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Abstract

We make a systematic investigation on the two-body nonleptonic decays B. — DE:)) P, DE:)) V,
by employing the perturbative QCD approach based on kp factorization, where P and V denote
any light pseudoscalar meson and vector meson, respectively. We predict the branching ratios
and direct CP-asymmetries of these B. decays and also the transverse polarization fractions of
B, — DE*S)V decays. It is found that the non-factorizable emission diagrams and annihilation
type diagrams have remarkable effects on the physical observables in many channels, especially
the color-suppressed and annihilation-dominant decay modes. A possible large direct CP-violation

is predicted in some channels; and a large transverse polarization contribution that can reach

50% ~ 70% is predicted in some of the B, — Dy, )V decays.
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I. INTRODUCTION

The B, meson is the only quark-antiquark bound system (bc) composed of both heavy
quarks with different flavors, and are thus flavor asymmetric. It can decay only via weak
interaction, since the two flavor asymmetric quarks (b and c) can not annihilate into gluons
or photon via strong interaction or electromagnetic interaction. Because each of the two
heavy quarks can decay individually, and they can also annihilate through weak interaction,
B, meson has rich decay channels and provides a very good place to study nonleptonic weak
decays of heavy mesons, to test the standard model and to search for any new physics signals
[1].

Since the current running LHC collider will produce much more B, mesons than ever
before, a lot of theoretical studies of the nonleptonic B. weak decays have been performed
using different approaches. For example, the spectator-model [2], the light-front quark model
(LFQM) [3, 4], the relativistic constituent quark model (RCQM) [5], the QCD factorization
approach (QCDF) [6], the Perturbative QCD approach (pQCD) [7-10], and so on. Among
the numerous decay channels, there is one category with only one charmed meson in the final
states. They are rare decays, but with possible large direct CP asymmetry, since there are
both penguin and tree diagrams involved. These decays have ever been studied in Ref. [3]
using the naive factorization approach. But they consider only the contribution of current-
current operators at the tree level, and thus no direct CP asymmetry is predicted. They
also have difficulty to predict those pure penguin type or annihilation dominant type decays,
such as B, — D*¢, DY K°, Df¢. Ref. [5] discussed some semileptonic and nonleptonic B,
weak decays and CP-violating asymmetries by using RCQM model based on the Bethe-
Salpeter formalism. They do not include the contributions of annihilation type diagrams,
either. Since the annihilation type contributions are found to be important in the B meson
non-leptonic decays [11] and also significant in the B, decays [12], one needs further study
these channels carefully.

In this paper, we calculate all the processes of a B. meson decays to one DE:))

meson and
one light pseudoscalar meson (P) or vector meson (V) in pQCD approach. It is well-known
that B. meson is a nonrelativistic heavy quarkonium system. Thus the two quarks in the
B, meson are both at rest and non-relativistic. Since the charm quark in the final state D

meson is almost at collinear state, a hard gluon is needed to transfer large momentum to the



spectator charm quark. In the leading order of m./mp, ~ 0.2 expansion, the factorization
theorem is applicable to the B, system similar to the situation of B meson [13]. Utilizing
the k7 factorization instead of collinear factorization, this approach is free of endpoint sin-
gularity. Thus the diagrams including factorizable, nonfactorizable and annihilation type,
are all calculable. It has been tested in the study of charmless B meson decays successfully
[14], especially for the direct CP asymmetries [15]. For the charmed decays of B meson, it
is also demonstrated to be applicable in the leading order of the mp/mp expansion [16-21].

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.Il. The
numerical results and discussions on the observables are given in Sec.III. The final section
is devoted to our conclusions. Some details related functions and the decay amplitudes are

given in the Appendix.

II. THEORETICAL FRAMEWORK

For the charmed B, decays we considered, the weak effective Hamiltonian H.ss for b —

¢ (¢ = d, s) transition can be written as [22]

Hepy = %{ Y &UCH()OY (1) + Ca() O3(w) + Z Ci(m)Oi()1}, (1)

q=u,c
with the Cabbibo-Kobayashi-Maskawa (CKM) matrix element §, = VyuVi. O;(p) and
C;(p) are the effective four quark operators and their QCD corrected Wilson coefficients,
respectively. Their expressions can be found easily for example in Ref. [22].

With these quark level weak operators, the hardest work is left for the matrix element
calculation between hadronic states (DM|H.s¢|B.). Since both perturbative and non-
perturbative QCD are involved, the factorization theorem is required to make the calcu-
lation meaningful. The perturbative QCD approach [14] is one of the methods to deal with
hadronic B decays based on kp factorization. At zero recoil of D meson in the semi-leptonic
B, decay, both ¢ and b quark can be described by heavy quark effective theory. However,
when the D meson is at maximum recoil, which is the case of two body non-leptonic B,
decay, the final state mesons at the rest frame of B. meson are collinear, so as to the con-
stituent quarks (¢ and other light quarks) inside. Since the spectator ¢ quark in the B.

meson is almost at rest, a hard gluon is then needed to transform it into a collinear object in



the final state meson. This makes the perturbative calculations into a 6-quark interaction.
In this collinear factorization calculation, endpoint singularity usually appears in some of
the diagrams. The QCD factorization approach [23] just parameterize those diagrams with
singularity as free parameters; while in the so-called soft-collinear effective theory [24], peo-
ple separate these incalculable part to an unknown matrix element. In our pQCD approach,
we studied these singularity and found that they arise from the endpoint where longitudinal
momentum is small. Therefore, the transverse momentum of quarks is no longer negligible.
If one pick back the transverse momentum, the result is finite.

Because the intrinsic transverse momentum of quarks is smaller than the b quark mass
scale, therefore we have one more scale than the usual collinear factorization. Additional
double logarithms appear at the perturbative QCD calculations. These large logarithms will
spoil the perturbation expansion, thus a resummation is required. This has been done to
give the so called Sudakov form factors [25]. The single logarithm between the W boson
mass scale and the factorization scale t in pQCD approach has been absorbed into the
Wilson coefficients of four quark operators. The decay amplitude is then factorized into the
convolution of the hard subamplitude, the Wilson coefficient and the Sudakov factor with
the meson wave functions, all of which are well-defined and gauge invariant. Therefore, the
three-scale factorization formula for exclusive nonleptonic B meson decays is then written
as

t

C(t) & H(z,t) @ B(x) @ exp [—sua n-2 [ } %‘%(as(u))] , 2)

where C(t) are the corresponding Wilson coefficients. The Sudakov evolution exp[—s(P, b)]
[25] are from the resummation of double logarithms In®(Pb), with P denoting the dominant
light-cone component of meson momentum. 7, = —a, /7 is the quark anomalous dimension
in axial gauge. All non-perturbative components are organized in the form of hadron wave
functions ®(x), which can be extracted from experimental data or other non-perturbative
method. Since non-perturbative dynamics has been factored out, one can evaluate all pos-
sible Feynman diagrams for the six-quark amplitude straightforwardly, which include both
traditional factorizable and so-called “non-factorizable” contributions. Factorizable and non-
factorizable annihilation type diagrams are also calculable without endpoint singularity.
The meson wave function, which describes hadronization of the quark and anti-quark

inside the meson, is independent of the specific processes. Using the wave functions deter-
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mined from other well measured processes, one can make quantitative predictions here. For

the light pseudoscalar meson, its wave function can be defined as [26]

B(P.2,6) = 5 lPOR) + modf(e) + Emolif — 1)éh(a) (3)

where P is the momentum of the light meson, and x is the momentum fraction of the quark
(or anti-quark) inside the meson. When the momentum fraction of the quark (anti-quark)
is set to be x, the parameter £ should be chosen as +1(—1). The distribution amplitudes
¢5(x), p5(x) and ¢L(x) are given in Appendix C.

