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We make a systematic investigation on the two-body nonleptonic decays B, — J/V¥(y.),M by
employing the perturbative QCD approach based on k; factorization, where M is a light pseudoscalar
or vector or a heavy charmed meson. We predict the branching ratios and direct CP asymmetries of these
B, decays and also the transverse polarization fractions of B, — J/W¥V, J/ q/D(*s) decays. It is found that
these decays have a large branching ratios of the order of 10~ — 1072 and could be measured by the

BR(Bf—J/UD}) BR(Bf —J/¥D:")
BR(BI—J/Vz")* BR(BI—J/UD])

future LHCb experiment. Our predictions for the ratios of branching fractions

BR(Bf —J/UK*)
BR(B; =J/¥Ux")
reach 48% is predicted in B} — J/WD}* decay, which is consistent with the data. We find a possible direct
CP violation in B. — J/ywD* decays, which are helpful to test the CP violating effects in B, decays.

and are in good agreement with the data. A large transverse polarization fraction which can
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I. INTRODUCTION

Since the first discovery of the B, meson by the CDF
collaboration at Tevatron in 1998 through the semileptonic
modes B, — J/y(u"pu~ )T X(l = e, u) [1], it has aroused a
great deal of interest in studying B,. physics experimentally.
Subsequent measurements of its mass and lifetime in
different detectors via the two processes Bf — J/wlty,
[2,3] and B — J/wa™ [4,5] have opened new windows
for the analysis of the dynamics involved in the B, decays.
At the current level accuracy, around 5 x 10'? B, events are
expected to be produced each year [6]. Up to now, the
LHCb collaboration has measured the B, mass with
6273 & 1.3(stat) £ 1.6(syst) MeV/c? [7] and some new
channels, such as Bl — J/watn~z" [8], B - J/wK™"
91, Bf — w(2S)x* [10], Bf — J/wD{"" [11], B} —
J/wK*K-zt [12], Bf — B%z* [13], and B} —
J/w3rx 27~ [14] for the first time. We can see all of the
observed processes involving the J/y final state, due to
the narrow peak of J/y and the high purity of J/y — [11~,
the decay modes containing the signal of J/y meson are
among the most easily reconstructible B, decay modes.
One should expect that, in the following years, more and
more charmonium decay modes of B, meson will be
measured with good precision in the LHCb experiments.

Compared with the B, ,; mesons, the B, meson is of
special interest. Being the ground state of two heavy quarks
of different flavors (b and c), B, decays via weak
interaction only, while the strong and electromagnetic
annihilation processes are forbidden. Since both of the
two quarks are heavy, each of them can decay with the
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other as a spectator, the B, meson have much shorter
lifetime than other b-flavored mesons [15], pointing to the
important role of the ¢ quark in B, decays. It has rich decay
channels, and provides a very good place to study non-
leptonic weak decays of heavy mesons, to test the standard
model and to search for any new physics signals [16].
Theoretically, many hadronic B, decay modes have been
studied by various theoretical approaches. The perturbative
QCD approach (pQCD) [17] is one of the recently
developed theoretical tools based on QCD to deal with
the nonleptonic B decays. Utilizing the k7 factorization
instead of collinear factorization, this approach is free of
end-point singularity. Thus the Feynman diagrams, includ-
ing factorizable, nonfactorizable, and annihilation type, are
all calculable. Up to now, the pure annihilation type of
charmless B, — PP, PV,VV AV ,AA,AP,SP,SV decays

[18-24] and the charm decays of B, — DE;)) (P,V,T, DE:;)
[25-29] have been studied systematically in the pQCD
approach, where the term P, V, A, S, T refers to the pesu-
doscalar, vector, axial-vector, scalar and tensor charmless
mesons, respectively.

In the present paper, we extend our pQCD analysis to the
S-wave ground state charmonium decays of the B, meson.
The B, = J/y(n.)x [30], B. — J/wK [31] decays have
been studied in pQCD, compared to which the new
ingredients of this paper are: (1) we updated the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
and some input hadronic parameters according to the
Particle Data Group 2012 [32]; (2) we have included the
intrinsic b (the conjugate space coordinate of the parton
transverse momentum k7) dependence for the B, meson
wave function, because it is observed that the intrinsic b
dependence in the heavy meson wave functions is

© 2014 American Physical Society
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important [33]; (3) not only the B, — J/w(n.),n(K)
decays, but B, - (J/w,n.)(x, K, K*,p,DEi))) are investi-
gated. In addition, a comprehensive study of these proc-
esses, which have been studied in the QCD coupling [34],
the relativistic quark model [35], the covariant light-front
quark model [36] and so on, is still lacking in pQCD. Our
aim is to fill in this gap and provide a ready reference to the
existing and forthcoming experiments to compare their data
with the predictions in the pQCD approach. It will be
shown that the obtained ratios of the branching ratios and
polarization fractions are all in consistency with the
existing data.

In the B, rest frame, since both of the constituents (c, b)
are heavy, they are almost at rest relative to each other. The
B, meson can be approximated as a nonrelativistic quar-
konium system [37,38]. In this sense the charm quark mass,
which is considerably larger than the QCD scale, provides
an intrinsic physical infrared regulator. The dynamics at
this scale is still calculable perturbatively [37]. In the pQCD
framework, since the spectator charm quark is almost at
rest, a hard gluon is needed to transfer energy to make it a
collinear quark into the final state meson. Meanwhile, the
heavy charm mass will bring another expansion series of
m./mp ~0.2. In fact, the factorization theorem is appli-
cable to the B, system similar to the situation of the B
meson [23] in the leading order of this expansion. For the
decays with a heavy charmonium and a light meson in
the final states, since the emitted meson is a light meson,
the factorization could be proved in the soft-collinear
effective theory to all orders of the strong coupling constant
in the heavy quark limit [36,39]. For the decays with a
heavy charmonium and a charm meson in the final states,
both the charmonium and charm meson can emit from the
weak vertex, which is similar to the double charm decays of
the B. meson [28]. The proof of factorization here is thus
trivial. In fact, this type of process in B meson decays has
been studied in the pQCD approach successfully [40].

Our paper is organized as follows: We review the pQCD
factorization approach and then perform the perturbative
calculations for these considered decay channels in Sec. II.
The numerical results and discussions on the observables
are given in Sec. III. The final section is devoted to our
conclusions. Some details of related functions and the
decay amplitudes are given in the Appendices.

II. FRAMEWORK AND WAVE FUNCTION

At the quark level, the considered processes are char-
acterized by the b — ¢¢g’ transition, with ¢ = u, ¢ and
g = d, 5. In the rest frame of the B, meson, the spectator ¢
quark is almost at rest due to the heavy mass. Therefore, a
hard gluon is then needed to transform the ¢ quark into a
collinear object in the final charmonium or charmed meson.
This makes the perturbative calculations into a six-quark
interaction. These perturbative calculations meet end-point
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singularity in dealing with the meson distribution ampli-
tudes at the end point. We take back the parton transverse
momentum k7 to regulate this divergence. In the pQCD
approach, the decay amplitude can be written as the
following factorizing formula [41]:

C(t) @ H(x,t) @ ®(x)
®emwaJﬁ—2j;%wx%m»] ()

where C(r) is Wilson coefficient of the four-quark operator
with the QCD radiative corrections. ¢ is chosen as the
largest energy scale in the hard part, in order to lower the
largest logarithm. The term exp [42], the so-called Sudakov
factor, results from summing up double logarithms caused
by collinear divergence and soft divergence, with P denoting
the dominant light-cone component of meson momentum.
Yq = —a,/x is the quark anomalous dimension. The hard
part H(x,t) can be perturbatively calculated including all
possible Feynman diagrams without end-point singularity,
such as factorizable, nonfactorizable and annihilation-type
diagrams. The wave function ®(x), which describes hadro-
nization of the quark and antiquark to the meson, is not
calculable and treated as nonperturbative inputs.

The meson wave function absorbs nonperturbative
dynamics of the process, which is process independent.
Using the wave functions determined from other well-
measured processes, one can make quantitative predictions
here. Similar to the situation of the B meson, for the B,
meson, one of the dominant Lorentz structures is consid-
ered in the numerical calculations, while the contribution
induced by the other Lorentz structure is negligible [43]. In
the nonrelativistic limit, we use the same distribution
amplitude for B. meson as those used in Refs. [27-29]:

By (x) = ;J];B [(P My Yyss <x —](4”—8)] exp (—“’%;N) ,
(2)

in which the last exponent term represents the k; depend-
ence. The shape parameter wp = 0.60 & 0.05 GeV has
been adopted in our previous analyses of the double charm
decays of B, meson [28].

The two-particle light-cone distribution amplitudes of
the Dy /D’(*S) meson can be written as [44]

(D) (P2)|q4(2)25(0)[0)
: L
= ﬁl dxe™P>2[ys(Py + mp )Pp,, (X, b)]ap.

