the framework of three-point QCDSR in detail. In Sec.
III, the numerical results of form factors are obtained, and
the values of form factors at ¢g> = 0 are compared to those
of other collaborations. In Sec. IV, the decay widths and
branching ratios of several decay channels, including
B, - D., D J/Yy, D*n., D"J/y, and B, — D;n,,
D;J/y, Di™n., and D:"J/y, are obtained with a factoriza-
tion approach. Finally, a brief conclusion is presented in
Sec. V.

II. THREE-POINT QCDSR FOR THE FORM
FACTORS

In the framework of QCDSR, the form factors are ob-
tained by equating correlation functions on the phe-
nomenological and QCD sides, where the correlation
function is represented in hadronic and quark-gluon lan-
guages, respectively. Thus, the first step to obtain form
factor is to write the following three-point correlation
function:

M(p,p) =12 / d*xd'ye e (O T{IX (0 ()3, (O)}10)
(1)

where T is the time order operation. For the form factors
of B, » D" and B, —» D%, X denotes the meson D™ or
DY. p and p’ are the momentums of B. and D*”/D\
mesons, respectively, andJp and Jy are interpolating cur-
rents that have the same quantum numbers as these
mesons. J(y) is transition current, which is extracted from
the low-energy effective Hamiltonian. These currents are

written as follows:

J.(0) = ¢(0)iysb(0)
Ip(x) = E(x)iysd(x)
Jp,(xX) = E(x)iyss(x)
T2 (x) = E(x)y,d(x)
T2 (x) = E(x)y,s(x)
J) = qyTh(y) )

where ¢ in the last equation denotes d and s quark for
form factors of B, —» D™ and B.— D%, respectively.

I =Ly, Y:¥s 0wYs, Which correspond to scalar, vector,
axial vector, and tensor form factors, respectively.

A. Phenomenological side

On the phenomenological side, a complete set of had-
ronic states with same quantum numbers as the current
operators Jp. and Jx are inserted into the correlation
function. After the ground state contributions are isolated,
the correlation functions can be expressed as

_ (O1Jx(0) [X(p")){B.(p)I J5,(0)|0)
(m3 — p>)(m% — p™)

X(X(PHJO)B(p)) +h.r., )

H(p,p")

where h.r. denotes the contributions of excited and con-
tinuum states. The meson transition matrix elements are
parameterized by various form factors:

(P(P)lgbIB.(p)) = f5(q*)

2 _ 2
(P(PNgyubIB(p)) = fi(q) (pu + P mB”T%%)

a2 —
+fo(q2)%qu

_ sz(CIZ)
B. +Mmp

' O)a _ 2V(£12)
(V' Olgy.bIB(p)) = -

A

<P(P,)|t70'uv75b|3c(l?)> = gpvaﬁpap,ﬂ

8;1vwﬁ§*vpap/ﬂ

sk

(V' O)lqy.ysb|B.(p)) = i(ms, +mv)(§ﬁ - gq%qq#)‘h(qz)

*
. &g
—1
mB[_+mV
2 2

m m
- %%)Axcf)

<P;4 + P,Il

2
HIE 9= g A
(4)
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where g = p—p’, P denotes the pesudoscalar meson D or
Dy, V represents the vector meson D*or D?, ¢ is the polar-
ization vector of the relevant vector meson. Form factors
at the maximally recoil point (¢ = 0) satisfy the follow-
ing relations [40]:

1+(0) = fo(0)
mBL_ + my

2mv

B. —

m
AO) - ——

Ap(0) =

™V 4,(0) (5)
\%4

The meson vacuum matrix elements in Eq. (3) can be
parameterized as decay constants,

2
OUHOP()) = L7
mp +my
(O OIV()) = fmvt, ©)

where m; and m, are the masses of quarks constituting
the pesudoscalar meson. Replacing matrix elements in
Eq. (3) with the expressions of Eqgs. (4) and (6), we can
expand the correlation function into different tensor struc-
tures. Taking the vector form factors of the B, — D trans-
ition as an example,

o BlU=A)f) + AR
H}]:h (P,P ) = [(sz _p,z)(m%i _;2) ] pll

B[(1+A)f (@) - A”)]

p (7
(mp—p?)my —p*)
with
A m3, —mj,
==
B= fom3, % chm%s,. ®)
mg+m, m.+my,

On the QCD side, the correlation function will have the
same tensor structures as those on the phenomenological
side. After equating both of these sides with the same
tensor structure, the form factors f, and f, canbe ex-
pressed as a linear combination of invariant amplitudes of
the tensor structures p, and p,. We can also obtain the
other form factors according to similar processes.

