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We investigate the form factors of B, meson into S-wave charmonium within the nonrelativistic QCD
effective theory and obtain the next-to-leading order relativistic corrections to the form factors, where both
the B. meson and the charmonium are treated as the nonrelativistic bound states. Treating the charm quark
as a light quark in the limit m,/m,; — 0, some form factors are identical at the maximum recoil point, which
are consistent with the predictions in the heavy-quark effective theory and the large-energy effective theory.
Considering that the branching ratios of B} — J/wD{ and B} — J/wD’* have been measured by the
LHCb and ATLAS Collaborations recently, we employ the form factors of B, meson into S-wave
charmonium at the next-to-leading order accuracy to these two decay channels and obtain more precise
predictions of their decay rates. Numerical results indicate that the factorizable diagrams dominate the
contribution in these two channels, while the color-suppressed and the annihilation diagrams contribute less

than 10 percent. Our results are consistent with the LHCb and ATLAS data.
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I. INTRODUCTION

The Large Hadron Collider (LHC) provides a solid plat-
form to test the consistency and the correctness of the
quantum chromodynamics (QCD) as the fundamental theory
of the strong interaction. On heavy flavor side, nonrelativistic
QCD (NRQCD) effective theory is a powerful framework to
calculate the production cross section and the decay rate of
heavy quarkonium [1]. Because the heavy quark relative
velocity v is small in the rest frame of heavy quarkonium, the
cross sections and the decay rates can be expanded as the
series of the NRQCD long-distance matrix elements
(LDMEs) with the corresponding short-distance coefficients.

The B meson is composed of two different heavy flavors
and has three kinds of decay modes: (i) the bottom quark
decays through b — c,u; (ii) the charm quark decays
through ¢ — 3, d; and (iii) the weak annihilation. The
contributions to the total decay width of the B, meson
are found to be around 20, 70, and 10 percent for these three
categories of decay modes, respectively [2]. Therein the
transition of the bottom quark into the charm quark, where
the antiquark ¢ is the spectator, has attracted a lot of attention
in both theoretical and experimental communities [3].

In the theoretical side, the form factors of B, meson into
S-wave charmonium have been investigated in different
methods. These methods can be assigned according to the
following four types. (i) The perturbative QCD (PQCD)
approach in which the form factors can be computed in terms
of the perturbative hard kernels and the nonperturbative
meson wave functions with the harmonic oscillator form [4]
or the transverse momentum dependent form [5-7].
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(i) QCD and light-cone sum rules. In QCD sum rules
(QCD SR) the form factors are related to the three-point
Green functions [8—10], while in light-cone sum rules
(LCSR) the form factors depend mainly on the leading
twist light cone distribution amplitudes of the mesons [11].
(iii) The relativistic, nonrelativistic and the light-front quark
models. In relativistic quark model (RQM), the bottom and
charm quarks in mesons are treated as relativistic objects
[12—-14]. In the nonrelativistic limit, the form factors have
been calculated in a nonrelativistic constituent quark model
(NCQM) [15]. While in the light-front quark model
(LFQM), the form factors can be extracted from the plus
component of the current operator matrix elements [16,17].
(iV) The NRQCD approach. In this effective theory, the
leading order results of the form factors have been given in
Refs. [18,19]. The next-to-leading order (NLO) corrections
have been presented in Refs. [19-21], in which the depend-
ence of the form factors on the momentum transfer squared
g* are also obtained. Besides, the optimal renormalization
scale of form factors has also been discussed by using the
principle of maximum conformality (PMC) in Ref. [22]. But
the form factors have the singularity at the minimum recoil
point, which makes the prediction of form factors in the
minimum recoil region invalid [21,23].

On the other hand, some hot topics are studied in heavy
flavor field along with continuous accumulation of exper-
imental data at LHC, which are very helpful to investigate
the properties of form factors. According to the naive
factorization scheme, the decay rates of B. exclusive
decays to a charmonium and a light meson such as B, —
J/w +r and B, — J/w + p depend mainly on the form
factors at the maximum recoil point. While the decay
rates of B, semileptonic decays to a charmonium such as
B. > J/w+ ¢+ v, will depend on the form factors in
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different momentum recoil region, and the exclusive two-
body decays to a charmonium and a heavy meson such as

B, — J/y+ DE*) will depend on the form factors far from
the maximum recoil point. Therein the decay channels
Bf > J/w+ Dy and Bf - J/y+ Dit were first
observed by the LHCb Collaboration in 2013 [24].
These two channels have been studied recently by the
ATLAS Collaboration using a data set corresponding to
integrated luminosities of 4.9 fb~! and 20.6 fb~! of pp
collisions collected at center-of-mass energies /s = 7 TeV
and 8 TeV, respectively [25]. The data indicate some
discrepancies from some theoretical predictions [25].
The studies of these channels shall test the form factors’
predictions in different approaches, and improve our
understanding of the nonperturbative properties of QCD.