For the light vector mesons, both longitudes (L) and transverse (T) polarizations are

involved. Their wave functions are written as [7]

Vov(x) + A Py (@) + Mydy (@) tas,

\/W

oy () = \/2—{Mv¢ VOV (@) + A POV () + iMy €upeser n0 8 (2)ag,  (4)

where e‘]}(T) denotes the longitudinal (transverse) polarization vector. And convention e"?* =
1 is adopted for the Levi-Civita tensor. The distributions amplitudes are also presented in
Appendix C.

Consisting of two heavy quarks (b,c), the B. meson is usually treated as a heavy quarko-
nium system. In the non-relativistic limit, the B. wave function can be written as [7]
ifp
4N,

Cp, () = S0P + Mg, )ys0(z — e, (5)

with r. = m./Mp,. Here, we only consider one of the dominant Lorentz structure, and
neglect another contribution in our calculation [27].
In the heavy quark limit, the two-particle light-cone distribution amplitudes of D)/ DE‘S)

meson are defined as [21]

(D(s)(P2)l4a(2)5(0)[0) = dze™™*[5(Pa +mp, )6, (7,0)]as,

),

(Dfi)(P)l4a(2)5(0)[0) = \/W dxe”cp” [#(P2 + mp; )¢p;, (x,0)]ap. (6)

We use the following relations derived from HQET to determine fDZs) 28]




For the DE:)) meson wave function, we adopt the same model as of the B meson [§]

2,2
by = N 1— 2 _% _ 1 2 2 8
0., (2,8) = Np, [o(1 = )P exp | =557 = Swb (8)

with shape parameters wp = 0.6 for D/D* meson and wp, = 0.8 for D;/D?* meson. Here, a
larger wp, parameter than wp characterize the fact that the s quark in Dy meson carries a
larger momentum fraction than the light quark (u,d) in the D meson.

At leading order, there are eight types of diagrams that may contribute to the B, —
Dg)) P, Dg))V decays as illustrated in Fig.1. The first line are the emission type diagrams,
with the first two contributing to the usual form factor; the last two so-called non-factorizable

diagrams. The second line are the annihilation type diagrams, with the first two factorizable;

the last two non-factorizable.
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FIG. 1: The leading order Feynman diagrams for the decays B, — Dé:)) P, DE:)) V.

A. Amplitudes for B. — D, P decays

We mark LL, LR, SP to denote the contributions from (V — A)(V — A), (V —A)(V + A)
and (S — P)(S + P) operates, respectively. The amplitudes from factorizable diagrams (a)
and (b) in Fig.1 are as following:

feLL — Q@CffopﬂMé /01 dl’g Aoo blbgdbldeQbD(Ig,bg) X
{l(1 =2rp)as + (rp — 2)rp)as(ta) he(e, Ba, b1, b2)Si(22) exp|—Sas(ta)]
—(rp = 2)rp(x1 — L)as(ty) he(e, By, ba, b1)Se(21) exp[—Sas(ts)], 9)

where rp = mp/Mp, r, = my/Mp; Cp = 4/3 is a color factor; fp is the decay constant of
pseudoscalar meson (P). The factorization scales t,; are chosen as the maximal virtuality of
internal particles in the hard amplitude, in order to suppress the higher order corrections [29].
The function h, are displayed in the Appendix B. The factor S;(z) is the jet function from

the threshold resummation, whose definitions can be found in [8]. The terms proportional



to 7% have been neglected for small values. We can calculate the form factor from eq.(9)
if we take away the Wilson coefficients and fp. For the (V' — A)(V + A) operates, we

have FXE = —FEL since only axial-vector current contributes to the pseudoscalar meson

production. For the (S — P)(S + P) operates the formula is different:

1 [e'e]
‘FSP = —4\/§CffoP7TMé/ dl’z/ blb2dbldb2¢D(x27 b2) X
0 0
{lrp(dry, — z2 — 1) — 1y + 2] s (ta) he (e, Ba, b1, ba)Si(xa) exp[—Sas(ta)]
+rp(2 — 4a1) + z1]as(ty) he (e, By, ba, b1)Si(x1) exp[—Sa(ts)]- (10)

For the nonfactorizable emission diagram (c) and (d), the decay amplitudes of three types

operates are:

MEL ch fom M /0 ' dadiy /0 " babadbadbydp (v, by) 6 ()
{lrp(1 =21 — 22) + 21 + 23 — o (te) he(Be, e, bs, ba) exp[—Sea(te)] —
[rp(1 — 1 — x9) + 221 + 23 — x5 — L]avs(ta) he(Ba, e, b3, ba) exp[—Seca(ta)]},
(11)

MR = gcp femMprp(1+1rp) /0 1 dradrs /0 N babsdbydbsdp (0, by) X
{[(x1 + 23 — 1 +7rp(2w1 + 29 + 23 — 2)) 5 (23) +
(r1 4 w3 — 1+ rp(23 — 22))0p(x3)] s (te) he(Be, e, bs, ba) exp[—Sea(te)]
—[(zy — 23 +rp(22) + 29 — 23 — 1)) b (23) + (23 — 21 +

rp(ws + w2 — 1))dp(w3)]as(ta) he (B, o, bs, ba) exp[—Sea(ta)]}, (12)

MEP = ch fem M} / 1 dxodas / h babsdbydbsdp (o, by )dip(3) X
{[rp(z1 + 22 —0 1) — 214 E Ty — T3 + 2]
s(te) he(Be; e, b3, b2) expl—Seal(te)] —
(3 — 21 —rp(1 — 21 — 22)] s (ta) he(Bas, e, bs, ba) exp[—Sea(ta)] }, (13)

where rp = m{’ /Mg, with m{" as the chiral mass of the pseudoscalar meson P.