B. QCD side

At the quark level, the quark fields in the correlation
function expressed in Eq. (1) are contracted using Wick's
theorem. Thus, the correlation functions on the QCD side
for B.—» D, B, — D*, B.— D, and B.— D’ processes
can be expressed as

HBrﬁD(p’p/) - _ / d4xd4yeip’xei(ﬁ—p’)y
x Tr [Cl'"(—x))/st"(x - )’)Bnl()’))’s}

Hflfr—»D(p’pf) - _ / d4xd4yeip’xei(ﬁ—p’)y
X Te[C™(=x)ys D™ (x = )y, B" (y)s]

Hﬁﬁ_)D(P’P,) - _ / d4xd4yeip’xei(p—p’)y

x Tr [Cl’"(—x)y5 D™ (x=y)o,ysB" (y)ys] ()]

3" (p.p) =i / d'xd'yel el
X Te[C™"(=)ys D" (x = )7, B" (s
L (p.p) =i / dxd*yel el

X Te[C7(=x)ys D™ (x = 3)7,75B" ()] (10)

HB(.HD.,.(p,p,) - _ /d4xd4yei]7’xei(p—p/)y
X Te[C™"(=2)ysS ™ (x = )B" (y)ys]

Hf"_)D“'(P,P’) - _ /d4xd4yeip/xei(p—p’)y
X Te[CM"(=2)ysS ™" (x =)y, B" (s

%P (p,p') = - / d*xd*yelr *elP-ry

X Tr [C”"(—x)ysS (X = V) ys B”’(y)ys} (11)

Hf"_)D:(P,[)I) — i/d4xd4yeip/xei(p_p/)y
X Tr [ C7"(=x)ysS ™" (x =)y, B" ()3
Hf"_)Di(P,P’) — i/d4xd4yeip/xei(p—p/)y
X Tr [ C"(=x)ysS ™" (x=3)y,ysB" 0)ys (12)
where DY, SU, C, and BV are the full propagators of d,

s, ¢, and b quarks, respectively. These propagators can be
written as follows [41]:

e E_Emy D )
2m2xt 4m?x? 12 48
~ 07 x*{Gg,0cGq) . 16V x* ¥m,{qg,0Gq)
192 1152
_ g Giytiy(Ao + o) 162 keiaq) |
32722 7776 o
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Q'(x) =

4 —ik-x 5”
Qny' /d ke {k—mg

8sGopli; P (k+mg) + (f +mg)o™”
4 (kz _ m2 )2
8 DG (4 + 1)
3(k2 — m)*
(tatb)UGa Gb farﬁyv + fauﬁv + fzmvﬁ)
] 2l o

where ¢” and QY denote light and heavy quark full
propagators, respectively, i and j are color indices,
Oop =1ilVa,v51/2, Do = 0, —ig,Git", G% is the gluon field,
*=2"/2, and A" is the Gell-Mann matrix. f*% and fo
are defined as

Y = (H+mo)y H+mo)y* K+ mo)y* (H +mg)
FoP = (ke mo)y” (K +mo)YP (M +mp)y"
X (K +mg)y” (K +mg). (13)

Performing the operator product expansion (OPE), the
correlation functions are represented in different tensor
structures on the QCD side, the same as those on the phe-
nomenological side. Taking the vector form factor
B. — D as an example, its correlation function is written
in the following form:

™ = Fi(q")pu + F2(q) ). (14)

Here, Fi(¢?) is called invariant amplitude, which is a
function of transfer momentum squared. For each Dirac
structure, the invariant amplitude can be expressed as the
spectra density p(s,u,qg?) according to the dispersion in-
tegral

pi(s.1 )
F; = dsd 15
@)= / / G ) (15)

Smin Umin

where s,;,, and un, are kinematic limits with values
Smin = (mc +mb)2 and Umin = (md(s) +m0)2- pi(sau’ 612) is the
QCD spectral density, where s = p?, u = p®. The spectral
density is obtained from the imaginary part of the correla-
tion function, and it originates from the contributions of
perturbative and non-perturbative parts.

pert

pi=p+p (16)

According to Cutkosky's rule [42, 43], the spectral dens-
ity of the perturbative part can be obtained by putting all
quark lines on shell (Fig. 1). In this process, the follow-

Be

OA
>
b—

p 0

Fig. 1. Feynman diagram for the perturbative part. The

dashed lines denote the Cutkosky’s cuts.

ing condition should be satisfied:

i< 2s(m = mZ+u)—(my —mZ+u—q*)(s+u—q*) ‘1,

- \/[(mlz, —m2+u—g?)? —dsml,) | Als,u,g?)

