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Decays of B meson to two charmed mesons
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The factorization theorem in decays of B(;) mesons to two charmed mesons (both pseudoscalar and
vector) can be proved in the leading order in mp/mp and Agcp/mp expansion. Working in the
perturbative QCD approach, we find that the factorizable emission diagrams are dominant. Most of
branching ratios we compute agree with the experimental data well, which means that the factorization
theorem seems to be reliable in predicting branching ratios for these decays. In the decays of a B meson to
two vector charmed mesons, the transverse polarization states contribute 40%—-50% both in the processes
with an external W emission and in the pure annihilation decays. This is in agreement with the present
experimental data. We also calculate the CP asymmetry parameters. The results show that the direct CP
asymmetries are very small. Thus observation of any large direct CP asymmetry will be a signal for new
physics. The mixing induced CP asymmetry in the neutral modes is large. This is also in agreement with
the current experimental measurements. They can give a cross-check of the sin283 measurement from

other channels.
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L. INTRODUCTION

The hadronic decays of B meson are important for
particle physics since they provide constraints of the stan-
dard model Cabibbo-Kobayashi-Maskawa (CKM) matrix,
a test of the QCD factorization, information on the decay
mechanism, and the final state interaction. The CP asym-
metries, in which some of the hadronic uncertainties are
canceled in their theoretical predictions, play an important
role in the investigations of B physics. For the decays with
a single D meson in the final states, only tree operators
contribute, and thus no CP asymmetry appears in the
standard model [1]. However, for decays with double-
charm final states, there are penguin operator contributions
as well as tree operator contributions. Thus the direct CP
asymmetry may be present. Recently, the Belle
Collaboration reported a large direct CP violation in B® —
D" D~ decay [2], while BABAR reported a small one, with
a different sign even [3]. What is more, large direct CP
asymmetries have not been observed in other BY —
D**D*~ decays [4] either, which have the same flavor
structures as B — DD~ at the quark level. Intrigued
by these experimental results, many investigations on the
decays of B to double-charm states have been carried out
[5-8].

The theoretical study of hadronic B decays has achieved
great success in recent years. Among them, the perturba-
tive QCD approach (PQCD) is based on ky factorization
[9]. By keeping the transverse momentum of quarks, the
end point singularity in the collinear factorization has been
eliminated. Since transverse momentum introduces an-
other energy scale, double logarithm appears in the QCD
radiative corrections. The renormalization group equation
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is used to resum the double logarithm, which results in the
Sudakov factor. This factor effectively suppresses the end-
point contribution of the distribution amplitude of mesons
in the small transverse momentum region, which makes the
perturbative calculation reliable. Phenomenologically, the
PQCD approach successfully predicts the following:
(1) the direct CP asymmetry in B decays [10]; (2) the
pure annihilation type B decays [11]; (3) the strong final
state interaction phase and color suppressed decay ampli-
tude in the B — D decays [1].

In charmless two-body B decays, the final state mesons
can be considered as massless therefore both of the final
state mesons are on the light cone. The collinear factoriza-
tion can be easily proved in the heavy quark limit. For the
decays with a single heavy D meson in the final states, one
can still prove factorization [12] in the leading order of the
r = mp/mpg expansion. For the decays with double-charm
quarks in the final states, such as B — J/¢/K, y.K, it is
believed that the factorization fails. However, the decays
with double D mesons in the final states are different. The
reason is that, while the expansion parameter mp/mp ~
0.36 could be considered to be small, m;,, /mpg ~ 0.6 is
not. In other words, the J/¢ (x.) are soft particles in B

decays; while the DE;‘)) meson is collinear in the B —

DE:; DE:)) decays. The momentum of the Dgt)) meson in the
latter decays is |p| = 2mp(1 — 2r%), which is still nearly
half of the B meson mass. The decays of B to double-charm
states can be investigated in the PQCD approach in the
leading order of r = mp/mp and Agcp/mp expansion. All
of the annihilation type diagrams contain end-point singu-
larity, which are quite different from the spectatorlike
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diagrams that are dominated by the form factors. It is very
difficult to deal with in the collinear factorization. The
PQCD base on ky factorization is almost the only approach
that can give quantitative calculations of annihilation type
decays.

This paper is organized as follows. In Sec. II, we list the
formalism, including the Hamiltonian, the wave functions
of the mesons, the factorization formulae of the Feynman
diagrams for B — PP decay mode, and the analytic ex-
pressions for the decay amplitudes. In Sec. III, the numeri-
cal results of the physical observables and discussions of
the results are given. Sec. IV is a brief summary. The
common PQCD functions, scales, and the factorization
formulae of the Feynman diagrams for B— PV, B —
VP, and B— VV modes are all put into the appendices
for simplicity.

II. ANALYTIC EXPRESSIONS

In hadronic B decays, there are several typical energy
scales. People usually expand the decay amplitudes with
respect to the ratios of scales. The physics with a scale
higher than the W boson mass are electroweak interactions,
which can be calculated perturbatively. The leading log
QCD corrections between the W boson mass and b quark
mass are included in the Wilson coefficients of the four-
quark operators in the effective Hamiltonian. The physics
below the b quark mass is more complicated. We have to
utilize the factorization theorem to factorize the nonper-
turbative contributions out, so that the hard part can be
calculated perturbatively. In the PQCD approach, we uti-
lize the k; factorization [9], where the transverse momenta
of the quarks in the mesons are kept to eliminate the end-
point divergence. Because of the new transverse momen-
tum scale introduction, double logarithms appear in the
calculation. We resum these logarithms to give a Sudakov
factor, which effectively suppresses the end-point region
contribution. Thus the end-point singularity in the usual
collinear factorization disappears. This makes the pertur-
bative calculation reliable and consistent. For decays with
D meson in the final states, another scale m, is introduced.
The factorization is proved in the leading order of the
mp/mp expansion [12] therefore as it is done in the
computation of B— DM and B — DM amplitudes [13],
we will work in the leading order mj/mp expansion. For
each of the diagrams in the following, we keep the con-
tributions in the leading order of m,/mg. For example, in
the B meson to two vector mesons decays, the leading
order contributions of some transversely polarized ampli-
tudes are proportional to r>(r = mp/mg). Then we will
keep the 72 terms in these diagrams. While in other cases,
the terms of r? are neglected because the leading order is 1
other than 2. Finally, the amplitude for B — M, M (M,
and M; stand for two mesons) decay within PQCD ap-
proach is decomposed as
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where k; (i = 1, 2, 3) are the momenta of the quarks in
mesons, which are defined explicitly in Eq. (10). Ty is the
hard part that is perturbatively calculable. ®z and ®,,
(i = 2, 3) are the universal hadronic meson wave functions
that are treated as nonperturbative inputs. The Sudakov
factors eS%i? (i =1, 2, 3) are from the resummation of
double logarithms.