(D7, (P2)14u(2)2,(0)[0)

Lo
e /0 dxet P2 [éy (Py 4 mpy, ). (x.b)
+qBatmpy ), (5.5)p. o)
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with the normalization conditions:

1 f Dy
A dx¢D(l\)(x’O) = 2\/2TL,
ity (0 = [ sl o) =2 @
| st .0 = [Caghy 0 =5 @
Here we use fp» = fF. in the calculation. The value of

f D, is determinéd by the following relations derived from

HQET [45]:
_ ™Mb
fD(*S) = /K()fl)m. (5)

1
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The distribution amplitude gbii;?) is taken as [46]
s)

(
L.T) 3

LD 2 ox(1=x)1 S(1=2
ff)DE:; TNCfDES;X( x)| +aD§s>)( x)]
W b?
xexp(—D;) (6)

According to Ref. [47], we use ap =0.5+0.1,wp =
0.1 GeV for the D/D* meson and ap = 0.4 +0.1,wp =
0.2 x GeV for the D,/D?} meson.

For the J/w(n.) meson, in terms of the notation in
Ref. [48], we decompose the nonlocal matrix elements for
the longitudinally and transversely polarized J/y mesons
and 7, into

AP N@ac(0)10) = e [ e e (5.8) + (EP) g (1),

V2N,

PP E(2)ac(010) = e [ dse oy (5) + (P (1.,

1 (P)E()c(010) = =—m [ s ((r5P ) (5. ) -y 15) g (5. )L ™

respectively. w’, w! and w" denote for the twist-2 dis-
tribution amplitudes, while ', w" and y* for the twist-3
distribution amplitudes. x represents the momentum frac-
tion of the charm quark inside the charmonium. In order to
include the intrinsic b dependence for the J/w(1,.) meson
wave function, we adopt the same model as [30]. For the
wave functions of light vector and pseudoscalar mesons,
the same form and parameters are adopted as [27] and one
is referred to the original literature [49].

A. B, — (J/wn,)(P,V) decays

The effective Hamiltonian for these modes can be
written as
Gr .,
Hetr = —= Vi Vua(s) (C1(0) Oy (1) + Co(1) Oz (w)),  (8)
V2
with V7, and V4 the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, C;,(u) the perturbatively calcu-
lable Wilson coefficients, and O;,(u) the effective four-
quark operators; their expressions are

01 (i) = bor"(1 = y5)cp @ tpy, (1 = 75) b
0y(u) = bay*(1 = y5)ca ® gy (1 =vs)ap.  (9)

where a, § are color indices and the summation convention
over repeated indices is understood. Since the four quarks
in the operators are different from each other, there is no
penguin contribution, and thus there is no CP violation.
With the effective Hamiltonian given above, the Feynman

|
diagrams corresponding to the concerned process are
drawn in Fig. 1 where the first two are of factorizable
topology contributing to the form factor of B, — J/y/(.);
the last two diagrams are of nonfactorizable topology. With
the meson wave functions, Sudakov factors and the six-
quark hard subamplitude, after a straightforward calcula-
tion employing the pQCD formalism of Eq. (1), we can get
the explicit expressions of the amplitude in Fig. 1, which
are listed in Appendix A.

The total decay amplitude for the B, — (J/w,5.)(P,V)
can be given by

A(B. = (J/w.nc)(P,V))

1
- Vr‘hvud(s) |:<C2 =+ §C1>fg + C1M6:| . (10)

Here, the Wilson coefficients C , are actually convoluted
with the amplitudes F, and M, . Note that the B, — J/yV
decays contain more amplitudes associated with three
different polarizations, one longitudinal and two transverse
for the two vector mesons, possible. The amplitude can be
decomposed as

A=Al 4 ANEL - €f + iAT ey o vPesl e, (11)
where €1, €] are the transverse polarization vectors for the
two vector mesons, respectively. A" corresponds to the
contributions of longitudinal polarization; A" and A"
corresponds to the contributions of normal and transverse
polarization, respectively, and the total amplitudes AXN-"
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(©)

FIG. 1.
diagrams.

have the same structures as Eq. (10). The factorization
formulas for the longitudinal, normal and transverse polar-
izations are all listed in Appendix A.

B. B, — (J/w,nc)DE:f decays

The effective Hamiltonian for the flavor-changing b —
¢ transition is given by
Gp .
Hegr = T{Vchch’(cl ()01 (1) + Ca(u) 02 ()
2
- V;Kbvtq’zggz»ci(/")oi(/‘)}? (12)

with ¢’ = d, 5. The functions Q;(i = 1,2,...,10) are the
local four-quark operators:
(1) tree operators:

Oy (1) = bay"(1 =y5)cp ® Car(1 —75)q),
O(i) = bor"(1 —y5)cy @ Tpr,(1 — rs)qp  (13)

(2) QCD penguin operators:

O3(1) =bar"(1-75)4e ® Y _ dpru(1=75)ap,
q

O4(1) =bar"(1-75)q3® > _ duru(1-75)p.
q

Os(u) =b,r*(1 —75)61/05‘8)26]_/57/4(1 +75)4qp
q

Os(1) =bur"(1=75)qy® > duru(1+75)qp, (14)
q
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§ 7](:(']/7?9) §

(d)

Feynman diagrams for B, — (J/y,n.)(P, V) decays. (a,b) The factorizable emission diagrams and (c,d) the nonfactorizable

(3) electroweak penguin operators:
0 3 by (1 ! 7s7.(1
7(1) =5bar (1-75)q. ® Zeqqﬁ}/ﬂ( +75)4s
q
3. _
Og (1) =5 bar*(1=75)q; ® > eq@ur,(1+75)ap
q
3= _
Oy () :Eboﬂ’”(l —75)qa ® Zeqqﬁyﬂ(l —75)4p:
q

3. )
Or0(w) =5bar"(1=75)a5 ® D _eqduru(1 =75)ap.
q

(15)

The sum over g runs over the quark fields that are active at
the scale p = O(my), i.e., ¢ = (u,d, s, c,b).

There are 12 Feynman diagrams contributing to
B. - (J/w, nC)DE:; decays at leading order. They
involve three types: color-favored diagrams (we mark
this kind of contribution with the subscript f) shown
in Fig. 2; color-suppressed diagrams (marked with s)
shown in Fig. 3; and annihilation diagrams (marked
with a) shown in Fig. 4. Each type is classified into
factorizable diagrams, where hard gluon connects the
quarks in the same meson, and nonfactorizable dia-
grams, where hard gluon attaches the quarks in two
different mesons. We also show the calculated for-
mulas of each diagram for different channels in
Appendix A. The total decay amplitude for decay is
given as

114030-4
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FIG. 2. Color-favored diagrams contributing to the Feynman diagrams for B. — (J/w, nﬂ)DE:)) decays.

ne(J/1)

\/v

5

Eidanlinada

FIG. 3.

O

FIG. 4. Annihilation diagrams contributing to the Feynman diagrams for B, — (J/y,n.)D

A(B. = (J/y.nc)D)

N

*

Color-suppressed diagrams contributing to the Feynman diagrams for B, — (J/y,7,.) D (s) decays.

FEAPN

*

(5) decays.

1 1 1
= VeyVea KQ +§C1>f?L +OMEE+ (Cl +§C2)F§L + M+ (Cz +§cl>f’f + ClMéL}

3 3

3 3

1 1 1 1
Vi KQ +=C3+Cip+= C9)]-"LL (C3 + Co)MEE + <C3 +=C4+ Co + —Cm)ffL + (C4 + Cig) MEL

1 1 1 1
+ <C4 +5C3+Cyp + —C9> Fib + (C3 + Co) MGH + <C6 +=Cs+ Cg + —C7> FiP 4+ (Co + Co)MP

3 3

1 1
+ <C5 +7C+ G +—C8)f§R + (Cs + C) MER + (

3 3

Note that the amplitude F3° from the operators Os_g
vanishes when a vector meson (DE‘S) is emitted from
the weak vertex, because neither the scalar nor the
pseudoscalar density gives contributions to the vector
meson production, i.e., (D[S + P|0) = 0.

III. NUMERICAL RESULTS

We now use the method previously illustrated to estimate
the physical observables (such as transition form factors,
branching ratios, transverse polarization fractions and
direct CP violations) of the considered B, decays. For
numerical calculation, some input parameters needed in the

3 3

1 1
Ce +§C5 + Gy +§C7>f§P +(Cs + C7)M5R} (16)

pQCD calculation are listed in Table I, while the input wave
functions and various parameters of the light vector and
pseudoscalar mesons are shown in the corresponding paper
[27]. If not specified explicitly, we will take their central
values as the default input.

A. B, — n..J/y form factors

The diagrams (a) and (b) in Fig. 1 give the contribution
for B, — 5., J/y transition form factor at the maximally
recoiling point (¢> = 0). Our predictions of the form
factors are collected in Table II compared with the results
from other models. The first kind of uncertainties is from
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TABLE I. The decay constants of mesons are from [28,30], while other parameters are adopted in PDG [32] in our numerical

calculation.

Mass (GeV) My, = 80.399 My, = 62717 my, =4.2 m. = 1.27 my,, = 3.097
m, = 2.981 mp = 1.870 mp- = 2.010 mp, = 1.968 mp: = 2.112

CKM V| = (40.9 £ 1.1) x 1073 |V .al = 0.97425 + 0.00022 |V.s| = 0.2252 + 0.0009

Vs = (4.15 £ 0.49) x 1073

|V.al = 0.230 +0.011 V.| = 1.006 + 0.023

Decay constants (MeV) fp, =489 +4+3

fp=206.7+89

Fipy =405+ 14
fp, =2575+6.1

fy = 420450

Lifetime 75, = 0453 x 1072 5
TABLE II.  The form factors for F2=~" and Ag7"/ at ¢* = 0 evaluated in the literature. The uncertainties are from the hadronic
parameters and the decay constants, respectively. For comparison, we also cite the theoretical estimates of other models.