The paper is organized as the following. In Sec. II, we will
give the results of the relativistic corrections to the form
factors of B, into S-wave charmonium within NRQCD
approach. The form factors will be investigated in the limit

of heavy bottom quark, i.e. m./m;, — 0. In Sec. III, we are

(%)

going to calculate the decay rates of B, — J/y + D" . In

this section, the contributions to the branching ratios of B, —

J/y + D§*> from the factorizable diagrams, the colour-sup-
pressed and the annihilation diagrams will be considered,
respectively. We summarize and conclude in the end.

II. RELATIVISTIC CORRECTIONS
TO THE FORM FACTORS

A. NRQCD approach

The heavy quark pair inside the heavy quarkonium is
nonrelativistic in the rest frame of heavy quarkonium, since
the heavy quark’s mass is much larger than the QCD
binding energy. The quark relative velocity squared is
estimated as v*> ~ 0.3 for J/y and v?> ~ 0.1 for Y [1]. If a
heavy quarkonium is produced in a hard-scattering process
or the heavy quark decays in a heavy quarkonium, the cross
sections and the decay rates can be ordered in powers of
both the strong coupling constant @, and the quark relative
velocity », which have been investigated in NRQCD
effective theory by Bodwin, Braaten, and Lepage [1].

The NRQCD Lagrangian can be written into the follow-
ing terms [1]

) D? crp oo
Lxroep =¥ iDy + 5= |y +-yie - gBy
2m 2m

; D ‘D %
tyl e Syt v (D-g,E - gE - D)y

8 8m
iCS ¥
+gav'er (DxgE—gExDly
+ (w — io%y* A, > —AL) + Liign. (1)

where Ly, represents the Lagrangian for the light quarks
and gluons. y and y denote the Pauli spinor field that
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annihilates a heavy quark and creates a heavy antiquark,
respectively. The short-distance coefficients cp, ¢y, and cg
can be perturbatively expanded in powers of a,, which can
be expressed as ¢; = 1 + O(ay).

The inclusive annihilation decay width of a heavy
quarkonium can be factorized as [1]

r(r) = 3 2 o iE), @)

d,—4
n mg

where (H|O, (up)|H) are NRQCD annihilation LDMEs,
which involve nonperturbative information and are ordered
by the relative velocity v between the heavy quark and
antiquark inside the heavy quarkonium H. The heavy
quark’s mass is denoted as my. The imaginary part of
the short-distance coefficients f,(ux) can be calculated
order by order in the perturbative theory.

The leading order NRQCD operators for the decay of
S-wave heavy quarkonium are

oSy = wixrty, (3)
0Csy) = w'ey xloy. (4)

The NLO relativistic correction operators for S-wave
heavy quarkonium are

1 <\ 2
PUst) =3 e (-3D) wme) @
3oy _ 1 1)
P(S] ):E viey - y'e _ED w+He.|, (6)

where the H.c. denotes the corresponding complex con-
jugate term. Using the vacuum-saturation approximation,
the NRQCD LDMEs can be estimated as (H|O,|H) =
(Hly" K 0) Ol Koy |H) — with O, =y ICux Koy
Furthermore, the vacuum expectations of production oper-
ators O are related to the decay matrix elements as
(0|OH|0) = (2J + 1)(H|O,|H) with heavy quarkonium
angular momentum J.

B. Covariant projection method

Instead of the traditional matching method where both of
the QCD and NRQCD calculations are required in order to
extract the short distance coefficients, we will use an
equivalent method, i.e., the covariant projection method.
In order to get the coefficients of the relativistic correction
operators, the quark relative momentum should be kept. Let
p1 and p, represent the momenta of the heavy quark Q and
antiquark 0, respectively. Without loss of generality, one
may decompose the momenta as the following

plzaPH_k7 (7)

p2:ﬁPH+k’ (8)

094012-2



RELATIVISTIC CORRECTIONS TO THE FORM FACTORS ...

where P is the momentum of the heavy quarkonium, and
k 1s a half of the relative momentum between the quark pair
with Py -k = 0. The energy fractions for Q and Q' in
heavy quarkonium are denoted as a and 3, respectively. The
explicit expressions for all the momenta in the rest frame of
the heavy quarkonium are given by