A. Notations and conventions

The Hamiltonian referred to in this paper is given by
[14]:

H o = 3;{ 3V, Vo [Cy () 0% (1) + Co() O%(10)]

q=u,c

- V,bV;‘D[iI_ZOS c,»(mo,-(m]} +He, @)

where V) and Vy,py with D = d, s are CKM matrix
elements. Functions O;(i = 1, ..., 10) are local four-quark
operators:

(i) current-current (tree) operators

0(1] = (ggtb,B)V—A(D_Bqa)V—A:

oo _ 3)
0, = (qaba)VfA(DﬂqB)fob
(i1)) QCD penguin operators
05 = (D_aba)v—AZ(%q/g)v—A:
ql
] o “
04 = (Dgbo)v-2 D (Gudlp)v-a
q/
0s = (Daba)V*AZ(q/ﬂqlﬁ)VJrA’
q/
_ &)
O = (D,Bba)VfAZ(q/aq/ﬁ)VJrA’
q/
(iii) electroweak penguin operators
0, = 2(Duba)y 13 ey @sdly)
7 5 ala V—-A ,eq’ qp49p)v+a
q
(6)

W

Og == (Dﬁba)V—Azeq’(qlaq/B)V-FA:
q/

o
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3 _
Oy = E(Daba)vazleql(q'gqg)H,
q

N
3 _ _
O = E(Dﬁba)v—Azeq’(nglﬁ)V_A’
ql

where « and B are color indices and ¢’ are the active
quarks at the scale my, i.e. ¢’ = (u, d, s, c, b). The left-
handed current is defined as (7oqp)v-a = Ga¥,(1 —

¥s)qg and the right-handed current is (7oqp)yv+a =
Ga?¥y(1 + ¥5)q)s. The combinations a; of Wilson coeffi-
cients are defined as usual [15]:

a, =C,+C,/3, a, = C, + Cy/3,
az = C3 + C4/3, a, = Cy + C3/3,
as = Cs + Cg/3, ag = C¢ + Cs/3, (8)
a;=C;+Cy/3, ag=Cs+Cy/3

a9=C9+C|0/3, CllOZC10+C9/3.

We work in the light—cone coordinate in which a vector
V& is defined as (V()T“/—z 7*— V1, V?). We use M, to
denote the charmed meson with a ¢ quark and M5 to denote
the meson with a ¢ quark. In this paper, we work in the rest
frame of B meson and define the direction in which M,
moves as the positive direction of z-axis. Therefore the
momenta of B( meson and two charmed mesons are
defined in the light-cone coordinate as

m m
Pp = T;(L 1,0,), Py = T;(l r3,13,0)),

my ©)
P3=$(7§,1 r5,0.),
where r; = m;/my (i =2, 3) and 0, are zero two-

component vectors. m, and m5 are the masses of the two
charmed mesons. One can find that our definitions of the
momentums satisfy the on shell conditions at the order of
2. In the following calculations, we will keep the contri-
butions of each diagram to the leading power of r;(i =
2,3). All the terms with a power of r; higher than 2 are
dropped. We use k|, k,, and k3 to denote the momenta
carried by the light quarks in B(,) meson and two charmed
mesons. They are defined by

m m
kl = <O,T§X1, li.)’ k2 = (Tg(l - I"%)Xz, 0, k2J.)’
m
ks = (o,Tgu - A k), (10)

with x;, x,, and x; as the momentum fractions.
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B. Wave functions of B, mesons

The B(;) meson wave functions are decomposed into the
following Lorentz structures:

fd4z ik z h
S e S OlB, OB (P1)

\/W{(Fl * mB(»))75[¢B()( )
'{f’%t)(/«l)]} . an

Here, ¢ (k) and ¢ 8., (k1) are the corresponding leading
twist distribution amplitudes, and numerically ¢ B, (k1)

gives small contributions [16], so we neglect it. The ex-
pression for @ B,, becomes

i

Cs = AN

(P1 + mp)ysp, (k). (12)

For the distribution amplitude in the b-space, we adopt the
model function [9]
1<xm8m)2 B w%bz]
2 wy 2 ’

(13)

¢, (x b) = NB(X)xz(l — x)? exp[—

where b is the conjugate space coordinate of k. Np  is

the normalization constant, which is determined by the
normalization condition

fB(S)
22N,

The B* and Bg decays are studied intensively in PQCD
approach [9]. With the rich experimental data, the w;, =
(0.40 = 0.05) GeV is determined for B meson. For B,
meson, we will follow Ref. [17] and adopt the value w, =
(0.50 = 0.05) GeV.

f vy, (b =0) = (14)
0

C. Wave function of D*)/D™ meson

In the heavy quark limit, the two-particle light-cone

distribution amplitudes of D™ /D*) meson are defined as
[18]

(D(P)lgu(2)25(0)]0) = \/2;TC /0 U ety

X [ys(Py + mp)dp(x, b)lagp
.

- N -[) dxeP:

X [£L(Py + mp)ph.(x, b)

+ €r(Py + mp)pl(x, b)]agp,
(15)

(D*(Py)1q4(2)¢p(0)|0) =

with
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[ dxgp(x,0) = 5 m

fo

2./2N,’
Iy
22N’

as the normalization conditions. In the heavy quark limit,
we have

](; dx¢h.(x,0) = (16)

f dx¢pl.(x,0) =

m-l-md m+md

for = for ~ O(A/Mp).

NfD* fD
(17)

Thus we will use flT)* = fp- in our calculation. The model
for the distribution amplitude for D meson that we used in
this paper is

(bD(-x’ b) = szDﬁx(l - X)[l + CD(l - 2X)]
X exp[_w;bz], (18)

which has been tested in the B— D®'M and B — DM
decays [13]. The masses of DE;) meson that we use are [19]

» = 1.869 GeV,
mp = 2.010 GeV,

mp- = 1.968 GeV,
mp:- = 2.112 GeV.

19)

We use Cp =0.5=*0.1, @ =0.1 GeV for D/D meson
and Cp =0.4*0.1, ® =0.2 GeV for D,/D, meson,
which are determined in Ref. [13] by fitting. In the wave
function of D{j, mesons, the ¢ 7. and ¢],. cannot be related

by the equation of motion. We simply follow the authors in
Ref. [18] to adopt the same model as that of D meson

L(x,b)=¢T.(x, b)
= 2\/2TfD*6x(l X[+ Cp(1 = 2x)]
X expl:_(wT*)sz]. 20)

The mass difference of D, and DE‘S) is very small. In a

M; &

k%
B % M- 2

FIG. 1.
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heavy quark limit, the light meson in DET)) mesons is not

sensitive to the spin and color of the heavy ¢ or ¢ quark.
Thus the light-cone distribution amplitudes of D) and DZ‘S)
could be very similar. In our calculation, we simply take
Cp- = Cp and 0* = w. f, = (207 £ 4) MeV [20] and
fp, = (241 = 3) MeV [20] are adopted and the following
relations derived from heavy quark effective theory [21]
are used to determine f D

m mp-
fo = J=2fp, fD;=‘/ D@D
mD* mDﬁ_

The value of fp above is smaller than the recent experi-
mental data f, = (273 = 10) MeV [19]. Because the am-
plitude in the PQCD approach is factorized as the
convolution of the wave functions, Sudakov factors and
the hard part, the branching ratio, is proportional to the
f/zwm- Thus if the experimental data is adopted, our results

; : a1 — (213%10)2
for the branching ratios will increase by F = (5;55)~ for

single D, meson in the final state and F? for double D,
meson final state.