For the factorizable emission diagram (e) and (f), we keep the mass of the c-quark in D



meson, while the mass of the light quark is neglected. The amplitudes are given as follows:

LL
Fa

1 [e'e]
= FLR — 8CpfpmMp / dzodas / bobsdbydbsdp (2, by) X
0 0
{{¢p(x3)(xs — 2rpre) + rp(op(ws) (2rp(as + 1) — 1) + dp(as)
(re + 2rp(xs — 1))]]as(te) he(ata, Be, b2, bs) exp[—Sef(te)]Se(xs) —
(2205 (x3) + 2rprp(z2 + 1)¢p(23)]
as(tp)he(aa, By, bs, ba) exp[—Ses(ty)]Si(z2) },

1 [e'e)
FP = 16Cpfem My / dzodrs / bobsdbydbsdp (3, by) X
0 0

{[=¢p(x3)(2rp — re) + rpldp(xs)(4rerp — x3) + dp(x3)2s]]
s (te) he (g, Bey b, bs) exp[—Sep (te)]Se(w3) — [warpdp(zs) +
2rp@p(3)|as(t)he(aa, By, bs, by) exp[—Sey(t)]Si(x2)};

and that of the nonfactorizable annihilation diagram (g) and (h) are

MEE

= —gCFfBWMé /01 dxodrs /0°° b1bodbydbadp (22, b)) X
{[¢p(w3)(re — w1+ 23) + 1prp[dp(13) (22 — 73) +
Op(3)(4re — 201 + 9 + @3)]|as (tg) he(By, a, i, b2) exp[—Sga(ty)]
+=dp(2s)(ry + 21 + 23 — 1) + rprp[(vs — 23)dp(23) — dp(ws)
(4ry + 221 + 29 + x3 — 2)]Jvs (tn) he (Bn, @, b1, ba) exp[—Sgn(tn)]},

8 ! >
MER = gC‘FwaMé/ dl’gdl’g/ bibadbidbadp (2, b2) X
0 0

{[=p(ws)rp(re + 21 = 22) + rp[=dp(ws)(=re — 21 + 73)
+0p(x3)(re + 21 — 3)]Jts (tg) he(Bg, s b, b2) exp[—Sgn(ty)] +
[—pp(xs)rp(=ry + 21 + 29 — 1) + 7p[(—rp + 21 + 25 — 1)
(05 (w3) + &p(x3))]]ts (t) he(Bn, a, by, ba) exp[—=Sgn(ta)]},

1 00
= —§CFfB7TMé/ dl’gdl’g/ blbgdbldeQSD(l’g,bg) X
0 0

{[—0p(w3) (w1 — w3 — 1e) + rprp[—¢p(ws)(vy — v3)

+op(w3) (4re — 21 + 5 + @3)]]as (tg) he(By, a, i, ba) exp[—Sga(ty)] +
(=@ (z3) 1y + 1 + 22 — 1) + 7prp[(—4ry, — 221 — 29 — 3 + 2)dp(23)
— (9 — 3)dp(ws))] s (t) he(Bns s b, ba) exp=Syn(tn)]},

9

(15)

(17)



With the functions obtained in the above, the total decay amplitudes of 10 decay channels
for the B. — D(,) P can be given by

A(B. = D°1%) = & o FEF + OME ] + Elan FEP + CLMER)
—&[(C5 4 Co)(MEE + MEEY 4+ (Cy + CH)(MEE + MER)

1 1
+(Cy + 503 + Cho + 509)(2? + FLE

1 1
+(Cs + 505 +Cs + §C7)(-7:5P + F2P), (19)

V2A(B, — D*1°) = &,[apFFF + CoMEE] — € [ay FEE

3 1
+CYMEH] — ft[(QCm —Cs+ 509)M6LL — (Cs + Co) MEE

1 1 1
+(=Cs + 5CNM™ + (=Ci = 2G5 = Crg — S Co) Fyh +
5 1 3
g3t iy
1 1 1
+(_CG - 505 + 508 —+ 607).FSP — (05 —+ C7)M£R
1

1
+(=Cs = 505 = Cs = 2 C1) 7, (20)

1
(Clo + C7 — 508)]:@1/[/

V2A(B, — D™n,) = &faaFEE + CoMEF] + €ofan FEF 4 Oy MEE]
1 1
—&[(2C, + C5 + 5C0 — 5Cg)/\/lﬁL + (O3 4 Co) MEE

1 1
+(Cs = SONMT + (Cs + COM + (Ca+ 305+ Cro +

1 7 5 1 2
gcg)ij + (503 + 504 + 5(09 — C1o)) FH + (205 + 506
1 1 1 1 1
+5C7+ 608>]:6LR +(Co+ 305 — 505 = 607)}“513
1 1
‘l'(Cﬁ + 505 + Cs + 507)]:513], (21)

1 1 1
.A(Bc — D+7]S) = —5,5[(6'4 — 5010)M£L + (Cﬁ — §C8>M§P + (C3 -+ §C4
1

1 1
—5Co = cC0) T +(Cs + 5

1 1
5 Co— 507~ ~Cg) F1, (22)

6

1
V2A(B. = Din,) = &laaFEE + CoMEF] — €20, + 5010)M§L +
1 2 1 1
(205 + 508)/\/151’ + (205 + §C4 + 509 + 6010)]:ELL

2 1 1
+(205 + 506 + 507 + 6Og)erLR], (23)

10



1
A(B. = Dfn,) = &l Frr+ OiME ] = §(Cs + Cy — 5(010 + Cy))ML*
1
+(Cy 4 Co)MEE + (C5 — 507)/\/153 + (C5 4 Cr)MEE

1 1 1
+(Cy + 503 + Cho + gcg)fa“ +(C — —Cg)MSP +

2 1
§(2(C3 +Cy) — (Cy + CLo))VFEE +(Cs + 306 — C7 — —Cg)}"LR

1 1 1 1
+(Co+ 305 = 5Cs = cC)F" + (Co+ 5

; 5 . —Cs+ Cy + C7)FSP ],

3
(24)

A(B, — DY) = & FE" + CyMEY) — &[(Cy — %OQ)MGLL
1
+(Cy 4 Co)MEE + (C5 — 5(77)/\/153 + (C5 4 Cr)MEE

1 1
+(Ca+ 305+ Cro+ Co) Fo" +

1 1 1 1 1
(Cy + 503 — 5010 - éCg)feLL + (Cs + 505 — 508

1 1 1
—607)-7:§P + (Cs + 505 +Cs + §C7)]_—asp]7 (25)

A(B, = D) = & [apF 4 CyuMEE] — g;[(l(gcg + Clo)]-"LL

1
5(307 + Cg)) FER 4 = 01 MEE 4 C M, (26)
with the CKM matrix element & = V;,Vi and & = V;,V;(i = u,c,t). The combinations
Wilson coefficients a; = Cy + C1/3 and ay = Cy + C5/3. The total decay amplitude of
A(B, — D°K™) and A(B. — DTK") can be obtained from (19) and (25), respectively,

with the following replacement:

A(B. = D°K*) = A(B. = D7) nskceime
A(B, — D*K®) = A(B, — DfK")