(17

where the A function has following expression:

Ala,b,c) = A +b+ —2(ab+ bc+ac)m. (18)

The non-perturbative contribution is reflected in sev-
eral vacuum condensates, including the quark condensate,
two-gluon condensate, quark-gluon mixing condensate,
and three-gluon condensate. These vacuum condensates
are illustrated in Fig. 2. After lengthy and complex deriv-
ation, we find that the contributions from quark condens-
ate and quark-gluon mixing condensate only depend on
p’? and ¢*. Thus, these contributions are zero after per-
forming the double Borel transformation with respect to
both p? and p?. The spectral densities of gluon condens-
ates can be obtained by a similar procedure as that of the
perturbative part. To obtain its spectral density by
Cutkosky's rule, the following equation is used to reduce
the power of the quark propagator:

1

/d4k 2 27a (k2 2 5 3

[(k—p )2 —m21o(k2 = m3, Pl(k+p—p 2 —m]
1 ool o1 o1
- (G,’— 1)‘([3_ 1)'(')/— 1)' a(mg)”k] 8(m§(5))ﬁ71 a(mi)y—l
1

d*k _

X/ [k = p)? = m) k2 = mi )k + p = p')? =]

(19)

C. QCD sum rules for form factors

After the spectral densities have been calculated, the
sum rules for form factors can be obtained by matching
the phenomenological and QCD sides. To eliminate the
contributions from excited and continuum states, the
threshold parameters s, and wupare introduced, and the
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q
y
b d(s)
Be Be E 5 X
4 p 0 ¢ X p
(@ (b) © (d)
q q q q
y Y Y y
b d(s) b d(s) b d(s) b d(s)
Be X Be X Be 5 B X Be g E X
p 0 c X p p 0 c x p' p 0 c X p p 0 c X p
©) ®) (® (h)
q q q
y Y y
b d(s) b d(s) b d(s)
Be s X B: X Be Be X
p 0 ¢ X p' p 0 c xop' P p 0 ¢ X p
@ ) (k) M
q q q
y Y Y
b d(s) b d(s) b d(x)
Be E E X Be X Bc X Be
p 0 c X p p 0 c X p p 0 c X p P
(m) () (0) ()
q q q q
y Y Y y
b d(s) b d(s) b d(s) b d(s)
Be \ X Be ﬁ \ X Be &A\ X Be \ X
p 0 ¢ X p p 0 c X p p 0 c X p p 0 ¢ X p
(@ (1) (s) ®
q q q q
y Y Y y
b d(s) b d(s) b d(s) b d(s)
Bc g \ X Be E \ X Be %}}\ X Be \ X
p 0 c X p p 0 c X p' p 0 c X p' p 0 c X p
() (v) (w) x)

Fig. 2. Feynman diagrams of vacuum condensates. Contributions from quark condensate (q) and quark-gluon mixing condensates (r)-
(x) are zero in the calculation.
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double Borel transformation is performed to enhance the
contribution of the ground state while suppressing those
of the excited and continuum states. Taking the vector
form factors of the B, — D transition as an example, the
sum rules can be expressed as

{Bla-m1.@)+ a5,

ms m?
+ B[(l +A)f.(Q%) —Afo(Qz)] PL} X exp ( - 1\;5 - 7]{1‘,1[)2)
S0 up
= [ [ asaulprsn @, +prton 0
S u
(=45~ tap )
(20)
where substitutions of p*— -P?, p?—-P?, and

q* — —Q* are conducted, and the threshold parameters s,
and u, serve as the upper limits of the integral. After per-
forming double Borel transformation with respect to P?
and P7?, there are two Borel parameters M> and M.
Physical properties extracted from sum rules should be as
independent of Borel parameters as possible. Because of
the weak dependence, we can take M =kM? with the
factor k = m3 /mj, [44].

With respect to three-point QCD sum rules, the accur-
ate calculation of the perturbative O(a,)correction is
highly complex and not available currently. It is shown
that the upper limits of integral are s, and u, in Eq. (20).
In these integral regions, the relative velocity of compon-
ent quarks in heavy quarkonia B, is small. Under this
condition, the expansion of perturbative correction can be
executed in parameter «,/v rather than «,[12], where v
represents the relative velocity of component quarks in
B.. The a,/v correction originating from Coulomb-like
interaction of quarks is represented in Fig. 3. Ref. [12]
proposed an approximate solution to this problem based
on nonrelatistic potential, which is realized by multiply-
ing the leading order spectral density by a renormaliza-
tion coefficient C.In some other similar studies per-
formed using two- or three-point QCDSR [45, 46], it was
indicated that this Coulomb-like correction can lead to re-