D. Factorization formulae for B — PP mode

In this subsection, we list all the amplitudes from the
Feynman diagrams for (M, M;|C;(u)O;(w)|By)) up to the
leading order, with M, and M5 as two charmed mesons.
According to their topological structures, the diagrams that
contribute to the decays of By to two charmed mesons can
be divided into two types, the emission diagrams (see
Fig. 1) with the light antiquark in B, meson entering
one of the charmed mesons as a spectator and the annihi-
lation diagrams (see Figs. 2 and 3) without any spectator
quark. The first two diagrams in Fig. 1 are factorizable
diagrams, whose amplitude can be naively factorized as a
decay constant of a charmed meson and a form factorlike
structure. The amplitudes arise from all possible Lorentz
structures of the operators for factorizable emission dia-
grams, which are given as the following, where a; denotes
the Wilson coefficients and ¢ is the scale.

(i) Factorizable emission diagrams for (V — A)(V — A)

operator are
M © M ©
Al AL
] g
(©) (d)

My

Emission diagrams.
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C

(d)

FIG. 2. Annihilation diagrams without charm quark in the four-quark operator.

1 1/A,
FIEL(ai(f)) = SWCFfM3m%j;) dxldxzj;) “ bldblbzdbzd’B(x]»bl)¢M2(x2)

X [E, (") a; (8", (x;, x5(1

= 13), b1, b2)S,(x2)(1 + x, + 15(1 — 2x,))

+ (1 + r)E(17)a(tP)h(x, x,(1 = 12), by, b1)S,(x))] (22)

(ii) Factorizable emission diagrams for (S — P)(S + P) operator are
1 1/Aocp
FE(@(0) = 16mCrfymy [ dndrs [ bidbibadbrdytxy b by (x2)
X [ E () a (1) h o (x1, x,(1 = 13), by, 52)S,000)(1 + 27, + yxy)
+ 1 E (8012 o (g, x1 (1 = 13), by, b1)S,(x))]. (23)

The amplitudes for the nonfactorizable emission diagrams in Fig. 1(c) and 1(d) are given as:
(i) Nonfactorizable emission diagrams for (V — A)(V — A) operator

FLL(a,(1) = 16w\Ecsz jo '[dx] [O VA by badby by bar, ()b (x3)

X [(x3 = r0) Ep(t)a; () (xs, b)) + (xary — x5 + x5 = DEq(18)a;(18)hS) (x;, b)) (24)

(ii) Nonfactorizable emission diagrams for (V — A)(V + A) operator

FLR(ay(1)) = léw\g@m‘g [0 '[dx] [0 VA by bsdby by, b1) b, (52) b, (x3)

X r3[(r3 + 1206 + x3) Een (19 a; ()RR (xi, b;) — (ra(xa — x5 + 2) = x3 + 2)Een(t2)a; (2P (x;, b,)).

The first two diagrams in Figs. 2 and 3 are the factoriz-
able diagrams for annihilation diagrams, whose amplitudes
can be factorized as a B(;) meson decay constant and a form
factorlike structure between two charmed mesons. It
should be reminded that, in the decays we considered,
the factorizable annihilation diagrams can be divided into

C M, C M,

FIG. 3.

(25)

|
two types, depending on whether the quark propagator is a

light quark propagator (see the first two diagrams in Fig. 2)
or a c-quark propagator (see the first diagrams in Fig. 3). In
calculation, we keep the mass of the c-quark while the
mass of the light quark is neglected and thus these two
types of diagrams have different expressions. The ampli-

C M,

M,

c
b\()L
B

Annihilation diagrams with charm quark in the four-quark operator.
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tudes for the factorizable annihilation diagrams with a light quark propagator (the first two diagrams in Fig. 2) are given as

follows:

(i) Factorizable annihilation diagrams for (V — A)(V — A) operator
1 1/Aoco
FHai(0) = 87Cp fym} [ deadrs [ badbabidbsdg () b, ()

X [(2ryr3(xy = 2) + x5 — 1) X E, (1) a; () hy (1 = (1 = 2)xs, 1
— 1) X E,(t?)a;({P)n, (1 —

+ (—=2rr3(x3 = 2) — (x3

— (1= r3)xy, b3, b)S,(xy)
(1= r3)x2, 1 = (1 = r3)x3, by, b3)S,(x3)].  (26)

The two terms of FLL(a;(t)) give destructive contributions. A little contribution appears when ¢ w, and ¢y, are

different from each other. Otherwise, FL(a;(t)) = 0.

(ii) Factorizable annihilation diagrams for (V — A)(V + A) operator

FiR(a(n) = Fgt(ai(1). 27

(iii) Factorizable annihilation diagrams for (S — P)(S + P) operator
1 1/A,
F(@(0) = 167Cfymy [ dodrs [ badbabsdbsdy, (), (32

X [(2r3 + ra(1 = 0))E, (1) a; (1) h, (1 —
+ 2ry + 131 = ))E(8)a, (12 )h, (1 = (1 = P)xy, 1

For the amplitudes of the factorizable diagrams with a
c-quark propagator (the first two diagrams in Fig. 3), we
add the character ““c” in the subscript to distinguish them
from those with a light quark propagator. Because of
current conservation, the factorizable annihilation dia-
grams of B — PP decay mode for (V — A)(V — A) and
(V — A)(V + A) operators cancel each other. Amplitudes
for these diagrams are given as follows:

(i) Factorizable annihilation diagrams for (V — A)(V —

A) operator

Fit(a,(n) = 0. (29)

(ii) Factorizable annihilation diagrams for (V — A)(V +
A) operator

Fif(ai(0) = Fita, (1) = 0. (30)
!

(1 = r3)x3, 1 — (1 = rd)xy, b3, by)S,(xy)
-(1- r2)x3, by, b3)S (xa)] (28)

Similar to the factorizable annihilation diagrams, the
nonfactorizable annihilation diagrams are also divided
into two types (see the last two diagrams of Figs. 2 and
3), depending on whether the c¢¢ are generated from the
effective weak vertex. Because the ¢ quark in the charmed
meson carries most of the energy, these two types of non-
factorizable diagrams are expected to have different scales.
Additionally, because the momentum fraction x;(i = 2, 3)
is defined on the light quark in the charmed mesons, these
two types of nonfactorizable annihilation diagrams also
have different expressions. The amplitudes of the diagrams
with cc pair generated from a hard gluon (the last two
diagrams in Fig. 2) are given as

(i) Nonfactorizable annihilation diagrams for (V —

A)(V — A) operator

FaLnL(ai(f)) = 1677\/ch"1§ fl[dx] [l/AQCD bydb bydb,pg(xy, b1)¢M2(x2)¢M3(x3) X [(rars(x; + x3 — 4)

— DE (i) a, (SRR (x;, b;) —

(rors(y + x3 = 2) + x5 — DE(t8)a; (3 hS (x;, b1 (31)

(ii) Nonfactorizable annihilation diagrams for (V — A)(V + A) operator

FLR(ay(1)) = 167\Ecpm§ f '[dx] [ VR by badby(xr, by)bar, () ag, (x3) X [—(rals + 1)

—r3(x; +

+ 1) Eg (1) a; (GG (x;, by) + (ry(xy — 1) —

r3(xs — 1) Eq(t8)a;((3)hS (i, b1 (32)