Do—D g€ (27)

It should be noticed that, in (21), (22), (23) and (24), the decay amplitudes are for the
mixing basis of (1, 7s). For the physical state (1,7’), the decay amplitudes are

A(B, — D* A(B. — D*n,)cos ¢ — A(B. — DT n,)sin ¢,

A(B. — D}

A(B. — Din,)cos ¢ — A(B. — DIng)sin ¢,

n) ( )

A(B. — D*r/) = A(B. — Dn,)sin¢ + A(B. — D" ;) cos ¢,
n) ( )
) ( )

A(B, = Dnf) = A(B, — Din,)sin¢ + A(B. — D¥n,) cos ¢, (28)

11



where ¢ = 39.3° is the mixing angle between the two states.
N\ _ (cos¢ —sin¢ ") )
()= (&8 o) () (29)

B. Amplitudes for B. — D,V decays

In B. — D)V decays, the vector meson is longitudinally polarized. In the leading power
contribution, the formula of each Feynman diagram for B, — D(4V is similar to that of the

B, — D, P modes, but with the replacements

fp— fv, rp—ry, ¢£—>¢V> ¢]€_)_¢€/a ¢£—>¢§/- (30)

The total decay amplitude for B, — D)V can be obtained through the substitutions in
(19)- (27):

T—=p, K=K, n,—w n—0. (31)

C. Amplitudes for B, — DE*S)V decays

The decay amplitude of B, — DV can be decomposed into
Alep-,ey) = A" + ANeper - eyr + iATeagpano‘vﬁe%*Tef/T (32)

where ep-r(eyr) is the transverse polarization vector for D*(V) meson. AL corresponds to
the contributions of longitudinal polarization; A" and A’ corresponds to the contributions
of normal and transverse polarization, respectively. The factorization formulae for the lon-
gitudinal, normal and transverse polarizations are all listed in Appendix A. There are also
10 channels for B, — DE*S)V decay modes. We can obtain the total decay amplitudes from
those in B, — D)V with replacing Dy by Dp,.-

D. Amplitudes for B, — DZ‘S)P decays

For B, — DE*S)P, only the longitudinal polarization of DE*S) will contribute. We can obtain
their amplitudes from the longitudinal polarization amplitudes for the B, — DV decays

with the following replacement in the distribution amplitudes:

fv—=fp, tv—oTE, by = dp, Oy — bh, ¢l — dh. (33)

12



In fact, the B, — D?S)P decays amplitude are the same as the B. — D) P ones only at
leading power under the hierachy Mp, > mpe) > Agep. An explicit derivation shows that

the difference between the two kinds of channels occurs at O(rp)) and at the twist-3 level

in eq.(9)-eq.(18).

III. NUMERICAL RESULTS AND DISCUSSIONS

The numerical results of our calculations depend on a set of input parameters. We list
the decay constants of various mesons and parameters of hadronic wave functions in Table
I. For n — ' system, the decay constants f, and f; in the quark-flavor basis have been

extracted from various related experiments [30, 31]
f,=(1.07+£0.02)fr, fs=(1.34£0.06)f,. (34)
For the CKM matrix elements, the quark masses etc., we adopt the results from [32]

Vis| = (3.89+0.44) x 107°, |V = 0.97425, |V = 0.0406, [Veg] = 0.23
V| = 0.2252, [Vig| = 1.023, ~ = (73+2)°,
me = 1.27GeV, my =4.2GeV, mf = 14GeV,

my = 1.6GeV, mf' =1.07GeV, m{ =1.92GeV, A}ep =0.112GeV. (35)

For the considered B, — D) P, B, — DE*S)P and B, — D)V decays, the branching

ratios BR and the direct CP asymmetry A%, for a given mode can be written as
_ AP = AP
|A2 + A2

. Gr7g,

BR = 327 Mg

(L—rH)APP, AR

(36)

where the decay amplitudes A have been given explicitly in Sec. II for each channel. A is
the corresponding charge conjugate decay amplitude, which can be obtained by conjugating
the CKM matrix elements in A.

Our numerical results of CP averaged branching ratios and direct CP asymmetries for
B, — D»P and B, — D,V decays are listed in Tables II and III, respectively. The
dominant topologies contributing to these decays are also indicated through the symbols T
(color-allowed tree), C (color-suppressed tree), P (penguin) and A (annihilation). The first
theoretical error in all our tables is referred to the D, meson wave function: (1) The shape

parameter wp = 0.60 £ 0.05 for D/D* meson and wp, = 0.80 £ 0.05 for D,/ D¥ meson; (2)
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TABLE I: The decay constants and the hadronic meson wave function parameters taken from the

light-cone sum rules [33].

The decay constants (MeV)

[B. fp /D, Fo | x| Fo | S0 | Juo | B | T | F | e | e
4891206.7 £ 8.9|257.5 £6.1|131{160{209|165|195(145|231|200|217 | 185
Values of Gegenbauer moments

T K Mg Tls
al’ - 0.17 - —
a¥ 0.25 0.115 0.115 0.115
af -0.015 -0.015 -0.015 -0.015
P w 10} K*
al - - - 0.03
al 0.15 0.15 0.18 0.11
ai - — - 0.04
ay 0.14 0.14 0.14 0.10

The decay constant fp = (206.7 £ 8.9)MeV for D meson and fp, = (257.5 & 6.1)MeV for
D, meson. The second error is from the combined uncertainty in the CKM matrix elements
Vup and the angle of unitarity triangle v, which are given in eq.(35). The third error arises
from the hard scale t varying from 0.75¢ to 1.25¢, which characterizing the size of next-to-
leading order QCD contributions. Most of the branching ratios are sensitive to the hadronic
parameters and the CKM matrix elements. The CP asymmetry parameter is only sensitive
to the next-to-leading order contributions, since the uncertainty of hadronic parameters are
mostly canceled by the ratios.

We also cite theoretical results for the relevant decays evaluated in LEFQM model [3] and
RCQM model [5] to make a comparison in Tables IT and III. Our pQCD results are generally
close to RCQM results but differ substantially from the ones obtained by LFQM. This is
due to the fact that LFQM used a smaller form factors 5= (¢* = 0) = 0.086 at maximum
recoil, which is rather smaller than other model predictions [4] and also another covariant
LEQM results [34]. In fact, these model calculations all give consistent form factors at the
zero coil region, considering only soft contributions by the overlap between the initial and
final state meson wave functions, which is good at the zero recoil region. At the maximum-
recoil region, which is the case for non-leptonic B decays, the soft contribution is suppressed,
since a hard gluon is needed, as discussed in the previous section. Furthermore LFQM only

consider the contribution of current-current operators at the tree level, therefore they cannot
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TABLE II: CP averaged branching ratios and direct CP asymmetries for B, — D, P decays,
together with results from RCQM and LFQM.