Be

rg
Fig. 3. Ladder Feynman diagram of the Coulomb-like cor-
rection.

markable enhancement of spectral density numerically. In
the present study, we employ the same method as in Ref.
[12] and present bare form factors without considering
Coulomb-like correction and modified form factors with
correction. Certainly, it will be interesting and significant
to perform straightforward calculations of perturbative
correction, which can further improve the reliability of
the final results. The modified spectral density of the per-
turbative term is as follows:

pgert =C ppert

1
C= @{l—exp (_4”‘“)} : 1)
3y 3v

where v is the relative velocity of quarks in the B. meson:

4 :
V= 1_% (22)

5 .
s — (my —m,)

III. NUMERICAL RESULTS OF THE FORM
FACTORS
The masses of mesons used in this study are taken
from the Particle Date Group (PDG) [47]. The masses of

quarks are energy-scale dependent and can be expressed
by the following renormalization group equation:

12
as(l'l) } 3-2np

as(my)

mq(ﬂ) = mq(mq) |:

12

ayw) 17
mQ(u) = mQ(mQ) {(1 (mQ)}
2124 _
as(y):i{l—b—;@ bi(log™t lo;gt 1)+b0b2}’
byt by t bgt?

(23)

where 1 =log(u*/Agcp), bo=(33-2ns)/12r, by =(153-

19n/)/247*, and b, = (2857 — 50933 ne+ %n?) /12873
The MS masses are also taken from the PDG with
mq(m;) =1.275£0.025 GeV and my(m,)=4.18+0.03
GeV. Agcp =213 MeV for the flavors ny =5 and the en-
ergy-scales are uniformly determined to be 2GeV, which
were also adopted in our previous study [39]. The decay
constants of mesons are taken from Refs. [48] and [49],
where these hadronic parameters are uniformly obtained
by QCDSR. The vacuum condensates are taken as stand-
ard values from Refs. [S0—52]. Threshold parameters s,
and u, are used to climinate the contributions of excited
and continuum states. Generally, their values are taken to
be sy = (mp, +A)* and uy = (mx + A)*, where X represents
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the final meson D™ or D). Theoretically, the value of A
should be larger than the width of the ground state and be
smaller than the distance between the ground state and
first excitation. In this study, A is chosen to be 0.4, 0.5,
and 0.6GeV for the lowest, central, and highest values of
form factors. All of the values of parameters used in this
study are listed in Table 1.

The Borel parameter M? is determined according to
two conditions: pole dominance (>40%)and conver-
gence of OPE. The pole contribution is defined as fol-
lows [44]:

Hpole(Mz)
Hpole(Mz) + Hcout(Mz) ’

pole = (24)

with

S0 Uy

poe(M?) = / / PP (s,u, Q¥ w " dsdu,

Smin Ymin

Hcout(Mz)z//pQCD(S,u, Qz)e_"”%_‘\'lﬁdeu. (25)

50 Uy

Still taking the vector form factor of B. — D as an ex-
ample, we introduce how the Borel parameters are de-
termined. Fixing Q> =1 GeV?, we plot the variation of
pole contribution with Borel parameter M? in Fig. 4. It is
shown that the pole contribution decreases with increas-
ing Borel parameter M>. When the Borel parameter is
smaller than 28 GeV?, the pole contribution is above
40%. To find the Borel platform where the condition of
OPE convergence is satisfied and the results have good
stability and convergence, the contributions of the per-

Table 1. Values of parameters used in this study; the values
with no reference are mentioned in the text.
Parameters  Values/GeV ~ Parameters Values
mg, 6.27 5. 0.371 GeV [48]
mp 1.87 bis) 0.208 GeV [49]
mp- 2.01 for 0.263 GeV [49]
mp, 1.97 o, 0.240 GeV [49]
mp: 2.11 fo: 0.308 GeV [49]
My, 2.98 Sae 0.387 GeV [53]
mypy 3.10 Fie 0.418 GeV [53]
ms(2 GeV) 0.095 <g§GZ> (0.88+0.15) GeV*
me(2 GeV) 1.16 (8/cG)  (88255) GeV? (a,6?)
mp(2 GeV) 4.76 Ve 0.041 [47]
Vea 0.221 [47] Vs 0.975 [47]
ai 1.07 [23] a 0.234 [23]

1 1
——Pole —Pole

» 0.8 = = Continuum ” 0.8 = = :Continuum
c c
o (]
= 0.6 = 0.6
5 S ==
3 F \_—\
= = L ="
£ 04 S04
] [<]
o (&S]

0.2 0.2

0 0
22 23 24 25 26 27 28 22 23 24 25 26 27 28

M2(GeV?) M2(GeV?)
(a) b)
Fig. 4.  (color online) Pole contributions of vector form

B.—D
f

factors of B. — D transition. (a) and (b) correspond to f;

and f*77, respectively.