This work SDY [30]° Kiselev [50] IKP [51] WSL [52] HZ [53] DSV [54] EFG [35]
Fgee 0.727 5401058 0.66-0.79 0.66 0.76 0.61 0.87 0.58 0.47
AV 06410084002 065,77 0.60 0.69 0.53 0.27 0.58 0.40

*We quote the result with the charmonium wave function for a harmonic-oscillator potential.

the uncertainty in the hadronic parameters: wp = 0.60
0.05 [28] for B, meson and w = 0.60 + 0.10 [30] for
J/w(n.) meson, while the second kind of uncertainties is
from those in decay constants of the B, meson and the
charmonium meson, which are given in Table I. We find

both Ag"—’J/ Y and Fy<~" decrease with increasing shape
parameters wp and w. The former are more sensitive to the
shape parameters than the decays constants, while the
latter is just the reverse. Since the uncertainties from decay
constant of 7. meson are large, the relevant uncertainties

to Fg<~" are also large. We can see that the B, — 1., /y

transition form factors are larger than those of B, — DE:;

in our previous study [28] under the perturbative QCD
approach. As it is well known, compared with the D
meson, the J/y(5.) meson is heavier, and its velocity is
lower in the rest frame of the B. meson. The overlap
between the initial and final state wave functions becomes
larger, which certainly induces larger form factors.

The B. — J/y,n. transition form factors have been
widely studied in many theoretical frameworks, which are
also collected in Table II. Most of our results are found to
be comparable to those of [30,50-54], whereas the form
factor AG<7’/ in Ref. [53] is typically smaller, which can
be dlscnmmated by the future LHC experiments.

B. Branching ratios

The branching ratios in the B, meson rest frame can be
written as

BR(B.— (J/u/,m)DE:;)

GZFTB
:32”MB\/1 rD r]/v,
BR(B = /y.n.)(P.V))

\/1_(rD+rJ/wnc

B<1 J/w ) (17)

where the mass ratios r; and the decay amplitudes A for
each channel have been given explicitly in Appendix A.
Our numerical results of branching ratios for B, —
(J/w,n.)(P,V)and B. — (J/y,n.)D * ) decays are hsted
in Tables Il and IV, respectlvely The flrst two errors are the
same as for form factors in Table II, while the third error
arises from the hard scale ¢ varying from 0.75¢ to 1.25¢,
which characterizes the size of next-to-leading order (NLO)
QCD contributions. We can see the branching ratios are
sensitive to the choice of the hadronic parameters wg and w,
the combined uncertainties from them are about 20%. In
addition, the uncertainties from the decay constants except
for f, are small. However, for B, — (J/y, nC)D decays,
the uncertainties from the hard scale ¢ is large as shown in
Table IV, which means the next-to-leading order contribu-
tions may be important for this decay mode. It reflects that
the energy release in this type decay may be low for pQCD
to play. The similar situation also exists in B, - BP, BV
[55] and B — (J/w, n.)D™) [40] decays. In a recent paper
[34], the authors have performed the B. meson exclusive

114030-6
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TABLE III.  Branching ratios (1073) for B, — (J/w.5.)(P. V), together with results from other models. The errors for these entries
correspond to the uncertainties in hadronic shape parameters, from the decay constants, and the scale dependence, respectively.

Channels This work [34] [35] [56] [57] [58] [59] [60] [61]
Bf — J/wK~* 0.197 50419924 0.92 0.22 0.05 0.16 0.11 0.13 0.11 0.07 0.08
Bl — J/yK** 0.481 0094004+ 0.05 0.43 0.10 0.35 0.22 0.28 0.09 0.2 0.18
Bf > n. Kt 0.2410 031907902 0.38 0.07 0.17 0.13 0.15 0.03 0.02 0.11
Bf — n K+ 0.57 10 ot gt 06 0.77 0.11 0.31 0.20 0.25 0.06 0.04 0.18
Bf — J/yn* 2.331 080 161048 2.91 0.61 2.1 1.3 1.7 0.34 1.3 1.1
Bf — J/yp* 8.201 | S9Nt 0 8.08 1.6 6.5 4.0 4.9 1.8 3.7 3.1
B - n.nt 2.98F 080T 052 5.19 0.85 2.2 2.0 1.9 0.34 0.26 1.4
Bf = npt 9.83 1] 3812841 14.5 2.1 5.9 42 45 1.06 0.67 3.3

TABLE IV. Branching ratios (1073) for B, — (J/ y/,nc)DE:; , together with results from other models. The errors for these entries
correspond to the uncertainties in hadronic shape parameters, from the decay constants, and the scale dependence, respectively.

Channels This work [56] [57] [58] [59] [60] [61] [62]
Bf - J/yD* 0.281 ooy 0.009 0.09 0.15 0.04 0.13 0.09 0.09
Bf — J/wD** 0.67 1000 051015 0.28 0.45 0.18 0.19 0.28 0.28
Bf - n.DF 0.44 15071004007 0.012 0.15 0.19 0.06 0.05 0.14 0.10
Bf — n.D** 0.58 1010151011 0.010 0.10 0.19 0.07 0.02 0.13 0.10
Bf — J/wD} 8.051 | Jo oo g6 0.41 1.7 3.4 1.15 34 1.5 2.2
Bf — J/wDi* 20,45 435t L0 6.7 9.7 4.4 5.9 5.5 6.0
Bf — n.Df 1232119615 14 203 0.54 2.8 4.4 1.79 5 2.6 2.5
B} — n.Di* 16.54 13723174309 0.44 2.7 3.7 1.49 0.38 2.4 2.0

decays to S-wave charmonia and light pseudoscalar or
vector mesons at the next-to-leading order (NLO) in the
QCD coupling. The NLO corrections to B, decays under
the pQCD framework are still missing, thus beyond the
scope of this paper. From Tables IIT and IV, we can see the
former four processes have a relatively small branching
ratio (10™*) owing to the CKM factor suppression, while
the branching ratios of other processes are comparatively
large (1073 ~ 1072) due to the CKM factor enhancement.
The large branching ratio and the clear signals of the final
states make their measurement easy at the LHCb
experiments.

For comparison, we also cite other theoretical results
[34,35,56-62] for the considered decays in Tables III and
IV. In general, the results of the various model calculations
are of the same order of magnitude for most channels, while
our predictions are larger than those of other approaches.
The difference may due to at least two reasons: First, the
calculations in Refs. [35,56-62] use the same naive
factorization approximation in which the form factors
are important input parameters, smaller form factors always
result in the smaller branching ratios. Second, in pQCD
framework, the nonfactorizable contribution is considered,
which is absent in traditional naive factorization.

A constructive interference between the nonfactorizable
contribution and the factorizable contribution will enhance
our results. From Table III, we can see that our predicted
branching ratios are comparable with [34] which also
include the nonfactorizable contribution. Since the char-
monium decays dominate to the b — c¢,u induced B,
decays, summing up all the branching ratios in
Tables III and IV one obtains a total branching ratio of
10% which has to be compared with the 20% expected for
the b — ¢, u contribution to the total rate [16], this leaves
plenty of room for the B, meson to charmonium semi-
leptonic, excited charmonuim meson and nonresonant
multibody decays.

The two decays B, — J/wx,J/wK have identical top-
ology and similar kinematic properties, as shown in Fig. 1.
In the limit of SU(3) flavor symmetry, the ratio of
branching fractions BR(B. — J/wK)/BR(B. — J/wr)
is dominated by the ratio of the relevant CKM matrix
elements |V,,/V,q|*. After including the decay constants
S k(x)> the ratio is enhanced. With the input parameters in
Table I, the expected ratio is 0.080, which is very close to
our prediction 0.082. It means that the dominant contri-
butions to the branching ratios come from the factorizable
topology, while the nonfactorizable contribution is
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suppressed by the Wilson coefficient C; [see Eq. (10)].
Recently, the LHCD collaboration has measured this ratio to
be 0.069 £ 0.019 £ 0.005 which is compatible with our
pQCD prediction. For B, — 5.7, 1.K decays, our result of
BR(B, —» n.K)/BR(B, = n.x) is 0.081, which will be
tested by the forthcoming experiments.

Due to my, > m, and the orbital angular momentum
of the final states J/wM are larger than that of .M, the
phase space for B, — J/wM decay is tighter than that for
B. — n.M decay. Therefore, with the same input, the
branching ratios for B, — J/wM and B, — n.M decays
have the following hierarchy:

BR(B, = J/wM) < BR(B. - n.M). (18)
However, for B, — J/ l//Dz*S) decays, the transverse polari-
zation amplitude contributes to the branching ratio as large
as the longitudinal polarization amplitude, which spoils the
hierarchy relation in Eq. (18).