Py = (E, + E»,0), 9)
k* =(0,k), (10)
pi =(E1.—k), (11)
ph =(E». k). (12)

The heavy quarkonium momentum becomes purely
timelike while the relative momentum is spacelike in the
rest frame. a = E|/(E| + E,) and # = 1 — a with the on-

shell conditions E; = \/m? —k?, E, = \/m3 —k*, and
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k> = —k>. m; and m, denote the masses of the heavy

quark Q and antiquark 0, respectively.
The Dirac spinors for the heavy quark Q and antiquark

Q' can be written as

Ei+m S

uy(pi,4) = IZTII(E&;TI §/1>’ (13)
1+my
E Gpa

1)2(p2,ﬂ) = %(Eﬁ;z 5/1)’ (14)
A

where &, is the two-component Pauli spinors and 4 is the
polarization quantum number.

One can easily get the covariant expressions for the spin-
singlet and spin-triplet combinations of spinor bilinearities.
The corresponding projection operators are

. ) 11 .
(k) = —l%;z“b(l’u/11)%(172,/12)<§/11 5/12|SSZ> ® \/—N—c
i Put+E +E .
= e -k ——T k— —, 15
12 B (apy —k+my) E +E, s(Bpy +k—my) ® N (15)

where the auxiliary parameter w = /E| + m\/E, + m,
and 1, is the unit matrix in the fundamental representation
of the color SU(3) group. I'y = y° for spin-singlet combi-
nation with spin § =0, while I's = £y = ¢,(py)y* for
spin-triplet combination with spin S = 1.

To get the relativistic corrections to the form factors of
B, into S-wave charmonium, one may perform the Taylor
expansion of the amplitudes in powers of k*

8.A(0) 1.8°A0)
ok* 21 0k Ok |,_,

"
0

A(k) = A(0) +

Kk 4+ ...,
k=

(16)

where the terms linear in k should be dropped since they do
not contribute to the matching coefficients. In this paper, we
will consider the contributions at the O(|k|?) level. One can
use the following replacement to simplify the calculation [26]

k|* Py Py
ki — g THOH ) 17
“o i\ T (17)
|
_ 2iV(q?)
J €9 [er'b|B.(P)) = ——————— "¢ p, P
(J/w(p,€*)|er'b|B.(P)) P Py

*

(J/w(p.€)|er'ysb|B.(P)) = 2my;,Ag(q*)

+ (mp, +my;,)A(q%)

€ q
qz qﬂ_AZ(qz)

[

The treatment of the final state phase space integrations
at the O(|k|?) level is slightly different from the leading
order calculation. We will adopt the following rescaling
transformation for the external momenta in order to get
their relativistic corrections [26]

E +E,
m1+m2‘

/

PH = PH

(18)

C. Form factors

The form factors of B, into S-wave charmonium, i.e.,
S, fo. V, Ay, Af, and A, are defined in common [27]

2 2

PIErbIBP)) = £ () P+ pr = B e g
v 4 c +\q p qz q
2 2
my —m 3
+f0(‘12)‘T"q”, (19)
i(,)upﬂ_wqﬂ)
mpg, +mj/,,, 6]2
(8*/4 _ 8q'zqqll>’ 20

094012-3



ZHU, MA, HAN, and XIAO
b c b c

i 0 CEf

c c c c

FIG. 1. Feynman diagrams for the form factors of B, into
S-wave charmonium, where “@” denotes certain current
operators.

where the momentum transfer is defined as ¢ = P — p with
the B, meson momentum P and the charmonium momen-
tum p.

The leading order results at O(a,) and the NLO QCD
corrections at O(a?) of the form factors can be found in
Refs. [19-21]. The leading order results are obtained from
the Feynman diagrams in Fig. 1. For completeness, we list
the leading order results of the form factors here

FE0(q?) = 8V2C,Cprv/z + lagy(0) w(0),
" (=y* +322+2z+3)
(1=2)2 =y >m}N,’

(21)

§9(q%) = 8V2C,Cpav/z + 1agp(0) w(0),,
(923 + 922 + 11z — y*(5z2 + 3) +3)
((1=2)*=y)*2(Bz+ 1)mN,

. (22)

B 163/2C,Crr(3z + Dayy(0)5 w(0), 1y

(1=2)? =y*(E)PmiN.