0.1 0.1
—A— Tot —A— Tot
__ 008 —&— Pert __ 0.08 —&— Pert
S —o— (g26° Y —O—(g26%)
g o006 (16 g 006 (16"
JU0.044 h 1 0.04 = &8 >
g e
g 0.02 g 0.02
o + 0o
S A A A A A A A A A A M A A A A AN A A A A A
0950000005 OT B S ¢ e 02
23 24 25 26 27 23 24 25 26 27
M2(GeV?) M2(GeV?)
(a) (b
Fig. 5. (color online) Contributions of the perturbative part

and different vacuum condensate terms with variation of the
Borel parameter.

turbative part and all vacuum condensate terms are plot-
ted in Fig. 5. It is clear that the contribution of the per-
turbative term is dominant in the region 23 GeV? <
M? <27 GeV?, while the contributions from vacuum con-
densate terms are much less. That is, the OPE conver-
gence is well satisfied. According to the above analyses,
the Borel platform is determined to be 23-27 GeV?
where the conditions of the pole dominance (> 40%) and
convergence of OPE are all satisfied. The values of Borel
parameters and pole contributions for different form
factors are all listed in Table 2.

After all of these parameters are determined, the form
factors in the space-like region (Q* = —¢*> > 0) are calcu-
lated. Then, these values are fitted into an appropriate
analytical function, which is used to extrapolate the form
factor into the time-like region (Q?=—¢*><0). In this
study, the z-series parameterization approach is em-
ployed to realize this process. For vector, axial vector,
and tensor form factors, the following parameterized
function is adopted [54, 55]:

N-1

1 k vk N
FQ) = g ;bk 4@ 1) ~ ) S )' ]
(26)
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Table 2. Borel platform and pole contribution for different Table 3. Fitting parameters of the z-series parameterized ap-
form factors. proach.
Modes Form factors ~ Borel platforms  Pole contributions(%) Modes Form factors bo by by
£ 20 ~ 24 51.27 fi 0.54 59 14
f+ 23 ~ 27 50.20 I+ 0.093 -1.4 5.5
B.—D B.— D
fo 23 ~ 27 50.95 fo 0.073 0.78 1.6
Ir 30 ~ 34 50.02 fr 0.032 -0.45 1.6
Vv 33 ~ 37 50.12 14 0.28 -3.7 13
Ao 25 ~29 51.78 Ag 0.20 -3.1 13
B, - D* B, — D*
Ay 22 ~ 26 50.48 Ay 0.12 -1.0 1.3
A 19 ~ 23 51.34 Ay 0.082 -0.56 -1.0
£ 21 ~ 25 51.58 fi 0.65 6.5 13
fr 24 ~ 28 50.91 I+ 0.11 -1.6 6.2
B, — Dy B. — Dy
fo 24 ~ 28 51.65 fo 0.087 -0.85 1.6
Ir 31 ~35 50.70 fr 0.037 -0.50 1.8
Vv 33 ~ 37 51.03 14 0.29 -3.8 13
Ao 26 ~ 30 50.91 Ag 0.21 -3.2 13
B, — Dj B, — D;
Ay 22 ~ 26 52.59 Ay 0.13 -1.1 1.2
Ay 20 ~ 24 50.13 Ay 0.095 -0.61 -1.3

The scalar form factor is fitted in another form:

N-1

1
> bila(©%10)'] 27)
k=0

1+ Q% /my <

fs(@h) =

where my is the mass of low-lying B, resonance [56], and
(0%, 1) is written as

Vi O - N
VL + Q2+ i —1

2(Q% ) = (28)

Here, ¢, is a free parameter in the region (-oo, z,), which
can be used to optimize the convergence of the series ex-
pansion. In the present study, the auxiliary parameter 7, is
taken as [54, 56, 57]

o=ty =\t (t, =), (29)

where 1. = (mp, +my)>. The expansion coefficients b; in
Egs. (26) and (27) are obtained by fitting the numerical
results with these two equations in the space-like region.
All of the fitting parameters are listed in Table 3, and the
fitting diagrams are shown in Fig. 6. It can be seen that
all of the numerical results are well fitted by the these fit-
ting functions. Thus, we can obtain the values of form
factors at Q% =0 with these fitting functions. The results
obtained in this study, together with those of other collab-
orations, are summarized in Table 4.