It may be noted that the B, — (J/y, nC)DE:) decays
involve contributions from the color—favorecf, color-
suppressed and weak annihilation diagrams. It is expected
that the color-favored factorizable amplitude F/* domi-
nates in Eq. (16). The color-suppressed nonfactorizable
amplitude MZ%L and the annihilation amplitude FLE are
enhanced by the large Wilson coefficient C, and C, + % Cy,
respectively. However, the contribution from F4& are
highly power suppressed due to a big cancellation between
the first two factorizable annihilation diagrams in Fig. 4.
Our numerical analysis shows that (C, 44 Cy)F5L/(C, +
FC)FH ~1% and M/ (Cy + 5 C1)F i ~ 10%. The
interferences between 77" and M{" are constructive, while

the existing experimental data favor constructive interference
in the B meson decays [63]. The predicted branching ratios
of these modes would provide an interesting test of inter-
ference between the color-favored and color-suppressed B,
decays. Experimentally, the available measurements of the
considered B, decay are as follows [11]:

BR(B. — J/yD,)
BR(B. — J/wr)
BR(B. — J/yD?)

=237 +0.56 + 0.10,
BR(B, — I/yD,)

=2.90=+0.57 £0.24,

(19)

which is consistent with our predictions,

PHYSICAL REVIEW D 90, 114030 (2014)
BR(B. — J/wDy)
BR(B, = J/wn)
BR(B. — J/wD?)
BR(B, = J/wDy)

= 345701,

0.0
= 254709 (20)
C. Transverse polarization fractions

For the B, decays to two vector mesons, the decay
amplitudes 4 are defined in the helicity basis

A=Y AR

i=0,+.—

(21)

where the helicity amplitudes A; have the following
relationships with ALN-T:

Ay = A",

We also calculate the transverse polarization fractions Ry
of the B, — J/w(p,K*,D@) decays, with the definition

given by

Ay = AV + AT, (22)

po APHIAP
T AP + AP+ AP

(23)

According to the power counting rules in the factorization
assumption, the longitudinal polarization dominates the
decay ratios and the transverse polarizations are suppressed
[64] due to the helicity flips of the quark in the final state
hadrons. Our predictions for the transverse polarization
fractions of the tree-dominated B, — J/wV decays are
given in Table V. These results have the following pattern:

Re(J/wp) < Re(J/wK*) < Re(J/yD*) < Ry(J/wD5).
(24)

It can be simply understood by means of kinematics in the
heavy-quark limit. The transverse polarization fractions Ry
of the B. — J/y(p, K*,D*, D) modes increase as the
masses of the mesons p, K*, D*, D} emitted from the weak
vertex increase. This is similar to the case of B —
(p*,D**,D:")D*= and BT — (pT,D*",Di")p" [65].
From Table V, the modes B. — J/y(p, K*) are indeed
longitudinal polarization dominant, since the two trans-
verse amplitudes are down by a power of r;,, or r,
comparing with the longitudinal amplitudes. However, for
B, — J/wD*,J/wDj decays, the transverse polarization

TABLE V. The transverse polarizations fractions (%) for B, — VV, together with results from RCQM [59]. The
errors correspond to the combined uncertainty in the hadronic parameters, decay constants and the hard scale.

Channels B. > J/wp B, —» J/wK* B. - J/wD* B, - J/wyD;
This work 82 101} 4611 4814
RIQM [59] 7 10 41 43
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fractions can reach 46% and 48%, respectively. Several
reasons are given in order. First, the mass ratio rj for D*
meson is about 2-3 times larger than the r, for light vector
meson, which enhances the color-favored transverse ampli-
tude .7-"JLCL’T and the normal amplitude fJEL’N . Second, the

annihilation contribution of operator Og (F iP’N(T)) is

chirally enhanced in pQCD approach [66]. Third, the
transverse polarization of the nonfactorizable color-
suppressed diagrams in Figs. 3(c) and 3(d) does not
encounter helicity flip suppression [28]. The combined
effect above enhances the transverse polarization fractions
of the B, — J/ y/DE‘S) decays. Therefore, the above pre-

dictions on the transverse polarization fractions are rea-
sonable in pQCD framework and comparable with the
relativistic independent quark model (RIQM) [59]. The
measurement of polarization fraction for B. — J/yD3
decay by the LHCb measurement [11] is

Ro(J/yD?) = (52 +20)%, (25)

which is in good agreement with our result, while other
predictions can be tested by the future data.

D. The direct CP asymmetries

Since there is only one kind of CKM phase involved in
B, decaying into charmonium and a light meson process,
there should be no CP violation within the standard model.
‘When the final states are charmonium and charmed meson,
the CP asymmetries arise from the interference between the
penguin diagrams and tree diagrams. The direct CP
asymmetry A% for a given mode can be written as

Adir |~A|2 - ‘A|2

cpP — |A|2+ |A2’ (26)

where A is the charge conjugate decay amplitude of A,
which can be obtained by conjugating the CKM elements
in A. The direct CP asymmetry is tabulated in Table VI
compared with the results from the Salpeter method [62].
Unlike the branching ratios, the direct CP asymmetry is not
sensitive to the wave function parameters and CKM factors,
since these parameter dependences canceled out in
Eq. (26). In addition, the CKM angles (y) uncertainty is
quite small (~1%). Therefore, the theoretical error here is
only referred to as the hard scale 7. It can be seen our
predictions on direct CP asymmetry parameters of B, —
nCD(if) are negative, while the direct CP asymmetry

PHYSICAL REVIEW D 90, 114030 (2014)

parameter of the other modes is positive. The direct CP
asymmetry parameters of the processes with a D meson in
the final state are generally larger than those with a D
meson, since in the former processes the penguin diagram

contributions are enhanced by the ratio % = 7.9, while

VipVis
Vi Ves
amplitudes are still suppressed by the small Wilson
coefficients from penguin operators in both of the two
types of mode, our predictions on direct CP asymmetries
are typically smaller in magnitude than [62]. From
Tables IV and VI, it is easy to see that the decay
B.—J/wD* is helpful to test the CP violating effects
due to its large branching ratio and CP asymmetry.

in the latter processes = 0.9. However, the penguin

IV. CONCLUSION

In the pQCD framework, we have performed a system-
atic analysis of the two-body nonleptonic decays of the B,
meson with the final states involving one J/w(7.) meson.
Besides the color-favored emission diagrams, the non-
factorizable diagrams and the annihilation diagrams can
also be evaluated in this approach. It is found that the
predicted branching ratios range from 10™* up to 1072,
which are easily measured by the running LHCb in the near
future. Our predictions for the ratios of branching fractions
BR(Bf—J/VYD}) BR(Bf—J/¥D;") BR(B—J/VK™")
BR(BI=J/Wx")* BR(B; =J/¥D) and BR(BI=J/Wx")
the data perfectly. We also have compared our results with
the results of other studies. In general the results of the
various model calculations are of the same order of
magnitude while they can differ by factors of 10 for
specific decay modes. In B,. decaying into one charmonium
and one charmed meson process, the CP violation arises
from the interference between the tree diagrams and the
penguin diagrams. We found the direct CP asymmetries of
B.—J/wD* decays are somewhat large since the penguin
diagrams contributions are enhanced by the CKM factor,
which are helpful to test the CP violating effects. We also
find that the transverse polarization contributions in B, —
J/wD*,J/wD} decays, which mainly come from the
factorizable color-favored diagrams, the nonfactorizable
color-suppressed diagrams and the chirally enhanced anni-
hilation diagrams, are large.

We also discussed theoretical uncertainties arising from
the hadronic parameters, decay constants and hard scale.
The errors in Table III are dominant by the uncertainties
from the hadronic parameters, while in Table IV, the

can explain

TABLE VI. The direct CP asymmetry parameters (1073) for B, — (J/, nc)Dg)) , together with results from the Salpeter method [62].

The errors arises from the hard scale t.

Final stats J/wD J/wD* J/wDy J/wD; n.D n.D* nDy n.D}
This work 1519 12,7139 0.1191 0.7197 -4.353 24792 —-0.21 0] —0.15903
[62] 2.56 16.9 -0.151 -0.972 46.6 16.8 -2.69 -0.965
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uncertainties from the hard scale are as large as the hadronic
parameters due to the included penguin diagram and
annihilation diagram. Furthermore, the direct CP asymme-
tries in Table VI are very sensitive to the scale. These may
suggest that further studies at the NLO level are required to
improve the accuracy of the theoretical predictions on the

PHYSICAL REVIEW D 90, 114030 (2014)
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APPENDIX A: THE DECAY AMPLITUDES

1. Factorization formulas for B, — np.n.K*
The decay amplitude of factorizable diagrams in Figs. 1(a) and 1(b) is

2 1 o w%bz
F,=2 chfof,nMgm_rg(A deA blbzdbldbzexp<— 5 1)

X [y (x2, by) (1 = 2x2) 1+ y¥ (X0, b2) (X2 = 27p) | Egp (ta) (e, Bas b1y b2)Si(x2)
— [w¥(x2. b)) (r, + ) 2y (x2, b)) 1y | Eap (1) 1 (@es By, D2, b1) S, (x1)]

with r; = m;/Mg(i = b, c,n.,J/y, D, v), where m; are the masses of quark or meson; Cr = 4/3 is a color factor; f, is the
decay constant of the vector meson, emitted from the weak vertex. The factorization scales ¢, are chosen as the maximal
virtuality of internal particles in the hard amplitude. The function & and E,;,(¢) are displayed in Appendix B. The factor
S;(x) is the jet function from the threshold resummation, whose definitions can be found in [25]. The terms proportional to
r2 and r.rp have been neglected for small values.