BR(10~7) AL (%)
channels Class This work RCQM*“|LFQM This work RCQM
B, — Dt | T | 267733750408 1 22,9 | 43 412770 ILHO0E 65
B, — D0 | C,A |0.820 3805010001 2.1 1 0.067 | 2.3153H5T10 | -1.9
B, — D°KT| AP | 47.8T72422854 1 445 | 0.35 | —34.87301 1181 46
B, — DYK°| AP | 4697156103474 | 493 — | 23704709100 | 0.8
B.— D¥n | C,A 0.92F01240210003 | 0.087 [40.8¥09F 1430 | -
B.— Dty | CA |0.91101240164006) ) 0 048 | —14.0705HGH150
Be — D70 | CP |0.411004400140.02) 10,0067 | 46.771456.3825 |

B, — DFK°| AP | 21709153403 1.9 54.3159+5-5100 | 13.3

B.— Dfn | AP | 17.3+17H05+ é ~ | 0.009 2.8t8;?i8;§
5 2

3
.8—0.6—1
B, — Dfy/ | AP | 51.0739103+5 ~]0.0048| 1.1F05*0:

+1.1
—-1.2
+0.7
—0.6

*we use the results of decay widths in [5] , but we take 75, = 0.453ps to estimate the branching ratio

TABLE III: CP averaged branching ratios and direct CP asymmetries for B, — D)V decays,
together with results from RCQM and LFQM.

BR(1077) AR (%)
channels Class This work RCQM|LFQM This work RCQM
B.—D%% | T | 6625780977 | 60.0 | 13 | —2457503805403 | 3.8
Be—D*p? JCA| 14555508565 | 3.9 | 0.2 | 7985550555, | -3.0
Be — D°K*H| AP | 25.9%57H0070% | 34.7 | 0.68 |—66.2755 %07 6.2
Be— DYK AP | 191%33H045701 | 288 | — | 35709105108 | -0.8
B,— Dtw |CA| 19703105400 — | 015 | =363
B Do | P joospmibee o | - i :
Boo Dy || 09stBitaeR | | st |
B.— DK AP | 14703500701 | 10 | — | 6L0TSFO0TN0 | 133
B.— Dfw | CP| 031550 007 005 | — | 0016 | 449508 st —
B.— Df¢ | AP | 27.0015700 2 | 157 [0.0048] 3.37057050 | -0.8

give predictions for those modes without tree diagram contributions like B, — DT K and
B. — D} K°. For the color suppressed decays (C), our predictions differ from the ones of
RCQM, since in these modes, the contributions from the non-factorizable emission diagram
and annihilation diagram dominated the branching ratio, which are not calculable in RCQM.

Our numerical results of the CP averaged branching ratios and direct CP asymmetries
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for B, — D?S)P decays are listed in Table IV, together with the RCQM model predictions.
Again, our results are similar with RCQM model for the tree dominant mode (T). But for the
annihilation dominant and penguin dominant modes (A,P), the branching ratios obtained
in the RCQM are one order of magnitude smaller than ours. The reason is that these decay
amplitudes are governed by the QCD penguin parameters ay and ag in the combination
ay + Rag [35] in the factorization hypothesis. The coefficient R arises from the penguin
operator Og, where R > 0 for B — PP, R =0 for PV and V'V final states, and R < 0 for
B — V P, the second meson in the final states is the one emitted from vacuum. Therefore,
the branching ratios of various type decays have the following pattern in the factorization

approach
BR(B. — DP) > BR(B. — DV) ~ BR(B. — D*V) > BR(B. — D*P) (37)

as a consequence of the interference between the a4 and ag penguin terms. In the contrary,
we have additional non-factorization contributions and large annihilation type contributions
in the pQCD approach, which spoils the relation in eq.(37).

As expected, the annihilation type diagrams give large contributions in the B, meson de-
cays, because the annihilation type diagram contributions are enhanced by the CKM factor

Vi Ve Vi Ves
Ve [7, 36]. For the b — d process, #Vui viv| = 4T

= 2.5; For the b — s process,

The annihilation diagram contributions are the dominant contribution in some b — s pro-

BR(B.—~D®)0 K (*)+)

BR(B.S DT R 1 for these two annihilation

cesses. Therefore, we have the ratio relation

dominant b — s transition processes.

For the color suppressed decays (C), our predictions differ from the ones of RCQM,
since in these modes, the contributions from the non-factorizable emission diagram and
annihilation diagram dominated the branching ratio, which are not calculable in RCQM.
For example in decays B, — D™* (7% 5,7/, p°, w), the non-factorizable contribution, which
is proportional to the large Wilson coefficient Cs, is the dominant contribution. In fact,
the annihilation diagrams can also give relatively large contributions for the enhancement
by CKM factor. We also find that the twist-3 distribution amplitudes play an important
role, especially in the factorizable annihilation diagrams. As stated in section IID, the
B. — DP(V) decay amplitudes are different from B, — D*P(V) ones only at twist-3
level. The numerical results show that the contributions from factorizable annihilation

diagrams have an opposite sign between the two type channels. For example, this results
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TABLE 1IV: CP averaged branching ratios and direct CP asymmetries for B, — DE*S)P decays,

together with results from RCQM.

BR(10~7) AZp (%)
channels Class This work RCQM This work RCQM
B.— D7 | T | 18873075 H05 | 196 | 64.0715535670% | 15
B.— D*xl | CA | 13M0505400 | 0.66 | 9.6733T85N0S | 21
B, — DOK*| AP | 735510108507 1 49 | 95 0Hi4EE20L | g
B.— D**K°| AP | 77.8155 0005112 | 2.8 | —0.3F0010000 | 8.2
Be— D™y | CA 0345000 0155000 | — | —20505055500 | -
Boos Dyl [CA DISTUSTERIN) sty
B.— Dyta® | CP 1027500 003 62|  — | 209505730555 | -
B.— DK AP | 16103101703 | 021 | —3.3T9505109 | 13.3
Be— Difn | AP | 167550505505 | — | 075050508 | -
Be = Drtyl | AP | 1447508709708 | — | 002500 00 0% | -

TABLE V: CP averaged branching ratios, direct CP asymmetries and the transverse polarizations

fractions for B, — DEkS)V decays, together with results from RCQM.