(iii) Nonfactorizable annihilation diagrams for (S — P)(S + P) operator
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F3f(a;(n) = 1677\/§CF”1?; fl[dx] fl/AQCD bydb,b,db,pg(xy, bl)¢M2(X2)¢M3(x3) X [(ror3(xy + x5 — 4)

+ 0, = DEu () a; (A (xi, by) — (ryrs(xy + x5 = 2) + x5 = DE(18)a;,((G)AS (x;, b1 (33)

Similar to what we do with the factorizable annihilation diagrams, the amplitudes with c¢¢ pair from the effective weak
vertex are also distinguished by adding the character “c” in the subscripts. Amplitudes for these diagrams (the last two
diagrams in Fig. 3) are given by

(i) Nonfactorizable annihilation diagrams for (V — A)(V — A) operator

2 1 1/A
lefnLc(ai(t)) = 167\/;CFm?;f [dx]f “ b]dbledbzd)B(xl’bl)¢M2(x2)¢M3(x3)
X [(=ryr3(xy + x3 +2) — XZ)Ean([(IC) (f(lc))h(lc)(xiy b,)
+ (rar(xy + x3) + x3) Egn (ti) ), (62 WG (x;, b)) (34)

(ii) Nonfactorizable annihilation diagrams for (S — P)(S + P) operator

FSP(ai()) = 16W\E0Fm§ [ '[dx] [ R by badbydp(x, by) s, ()b, (53)

X [=(rr3(x, + x5 +2) + x%)Edn(t(]c)) (f(lc))h(lc)( X, by) + ((rpr3 + Dxy
+ r3x;3(ry + V3))Ean(f(zc))a (l(%))h(zc)(xi, b))l (35)

E. Analytic expressions for the decay amplitudes

There are 10 decay channels for the B — PP decay mode, which can be divided into two groups: decays with both
emission and annihilation contributions and pure annihilation type decays.
(i) Channels with both emission and annihilation contributions.

AB™ — DOD(_S)) = {VLhV d(;)[FLL(al) + FeI:‘nL(C )]+ Vubv*d(‘)[FLL(al) + F (C )]

\/_
= Vi Vi lFe"(ag + ay) + F&H(Cs + Co) + FiP(ag + ag) + FEH(Cs + C7)
+ Fit(ay + ayg) + FEH(Cy + Co) + F3P(ag + ag) + FER(Cs + Cy)1}, (36)

_ G
AB°—D'D™) = _F{Vcbvjd[FsL(al) + FEL(C)) + Fhl(an) + FLL(Cy)] =V, Vi[FEE(ay + ayg)

V2

+ FLL(Cy + Cy) + F3P(ag + ag) + FER(Cs + C7) + FEE(ay + aq) + FEE(Cy + Cy)

1 1
+ FiR(as + a;) + F38.(Cs + Cg) + FLL(% +ay — 2%~ 5010)

1 1 1 1
+ F‘I;HL(C3 + C4 - ECQ - Eclo) + F{;R<a5 - §a7) + Fff<C6 - ECg)

1 1
+ ng(a6 - Eag) + Fé}fe(CS - §C7):|}, (37)

_ G
A(B’— D*D;y) = F{VcbV:s[FLL(al) + FEE(C)] = Vi Vil FE(ay + ayg) + FEH(C; + Co)

2
1 1
+ F3P(ag + ag) + FE/(Cs + C7) + F5L<a4 - Ealo) + Fg‘nL<C3 - §C9>
1 1
+ ng(a6 - Eag) + thR(CS - §C7>]}, (38)
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D — G £ *
A(B)— D{D") = —F{Vchvcd[FgL(al) + FEEH(C)] = Vi Vi [FE (ay + ay) + FEH(Cs + Co)

V2
1

1
+ F3f(ag + ag) + FE/(Cs + C7) + Ff;L(a4 - 5010) + FafnL(C3 - ECO)
1 1
+ ng(a6 - Eag) + Fé‘nR(CS - 5C7)]}, (39)

_ G
A(B)— D{D;) = _F{VCbV:S[FgL(aI) + FEH(C)) + FiE(ay) + FEL(CY)] — Vi VE[FE(ay + ayp)

V2

+ FLL(C5 + Co) + F3P(ag + ag) + FER(Cs + C7) + FEE(az + ao)

1 1
+ FEL(Cy + Cyo) + FER(as + a7) + F3k(Cs + Cg) + F{z‘L<03 +ay — 7%~ Ealo)

1 1 1 1
+ FénL<C3 + C4 - §C9 - Eclo) + FﬁR(a5 - 5617) + Fgf((% - §C8>
1 1
+ F§P<a6 - §a8> + Fé‘nR<C5 - §C7)i|}, (40)

(i) Pure annihilation decays.

_ _ G
ﬂwﬁwm=§mmw%@wﬁmm+mmm%»wm@]

7

= Vi Vil FE (a3 + ag) + FEH(Cy + Cyg) + FiR(as + a;) + Far (C + Cy)
+ FLE(ay + ag) + FEL(Cy + Cyo) + FER(as + a7) + F3L(Cs + Cy) 1}, (41)

Gr
V2

1 1
+ FiR(as + a;) + F3l(Ce + Cg) + F¢L¢L<a3 - Eag) + FaLnL<C4 - ECIO)

A(B’— D{D;) = {VchV:d[Fch(az) + FLL(C)] = Vi V[ FEE(ay + ag) + FEL(Cy + Cyp)

1 1
+ FﬁR(a5 - 5617) + F§£<C6 - ECg)}, (42)

G
-gmmwm»wwwwmmm%»wmw]

NG

— Vi Vil FE (a3 + ag) + FEH(Cy + Co) + FER(as + a7) + Far (Co + Cs)
+ FEl(ay + ag) + FEL(Cy + Cyo) + FER(as + a7) + F5E.(Cs + Cy)1h, (43)

A(BY— D'D°) =

_ G . *
AB)— D*D™) = —F{VcbV3s[Fch(az) + FEL(Cy)] = Vi VEIFEE(ay + ag) + FEL(C, + C)

NGl

1 1
+ Ff(as + a) + FYR(C, + Cy) + Fi(as = o) + FEE(Cy = 5 Co)

2
LR 1 SP !
+Fa 05_507 +Fan C6_§C8 . (44)
I

There are also 10 decay channels for each category of The amplitude of B — V'V decay can be decomposed as

B— PV, B— VP, and B— VV decays. The decay am- SN L s . )

plitudes of the B— PV and B — VP modes can be ob- A (e, €3) = i AT + i€ - €37) A’
tained from the B — PP decays just by substituting the + (€ papntin” €55 6;?) Ar, (45)

D(;)/ Dy meson for the corresponding Dy, /Dj;, meson.
The factorization formulae for these two decay modes are ~ where A", including the D wave and part of the S wave
listed in Appendix B and C, respectively. component, contains the contribution from the longitudinal

034006-8



DECAYS OF B MESON TO TWO CHARMED MESONS

polarizations AA* and AP, corresponding to part of the §
wave component and all the P wave components, respec-
tively, which represent the transversely polarized contribu-
tions, and they have the following relationships with the
helicity amplitudes (an i in the amplitude is dropped):

Ag= AN, A= As+ Ar. (46)

For each decay process of B — VV, the amplitudes AN,
AS, and AP have the same structures as Eq. (36)—(44),
respectively. The factorization formulae for the longitudi-
nal and transverse polarization for the B — V'V decays are
all listed in Appendix D.