The formula for nonfactorizable in diagrams Figs. 1(c) and 1(d) is

8 1 = b2
_§CFfBﬂM§\/1 - r%/ dxzdx3/ b1b3db1db3¢?,(x3)exp(—w%é)
0 0

x L[y (2, by) (%1 + 2% + x3 W' (x2, by)ry JEca(te)h (B, @, b3, by)

(A1)

—Z)T%C +xp = x3) = (% +x, = 1)

+ [(x1 4 x2 = Dy (x0. by )1y, 4w (0. b1) (X3 — x2) 15 = 201 — X3 — x3 + 2)|E4(14)h(By. @, b3. by ) }. (A2)
where
= [x; + 1y, (2 = D][x; 4+ x5 = 1+ r3(1 = x)| M3,
= [y + (1 + 7y (xa=1))(x = r3(x, = 1)) M3,
= [r + (ry, = x1) (x; = 1 +1r3) M3,
=[x+ x— 1+ (1 —xy = x3)][xs —x; = 12 (x2 + x3 — 1)|M3,
ﬂd =[x+ x—1=ri(x —x3)][l —x; —x3 — Vi(,(xz - x3)|M3. (A3)

The corresponding formula for B, — n.m,n.K is similar to Egs.

fv_)fp’ ¢v_’¢‘2'

(A1) and (A2), but with the replacement

2. Factorization formulas for B, — J/wp.J /yK*

We mark L, N and T to denote the contributions from longitudinal polarization, normal polarization and transverse
polarization, respectively:

2 1 0 wib?
FE :2\£chvanM§,/1 —rﬁ/WA dle byb,db,db, exp(—%)

= 2x3) + 't (xp, by) (X2 = 27| Eqp (1) 1@, B by, b2)Si(x2)]
by)S,(x1)]},

X A{[ry ' (X2, b2) (1

=yt (xg, D)) 17, + e Ean (1) (. By, ba, (A4)
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8 ! o b3
ME :—chfB;zM;;,/l—rg/w /O dx,dxs A b1b3db1db3¢g(x3)exp<—wg7'>

< { " (xa. bl)(’%/w = 1)(x; = x3) = 1y, (x1 +x2 = Dy (%2, by) | Ecq(2:)R(Bes @, b3, by)
+ [y (1 20 = Dy (g, b1) = O (20, 1) (13, (62 = x3) + 21 + x5 + %3 = 2)|Eca(ta)h(Bas @ b3 by)}, - (AS)

2 1 o w3b?
FN =2 chfovnM;grU / dx, / b,bzdbldbzexp(— 5 1)
0 0

X {[FJ/WWT(xz, by)(=4r, + x4 1) + (r, = 2wV (x0. by) | E gy (1) (@, . By b1, b2) S, (x3)]
+ T (x2,02) (1) (%1 = D) Eap(tp) (e, By, Do, b1)S,(x1)]} (A6)

2 1 o 2 b2
FT = —2\/;Cpf3f,vnM%rv /0 dx, A b b,db,db, exp<— ‘”32 1)

X {[(rp = 2)w" (x2, b2) = 117 (32 = D" (x2, b2)|E iy (1) (e B b1, b2)Si(x2)]
- l//T(Xza bz)[rl/l//(xl = D]Eq(tp)h(ae, By, b2, by)Si(x1)]}, (A7)

8 1 ) b2
MY = _3CFfB7TM4Br1;/ dxzdx3/ b b3db,dbs,(x3) exp (—w% 21>
0 0

X {27 (%0 + x5 = D)y" (%2, b)) (x3) + (x5 = x1 )" (32, 1) (x3)| Eca(to)h(Ber @, b3, by)
= 21" (x2, by) (33 = 2x3) b5 (x3) = (32 + x3 = 2)@% (x3)) + (x1 + x5 = Dy (x2, by) (45 (x3) + @ (x3))]
X Ecq(tg)h(Ba, @, b3, by)}, (A8)

8 1 )
ME =S Crfyattyr, [ deadss [ bibsdbidbig(xs)exp (—w% 2)

X {27 (30 = x5 = D)y (x2, by)p$ (x3) + (3 — 1)y (x2, by )% (x3)| Eca ()M (B . b3, by)
+ 21y 50" (%2, b1) (X2 = x3) 5 (x3) + (x1 + x5 = D)y (x2, b1) (45 (x3) + &% (x3)) ] Ecalta)R(Ba. @, b3, by )}
(A9)

where the expression of f,, ., and a, is the similar to that of Eq. (A3), but with the replacement r, — r,,,. For
B, — J/yr,J/wK decays, only the longitudinal polarization of J/y will contribute. We can obtain their amplitudes from
the longitudinal polarization amplitudes for the B, — J/wp,J/wK* decays with the replacement f, — f,, ¢, — .

3. Factorization formulas for B, — 1.D

We mark LL, LR, and SP to denote the contributions from (V—-A) ® (V—-A), (V-A)® (V+A) and (S-P) ®
(S + P) operators, respectively:

FEL =2 72 M*fC.f /ld / b1b,dbdb - 51
X ex
f 3(1 r,%{)ﬂ BLrID A 2 o 10240140, €Xp 3

X Ay (x2.b2) (1, = 2x0) 1y, + W' (X2, b2) (21, — %2) (17, = 1)|Ep(t) (@, B b1 b2) S, ()]
+ [l//v(xb bZ)(rglg + rL') - 21/[?()(2’ b2)rm]Eub(th)h(ae’ﬁh9 va bl)St(xl)]}’ (AIO)
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8aM*fpC 2

”\/L” / dxydxs / bybsdb, db;¢D(x3,b3)exp( o} ”21)

X [ (x2, by)ry (re +x0 = 1) 49" (x2.by) (x5 — X1 = 2(x2 + x3 — 1)17 )| Eq(t.)R(B,. @, b3, by)

+ [=w (2. by )1y (re +x0 = 1) + 9" (x0, b1 ) (=2(x3 = 1)1y + 270 + X0 + x3 = 2)|Ecy(ta) h(Ba. @, b3, by) },

LL _
Mf -

(A11)
1 [
Fé‘L = 8ﬂM4fBCf/ d.X'de:;/ b2b3db2db3¢D(X3,b3)
0 0
X { " (2, b2) (25 = 1)1y, = x5 + 1) = 21, (re + (x5 = 2)rp)w* (X2, b2) | Ees (1) h(@tg, e, o, b3)
- [2(x2 =+ 1)rD1//“‘(x2,b2)rm —le//”(xz’bz)(r;%c - 1)]Eef(tf)h(aa’ﬂfvb3v bz)}v (A12)
8 1 b2
MLL — gﬂM4 15C; / dxydx, / bybydb,dbyp (x5, b,) exp< w 21)
0
x [y (x2, by) + rpry (xa — x5+ 1)y (xa, by)|E i (24) (B @a, by, by)
+ [(rp(rg, = 1) =2(x2 + x3 = )13 = x1 + x3)y" (x2. by)
— (4ry, + x5 = x3 = D)rpry v (X2, b2)|E gy (t4) (B, ag. by, by) } (A13)
2 1 oo w2 b?
Fit=Fif =2 §HM4fBCffn,,./ dxz/ b1bydb dby¢p(xy, by) exp <—%>
0 0
X {[(27‘[, - 2x2 + l)r%E + rD<rb - 2)(?2) - 2rb + XZ]Eah(tas)h(aes’ﬂasa bla bz)S,(Xz)
+ (re = 2rp) Eap(tps) (s, Pss b2, b1) S (x1)]}, (A14)
i _8 : °° v , bi
M™ = gﬂM fBCy A dxadxs | bybydb db3pp(xy, b))y (x3,b3) exp —Wp
X {[(x2_1)rD +x3_xl]Ecd<tm)h(ﬂcsaaes7b37bl)+[_2( 1) +2r _< 2_1)rD —|—x2—|—x3—2]
XEcd(tds)h(ﬂdsvaesvb3’bl)}7 (AIS)

8 1 b2
M%R = gﬂ'M‘lfBCfrD/ dX2dX3/ b b3db db3¢D(.X'3,b3>CXp< C()B 21>
0 0

X {[=(x2 = x3 = Dy (x0, by )1y, + X397 (X2, by) | Eca(t.)R(Ber ., b3, by)
+ W (xp, by)ry (re = (x3 +x3 = 2)rp) + W' (x2, b)) (=1c + (x3 = D)rp)|Ecq(ta)h(Bas @, b3, by)},  (Al6)

8 I , b?
MER — _gnM‘*chf / dx,dx, / byb,db, db2¢D(x3,b2)exp< w3 2‘)
0 0
x {[(x3 = Drpy®(xg, by) =y (x0, by) 1y (21, = %2) | Egp(ty)h(Bys @y by, b)

= [rp(ry + x3)w" (x2, by) =y (X2, by) 1y (1 = 1 — X3 + )| E g () h(By, g, by, by) (A17)

8aM” fpC 2
MSP = 77\/&(/ dxzdx3/ bibsdb dbspp(xs, b )exp( a)Bbz>

X {l// (X3, b3)[_< Xy — )(Zrm +rp— 1) + 2rc _x3}Ecd(tcs)h(ﬂcsvaesv b3v bl)

- [”cllfs(x37b3)’”q(. + l//“()C3, b3)(_(x2 - l)rD + X+ x3— 1)]Ecd(tds)h(ﬁds’aes’b3’bl)}? (AIS)
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16ﬂM4 f8Cy