V()

(23)

 16V2C,Crr(z + 1) agy(0) w(0) 0

ALO 2
0"(q%) (1=2)? _yz)zz3/2mch

(24)

AY(q*) = 16\/§CACF”VZ + 1%‘/’(0)384/(0)1/?
(423 +522+62—y*(2z+ 1)+ 1)
((1-2)* =223z + )mN,’

(25)

AEO(g?) = 16V2C,Crnv/z + 1agy(0) 5 w(0) g
(3z+1)
(=P =P,

(26)

\/¢*/mi:. C4=3 and
Cr = 4/3, which are the SU(3) color group parameters.
The wave functions at the origin of charmonium and B,
meson are defined through the nonperturbative operator
matrix elements

where z=m,/m, and y=

1
V2N,

w(0), = (nelwixe|0). (27)
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w(0)s, =~ OlehwlBe). 28)
WO = =0/ lar o). (29)

D. Relativistic corrections

In the following let us calculate the relativistic correc-
tions to the form factors. The Feynman diagrams are plotted
in Fig. 1. Using the covariant projection method, one can
get the corresponding amplitudes of Fig. 1. Performing the
Taylor expansion of the amplitudes in powers of k* and
extracting the quadratic terms in the series, one can obtain
the relativistic corrections at the O(|k|?) level.

The relativistic corrections to the form factors shall be
separated into two parts, since there are two bound states,
i.e. a charmonium and the B, meson which are composed
of heavy quark and heavy antiquark. In the following, let us
assign v as the quark relative velocity inside the charmo-
nium and v’ as the equivalent quark relative velocity inside
the B, meson. Then a half of the quark relative momentum
is defined as k = m_v/2 inside the charmonium and a half
of the quark relative momentum is defined as k' = m,qv' =
mymv'/(m, + m,.) inside the B. meson. The masses of

the bound states can be written as m, = 2+/m2 — k* and

m2 — k"> + \/m? — k™. Using the heavy quark

spin symmetry, one can also assume m;, = 2+/mz — k*.

If we expand the amplitudes in powers of k¥, the
relativistic corrections from the charm quark-antiquark pair
interactions inside the charmonium can be obtained.
Analogously, the relativistic corrections to the form factors
from the charm and bottom quarks interaction inside the B,
meson can be obtained when we expand the amplitudes in
powers of k'#.

In order to get the accurate relativistic corrections, one
should keep the relative momentum dependence in the
expressions of the masses of charmonium and B, meson.
The rescaling transformation in Eq. (18) for the external
charmonium and B, meson’s momenta should be employed
in order to get the relativistic corrections from the phase
space integration.

To estimate the magnitude of the relativistic correction
operator matrix elements, we have

mBC =

i <)2 N
(v (=5D) 2l0) = kP wlzo). G0
i i \?2
00t} (=3B ) welB) =Pz B). 3)

el (=5D) 20 =P D0, G2
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where |k[> and |[K’|> can be described by the heavy
quark relative velocities, i.e. |k|?> = m2|v|*/4 and |K'|> =
m2glV2 = mm2 |V 2/ (my + m,)2.

First let us keep the charm quark relative momentum &*
nonzero in the charmonium and set the quark relative
momentum k¥ =0 in the B, meson. Expanding the
amplitudes in powers of k*, we can obtain the related
relativistic corrections. The relativistic corrections can be
|

=3y* + 8y?z(2z - 3)
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expressed as the product of the relativistic operator’s matrix
elements and the related short-distance coefficients.
According to Egs. (30)-(32), the relativistic operator’s
matrix elements can be estimated by the wave functions
at the origin of heavy quarkonium. The results of relativ-
istic corrections from the charmonium can be written as the
following simple forms

—53z* +473 — 62+ 527 +3

fE(q?) = [k[Pf5°(4)

(-1 -

: 33
Y (=y* 432 +22 4 3) )

(=322 + 2z + 1)%(5373 + 4922 + 552 + 3)

R (q2) = [K[2£40(q2) (—

4mi(z - 122 Bz + 1)((z = 1) = y*)(-y

2(5z43) +92° + 922 + 11z + 3)