III. NUMERICAL ANALYSIS

The decay widths of B to two charmed meson decays
can be directly derived from the formulas of two-body
decays [19]. With the amplitude obtained in Sec. II, the
decay widths for the B— PP, B— PV, and B— VP
decays are given by

[(1 = (ry + 1)1 = (ry = r3)?)]/2

I =
167TmB

AP @7

For the B — V'V decays, the decay width is given by
_ (O =(rp+ )21 = (ry — r3))]"2 Z A2
i

167mmy e

r

(48)

The branching ratio is given by BR = ['73.

The key observables of the decays related in this paper
are the CP averaged branching ratios as well as direct CP
asymmetries (A‘éi;,) and mixing induced CP asymmetries
(A’g}i‘). Readers are referred to Ref. [22] for some reviews
on CP violation. First, we define four amplitudes as fol-
lows:

Ay =(fIHIB),
A; = (fIH]IB),

Ap = (f151B),
A; = (fIHIB),
where B meson has a b quark in it and f is the CP

conjugate state of f. The direct CP asymmetry A‘éilr, is

defined by
A2 — 14,12

At = T
A, + 1A

(50)

In neutral B meson decays, if the final states are CP eigen
states f = f, the time-dependent CP asymmetry with mix-
ing effects present, is defined by

_TB0—H-TBO—f)

I'(B(t) = f) + T(B(t) = f)
= —Cycos(AM1) + ARX(B — f)sin(AM?),
(51

Acp(B(t) = f)

PHYSICAL REVIEW D 81, 034006 (2010)

where AM is the mass difference of B meson mass eigen-
states. After some calculation, we can get the explicit
expressions

¢, = Al 1AL _ Al
RV EE

=T Tm (52)
! |Af|2 + |Af|2

Since the mixing CP violation in neutral B meson system
is negligible in a good approximation, we have

V;kb Vt(d/ s)

Vip Vl*(d/ 5)

= ¢ iPup =

(53)

<R

Our results for CP averaged branching ratios and CP
asymmetries are listed in Tables I, II, III, TV, and V. All
the experimental data are from the Particle Data Group
[19] except the ones marked with “BABAR’ and “‘Belle”.
In Table IV, we also list the ratios of the transverse polar-
izations R, in the branching ratios for B — VV decays,
which is defined by

_ AP H+IAP
Aol + 1AL + A

Ry (54)

The first errors in our results are estimated from the had-
ronic parameters: (1) The decay constants of B(,) mesons:
fg =1(0.19 = 0.025) GeV for B mesons and fp =
(0.23 £ 0.03) GeV for B, meson; (2) The shape parame-
ters in B(, meson wave functions: w, = (0.40 =
0.05) GeV [9] for B meson and w, = (0.50=*
0.05) GeV [17] for B, meson; (3) The decay constants
and the shape parameters in the wave functions of charmed
mesons, which are given in the last paragraph in Sec. 11 C.
The second errors are from the unknown next-to-leading
order perturbative QCD corrections with respect to a;, and
nonperturbative power corrections (Aqcp/mp) with re-
spect to scales in Eq. (A7), characterized by the choice
of the Agcp = (0.25 * 0.05) GeV and the variations of the
factorization scales #'s shown in Appendix A. The third
errors are brought in by the CKM matrix elements, which
are given as [25]

[V,| = 0.04117+000038
[Vl = 0.973470:00015,
[Vial = 0.9744470:00028,
Vil = 0.999146 135000, [Vial = 0.00859 55557,
[Visl = 0.04041 565505, v = (67.833)",

B = (21.587031)°. (55)

[V.al = 0.225087 300082,
[V, | = 0.00357335015,

Vil = 0.225758011,

The other input parameters are [19]
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TABLE 1. CP averaging branching ratios (unit: 10~%) and the CP asymmetries for B — PP decays.
BR AL (%) Alix
Channels Experiments This work Experiments This work  Experiments This work
1 B~ — DD~ 42+0.6 3.9739107+0] —13=14%2 0.67047 04
2 B~ — DDy 103 + 17 9576 18+2 ~—1073
3 B-D'D”  211=0.31 37533504503 11 222 27 [BABAR] [3]  0.5501703  —0.81 £0.29 —0.735355-0.91£5:02
—91 = 23 = 6 [Belle] [2]
e .
By — Dy D 225100701 0.5%50501

4

5

6 BY— DID; 110 + 40 55136+t

7 §)°—>D+°D_‘i <0.6 [BABAR] [26] ozszg?ﬁggzé’%

8 B"— D D; <1.0 [BABAR] [25]0.355 2131007 +0.01

9 5'0+l.7+140+0.1
_1 -

1

BY— DD

08— DD~ 5.2+ 15+07+01

1.9-1.4-0.3

_ +0.2+0.0+0.2 _ +0.00+0.00+0.02
5.3792+00+02 0.7470.00+

Pelytir e 10:00+0.00+0.03
2. 3+601:1601:4 _0~7370ﬁ0079;30170202
0.2750500 ~107

Gr=1.16639X105GeV~2, 71, =1.639X 107125/,
T =1.530X10"2s/h, 75 =1.478 X105/,

my=528GeV, my =5.366GeV,
mp=187GeV, myp =1.97GeV,
mp =2.01GeV, mp; =2.11GeV,

h=6.582119X 102 GeVs. (56)

Because in the direct CP asymmetries the errors arising
from the CKM elements are very small, we neglect them.
In the B — V'V decays, the ratios of the transverse polar-
izations’ contributions (R ) are not very sensitive to the
parameters listed above. The next-to-leading order correc-
tions on r occur at the > = 0.13 order and thus the errors
from the high orders of r are very small except for R .
This is confirmed at the numerical calculations. Therefore
we only keep these errors in R, and neglect them in other
physical quantities. We will talk about the errors of these
ratios again later.

The first 6 channels in each of Tables I, II, III, IV, and V
receive contributions from both emission diagrams and
annihilation diagrams; while the last 4 channels in each
table are pure annihilation processes. In order to make our

discussions easier, we give a number to each channel in the
beginning of each line in the tables.