Fif = / dx;dx; /oo byb3dbydbspp (x3, b3)
0

2
1 Ty,

X{[Wv(x2’b2)(rc+(x3_l)r ) 2W (Xz,bz) ] ef( ) (aa’ﬂevb27b3)
= [rary ' (X2, by) + 2rpy” (X2, by)|E o (tf) (@, Brr b3 b2) } (A19)

2 1 o 2 p?
FiP = —4\/;ﬂM4fBCffDrD / dx, / b,b,db,db, exp(— “’32 1)
’ 0 0

X A{[(rp = 20y (x2. b2) =W (X2, by) (41, — X5 = 1)1, |E (1) 1@t B by, D7) S, (x5)]

=20 (x2, by) 1y Egp (1)1, By, Doy 1) S, (x1)] (A20)
where
a, = —[x; + 17 (x = D)][x; + xo — 1 + (1 — x2)rp | M3,
Aoy = —[x1 + 1 (02 = D][x; + x5 — 1+ (1 = x3) 15 | M7,
Ba=1[ry = (1415, (x2 = 1)) (x2 = rpy(x, = 1)) | M3,
By = [re + (ry, — x1)(rh + x; — 1)|M3,
Be=—=[x1 +x =1+ (1 =23 = x3)rp][ry. (x2 + x3 = 1) — x5 + x,]M3,
Pa=riMy —[x; +x3— 1= (xa —x3)rpl[x) + x5 — 1+ 77 (x2 — x3)|M3,
Bas = [rp = (1 +rp(x2 = 1)) (x2 — 15 (x5 — 1)) | M3,
Brs = (1} _xl)(rrzh. +x; — 1)]M3
Bes = r*My — [x) + x5 — 1+ (1 = x5 — x3)r2 |[rh (%2 + x3 — 1) = x3 + x;]M3,
Bas =My — [x; +x =1 = (xy = x3)r3 ][y + x5 — 1 + r%)(xz - x3)|M3,
a, = —[1 = x5+ 13 (x3+ x5 = 1)][xy = r} (%2 + x3 — 1)|M3,
Be=lre = (1 + (ry, — )x3)(1 = rpx3)| M3,
Br =1+ ry (x2 = D][xy — rj(xo — 1) M3,
By =reMy — (ri (1 —=x3—x3) + X1 +x3 — 1)(rp (22 + x3 — 1) + x| —x) M3,
Br=riMy — (ri (xa +x3— 1) —x3 4+ x1) (rp(1 —xp = x3) + x; +x, — 1) M5, (A21)
4. Factorization formulas for B, — ncDZ‘s)
2 1 o0 w3b?
Fh =2 3(1_r}i)711\44f3c:ffb/0 dx2/0 blbzdbldbzexp<—l; 1>
X Ay (xg, by) (1 = 2x0) 1y + 9" (X2, b2) (21 = x3) (15, = D)]Eap(ta) (@, B b1, b2) S (x3)]
+ [ (%, bo) (15, 4 1) = 29 (%2, o)1y Ea (1) (@, By ba, 1) S (x1)]}, (A22)
 8aMf;C; . b
Mf dXQdX:;/ b bgdb db3¢D(x3,b3)eXp a)B )

|

X [t (x2, by)ry (re +x0 = 1) 4w (%2, by) (x5 — X1 = 2(x2 + x3 — 1)77 )| Eq(t.) (B, @, b3, by)
+ [~y (0. by )1y (re + 20— 1) + 9" (x0, by ) (—2(x0 + x5 = V)17 + 270 + X5 + x3 = 2)|Eo(12) (g, @, b3, by}
(A23)
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877,'M fBCf

1 0
./,TLL / d)C2dX3 / b2b3db2db3¢D ()C3, b3)
Vi-h ’

X " (%2, b2) ((2x3 = 1)r3 = x5+ 1) = 21, (re + X3rp)y (X2, b2)|E, 4 (1, ) h(@y. Bes b2, b3)
— X" (x2,b2) (1 = 17 VE 4 (17)h(ay. By, b3. by) }, (A24)

87TM4fB C/

bZ
MEL = /dxdx/bbdbdb x3, b ex< 1)
3\/1—7 20X3 2 2¢p(x3,by) exp B
X A ooy (%2, by) + rpry, (X2 + x3 = D)y (X2, by) |[E gy (1) h (B, g by, by)
—(rp(rs. = 1) =2(xa + x5 = )13+ x3 — x1)y"(x2. by)
+ (X2 +x3 = )rpr, w' (X0, by)|E gy (1) (B, . by, by) (A25)

2 1 o wsb?
FLL = FIR = 2 | —=— M f3Csf,. / dx, / bybydbydbyp (x5, by) exp | ——2-1
3(1 - rr[(.) 0 0 2

X {[(2rp = 2xy + 1)rp_ + rp(r, — 2x3) = 21, + X0) E g (tas) (@t Pass b1, b2)S,(x2)
- rcEab(tbs‘)h(aewﬁbs’b27b1)St(x1)]}’ (A26)

_8aMfpCy

|

X {[(XZ - l)rD — X3 + xl]Ecd(tcs)h(ﬁcsv Ay b39 bl)
= [=2(x; - 1)7130 +2r = (X0 = D)rp + x5 + x3 = 2] Ecq(45) R (B @5, b3, by) }, (A27)

1 © b2
MEE = [ v, [ a3 exo (-3 )
0

87[M fBCfrD

3,/1 - r
X {[(x2 4+ x5 = Dy (x2, by) 1y, + X397 (X2, by )| E (2 )R (Ber @0, b3, by)
— [y (x2, by)ry, (e + (X3 = x2)1p) + W' (X0, by)(re + (x5 = D)rp)|Eca(ty)h(Bar e, b3, by) . (A28)

b2
MI];R — / d.)Cde3/ b b3db db3¢D(X3,b3)eXp< COB 21>

_8aMifpCy

2
MIaAR \/7/ dx2d)€3/ b bzdb db2¢D(X3,b2) eXp( wBZ)

x {[(x3 = Drpy®(x2, by) =y (x2, by) 1y (210 = %2) | Egp () h(Bys @y by, )
= [rp(ry + x3)w" (x2, by) =y (xa, by) 1y (1, = 1e — X3 + D)]E g, (t3)h(By, @4, by, by) (A29)

877M4f3 Cf

1 00 b2
MF = 7/ dxzdx3/ b\bydb dbspp(x,, by) exp (—w% _l>
3,/1-72 Jo 0 2

X {V/D<x3’ b3)[_(x2 - 1)(2’%[ +rp— 1) + 2rc _x3]Ecd(tcs)h</)]cs7aes’b3v bl)
- [rcWS(XS’ b3)rl1( + z//“(x3,b3)((x2 - l)rD + X+ x3— 1)]Ecd([ds>h(ﬂds7aes’b3’bl)}’ (A30)
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_16aMf5Cy

Ji-n

Xy (x2,b3)(re = (x3 = D)rp) = 2 (x5, ba) 1y |Eof (2. ) 1@y, Bes b2, b3)
= X1y W' (X2, b)) Eop(tp)h(ag, By, b3, ba)}, (A31)

1 [+
FiP = / dxzdx3/ byb3dbydbsp (x3, b3)
0

where the expressions of  and « are the same as those of Eq. (A21).

5. Factorization formulas for B, — J/¥D

LL 2 g4 : « wpby
Ff =2 gﬂM fBCffD dX2 bledbldb2 exXp| — 3
0 0

x Ay (x2,b2) (15, = 1)(2rp = x2) + 10" (X2, b2) (1 = 232)| Ep (ta) (@t B 1, D2) S (%2)]
— [y (%2, b2) (re + 1y )| Eap () (et By, bo. b1) S (x1)] } (A32)

8 1 b2
M%L = §HM4fBCf/0 dXZdX3/)' b b3db db3¢D(X3,b3) CXP( (UB 21>

X {[r,/v,y/’(xz, by)(re +x, = 1) =y (x5, by ) (x3(1 = 2’"11/) — 1) Eca(t)h(Be, a., by, by)
+ [P0 (X2, by) (re + X2 = 1) =y (x0, by) (2r, = 2(x3 = 1)1y, + x5 + X3 = 2)|Eq(tg)h(Bys e, b3, by) b, (A33)

1 oo
]:IL{L = —87Z'M4fBCf/ d)C2dX3/ b2b3db2db3¢D(X3, b3)
0 0

x { " (x2, b2) (223 = 1)’"3/,,, —x3+ D]E.s(t.)h(ay. Be. ba, b3)
= [2(x2 = V)rpry ' (%2, by) = X9 (3, 02) (15, = D] Eey () (@, By, b3, by)}, (A34)
8 1 o0 b?
MéL = gﬂM4fBCfA d.deX?, /) blbzdbldb2¢D(X3, bz) exp <—60%; é)
x Ao (%2, 02) (217, = 1) = (x2 + x3 = Drpry ' (xa, b)) Egi (1) (B, a4, by, by)
— [ (x2, b)) (rp(rg, = 1) = re +x3(1 = 2r5)) + (%2 + x5 — D) rpry ' (X0, by) | E gy (1) R (B, 4. by by) }, (A35)

2 1 00 wib?
FLL — FLR — 2\/;7rM4fBCffj/u,A dx2/0 bybydbdbyp (x5, by) exp (— 32 ')
x {[rp(ry —2x,) + rsl(zrb —2x5 + 1) = 21, + X5 Egp (tas)(@ess Pass b1, b2)Si(x2)
+ (rc - 2rD)Eab(ths)h(aes’ﬂbw b2v bl)St(xl)}} (A36)