+y2(y4(3z+1) v*(832% + 5522 + 17z +5) +3652° — 173z* — 1473 + 24672 +812+7)> (34)
4m2(z = 1)22(Bz + 1)((z = 1)> = y2)(=y2(52 +3) + 923 + 922 + 11z + 3) ’
—2(2422 + 2772+ 5) — 122* + 8723 + 17122 + 697 + 5
VRC(q2) = [kPEo(g) A H 2T 1 3) 1B 4 872+ T1e £ 92t @s)
6mz*(z+1)(3z + 1)((z = 1)* = y%)
—3y* —2y?(1423 + 572 — 3) — 42> + 85z% 4 3487° + 21472 -3
ARC(q?) = Ikpafo(q) TR TSS9 S H T e 2l 23 (36
24mpz*(z+ 1) ((z = 1) = y7)
RC(,2 24L0( 2 —4570 +7212° + 1554z% + 19547° + 8077 + 125z + 4
AT (q7) = [k[*AT9(q%) ) 2 2 2 3 2
12mpz?(3z+ 1)((z = 1)* = y*)(=»*(2z + 1) + 42° + 522 + 62+ 1)
~ V2(y2(32% — Tz — 4) 4 482* 4 58023 + 51272 4 132z + 8) ) (37)
12m322Bz+ 1)((z = 1)> = y) (= 2z + 1) + 422 + 522 + 62+ 1) )’
39z 455 10) + 15z* — 7923 4+ 18722 + 123 10
A§C(q2):|k|2A§0(q) ¥?(39z% + 55z + 10) + 152 2 + 187z + 123z + (38)
12m2(32 + D((z = 1)1 =)
|
According to the leading order results, we have learned A (q )m,,—mo _ V(qz) ,;1?_)06' (41)

that the form factors have singularity at the minimum recoil
point y — 1 —z, which exist also in the relativistic cor-
rections from Egs. (33)-(38).

Because z = m./m;, ~0.3 is small, the form factors
can be expanded in powers of z. In the heavy quark
limit m;, — o0, one can get more information among
form factors. In the m;, — oo limit, the form factors
become

16V2C, Crray(0); w(0), y

2 —
V(C] )mb—mo - (1 _y2)2 3/2m2NC
2
(1 L > (39)
6m3z
AZ(qz)mb—»oo = V<q2)mb—>oo’ (40)

At the maximum recoil point with g> = 0, some form
factors turn to be identical

f0(0) = 14(0). (42)

V(0) = A5(0) (43)

my,—oco my,—00°

which are consistent with the predictions of the heavy
quark effect theory [28] and the large energy effective
theory [29].

Next let us keep the quark relative momentum k'
nonzero in the B, meson and set the charm quark relative
momentum k* = 0 in the charmonium. We will expand the
amplitudes in powers of k¥, and the relativistic corrections
to the form factors at the O(|k’|?) level are
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—970 + 26475 + 2857* + 4087% + 24172 + 1127 - 21

fﬁ0<q2>::|kw2fi0<q2>(

24z2my((z = 1)* = y*)(=y* +32% + 22 +3)

Y2(y2(32% — 4z + 11) +4(=3z* + 3223 + 2322 + 162 - 8))
- ) 72 3 7 , (44)
2422mp((z = 1)* = y*)(=y* + 32" + 22+ 3)

(324 1)(927 = 27326 — 2125 — 12324 + 16723 + 12922 + 133z — 21)

rwbmwww(

+

- 24(z=1)Z2m3((z = 1) = y*)(=y*(52+3) + 928 + 922 + 11z + 3)
y2(6377 — 1110z° — 7627° — 189z* + 30723 + 2167> — 40z — 21)

12(z = )22 Bz + )mp((z = 1)* = y*)(=y* (52 +3) + 927 + 92> + 11z + 3)

yH((32-6y%)22 + (31 = 2y*)z — 1527 + 161z* + 104z> + 7)

w—m%uw%w—wﬂmﬂwuw+%+%+m+ﬁ’ (43)

¥2(92% = 10522 = 23z +7) — 92 + 315z* + 10823 + 180z> + 537 — 7

VRC’ 2\ — Kk’ 2vL0 2 , 46
(¢°) = |K'| (q°) 24Z2(3Z+ l)mi((z— 1)2_y2) (46)
ARC () — [KPALO () —1277 + 27725 4 9162° + 6057* + 5962° + 20722 — 28z — 1
0o ¢ o \4 3 2.2 2_ .2
96z (z + 1)’ m3((z — 1)* = y?)
2y2(62° + 5z — 140z° — 2222 + 22z + 1) — y*(39z> + 16z + 1)
+ 3 2,2 2_.2 ’ (47)
9627 (z + 1)*m;((z — 1)* — y?)

—3628 + 80777 + 20477° + 28077 + 25037* + 169373 + 42172 + 57 — 7

A ) = Ikt

2422(3z + my((z = 1) =

V) (=y*(2z+1)+423 +522 + 62+ 1)

y2(182* = 3373 — 922 + 25z + 7) + 2(—272° + 2582° + 539z* + 504z° + 151z> — 10z — 7)> (48)
2422y (B2 + Dmp((z = 1) = y?)(=y* (22 + 1) +42° + 522 + 62+ 1) '

/ —y*(
ARC(g?) = [K'[*ALO(4?)

1273 + 6722 + 167 — 3) — 62° + 175z* + 1022% + 9272 + 247 -3

In the heavy quark limit m;, — oo, however, the relations
among the relativistic corrections to the form factors from
the B, meson have not been found.