BR(1077) A%(%) R (%)
channels Class This work RCQM This work RCQM| This work
Be— D" | T 553550 11 | 597 | 240755757750 3.8 116457510
B.— D*p0 | CA | 38558500 01 | 13.0 | 302809728000 | 3.0 | 543755110702
B, — DK*t| AP | 161551511 37.7 |—14.97531 51103 6.2 | 52,6715 303
B, — D*TK*| AP | 17275711 30.6 | 0.4700H0900 | 0.8 |57.4T0 50110
B.— D*fw | CA| 24%56707707 | | =785pRR0 | - 56,0555 e 07
B.— D¢ | P | 0.00450%N00 | - - Ry iy iy &
Be— D | CP 10725505 005 005 | — 72035105 0| 3.0 | 1125550 T
Be = DK™\ AP | 43515705705 | 29 | 6250575700 | 18.3 | 68.815 71070
B.— Dyfw | CP 02600 00 00r | —  [-213R8eRtiT - 49555050
B. —»+ Dit¢ | AP 137355030020 % 388 | 0350 701700 | 0.8 675051050

in a constructive interference between non-factorizable emission diagrams and factorizable
annihilation diagrams for B, — D*T#% but a destructive interference for B, — D¥r".
This makes BR(B, — D**x°) larger than BR(B. — D*x). Similarly, we have BR(B. —
D**p") > BR(B. — D*p). However, for B, — D®¥n(n'), while the dd part contributes
to the annihilation diagrams, the constructive or destructive interference situation are just
the reverse, and BR(B. — D*tn(n)) are smaller than BR(B. — D™n(n)).

For another kind of b — s processes, the decays B, — Dg*H(WO, p°,w) have a small
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branching ratio at O(107®) due to the absent annihilation diagram contributions, and the
emission diagram contributions suppressed by CKM matrix elements |V V,,|. Since the
contribution of penguin operator is comparable to the one of tree operator, the interference
between the two contributions is large. As a result, a big CP asymmetry is predicted in these
decays. The branching ratio is even smaller ~ 10~'° and no CP violation for B, — D®*¢
decays, since there are only penguin diagrams contributions. All these and other rare decays
are also important, since they are quite sensitive to new physics contributions.

For the B, — DZ‘S)V decays the branching ratios and the transverse polarization fractions

Rr are given as

GrTB, 2 2 AP+ AP
BR = ~(1— Ail, Rr = ; 38
327?]\/[3( TD):’:OE—;—‘ | T |Ao2 + [ALP? + |A_]? (38)
where the helicity amplitudes A; have the following relationships with AHNT
Ao= A" A=A+ A" (39)

Our numerical results of the CP averaged branching ratios, direct CP asymmetries and
the transverse polarization fractions for B, — DiyVv decays are shown in Table V. The
transverse polarization contributions are usually suppressed by the factor ry or rp+ com-
paring with the longitudinal polarization contributions, thus we do have relatively small
transverse polarization factions for the tree-dominant decay (Rr(B. — D*°pT) = 16.4%)
and the pure penguin type decay (Rr(B. — D*"¢) = 11.5%). For the pure emission type
decay B. — D*tw, the transverse polarization faction is large because the non-factorizable
emission diagram induced by operate Og can enhance the transverse polarization sizably.
The fact that the non-factorizable contribution can give large transverse polarization contri-
bution is also observed in the B® — p°p° ww decays [37]. For other decays, the annihilation
type contributions dominate the branching ratios due to the large Wilson coefficients. There-
fore, the transverse polarizations take a larger ratio in the branching ratios, which can reach
50% ~ 70%. This is similar to the case of B — ¢K* and various B — pK™* decays [38, 39].

From Table V, one can also see that our branching ratios for B, —
D** K0 DK+ D+ K*9 D¢ decays, are about 2 to 5 times larger than those in RCQM
model, due to the sizable contributions of transverse polarization amplitudes. Another point
should be addressed that the annihilation contributions with a strong phase have remark-

able effects on the direct CP asymmetries in these decays. As a result, our predictions are
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somewhat larger than those from RCQM.

IV. CONCLUSION

In this paper, we investigate the two body non-leptonic decays of B, meson with the
final states involving one DE:)) meson in the pQCD approach based on kp factorization. It is
found that the non-factorizable emission and annihilation type diagrams are possible to give
a large contribution, especially for those color suppressed modes and annihilation diagram
dominant modes. All the branching ratios and CP asymmetry parameters are calculated
and the ratios of the transverse polarization contributions in the B, — DE‘S)V decays are
estimated. Because of the different weak phase and strong phase from tree diagrams, penguin
diagrams and annihilation diagrams, we predict a possible large direct CP-violation in some
channels. We also find that the transverse polarization contributions in some channels, which
mainly come from the non-factorizable emission diagrams or annihilation type diagrams, are
large.

Generally, our predictions for the branching ratios in the tree-dominant B, decays are in
good agreements with that of RCQM model. But we have much larger branching ratios in
the color-suppressed, annihilation diagram dominant B, decays, due to the included non-

factorizable diagrams and annihilation type diagrams contributions.
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Appendix A: factorization formulas for B, — D*V

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

polarization and transverse polarization, respectively.

1 00
FELE — Q@WCffovMé/O d932/0 blbzdbldb2¢D;s)(932,bz) X
{lwe — 21y + rp(ry — 222)]as(ta) he (e, Ba, b1, b2)Si(22) exp|—San(ta)]
+[rp(z1 — D] (ty) he(te, By, b2, b1) Si(w1) exp[—Sa ()]}, (A1)

2 1 e’}
‘/—_-eLL,N = 2\/;7chfoVMéTv/ dl’g/ blbgdbldbg(ﬁl)zﬂs) (LL’Q, bg) X
0 0
{lro =2+ rp(z2+ 1 —41)] s (ta) he (e, Ba,y b1, b2) Se(z2) exp[—Sas(ta)
+rp[2z1 — 1as(ty) he (e, B, b2, b1)Si(x1) exp[—Sap(t)] } (A2)

1 [ee]
FIT = 2\/§W0ffoVMféfv / dm/ bibadbidbafoy, (@2, 2) X
0 0
{[rs =2+ (1 = w2)]a(ta)hel(c, Bas by, b2) Sy(ws) expl =S (1)
—7pas(ty) he(e, By, ba, b1)Si(1) exp|—Sa ()]}, (A3)

LR,L _ —TLL,L LR,N _ LLN LRT _ —LLT
F. = F.o" F, =F, . F =F_ . (A4)

The factorizable emission topology contribution F>Pi(i = L, N,T) vanishes due to the

conservation of charge parity.

8 1 0o
MgL,L = —gﬂ'CffBMé/ dxgdng b2b3db2db3¢pz‘s)(l’2, b2)¢v(l’3){[1 — X
0 0
—T3 — TD(zl + Ty — 1)]a8(tc)h’6(/86? e, b3> b2) eXp[_Scd(tc)] + [_1 + 21’1

+x9 — x5 — rp(x1 + 22 — 1)]as(tq) he(Ba, e, b, ba) exp[—Sea(ta)]}s (Ab)

8 1 00
MGLL’N = g?TCffBMérv/ dl’gdl’?)/ b2b3db2db3¢Dz‘s) ($2> 62){[($1 +3— 1)
0 0

¢y (x3) + 2rp(ws — 22) 9% (3)|as(te) he(Be, e, bs, ba) expl—Sea(te)]
—[(—QTD(l — 25(71 — Xg + 1’3) — T+ LL’3)¢I‘//($3) + 2(7’D(1 — X9 — S(Zg)
—211 + 213) ¢y (23)] s (ta) he (Ba, e, bs, ba) exp[—Sea(ta)]}, (A6)
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MLL,T —

MLR,L _

MLRT

1 00
g’ﬂ'CffBMé’l“v / dl’gdl’g / bgbgdbgdngSDZs) (ZL’Q, bg) X
0 0

(21 + 23 = D)@y (w3) — 2rp (221 + 29 + 23 — 2) ¢ (23)]

s (te)he(Be, e, b, ba) exp[—Sealt.)]