Compared with the tree operators, the penguin operators
give very small contributions because of the severe sup-
pression of the Wilson coefficients. By calculating the ratio
of the branching fraction with only penguin contributions
and that with all contributions in the same channel, we
estimate how much the penguin operators contribute. Our
results show that the penguin operators contribute 0.1%—
0.2% in those channels with a W emission contribution,
and contribute 0.3%-0.7% in those pure annihilation pro-
cesses. Thus it is enough to pay our attention only to the
tree operators in the following for the investigation of the
branching ratios. Different from the counting rules of the
PQCD calculation of B to two light mesons decays, the
nonfactorizable emission diagrams may give large contri-
butions because the asymmetry of the two quarks in
charmed mesons cannot make the two diagrams nearly
cancel each other. However, from Eq. (36)-(44), one can
find that the contributions of the nonfactorizable emission
diagrams are suppressed by the small Wilson coefficient
C. Since the charm quark is heavier than the u, d, s quark,
the gluons in Fig. 3 are softer than those in Fig. 2. This
indicates that the diagrams in Fig. 3 will give larger con-
tributions than those in Fig. 2. It is confirmed by our

TABLE II.  CP averaging branching ratios (unit: 10~4) and the CP asymmetries for B — PV decays.
BR AZH(%)
Channels Experiments This work Experiments This work
1 B~ — D°D*" 3.9+05 36535100101 0.15310 |
2 B~ — DD~ 78 = 16 89743130+2 ~—1073
3 B"— D"D*" 6.1 =15 327302 0] —6+9 ~1072
4 B'— D*D:™ 76 + 16 g3+el 1Ty .
5 l_?g - D{ D™ le;llsiéigigﬁg:? 0.1709760
6 Bs = D; Dy 485510153
7 {3(0 — DD <2.9 [BABAR] [23] (4.6t};it};§§t§;2) X 10*2 —4. 1)3;23;8
s poopn cammmndosiEE o
9 f_?é - D+D . 0~§032}(120427‘(ﬂ)90710ﬁ04 04752701
10 By — DD 0.742629-023-0.04
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TABLE III. CP averaging branching ratios (unit: 10~4) and the CP asymmetries for B — VP (characterized by B — V form factor)
decays.
BR A (%)
Channels Experiments This work This work
1 B~ — DD~ 6.3 + 1.4 = 1.0 [BABAR] [23] 48534 10 —0.5731%89
2 B~ — DDy 84 * 17 119+728721+2 ~—-1073
3 B*—D""D~ 88+ 1.6 4.653707703 —0.6109103
4 B’ — D**Dy 83 + 11 112+86+28+2
5 lfg - DjiD: 2'732;8{;;%{ —0.4100+01
0 B—So_> D“:*()D-f) 7958614:55;1000 503407401
; e R R e
i B D Ds =13 [BABART [24] 02> 808008 001 o000
’ BaDD e 023t
10 10BY — D**D 44773775 0,0

numerical results. However, these contributions are still
much smaller than those from the factorizable emission
diagrams. Thus the branching ratios of the first 6 channels
in Tables I, II, I1I, and I'V are dominated by the factorizable
emission diagrams.

Because the factorizable emission diagrams are domi-
nate, the amplitude of the first 6 channels in each table
should be nearly proportional to the product of a decay
constant and a B — D transition form factor. Based on this
physical picture, we can have the following simple con-
clusions:

(1) In each table, the channels 1 and 3 should have
similar branching ratios because they have the
same CKM matrix elements for the factorizable
emission diagrams and similar transition form fac-
tors for isospin symmetry. For the same reason,
channels 2 and 4 should also have similar branching
ratios.

(2) The branching ratios of channels 4 and 6 indicate
that the B, — D\” transition has a little smaller form
factor than B— D™ transition. The reason is that the
antistrange quark in the B, meson has a little larger
momentum fraction than the d quark in the B,
meson due to the SU(3) breaking effect [17]. In

[26], the B,— D, transition is investigated with

the light-cone sum rules, and a similar branching
ratio for B,— D} D; is obtained under the factori-
zation assumption. This means the PQCD and the
light-cone sum rules have the similar B,— D, tran-
sition form factors.

(3) The first 6 B— PP decays in Table I and the corre-
sponding 6 B — PV decays in Table II have the
same transition form factors, respectively, as well
as the similar decay constants between D meson and
D" meson. Thus their branching ratios should also
be similar. However, such phenomena are not ex-
pected in B— VP decays and B — VV decays,
because in addition to the longitudinal polarization’s
contributions, the B — V'V decays also receive large
contributions from transverse polarizations.

From Tables I, II, III, and IV, one can find that most
experimental branching ratios agree with our conclusions
in the above paragraphs very well within the errors. The
authors in Refs. [27,28] also investigate the decays of B to
double charmed mesons under factorization assumption,
but with different models. Their results also indicate that
the factorization works well.

Since the direct CP asymmetry is proportional to the
interference between the tree and penguin contributions
[10], it should be small because of the small penguin

TABLE IV. CP averaging branching ratios for B — VV(unit: 10~%) and the ratios of the transverse polarizations’ contribution.

BR R

Channels Experiments This work Experiments This work
1 B~ — D*D*" 8.1 = 1.2 = 1.2 [BABAR] [23] 6.8739713101 0.45+013
2 B~ — DD}~ 175 =23 18175307313 0.48*012
3 B — D**D*~ 8.2*0.9 6.3 35 10 0.43 = 0.08 = 0.02 0.46* 014
4 B — D**D;~ 179 = 14 1687 130%290%2 0.48 = 0.05 0.48+0:13
;oo i
0 B‘So_} DS*OD‘QZO 99+7)%510 53:+0 00 0'4718:%
! Lo =09 [BABAR] [23] 013 00t 00 001 R =
8 B_0—> DS*OD'io <2.4 [BABAR] [24] 0. 19’3:101718:936?:0‘ 0 5718:%3
! By~ DD 8 auea pgpe v
10 By—D"D 31505507 02 0.49%65
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TABLE V. CP asymmetry and the ratios of P-wave contributions in branching ratios for B — V'V decays.

Adir (%) Amix
cp cpP
Channels Experiments This work Experiments This work Ry
1 B~ — D*D*~ 0.2499+00 0.17
2 B~ — D*Di~ ~—1073 0.16
3 B — D**D*" 2x10 ~—1072 —0.67 = 0.18 —=0.76 500003003 0.16
4 B — D**Di~ ..
5 B) — D" D" 0.1550%64 0.14
6 BY — DIt D~ 0.17
; ropn Byt et Srh
8 B” — D" D —0.475, 703 —0.68=506017-0.01 0.32
9 BY — DD 0.2259%6 ~1073 0.25
10 BY — D**D*~ 0.29

contributions as we mentioned above. Our numerical re-
sults indeed indicate that the direct CP violations are very
small. A relatively large direct CP violation appears in the
pure annihilation decay B° — D°D? and its corresponding
B — PV, VP, and VV decays. However, it is still only
several percent. Although the experiments give somehow
large direct CP asymmetry in some channels, the uncer-
tainty is still large. Any large direct CP violation observed
in experiments would be treated as a signal of new physics
at first.

The mixing induced CP asymmetry in B decays is al-
most proportional to the sin2 8 from Eq. (53), if we neglect
the small contribution from penguin contributions. It
should be mentioned that, experimentally, the P wave
component in the amplitudes of B — VV mode will bring
systematic errors in the results of mixing induced CP
asymmetry because they will bring a minus sign relative
to the S and D wave component. Our results for AT in
Table Vonly include the S wave and D wave contributions,
and in this table we also give the values of R |, which is
defined by the ratio of branching fractions with only P
wave component and that with all the contributions.
Because the P wave contributions are very small in the
color allowed tree dominated processes, the experimental
measurements are still in agreement with our calculations.
For the pure annihilation processes, the P-wave contribu-
tions are relatively large and therefore these channels may
not be good choices for the observation of mixing induced
CP asymmetry.