In order to estimate the relativistic corrections, one
should first evaluate the heavy quark relative velocities.
Using the heavy quark kinetic and potential energy
approximation [1], one has

|V| = as(zmred|vl)' (50)
We adopt the values which have been evaluated in Ref. [30]

|V‘5/W ~ 0.267, |v’|%c ~ 0.186. (51)

In the literatures, there already exist a lot of studies on the
form factors of B,. into S-wave charmonium at the maximum
recoil point, so we give the results with different approaches
in Table I. For the NRQCD predictions in Table I, the heavy
quark masses m, = 1.4 and m;, = 4.9 are adopted. From the
table, the NRQCD predictions of the form factors are larger
than that from the approaches of QCD SR, RQM, NCQM,
and LFQM. The predictions of some of form factors are

1222(3z 4+ )m2((z = 1) —?)

(49)

[
consistent with each other among PQCD, LCSR, PMC, and
the LO NRQCD results. The relativistic corrections from
both the S-wave charmonium and B, cannot be ignored,
which will bring about 15 to 25 percent enhancements to the
NLO predictions of the form factors.

III. DECAY RATIOS OF B, — J/y +D."”

The form factors of B, into S-wave charmonium can be
employed into the calculation of decay widths of a lot of
decay channels, some of which have been studied by the
LHCb and ATLAS Collaborations. The channels of B,
exclusive decays to a charmonium and a light meson can
determine the form factors at the maximum recoil point,
while the exclusive decays to a charmonium and a heavy
meson can give the information of the form factors far from
the maximum recoil point.

The ATLAS Collaboration have used a data set of
integrated luminosities of 4.9 fb~! and 20.6 fb~! at \/s =
7 TeV and 8 TeV and measured the branching ratios of

B - J/w+ Dy recently [25]. Furthermore, the
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TABLE I. B, into S-wave charmonium form factors at g> = 0 evaluated in the literatures.
Approaches fEem0) = £E(0) Ag"J/W(O) A?”J/W(O) Ag“l/"'(O) VBIIw(0)
PQCD DW [4]" 0.420 0.408 0416 0.431 0.296
SDY [5] 0.87 0.27 0.75 1.69 0.85
WEX [6] 0.48 0.59 0.46 0.64 0.42
ZILWX [31] 1.06 0.78 0.96 1.36 1.59
QCD SR CNP [8] 0.20 0.26 0.27 0.28 0.19
KT [9] 0.23 0.21 0.21 0.23 0.17
KLO [10] 0.66 0.60 0.63 0.69 0.52
LCSR HZ [11] 0.87 0.27 0.75 1.69 1.69
RQM NW [12] 0.5359 0.532 0.524 0.509 0.368
EFG [13] 0.47 0.40 0.50 0.73 0.25
IKS2 [14] 0.61 0.57 0.56 0.54 0.42
NCQM HNV [15] 0.49 0.45 0.49 0.56 0.31
LFQM WSL [16] 0.61 0.53 0.50 0.44 0.37
KLL [17] - 0.502 0.467 0.398 0.369
PMC SWMW [22] 1.65 0.87 1.07 1.15 1.47
NRQCD LO [19-21] 0.96 0.84 0.87 0.94 1.21
NLO [19-21] 1.43 1.09 1.19 1.27 1.63
NLO + RC (This work) 1.67 1.43 1.57 1.73 2.24

*We quote the results with @ = 0.6 GeV.

ATLAS Collaboration have analyzed three helicity depen-

dent amplitudes in the channel of B — J/y + D?(*), ie.
A, ., A__, and Ay, where the subscripts correspond to the
helicities of J/y and D} mesons. Therein A, , and A__
denote the amplitudes where J/y and D} are transversely
polarized. We will employ the form factors to analyze these
channels, and compare our results with data and other
theoretical predictions.

The typical Feynman diagrams of B — J/y + DIt
are plotted in Fig. 2. There are four types of topologies:
(a) factorizable diagrams which are determined by the form

(©)
FIG. 2. Typical Feynman diagrams for B} — J /x//—l—D;r(*),
where two “@” denote four-fermion weak interaction operators.
There are four types of topologies: (a) factorizable diagrams;
(b)nonfactorizable diagrams; (c) color-suppressed diagrams;
(d) annihilation diagrams.

factors; (b) nonfactorizable diagrams which cannot be
factorized into the product of form factors and the decay

(%)

constant of the D;’ meson; (c) color-suppressed diagrams

where the spectator quark generates the Dg*) meson with a
strange quark; (d) annihilation diagrams where both the
bottom and anticharm quarks in the B, meson are
annihilated.