It is shown that form factors are inconsistent across

different studies. Our predictions for f, and f; are small
compared to those of other studies, but for axial vector
form factors Ag;,, the numerical results predicted in this
study are roughly in agreement with those in Refs. [19,
20, 23], where the BSW, CLFQM, and CLFQM methods
were adopted. In Ref. [16], the authors also adopted
three-point QCDSR to carry out a similar analysis;
however, their results are much larger than ours. Unfortu-
nately, we failed to reconstruct their results using the
spectral density shown in Ref. [16]. Besides, it is shown
that form factors of the B, — D, transition are larger than
those of the B. — D process. This characteristic is con-
sistent with the predictions in Refs. [19, 20, 23], but the
results in Refs. [15, 16] show a completely opposite
trend. From Table 4, we can also see that the numerical
results of form factors are approximately twice that of the
bare form factors after considering the Coulomb-like cor-
rection. After performing this correction, the values of f,
and f, are compatible with the results of BSW [19]. Al-
though there are some differences between the numerical
results obtained by different methods, these results exhib-
it similar characteristics. For example, the vector form
factor V is larger than the axial vector form factor Ag,.
As for the form factors of B. — D and B, — D,, the value
of f; is evidently larger than those of the others.

IV. NONLEPTONIC DECAYS OF B. MESON

In our previous study, the decay widths of several
two-body decays for B. to charmonium plus one light
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0.6 ’
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o o 0.6
& 04 &
E € 04
(2] O
[ [
0.2 0.2
0 0
12 -8 -4 0 4 8 12 -8 4 0 8
Q%(GeV?) Q%(GeV?)
(a) (b)
0.2 0.25
O Central vaule of f O Central vaule of f
Fitting curve of f0 02 Fitting curve of 'o
. 0.15 A Central vaule of f, . A Central vaule of f_
8 Fitting curve of f_ B Fitting curve of f_
17} o C.etmal vaule of f. o 0.15 O Central vaule of f..
‘E 01 Fitting curve of .- q‘E Fitting curve of f..
E € o1
O (]
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0.05 005
0 = 0 =egas
12 -8 -4 0 4 8 12 -8 4 0 8
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©) (d)
0.6 0.6
O Central vaule of V {  Central vaule of V
Fitting curve of V Fitting curve of V
0.5 e} Cent?&)f:auTeoof A, 0.5 [e) Cenll'ga;::auTeoof A,
- Fitting curve of A - Fitting curve of A
8 0.4 A Central vaule of A, 2 0.4 A Central vaule of A,
o Fitting curve of A o Fitting curve of A1
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E Fitting curve of A, § Fitting curve of A,
0 0.2 002
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0 - 0
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Q%(GeV?) Q?(GeV?
(e) ®

Fig. 6. (color online) Fitting diagrams of form factors. (a), (c), and (e) show the fitting results of form factors B. — D™ transition,

while (b), (d), and (f) show those of B. — D{”.

Gr

meson were predicted [39]. As a continuation, two-body He = ZEV,V* [a1(0)O) + ax(1) 0] 30
decay processes of B, to charmonium plus D® or D T yp ()01 +2:42)0z], (30)
mesons were analyzed in this study. This kind of decay

process is realized according to weak decay of the b- where Gr is the Fermi constant, V,;, and V;, are the CKM

quark with the c-quark acting as a spectator, as illustrated matrix elements, ¢ denotes the d or s quark, and @, and a,
in Fig. 7. The effective Hamiltonian for this process has are Wilson coefficients. O; and O, are four-fermion oper-

the following form: ators, which are defined as
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Table 4. Numerical results of the form factors B. — D® and B. — D at 02 = 0; the values in the fourth column denote the results
with Coulomb-like correction.
Modes Form factors This study This study* [19] [20] [23] [15, 16]
s 0317818 0.54:518 - - - -
i 0.043+9014 0.076+902¢ 0.075 0.16 0.17+50!1 0.22
B.—D ‘ - ‘
‘ fo 0.043+0014 0.077+5:926 0.075 0.16 0.17:301 0.22
fr 0.01570.9%3 0.027+5:009 - - - -
|4 0.15+5:04 0.281008 0.16 0.13 0.201903 0.63
0.028 0.05 0.02
5D Ay 0.099+0-028 0.18+0:95 0.081 0.09 0.14+02 0.34
c
A 0.078+5:922 0.1435:04 0.095 0.08 0.131902 0.41
Ay 0.05970:916 0.107903 0.11 0.07 0.12+091 0.45
fs 0417513 0.73%% - - - -
I 0.056*9916 0.10*503 0.15 0.28 0.21+501 0.16
B. — D ’ o ’
c o 0.056+0016 0.10+9% 0.15 0.28 0.21+041 0.16
s 0000 003y - - - -
|4 0.17+5:04 0.321008 0.29 0.23 0.25%9 0.54
5 D Ag 0.11+903 0.207003 0.16 0.17 0.1870:2 0.30
c A 0.091+5:923 0.1615:04 0.18 0.14 0.16790} 0.36
Az 0.072+5918 0.1319:03 0.20 0.12 0.15*301 0.24
Nl -
Fig. 7.  (color online) Feynman diagram of B, decaying to charmonium plus X meson (X = D*, D%,D, Dy). The solid lines of red,