8 1 © b?
Mt = _§”M4fBCfA dxzdx3A b1b3db1db3¢D(x2,bl)y/L(x3,b3)exp(—w%—l)

2
X {[_xl + <x2 - l)rD =+ X3(1 - zrg/y/)]Ecd(tcs)h(ﬁcwaesv b3v bl)
+ [2rc - (x2 - l)rD - 2()(2 - 1)”3/1,/ + X2 +X3 - Z]Ecd(tds)h(ﬂds’aesv b37 bl)}9 (A37)
LR 8 4 ! b%
Mf :gﬂ,’M fBCf A d.deX3 o b b3db db3ng(x3,b3)exp COB )
x {rplay® (x2, by) = (X2 + x3 = )1y ' (X2, 1) E (1) h(Ber @, b3, by)
+ [t (0. b1) (03 = V)rp = 1e) 4+ 10" (%2, b)) (re + (X2 = x3)7p)|Eca(ta)h(Bys @ b3, by) Y, (A38)
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8 1 bz
Mé‘R = —gﬂ'MA‘fBCfA ddex_g/; b bzdb db2¢D(X3,b2) exp( Cl)B 21)

x {[(x3 = V)rpy* (%2, by) = 1 ' (x2, b2) (27 = X2) | Egn(15) h(By. @4 by, by)
— [rpw" (x2. b2) (ry, + x3) = 1y 0" (%2, b2) (ry = re = X5 4 D)]E (1) h(By» g0 by, b2) } (A39)
MSP — gﬂwﬁcf/ol dxydxs /0°° bybydbydbsdp(xs, by) exp <—w§ b;)
X {[2r. = (xa = 1)(rp + 2r, = 1) = x3]w" (x3. b3) E g (1) R(B s @y, b3, by)
+ [rery ' (x5, b3) +wh (x5, b3) (=re + (x2 = 1)rp + (x3 = 1)(2ry, = 1)) Ecy(245)h(Bus. o5, b3, by) }. - (A40)

P = 16aM1C;p [ dradrs [ babidbadbors,bs) (e ) = (3 = 7o) Eug (0t ez b)

[2’”01// (x2.b7) = xzrj/y,y/’(xz, bz)]Eef([f)h(aa’ﬁf’ b3, b,)}, (A41)
2 I o 2 b2
FiP = —4\/;7TM4 f8Ciforp A dx, A b bydb,db, exp <— “”—’;1>
X [(ry = 2wt (x2.by) = (x0 = 1)1y ' (X2, b2) | E oy (ta) (e B s b1, b2) S, (x2), (A42)

where the expressions of f,; ., and a, are the similar to those of Eq. (A21), but with the replacement r, — 1,

6. Factorization formulas for B, — J/ ‘PD*(‘S)

LL.L 2 szb%
]-"f =2 771M fBCffD dx2 b 1b2dbdb, exp
3(1 - rJ/w) 2

x " (2, b2)(r7, = D21 = x3) + rJ/y/l//t(xz: by)(rp = 2x2)|E g (1a) h(@e. Ba b1, b2) S, (x2)]

- [l//L (x27 b2)<rc + rgl)]Eab(tb)h(aeuBb’ b27 bl)St(xl)]}’ (A43)
8zM*f,C 1 S b2
M?LL SeMT6Cr / dxzdx3/ b b3db,dbs¢p(x3. b3) exp (—a)% f)
3,/(1=r3 0
/
X {[rj/x,ﬂ// (x2.b1)(re + %0 = 1) =y (x2, by ) (re + x3(2r5/ — 1)|E.q(t)h(B.. a,. b3, by)
- [WL(XZv bl)(zrc - 2()(3 - 1)’%/1// + X2 + X3 — 2) - rJ/t//l//t(XZ’ bl)(rc + Xy — 1)]Ecd(td)h(ﬂd’ A, b37 bl)}’
(A44)
8 M*f,C
Firt = STMT5G | s [ babdbsdbotes. byt (e 2)
(/1= rJ/ 0
x {[((2x3 = 1)1}, = x3 + D]Ees(t)h(q, fes bay b3) = x5(1 = 15, ) Ep (1) h(ag, By, b3, by) }, (A45)
8aM*f,C 2
e _ 8TMf8Cy / dxzdxg/ bybdb, db2¢D(x3,b2)exp( o b‘)
3,/1- rJ/ 2
X {[le// (xz» bZ)(er/y/ - 1) - (xz — X3+ l)rDr.]/l//l//[(XZ’ bZ)]Egh(tg)h(ﬁq’ Ay bl»bz)
+ (00 = x5 = V)rpry ' (%2, by) = wh(x2,by) (1 (15, = 1) = re = x3(2r5, = 1) Egi(t3)h (Bps @4, by, by) },
(A46)
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wpbi
2

2 1 ©
N ) 72”M4fBCffJ/y// dxz/ bibydb,dby¢p (x5, by) exp <—
3(1- ”J/l,,) 0 0

) {[rp(ry = 2x5) + 17, (21 = 25 + 1) = 21 + X5]E g (tas) 1@ Bas. b1, b2) S, (x2)

- rcEab(tbs)h(aewﬂhw b27 bl )St(xl )]}’ (A47)
8 M4 C 1 oo 2
it = LI My [ bibsabidbstry(as.bw (e bs) exo (—wé —‘)
3,/1- ri/w 0 0 2
X {[)C] + (x2 - 1)7‘[) + X3(2}"3/W - 1)]Ecd(tcs)h<ﬂcs’ Apgs b3’ bl)
(A48)

—[2re=(xa = Drp = 2(x, - 1)’3/1,, + X3 + X3 = 2]E4(tas) h(Bas. Qo5 b3, b1) },

8aM*fpC, [1 o b3
M7 f/ dxzdx3/ b1b3db1db3¢D(x37b3)exp<_w%71>
0 0

LRL _
A
- rJ/(//

X {[VD(XSWL(XZv by) + (% —x3 = l)r,/v,y/’(xz, b)) |Ecq(te)h(Bes ae, b3, by)
+ [y (%0, b1) (re 4+ (X2 + x5 = 2)rp) =y (x0. b1 ) (re + (x5 = 1)rp)|Ecy(14)h(By . b3 by} (A49)

8aM*f,C 1 ) b2
— T fB f/ dXZd)C3/ blbzdbldb2¢D(x3,bz)exp(—w%;?l)
0 0

MERL _ :
3,/1- "y

X {[(x3 = D)rpy™(x2, by) = 1y W' (X2, b3) (2rc — x2)E (1) h(By. @y, by, by)

— [ry W' (x2.b2) (=rp + re 4+ x0 = 1) 4 rpwh (x5, by) (ry + x3)E gy (1) (B @y, by, ba) } (A50)
8 M4 C, 1 ) b2
M?P,L — ﬂiflng/ d)C2dX3 / b1b3db1db3¢D(X2, bl) exXp <—Cl)% ?1)
3,/1-12,, /o 0
x Ay (x3,b3)(2re = (x3 = 1) (rp + 277, = 1) = x3)|Ecaltes)h(Bes, Gegs b3, by) + [rery ' (3, b3)
+yh (xs, b3) (03 = 1) (273, = 1) = (xa = Drp = re(1 = 1 /w))|Eca(tas)B(Bass @ess b3, by) }, (AS1)
16zM*f5C, [1 o
Firt = DL [V v [ babsdbdbsots. )
Ji=2 o 0
J/y
X [y (x2. by) (re + (x3 = 1) rp)|Eof(te) (g, B ba, b3) = (X2 W' (X2, Do) Eof (2 ) (g, By b3, by)}, (AS2)
2 1 o0 2 h?
FiN = 2\/3711\44 I3Csfprp / dx, / byb,db,db, exp <— “’g 1)
: 0 0
X {[(ryw" (=4ry + x2 + 1) 4 (rp, = 2)w")]Eop(ta)h(e. o by b2) S (x2)]
(AS3)

— [rW"Eq (1) h(at,, B by, by) S, (x1)]},

LL.T 2 . ! © wpbi
f—f =2 gﬂ'M fBCffDrD de b]bzdb]dbz eXp| — )

’ 0 0
D ryw)E ey (ta)h( e, Bar b1, b2)S,(x2)] = [ryw" |E (1) (@t B by b1)S,(x1)]}

x{[((rp = 2)w" = (%2 =
(A54)
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8 I , b}
MEEN :§n'M4fBCfrD / dx,dx, / b,bydb, db3¢D(x3,bg)exp< w? 2‘)
0 0

X {[<x3wv(x2’bl)]Ecd<tC>h(ﬂc’ae7bB’bl) + [(2()62 +x3 = 2)7"1,,1// - ()C3 - I)WV)}Ecd(td)h(ﬂd’ae’ b3, bl)}’
(A55)

3
X { (39" (x2.b1))Ecq(t)h(Ber e by by) + [ (x0.b1) (1 = x3)]Eco(1,)R(Bg. @, b3, by)}.  (A56)

8 1 , b?
M’f“ = —aM*fpCyrp / dx,dx, / b,bsdb, db;¢D(x3,b3)exp< w? 2‘)
0 0

1 o0
.7:1,;1"1\’ = —8nM4fBCfrWA dXde:;A b2b3db2db3¢D(X3, b3)l;/T(x2, bz)