The form factors dependence on g are obtained using
the NRQCD approach, however, a divergence exists at the
minimum recoil point where ¢* = (mp_—my,)* ~ (m, —
m,)? according to the LO results [19] and the NLO QCD
corrections [19-21] and relativistic corrections. This sin-
gularity problem leads to the predictions of the form factors
invalid near the minimum recoil point. Besides, the
NRQCD prediction of the branching ratio of Bf — J/y +
nt + 7~ + " is slightly larger than the cental value of the
measurement by the LHCb Collaboration [23,32], where
the channel B — J/wa{ (1260) dominates the contribu-
tion. This indicates the applications of the NRQCD
predictions of the form factors far from the maximum

recoil point should be careful. For the channels B —

Jjw+ DY where ¢ = mé(*) ~4 GeV?, the direct
NRQCD predictions of form factors maybe invalid, since
¢* ~ 4 GeV? is far from the maximum recoil point.

To extrapolate the form factors to the minimum recoil
region, the pole mass dependence model are generally
adopted in many literatures [10,16], where each form factor

F(qg?%) is parametrized as

F(@*) =—————. (52)
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with the effective pole mass m,,. and a free parameter /3

which is set to be zero in our calculation. And F(g?) can be
any one of the form factors of B, into S-wave charmonium,
ie. f1.(¢): fo(a®). V(4®). Ao(q®). Ai(g?). and As(q?).
In the calculation, the heavy quark mass are adopted as
m,=14+0.1 GeV, m, =4.9+0.1 GeV [23,33]. The
masses ong*) are adoptedas mp, = 1.968 GeV and my: =
2.112 GeV [3]. The decay constants are adopted as f, =
130.4 MeV [23], fp, = 257.5 MeV [7]. The decay constant
of Dj can be obtained by the heavy quark symmetry
fp: = fp, (mp, /mp:)"/%. The effective pole mass mq in
Eq. (52) is set to be near the bottom quark mass, i.e., 5 GeV.
The Schrodinger wave function at the origin for J/y is
determined through its leptonic decay width '}, =5.55keV.
Numerically we can obtain |p52(0)|>=0.0447 (GeV)?
and |y}°(0)[>=0.0801 (GeV)>. For that of B,, we shall
determine its value to be: |yp (0)|* =0.1307 (GeV)?,
which is derived under the Buchmiiller-Tye potential [34].
Based on the NRQCD framework, we can calculate
the amplitudes in Fig. 2 and numerical results indicate that
the factorizable diagrams dominate the contribution of the

decay widths of B — J/y + Df(*), but color-suppressed
and annihilation topologies diagrams contribute less than
10 percent. The factorizable diagrams can be factorized into

the form factor part and the Dg*) decay constant part. Thus
we can employ the results of NLO QCD and relativistic
corrections to the form factors, and obtain more precise
predictions.

In order to compare with data, the auxiliary parameters
are written as

T(BY — J/y + D?)
CBf »>J/y+z")’

RD:r/ﬂ+ -

R  _TBE=J/y+Di) (54)
DT DB > Ty At

[(Bf — J/y + D)

Ryt iy = , 55
PP T(BE > Ty + DY) >

Iy (BE = J/y +DiY)
r.,/r= 56
=M= = T D) 20

The decay width can be written as
r(8, — 1/yDt) = LB, ~ 1P, (57
8wmy,_

with the final meson momentum |p|:(m‘l§c—2m%C (méﬁ‘ﬂ +
ml%,)+(mf)<*>—ms,)z)‘/z/(2m3‘v) in the B, meson rest

frame.

PHYSICAL REVIEW D 95, 094012 (2017)

Ignoring the small contributions from nonfactorizable,
color-suppressed, and annihilation diagrams, we reach the
naive factorization. In naive factorization, the decay ampli-
tudes can be factorized as

A(BS = J/wDy)

G
~7gVibvmco<u><f/wr|oo|3r>

G _
~ 75 ViV esColu) /by (1 = 75)elBY)

x (Dy [ey, (1 =vs)s|0)

2Gp .
= l—F VcbvcsCO (/’l)fDA.AO(szJ)mJ/t//gj/l,, g, (58)

V2

where G is the Fermi constant. V,,; and V., are the
Cabibbo-Kobayashi-Maskawa (CKM) matrix-elements.
O, is the effective four-quark operator, and Cy(u) is the
perturbatively calculable Wilson coefficient. &;,, is the
polarization vector of J/y. Because €} 4= £ Iy Pg.