—[(xg5 — 1) PV (x3) + 2(rp(221 + 29 — 23 — 1) — 221 + 223)P7 (23)]
as(tg)he(Ba, ae, b, ba) exp[—Sea(ta)]}, (AT)

8 1 0
_gﬂ'cffBMé/ difzdif?,/ bzbgdb2db3¢D;‘S)(I2,b2)¢v(il?3) X
0 0

{[(x1 + 23 =14+ rp(za — x3)) oy (23) + (21 + 23 — 1 —
o231 + T2 + 25 — 2)) 0L (23)]as(te) he(Be, e, b3, by) exp[—Seq(te)]
—[(1'1 — T3 — ’I“D(l — Ty — l’g))ﬁlﬁf/(l'g) — (1’1 — X3 + ’I“D(l — 2!13'1

—3 + 23)) 0 (3)] s (ta) he(Ba, e, b3, ba) exp[—Sea(ta)]}, (A8)

1 0o
M£R7N = _gﬂ-cffBMérD / dl’gd.ﬁ(]g / bgbgdedngﬁD&) (5(72, b2)
0 0
¢€("E3)(Il + Lo — 1){a5(tc)he(5c> Qe, bg, b2) eXp[_Scd(tc)]
+O{s(td)he(ﬁd, e, b37 b2) eXp[_Scd(td)]}u (A9>

8 1 o)
_gﬂ'cffBMé/ d$2dl’3/ bzb3db2db3¢Dgs)(l’2, ba)dy (z3){[2 — 211
0 0
—x9 — 23+ rp(x1 + 22 — 1)] s (te) he(Be, e, bs, ba) exp[—Sea(te)] —
[333 — 1 — TD(fL’1 + 29 — 1)]Oés(td)he(ﬁd, e, bz, b2) exp[_Scd(td>]}7 (AlO)

8

MEY = Syttt [ dradey | b, an.ba)
{[(x1 + 23 —1—=2rp(2x1 + 22 + 23 — 2)) ¢ (23) — (21 + 23 — 1)o7 (23)]
0t (Bor b, ba) expl—Sia(t,)]
+(21 — 23) (87 (23) — OV (23)) s (ta) he(Ba, e, bs, ba) exp[—Sea(ta)l},  (All)

1 e’}
MEPT — gﬁCffBMérV/O dxgdngo bzb3db2dbg¢Dgs)(l’27 ba) X
{[(z1 + 23 =1 =2rp(2z1 + 22 + 23 — 2)) P73 (73) — (21 + 73 — 1)y, (23)]
as(tc)he(ﬁca Qe b3a b2) eXp[_Scd(tC)]
+(l’1 - flf3)(¢%/(x3) - ¢1\j/(x3>>as(td)he(ﬁda e, b37 b2) eXp[_SCd(td>]}7 (A12>
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FELL — 8Cyp fm M /0 dradey /0 " babadbadbai, (w,bo) {26y (25)
+rerv (v (3) — O3 (23))] s (te) he(Qa, Bes ba, bs) exp[—Se(te)]Se(as) +
[2a¢y (3) + 2ryrp(ze — 1)@ (23)]
s (ty)he(va, By, bs, ba) exp[—Ses(tr)]Si(w2) }, (A13)

FEN — _8Cp fpmMbrp /0 ' daadr, /0 " babadbadbin, (@2, bo){[rv (s — 168 (as)
—redy (23) + v (25 + 1)y ] s (te) he(a, Be, by, bs) exp[—Sey (t.)] Sy (3)
—ry[(@2 + 1)o7 (z3) — (x2 — 1)o7 (x3)]
s(tp)he(ca, By, bs, b2) exp[—Ses(tr)]Se(w2)}, (A14)

foLT — 8CFfB7TMé’I“D /1 d:L’gdl’g /Oo bgbgdbgdbgﬁb[)zﬂs) (1’2, bg) X
0 0
{[rv(zs + 1)6% (23) — 1y, (w3) + v (w3 — 1) (23)]
as(te>he(aa7 ﬁea b27 b3) exp[_Sef(t6>]St(x3>
+rv[(—z2 — 1)y (3) + (22 — 1)y (23)]
as(tf)he(ca, By, b3, ba) exp|—Ses(tr)]Se(22)}, (A15)

LRL _ —LL,L LR,N _ TLLN LRT _ —LLT
F, = F, " F, =F, ", F, =F ", (A16)

1 (e}
f[;S’P,L = 16CFfB7TMé A dl’gdi{}g /(; b2b3db2db3¢pz‘s) (SL’Q, bg){[rcgbv(ﬂfgg)
+Tvl’3(¢€/(l’3) - ¢§/($3))]a8(t6)he(aa> ﬁea b2> b3) eXp[_Sef(te)] -
[rpxagpy (w3) — 2ry @y (xs)]as(ty) he(va, By, bs, ba) exp[=Ser(ts)]},  (ALT)

1 o)
FSPN — 160k fpm My / dxodrs / babsdbadbsdp: (2,b2) X
0 0 °
{TD [¢€(x3) — 2TCTV¢IXJ/ (x3)]as(te)he(aaa ﬁea b27 b3) exp[_Sef(te)]
+rv (7 (23) + Oy (23))as(tr) he(aa, By, bs, ba) exp[—Ses ()]}, (A18)

1 00
ng’T = —16CFfB7TMé / dl’gdl’g/ bgbgdbgdbgﬁb[)* (1’2, bg) X
0 0 )
{TD [¢€($3) - QTCTVCb(\I/ ($3)]a8(te)he(aaa 6@) b2> b3) eXp[_Sef(te)]
+rv (o7 (w3) + v (23))s(ty) he(a, By, bs, ba) exp[—Ser(t4)]}, (A19)
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MERE = S Cp oM / ' dads / " bibadbidbags (w2, bo){[(e1 — 22— 72)
0 0

ov(w3) — rorv[(ze — 23)0y (23) — (201 — 22 — 23) ¢ (23)]]

a5 (tg)he(By, ota, b1, b2) exp[—Sgn(ty)] — [(1 — 1 — 21 — 23)dv (23)

—rpry[(s — 22)dy (23) + (221 + 29 + 23 — 2)dy (3)]]

s (tn) he(Bh, 0va, by, ba) exp[—Syn (t)]}, (A20)
MY = —ECF femMprpry / 1 dxyds / N bibadbidbsdp: (2, b2) 9y (03) X