X {[(rc + (X3 - 2>rD)]Eef(te)h(aa’ﬂev va b3) + (x2 + 1)rDEef(tf)h(aavﬂfvb3v b2)}v (A57)

1 o
Fitl = —8zM fBCfrl/// dxzdx3/) byb3dbydbspp (x3, b3 )y (x,, by)

X {[(re +x3rp)|Ef(te)(@qs Ber byy b3) — (X2 — D)rpE s (tr)h(ay, Br, b3, by)}, (AS8)
LN 8 ! , bi
M 37TM fBCfrJ/l,, dedX3A b bzdb db2¢D()C3,b2) exp (l)B >
x {[xor; 0" (x2, bZ)}Egh(tg)h(ﬂgﬂ @y, by, by) = 2ryrpy’ (xa, b))
+ (X2 = D)ry 0 (X2, b2)|E i (1) (B, g by bo) } (A59)
r 8 2 ! © % W%b%
Mg = gﬂM f8Crryy, A dxydx; A b1bydb dbypp (x5, by)w" (x2, by) exp T
X {XQEgh(tg)h(ﬁg’ Ay bl ’ b2) - (XZ - I)Egh([h)h(ﬁh’ Ay bl s bZ)}’ (A6O)

2 1 o W2 b2
FfLsN = _2\/;ﬂM4fBCffJ/WrJ/WA de[; blbzdbldb2¢D(xZ,b2) exp(—%)

X {[(rb(4rD - 1) - (x2 + l)rD + 2)]Eab(tas)h(aes1 /Basv b], bZ)Sl(XZ)
+ rDEab(lhs)h(aes’ﬂbsvvabl)St(xl)]}’ (A61)

2 1 0 w2 b?
FtT = _2\/;”M4fBCffJ/er/w/0 dxz/o bybydb dby¢p (x5, by) exp <—%>

X {[(rh - ()Cz - l)rD - 2)]Eah(tus)h(aesvﬂas’ bl’ bZ)St(XZ) - rDEah(tbs)h(aewﬂbs’ b29 bl)St(xl)]}7 (A62)

8 1 o0 b?
g gﬂM fBCf’"J/w/ dxzdx3A b1b3dbldb3¢>D(x2,bl)z//T(x3,bﬁexp(—wéi)

X {(X3 - xl)Ecd(tcs) (ﬁc.\" A b3’ bl) + (2()(2 + X3 — 2)rD —X3—X + 1)Ecd(tds)h(ﬂds’ Qs bS’ bl)}’ (A63)

8 1 o b?
M = —3”M4x3fBCf”1/w/ dxzdx3/0 bib3dbdb3gp(xy, by )y’ (x3, b3) exp <—a)é 21>

X {()C3 _xl)E ( ) (ﬂcwaewbSv ) (xl +x3 = 1) cd(tds)h(ﬂdsvaes’ b3’bl)}’ (A64)
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2 1 o w2 b?
FifN = —2\/;7TM4fBCffJ/U/rJ/W/O dng bybydb dby¢p (x5, by) exp (‘ %)

X {[(rp(drp = 1) = (x2 + 1)rp + 2)|Eap(tas)h (g, Bags b1, b2)S,(X2)] = rpEgpy (1) R(@ess Pis» bas b1)Si(x1)]}
(A65)

2 1 ) 2 2
FiRT = —2\/;”M4fBCffJ/WrJ/W/ dxz/ bledbldb%bD(xZ»bZ)eXp(_ 6032 1)
0 0
X {[(rb - (x2 - 1>rD - 2)}Eab(tas)h(aes’ﬂas’ bl’ bZ)St(xZ)] + rDEab(tbs)h<aestbs’ b2’ bl)‘st(xl)]}’ (A66)

8 1 o b?
MJIZR,N — M}JR,T — gﬂ'M“fBCfrJ/WA dedX_v,/)' b1b3db1db3¢D(X3, b3) exp (—Cl)% ?1)
X (W (x2,b1)(re + 20 = 1) = (x = D)ry ¥ (2, b)) (Eca(t)h(Ber @, b3, by) + Ecq(12)h(Ba. e, b3, by))
(A67)
LR.N LR.T 8 ! © b
Ma ) g Ma o= —§7ZM4fBCf/ dXZdX:;/ b1b2db1db2¢D(X3, bz) exp <—CU% ?>
0 0
X {[(x3 = 1) rpy” (x2. b) = ryp " (x2,b2) (21, = x2)E (1) h(By agr by, by)
— [rypw" (x0.b2) (=rp + re +x0 = 1) 4+ rpy¥ (%2, b2) (1), + X3)|Egpy (1) R(Bp- g by by) Y, (AGS)
sen 4 ! & T 2 b%
M = gﬂM fBCsr)y A dxydx; A bybydb dbydp(xa, by )y (x5, b3) exp ey
X {[(2(x2 —x3—1)rp +x3— xl)]Ecd(tcs)h(ﬂcm A, b3, bl) - (xl +x3 = 1)Ecd(tds)h(ﬂds7aes’ bs, bl)}’ (A69)

4 1 00 b2
MfP’T = —gﬂM4fBCfrj/W/ dXZdX3 / b1b3db1db3¢D<XQ, bl)l//T(X3, b3) exp (—Cl)%; ?])
0 0
X {()C3 - x1>Ecd(tcs)h<:Bcsv Aess b3v bl) - (xl +x3 = I)Ecd(tds)h(ﬁds’ Aes b3’ bl)}v (A7O)

1 )
FiPN = FiPT = 16aM* f5C; / dx,dx; / bybydbydbyp (x5, by)
0 0
X {1y, W (X2, b2) Eof(t.) (g, Por Do, b3) + rpy (X0, by) Eor(t7)h(ay, By b3, b))}, (AT1)

where the expressions of f,;, . ; and a, are the similar to those of Eq. (A21), but with the replacement r, — r;,.

APPENDIX B: SCALES AND RELATED FUNCTIONS IN HARD KERNEL

We show here the functions /, coming from the Fourier transform of virtual quark and gluon propagators:

h(a7ﬁ’blvb2) = hl(a’bl) X hZ(ﬂ’bl’bZ)’
K b >0
hy(a,by) = { O<ﬁ ) )
Ko(iv/—aby) a <0,
0(by = by)1o(VBb2)Ko(v/Bb1) + (b1<by) p>0
0(by = ba)Jo(v/=Pb2)Ko(iv/=Pby) + (b1<by) <O,
where J is the Bessel function and K, I, are modified Bessel function with K (ix) = 5 (=N (x) + iJo(x)). The hard scale

t is chosen as the maximum of the virtuality of the internal momentum transition in the hard amplitudes, including
1/b;(i =1,2,3):

ha(B. b1, by) = { (B1)
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La(as) = max( \/ |ae(es) 1/ |ﬂa(as) /by, 1/b2)’
tc(cs) = max( \/ |ae(es)|’ \/ |ﬂc(cs)|’ 1/b1’ 1/b3)’

t, = max(\, |aa|7 V |:Be|’ l/bZ’ 1/b3)?

PHYSICAL REVIEW D 90, 114030 (2014)

tp(bs) = MAX(\ /@ (es) | A/ [Bb(os) |- 1/b1. 1/ b2),
td(ds) = max(\/ |ae(e.\')|’ \/ |ﬁd(ds)|’ 1/[91’ 1/b3)’

ty = max(\/|a,|. \/1Bs]. 1/b2.1/b3),

tg :max(\/ |(Xg >/ |ﬂg ’ l/blvl/b2)7 Iy :max<\/ |(Xa 'V |ﬂh 71/b171/b2)' (BQ’)
The function E;;(t) is defined by
Eab.cd,ef.gh(t) = as(t)Sab,cd,ef,gh<t)’ (B3)
where the Sudakov factors can be written as
MB ) <MB ) <MB ) 5/t d,u /[ d,l/l
Sa(t) =s|—=x1,b1 | +s|—=x2,Dr | +5s|—=(1—x3),Dr | += —y,(n) +2 —7vq(1),
o0 = s(Fon ) +5(Fata) + (S0 -t} 5 [ P [ Sy
Vi) o (G ) o (G0 s ) o (o) o (B0 -)
S.alt) =s|—=x1.by | +s|—=x2,b; | +5| —=(0—x3),b;y | +5|—=x3,D5 | + 5| —=(1 —x3),b
d() (\/i] 1> <\/§2 1 \/—2'( 2) 1 \/53 3 \/E( 3) 3
11 [+ du t du
—~ —yq(u)+2/ —71q(1),
3 i, m /by M
V) (G0 =mon) (Bt o (B0 -
S,e(t) =5 —=x20.b | +s|—=(1—x2),05 | + 5| —=x3,b3 | +s|—= (1 —x3),b
0= (St ) s (M0 m ) 5 (Monne) (SR - )ty
t d/l t dﬂ
v [ Bz [0 %),
1/b, M 1/b; M
Mp Mg My ) (MB )
S (t)=s|—=x1,b; | +s|—=x2,by | + 5| —=(1 —x3),by | +5(—=x3,b
gh() (\/211> <\/§22) <\/§( 2), by \/532
My > S/t du /f du
(Fra-s)+3 [ Lria [ P (B4)
where the functions s(Q, b) are defined in Appendix A of [25]. y, = —a,/7 is the anomalous dimension of the quark.
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