green, and blue represent propagators of d/s, ¢, and b quarks, respectively.

0, = Eyy(l _75)b6?7y(1 —Ys)C

0, = gy, (1 —ys)bcy, (1 —7ys)c. (€29)

The decay width of the two-body decay process can be
expressed as

Ipl
I'=
8mm3,

TP, (32)

where p is the three-momentum of either of the final
particles in the B, rest frame:

(33)

where m; and m, are the masses of two daughter
particles. In the framework of the factorization approach,
the matrix element 7 in Eq. (32) can be decomposed as
the production of two matrix elements [58]:

(CX]0:1B:) = (Cley,(1 =ys)b|Be) (X|qy,(1 =ys)c|0)

(CX|0:1B:) = (X[ qyu(1 =y5)b|B:)(C|&y,(1 =y5)c|0),
(34)

with X = D, D*, D, D: and C = 5., J/¥. The meson
transition matrix elements at the right side of Eq. (34)
have been parameterized as various form factors in Eq.
(4), and meson vacuum matrix elements can be paramet-
erized as the following decay constants:

(Plgy,(1-v5)q'10) = ifpqyu

Vay(1-y5)q'|0) = fymy&,, (35)

with P denoting theD;, D, or . meson and V represent-
ing the D:, D*, or J/yy meson. The values of form factors
B. — X have been determined in Sec. III, and those of
B. — C are taken from our previous study [39]. All of the
values of parameters used in this section are also listed in
Table 1. With these above equations, the decay widths of
these decay processes can be written as
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Analysis of the form factors of B, — D, D,*) and relevant nonleptonic decays Chin. Phys. C 49, 103109 (2025)

Ipl . p| .
F(Bc - D(s)r]c) = ﬁ GFVCbVCd(.Y) [al(mﬁt. - myzh )fD(.\-) F(Bc - D(S)J/l//) = ﬁ GFVCbVCd(s) \/m
B, Be

2 2

X fo )+ an(my —mb ) fy T (mi)] } ; X [a,fD(A)Ag”_’”*”(méw) rarfyfi (mi/w)] } ’
(36) (38)

F(B. = D) = 1B GV Vi Ay iy ) Pl (e

167t oM oy, T(B. — D}, J/) = (6P +IAP+1AP),  (39)

2
o ) 8mmy

Be—1c (1,2 Py, 2
Lot 1270 a0} -
where Ag,A,,A_ are three polarization amplitudes and can

G7) be written as

Ao(B. = Dy /)

2 2 2
Gr (mp, +my)(mg —mD*) —mj;,) Bl
« . 5 B (/) B.—J] 2
= —\/EVC,,VM(S) ia) for mp ( AP G2y 4 Al ‘ﬁ(mD;S))]

2 2 2
[ /l(ch’mn(ﬁv)va/w)

- 2
() () ZmD:S) myy ) 2mD(§v) mJ/l/,(mBC + mJ/l,,)

2 2 2 2 2 2
(mBL- + mD(*A))(mB( - mDﬂ) - mj/,/,) B—D;, /l(mB(,, mD(*.\-) s m]/w)

A

BD; (n? )} }
2 J 4
ZmD(A)mJ/w(mB[, + mD(*A)) 1

. 2
+1a2f,/¢,m1/¢[— ’(mj )+
2mD(*”mJ/¢ "

(40)

* G * :
Ax(B. = D, J/¢) = TZVcchdm {lalf%m’)‘ [i

[©)]
SAmE  m.  mA
( B.° Dmv j/g{,) VBz-—’D*

B.— D
m(mi )+ (mpg, +my)A; (‘)(mi )} } . 41
Mg, +myy /¥ i

2 2 2
\/ A(mB( s mD&) , mj/lp) v

mp, + mD(«x)