(r sty ) expl—Sip(t)

=75 (th) e (Bh, @a, by, ba) exp[—Sgn(tn)]}, (A21)
MET = —ECF femMgrpry / 1 dxadrs / N bibadbidbagpy (2, b2) i (w3) X

(rsty By s ) expl—Sip(t)

=70 (th) e (Bh, @a, by, ba) exp[—Sgn(tn)]}, (A22)

1 e )
MﬁR,L — gCFfBﬂ-Mé / dl’gdl’;;/ blbgdbldbg(ﬁl)zﬂs) (LL’Q, bg){[TD(LL’l — XT9 + ’/’C)
0 0
Gy (w3) + rv (=1 + 23 — 1) (D (23) + Dy (23))]
as(tg)he(By, s b1, ba) exp[—Sgn(ty)] — [—rp (@1 + 22 — 1y — 1) Qv (23)
+ry (@ + a3 — 15 — 17 (23) + ¢y (23))]
as(th)he(Bh, aa, b1, b2) exp[—Sgn(tn)]}, (A23)

MERT = MERN — —OF fer M} /0 1 drodas /0 h bibadbidbadp: (2, b2) X
{[rv(z1 — 23+ 1) (@7 (23) + 0% (23)) — (21 — 22+ 70) by (23)]
0t (tg) e (Bys Cta, br, b) exp[—Sn(ty)] +
[rv (@1 4 23 — 15 — 1)(97(23) + 6% (23)) + (1 + 76 — 21 — 22) 7, (23)]
s (tn) he(Bhs s b1, by) exp[—Syn(tn)]}, (A24)
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spr _ 8 [ > e
Ma 3CFfB7TMB dl’gdl’g blbgdbldeQSD&)(l'g,bg){[(l’l T3 ’l“c)
0 0
¢ (w3) — rprv[(xs — 22)dy (23) — (201 — 22 — 23) ¢y (23)]]
O‘S(tg)hff(ﬁgv g, by, b2) eXp[_Sgh(tg)] - [(1 — Ty —T1 — $2)¢V(CE3)
—rpry|(zy — 23)0% (23) + (221 + 29 + 13 — 2) Pl (23)]]
0t (th) he(Bh, @ta, b1, ba) exp[—Sgn (tn)]}, (A25)

MEPN = MELN  pqSPT — _ pfLLT (A26)

Appendix B: scales and related functions in hard kernel

We show here the functions h., coming from the Fourier transform of hard kernel.

he(aaﬁvbh[b) = hl(avbl) X h’2(ﬁ7b17b2)7

_ ) Ko(Vaby), a>0
hafabr) = { Ko(iv—ab), a<0

. 9([)1 — bg)[o(\/BbQ)Ko(\/Bbl) + (bl <> bg), ﬁ >0
ha(B, b1, ba) = { O(by — bs)Jo(v/—Bba) Ko (in/—Bby) + (b1 <+ bs), B <0 (B1)

where Jy is the Bessel function and Ky, Iy are modified Bessel function with Ky(iz) =
5(=No(w) +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;(z = 1,2, 3):

ta = max(v/]acl, V/1Bal, 1/b1,1/b2), 1y = max(v/[ac|, /| Bul, 1/b1,1/bs),
te = max(y/|acl, v/1Bel, 1/b2, 1/bs),  ta = max(y/|ael, v/Bal, 1/b2, 1/bs),
te = max(y/Jaa], V18] 1 /b2 1/bs). ;= max(y/Jaal, /1351, 1/b2. 1/b3).
ty = max(y/Jaal, /1Bo] 1/b1. 1/02).  th = max(y/Jaul, V1Bl /00, 1/b), (B2)
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where

ae = (1 =1 —x9) (27 — r%)Mé, a, = —x9x3(1 — r%)Mé,
Ba = [} —a2(1—rp)IME, By =—(1—mz1)(21 —r}) M5,
Be = —(1 = a1 —x2)[1 — 21 — a3(1 — 7)) M,

ﬁd = (1 — 1 — l’g)[l’l — X3 — 7’2D(1 — l’g)]Mé,

6@ = [7“3 — T3 — (1 - $3)T%}]Mé’ ﬁf = —1’2(1 - T%)]Mé’
By = [r? — (z1 — x3(1 — r})) (w1 — 22)]| M3,
By = [rf — (1 — 2y — a3+ a3r7) (1 — xy — 29)| M3, (B3)

The Sudakov factors used in the text are defined by

Mg Mg 5/’* du /t du
Sw(t) = s(—=z1,b1) + s(—=x9,by) + = — + 2 — ,
b(t) (ﬂ 1,b1) (ﬂ 2, b2) 3 ) qu(u) " qu(u)

Scd(t) = S(%l’l, bg) + S(%ZEQ, bg) + S(%l’g, bg) + S(%(l — 1'3), bg)

11 (" dp b odu
sg [ Pz [ P,
3 Jipy 1 b 1

S () = s(%xm)+s(%x3,b3)+s(%<1 _ 23, by)

tod tod
"‘2/ _’u’Vq(,u) + 2/ _M”Yq(,u)a
1 1

/by M /bs M

Sgh(t) = S(%l’l, bl) + S(%l’g, b2) + S(%l’g, bg) + S(%(l — 1’3), bg),

5 (1 du Eodp
w2 [ Bawra [ Lo, (B1)
1/b1:u l/bQIU’

where the functions s(@,b) are defined in Appendix A of [8]. 7, = —as/7 is the anomalous

dimension of the quark.
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Appendix C: Light-Cone Distribution Amplitudes

Here, we specify the light-cone distribution amplitudes (LCDAs) for pseudoscalar and

vector mesons. The expressions of twist-2 LCDAs are [7]

op(a) = LEaa(1 — o)1 + ol CI0) + af Y1) + o ()
vla) = Laal =)l +aly O1(0) + aby (1)
61 = Loau — o)1+ aby %0 + 0, G50 ©n
and those of twist-3 ones are
Ob(a) = 21+ (0m = ZHICY(0) = (s + b1+ 6a5)CL (D)
Gpla) = ST+ 6(5m = g — g6 = 2bad)(1 = 100+ 1027)
so) = g0 - -2t g - Ly pw - -2 (o)

where t = 22 — 1, fy and fi are the decay constants of the vector meson with longitudinal
and transverse polarization, respectively. For all pseudoscalar mesons, we choose 73 = 0.015
and w3 = —3 [26]. The mass ratio p(x) = mW(K)/mg(K) and py, = 2Mg(s)/Magq(ss), and the

Gegenbauer polynomials C¥(t) read

1 1
G0 =SB -1). ¢ (1) = 5330 +35tY), Y7 (1) =31,

CH(¢) = 2(59—1), CV2(p) = %(1—14t2+21t4). (C3)
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