In Table IV, we give the ratios of transverse polariza-
tions’ contributions in branching ratios. One can find that
both in the processes with an external W emission and in
the pure annihilation decays, the transverse polarizations
take about 40%—-50% of the contributions, which agree
with the present experimental data amazingly well. We
should point out that these ratios are very sensitive to the
terms with power r>(r = mp/mg), although these correc-
tions change the other observables only a little. With the 2
corrections absent, the ratios of transverse polarizations for
the channels with an external W emission are about 20%,
and those for the pure annihilation channels are 0, because

the transverse polarization’s contributions for these chan-
nels are at the power of 2. For the sensitivity of these ratios
to the power correction terms, we vary the variable r by
20% for an error estimation in Table I'V. In [29], the authors
obtain the values for the ratios ~50% for the external W
emission processes simply by means of kinematics under
the naive factorization, which agree with our results. For
the pure annihilation decays, the transverse polarizations
are suppressed by 72, which is the reason why the authors
in [29] think the ratios of the transverse polarizations are
very small. However, our calculation show that, with the 2
terms included, these ratios increase to about 50%. This
means that the polarization fractions are quite sensitive to
the power corrections although they are not sensitive to the
higher order QCD corrections etc. The future experiments
will tell us more about the polarizations in the pure anni-
hilation processes.

IV. SUMMARY

Although the D meson mass is not very small compared
with the B meson mass, factorization can still work in the
leading order of mp/mp and Agcp/mp expansion. Since
the PQCD approach can eliminate the end-point singularity
in the perturbative calculation, we investigate the decays of
B to double charmed mesons systematically. Both pseudo-
scalar and vector charmed mesons are included in the final
states. We find that the factorizable emission diagrams are
dominant in the branching ratios. Most of our branching
ratios agree with the experimental data, which means the
factorization assumption works well. However, experimen-
tal data show that there are still some discrepancies, which
means more work is needed both at the theoretical side and
the experimental side.

Our results indicate that the direct CP asymmetries in
these channels are very small. Thus it will be a signal of
new physics if a large direct CP asymmetry appears. In the
decays of B to double vector charmed mesons, the trans-
verse polarizations contribute 40%—-50% both in the exter-
nal W emission processes and in the pure annihilation
decays, which agree with the present experimental data.
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We should mention that the correction terms at the power
of r? play an important role in transverse polarizations,
without which the ratios for the external W emission

PHYSICAL REVIEW D 81, 034006 (2010)
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processes decrease to about 20% and for the pure annihi-
lation decays the ratios are 0 because of the > suppression. APPENDIX A: SCALES AND FUNCTIONS FOR
THE HARD KERNEL
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Pey = myx;x5(1 — r3), Pl = myxy(x, (1 = r3) — x3(1 — 13 — r3)),
P2 = —m3[xy (3 — 1)rd + rd(x;( — 1) + xp(e3 — 1) — x3) — xo(xy + x5 — 1],
Py = m3(1 — (1 = r)x3 — x(1 = x3(1 = r3) — (1 — x3)r3)),

@ = m2(—x3r2 + x (P2 = Dy + 1) + x5 + x5((x3 — D2 + (2 — Dy + 1) — 1),

P = my(1 + x1x,(1 = r3) — (1 = 13 — r3)xyx3),
Py = m3(1 — r} — rdxyx;,

) = mglx (53 — Dxy + 1) = (73 = Dxg + x5 — Drg + (75 — Dy + 1],

PG = mix, (73 + 13 — Dxs — (3 — Dxy). (A1)
The scales are determined as
W = max{ye(1 = Rmpfen /b1, 1/b2} 12 = max{yxi(1 = Rmpfem 1/b1,1/b2),
to) = max{y/|Pey| fores VIP& ferrs 1/01,1/b3}, &) = maxty/| Pyl ferrs VIPE | fews 1/D1,1/b5},
A = maxyf1 = (1 = A)ompfon 1/bo 1/bsh 12 = max{yt = (1= Blxympfm, 1/b3,1/b3} (A2)

tglL) = max{ IPanlferry | i(iil)lfem 1/b1> l/bZ}) tg%l) = max{ |Pan|ferrJ I g%l)lfem l/le l/bZ}:

119 = max{y(1 = B3 = Rxampfom 1/bs 1/b3}, 139 = max{y/(1 = 3 = B)xampfem 1/b2, 1/b3}

139 = max{Y 1P frs VP furs 1y, Uk 129 = max{y 1P fames VI fams 1/b1, /B3

with f.., which varies from 0.75 to 1.25 for an error estimation.
The functions of the hard kernels that appear in the factorization formulae are given by

ho(x1, X5, by, by) = Ko(x1xmpby)[0(by — by)Ko(\fxampb)Io(JXampb,) + 6(by — by)Ko(Jxampby)lo(\fxampby)],
m\2
hy(xa, X3, by, b3) = (13) Hél)(\/x2x3m3b2)[0(b2 - b3)H(()1)(\/x_3me2)J0(\/x_3me3)

+ (b3 — by)Hy (\Jx3mpbs)Jo(\/5mpby)),
) = [0(b) — b3)Ko(WPenb ) Io(WPenb3) + 0(b3 — b1)Ko(\[Penb3)Io(y/Penby)]

KO(V|P£{1)|b3)
iz gOWIPYIb;)  for PY =0
. T
) = 15[9(171 - bZ)H(()l)(VPanbl)JO(\/Paan) + 6(by — b1)Hé“(vPanbz)Jo(vPanbl)]

for Pfg{? =0

’

Ko/1PQIby)  for P =0
= HO(WI1PYby)  for P =0

and the functions that consist of coupling constant and Sudakov factors are given by

: (A3)
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E (1) = ay()exp[=Sp(1) = Sy, (0] E, (1) = ay(1) exp[ =Sy, (1) = Sy, (1)]

(A4)
Een(t) = Ols(l‘) CXP[_SB(t) - SM2 - SM3|b2=b1]’ Ean(t) = as(t) exp[_SB(t) - SMZ - SM3|b3=b2]r
where
mpg 5 [l
Sp(t) = Sy, = Sy, = —,b; ) += A5
(1) M, M, S(xl \/E 1) 3 )i 7’(,(01 (@), (AS5)
with the quark anomalous dimension y, = —a,/ . The explicit form for the function s(Q, b) is
A 5 ~AD /5 AQ A 2yl 5
s(0,b) = — Aln(q) — —(A —-b)+ —2<Z — 1) [ 5 — ln(e )]m(i)
2B, b} 2B 481 \b 4B 4By 2 b
AW In2g) +1 In(2b) +17 . AW R
AR q pa L G E 22 (102 2) ~ w2(26) (A6)
487 b 81
where the variables are defined by
= In[Q/( \/_AQCD)] = In[1/(bAqcp)] (A7)
and the coefficients A®”) and B, are
33 —2n 153 — 19n 4 67 @ 10
== = =" 7/ M == @=2"_2 £
) , A , A 1 Y A8
! 12 P2 24 3 o 3 T Bln<6) (A8)

ny is the number of the quark flavors and 7y is the Euler constant. We will use the one-loop running coupling constant, i.e.
we pick up the four terms in the first line of the expression for the function s(Q, b).