Be—J, 2 Be—Jly, 2
- /w(mD:x))-l-(mB[ +mD?¢))A1 - (mD(*S))]

+1 azfj/wmmp [ =+

[

The numerical results of the decay widths and branch- ure, only the branching ratios were listed. It is shown that
ing ratios are all listed in Table 5. It can be seen that the these branching ratios from different studies are located
decay widths and branching ratios with Coulomb-like in a broad range. In the present study, the branching ra-
correction increase by approximately 9 times compared tios obtained with bare form factors are smaller than most
with the results without correction. In most of the literat- of the other results. This is mainly due to the smaller val-

Table 5. Decay widths and branching ratios of B. decaying to charmonium. The results in the third and fifth columns are obtained
considering the Coulomb-like correction. Branching ratios are calculated at 75, = 0.51 ps [59].

Decay channels Decay widths (1077 eV) Branching ratios (1073)
This study ~ Thisstudy*  Thisstudy  Thisstudy*  [60]  [61]  [62]  [13]  [63] [23] [64]
B - Dn, 0.37011 3.1708 0.02870000 0247306 0.012 005 006 015 019 02209 044703
B; = DJ/y 0.461013 3.9199 0.036*5019 0307097 0.009 0.3 004 009 015 020709 028002
B; - D*ne 0.5270:16 4.1 0.047001 0.3270%8 0010 002 007 010 019 0317303  0.58703°
B — D*J/y 2.2%08 18+ 0.1779:03 14493 - 0.19 - 028 045 041700 0.67703)
B; > Dyie 9.6+2% 8229 0.74+922 6.4+1¢ 0.54 5 179 28 44 644tl78 12327720
B — D, J/y 1143 9733 0.89923 7.5%18 041 34 115 17 34 60918 8.05736
B - Dine 13*4 103*33 1.0%03 8.0719 044 038 149 27 37 697088 165471098
B > DJ/y 58+18 488+112 4,642 38%9 - 5.9 - 67 97  9.037040 204571024
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ues of predicted form factors, which will contribute to
square reduction in the values of decay widths. If Cou-
lomb-like correction is considered, the branching ratios
are compatible with most of the other predictions. Fur-
thermore, we can also see that the decay widths of
B.— D are larger than those of B. — D™ processes.
This is because the values of the CKM matrix elements
V,s are much larger than V,, (see Table 1), and their form
factors also have the same characteristic. For example,
the values of fs for the B. — D, and B. — D processes
are 0.41%312 and 0.31%315, respectively (see Table 4). Be-
sides, the predicted branching ratios for most of the de-
cay channels are in the range 107>~ 107, which lies with-
in the detected ability of LHCb experiment. Thus, all of
these theoretical results can be verified by experiments in
the near future. Finally, using the results of the decay pro-
-
cess B. — J/yn from our preV1ou§( lsg‘iuiyj[/%j& )w_e 3023311‘10n
B(B. — JJym) 0
=53%39. The former is consistent with

the following ratios:
B(B. — J/yDy)
B(B. — J[yD,)
the experimental data 2.90 +0.57 £0.24, while the latter is
larger than the experimental data 2.37 £0.56 +0.1 [6].

It should be noted that predictions of nonleptonic de-
cays with the naive factorization approach suffer from
systematic uncertainties. This is because this method neg-
lects the strong interaction between the meson emitted

from the weak vertex and the transition form factor,

which leads to non-factorizable correction. One can im-
prove the accuracy by invoking several developed meth-
ods, including the pQCD and QCD factorization (QCDF).
These techniques have been widely used to study the non-
leptonic decays of B mesons [65—70]. For more details
about the factorization methods, one can consult the
above literature.

V. CONCLUSIONS

In this study, the form factors for B, — D® and
B.— D\ transition processes are systematically ana-
lyzed in the framework of three-point QCDSR. The nu-
merical results in the space-like region (Q* = —¢* > 0) are
first calculated and then fitted into analytical functions
using the z—series parameterizations approach. With
these analytical functions, we obtain the form factors at
0% =0 and Q? = —M? by extrapolating the results into the
time-like region (Q? = —¢* < 0). Using these form factors,
the decay widths and branching ratios of two-body non-
leptonic decays including B. — n.D*, n.D, J/yD*, J/yD,
n.D%, n.Dy, J/YyD?, and J/yD,are obtained with the fac-
torization method. All of the results on form factors, de-
cay widths, and branching ratios obtained in this study
provide useful information for further studying heavy-
quark dynamics and may also be helpful in future experi-
ments of heavy flavor physics.
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