is nonzero only when & 1, 1s longitudinal, J /y is longitu-

dinally polarized in the decay channels of B. exclusive
decays to J/y and a pseudoscalar meson. In order to reliably
predict the decay rate of B, exclusive decays to J/y and a
heavy meson, we will adopt the pole mass dependence

mz
model and get Ag(mp, ) = AYOTRE(0) /(1 - —7).

pole

Analogously, we can obtain the expression of the
amplitude A(Bf — J/wn™") by replacing the meson decay
constant fp_— f,, the form factors Ag(mj, ) = Ag(m3)
and the CKM matrix-element V. — V,, in Eq. (58).
Because the pion’s mass is much less than the heavy quark
mass, the pion’s mass can be ignored in the decay
of Bf — J/yn".

The amplitude of Bf — J/wD:* can be estimated as

A(Bf = J/wDi")
Gp

S B VLV Col) I WDy O0lBY)

.Gp

_ * xa P
= 175 Vi VesColu) €1wED:
Py oPsp P}, Pp
x| S -5, ———+1iS5¢ —— 1, (59
( lgaﬁ 2 m%E 3Capyc Pj/y/ K PDS ( )
where
S; = —-mp:A, (szj)(mB(. +my,).
2mD§A2(m2D*)m%3.
= — 3 .
mp, + my y,
2mp:V(m:)P;,, - P
S3 _ Dj ( Ds) J/w D‘.‘ (60)
mBC + m.]/(//
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TABLE II. Comparisons of the results of the decay ratios of B, — J/w + D’ with data and other theoretical predictions.

Rp: ) Rpet /e Rp p: r../r Refs.
38+£1.2 10.4 £3.5 2.8702 0.38 £0.24 ATLAS [25]
2.90 £0.62 - 2.37+£0.57 0.52+0.20 LHCb [24].

2.6 4.5 1.7 - Potential model [35]
1.3 52 3.9 - QCD SR [36]
2.0 5.7 2.9 - RCQM [37]

22 - - - BSW [38]
2.06 £ 0.86 - 3.01+1.23 - LFQM [17]
3.45008 - 2.54°097 0.48 £ 0.04 PQCD [7]

- - - 0.410 RIQM [2]
3.07502 018 11.8F] 9423 3.851 0041054 0.601 7000110035 NRQCD NLO + RC

In the B, meson rest frame, it is convenient to choose the
momentum P to be directed in positive z-direction. The

transverse polarization vectors can be defined as &}, | =

¢, = (0,£1,i,0)/v/2. The longitudinal polarization

vectors can be defined as 8’5;0 = (PD;& 0,0, PODT) /mp:
and &), = (=Pp;,0,0,P), )/my,,. We then can get
the results for the decay  widths
[ii(BE = J/w + Di).

Considering the NLO QCD corrections and the relativ-
istic corrections, our results are given in the end line of
Table II. For convenience, we also list the data and other
theoretical predictions in Table II. For our results, the first
column of the uncertainties is from the choice of the scale
u=49=+1GeV, while the second error is from the
uncertainty of the heavy quark mass with m,. =14+
0.1 GeV and m;, =4.9 £0.1 GeV.

From Table II, our results of Rp:/ .+, Rpw+/ .+, and
I',,/T" are consistent with the LHCb and ATLAS data
when considering the experiment uncertainties.

polarized

IV. CONCLUSION

In this paper, we calculated the relativistic corrections to
the form factors of B, into S-wave charmonium at the
O(|k|?) and O(|K’|?) level, where k and k' are a half of
quark relative momentum inside the charmonium and B,
meson, respectively. The corresponding analytic expression

are given. In the heavy bottom quark limit, the properties of
form factors are studied. We found that the relativistic
corrections bring about 15 to 25 percent enhancements to
the form factors.

Based on the NRQCD approach, we studied the decay

channels of B, — J/ I;/Dg*). Employing the form factors of
B, meson into S-wave charmonium up to the next-to-
leading order in both @, and the quark relative velocity

squared v and "2, the decay rates of B — J/wD\"" are
studied. Numerical results indicate that the factorizable

diagrams dominate the decay rates of the considered B, —
J/ y/D§*> decay modes. The ratios of Rp:/z+, Rpit/pes
Rpe+/psr and I, /T provide a precise platfbrm to test the
form factors. Our results of Rp:/z+, Rpet jpe, and T'yy /T
are consistent with the LHCb and ATLAS data, however,
the result of Rp:+/p+ only support the ATLAS data. Thus
more studies are needed to investigate the inner properties
of D¥. This work is also helpful to understand the non-
perturbative properties of heavy quarkonium.
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