APPENDIX B: FACTORIZATION FORMULAE FOR B — PV (M, IS A PSEUDOSCALAR MESON
AND M; IS AVECTOR MESON)

1 1/A
FLL(ay(1) = 8aCpfy fo dox,dx, ﬂ) b dbybydbyb(ry, by, () — (262 — Dy — x5 — 1)

X E (t)a (1) h(x1, x(1 = 12), by, b3)S,(x) + 1 (1 + 1) E(12)a; (8% (x0, x1 (1 = 12), by, b1)S,(x)],
(B1)

Fi(a;(1) = 0, (B2)

2 CD
FEL(air) = 16w\f§cFm;; f 'Ldx] [ VR by bydby(xr, by)bar, () s, ()

X [(—xyry + x3)Ep (1) a; ()RS (xi, b)) + (xyry — x5 + x5 — DEy(13)a,(1E)hE) (x;, b)), (B3)

FLR(a,(1)) = 16w\/§cpm§ f '[dx] [ VR by bydbby(xr, b)) bar, () by, (1)

X [(x3 = 1205 = 13)) Een (1) a; (SRS (i, by) — (3 + ra(xy + x3)) Ean (13, (3R (x;, b)), (B4)

1 1/Aoco
Fi(a;(1) = SWCFme%’/(‘) dxzdx3[0 * bzdbzb3db3¢Mz(x2)¢M3(x3)[(X2 - 1)E, (f(l))a (f(l))ha(l —(1- r%)x3, 1

= (1= 13y by, b2)S,(x2) + (=2rar3x3 = (x5 = EL(1)ay(17 V(1 = (1 = PB)x, 1
— (1 = r3)x3, by, b3)S,(x3)] (BS)

FiR(ai(n) = —FH(ai(1)), (B6)
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1 1/A,
F$P(ai(1)) = 16mCpf ym ] dxydx; [O “ bydbybsdbs by, (62) br, (3)ra(1 — 1) Eg(1) a8 (1 = (1 = 2)xs, 1

— (1= 2)x, by, by)S,(x3) + 2ry + 1306 — D)EL(1)a, (1)
X h,(1 = (1 = r}xy, 1= (1 = r3)x3, by, b3)S,(x3)], B7)

1 1/Aqc c c
FLL(a;(1) = 87Cpfym’ [0 dxydxs L “ bydbybsdbs by, (62) bar, (3)(rar3(1 = 203) — x3) E, (1) a (1))

X ha(xb x3(1 - ’”% ) by, bs)S (x3) + (rzrs + xz)E (Z(Zc))a (1(26))ha(x3’ x(1 - F% - F%)» bs, bz)Sz(xz)],
(B8)

Fifai(n) = —Fgkai(1)), (B9)

Fil(a;(n) = 1677\/§CF"1§ fl[dx] fl/AQCD bydb,bydby dg(xy, by)py, (x2) g, (x3)[(rar3(x3 — x3)

+ x5 — DEg(t8)a; () (xi, b)) + (rar3 (3 — x3) — x5 + D Egy (82 a; (822 (x;, b)), (B10)

FLR(a,(1) = 16W\E0Fm‘g f 'Ldx] ] R by bydba(xr, b)) bar, () bag, (ra)[— (rals + 1)

= r3(x3 + D)Eg () a; () (xi, b)) + (ra(xy = 1) = 13063 = D) Egy (88 a;((3)hS (x, b)) (B11)

Fax (a;(1) = 1677'\/§CF”1§ fl[dx] f]/AQCD bydb,b,db,pg(xy, bl)¢M2(x2)¢M3(x3)[_(r2r3(x2 — x3)

+ 0y = DEy(t)ai (A (x;, b;) — (rars(xy = x3) = x3 + DEg(18)a, (1SRG (xi, b)), (B12)

FLL(a,(1)) = 16w\ﬁcpm;; f '[dx] [ R by bydba(xr, b)) bar, () bar, (e [(rars (3 — x2) — )

X Eyy (1)) ai (1 VW (i, by) + (13303 — x3) + x3) Egy (15)a, (19 hG (x;, b)), (B13)

Far(a; (1) = 1677\/§CF”1§; jl[dx] fl/AQCD bydb,bydb, pp(x, b1)¢M2(x2)¢M3(x3)[(r2r3(x3 —X) + x3)

X Eq(t)ai((h G (i, by) = ((ryrs + 1)xy = r3xs(ry + 73) E((50)a, (150G (x;, b)), (B14)

APPENDIX C: FACTORIZATION FORMULAE FOR B — VP (M, IS AVECTOR MESON AND M; IS A
PSEUDOSCALAR MESON)

1 1/Aqc
FgL(ai(f)) = 877C1vf1w3’71‘1};f0 dxldxzﬁ) “ bydbbydb, (x4, bl)d’Mz(xz)[_((zxz —Dry—x; — 1)

X E(t")ay (1) h(x1, x(1 = 12), by, 53)S,(x3) + 1 (1 + 1) Eo(17)a; (1P o (x0, x1(1 = 12), by, b1)S,(x1)]
(C1)

1 1/A
F3P(a,(n) = 167TCFfM3m4Bf dxldxgj(; “ bydb,b,db,pg(xy, b1)¢M2(X2)”3[(’”2X2 - 1)Ee(tgl))ai(tgl))

X ho(x1, x,(1 = 12), by, )S,(x2) = 1 E(£7)a;(tP)h(xa, x,(1 = 12), by, b1)S,(x1)] (C2)
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F&ia (n) = 1677\/§CF”1§; fl[dx] [UAQCD bydb b3db;pp(x,, bl)¢M2(X2)¢M3(X3)[_(_X2r2 — x3)

X Ep(ts)a;(t)hss) (xi, by) + (xary = x5 + x5 = DEey(13)a; (1S5RS (x;, b)), (C3)

FLR(ay(1) = 16W\FcFm;s [ Ldx] [0 VR by bydbyy(xr, by)bar, () bas, (ra)ral— (raes — x3) + x3)

X En(t)ai (1SR (xi, b;) + (a0, + x3 = 2) = x5 + 2) Eey (183, ({3 A (x;, )], (C4)

1 1/A
F(%L(ai(f)) = SWCFme%f dxzdx3j;) “ bzdb2b3db3¢M2(x2)¢M3(x3)[(2r2r3x2 +x,— 1)

X E (1) ai(t)hy(1 = (1 = )xs, 1 = (1 = 2)xy, b, b,)S,(x,)
+ (1 = x3)E,(1D)a;, (1) (1 = (1 = 1)xp, 1 = (1 = r)xs, by, b3)S,(x3)] (C5)

FiR(a,(0) = —Fi*(a(1)), (Co)

1 1/A
F3P(a,(n) = 167TCFmeLI‘3/ dxzdxsﬁ] “ bzdb2b3db3¢M2(xz)¢M3(X3)[_(2’”3 + rp(x, — 1)

X E () a (M) (1 = (1 = R)xs, 1 — (1 = 2)xy, by, by)S,(x,)
+ 13063 — DE, (P a,(P)h,(1 — (1 — r3)xy, 1 = (1 = r3)x3, by, b3)S,(x3)], (C7)

| 1/Aqcp c c
FLL(ai(1)) = 8aCpf yrh ﬁ) dxydxs ﬁ) b dbybsdbs g, (02) o, () (= rars — x5 Eg(1909)a (1)
X ho(xy, x3(1 = 13 = 13), by, b3)S,(x3)
= (rar3(1 — 2xp) — Xz)ai(fa ¢ )ha(x3’ x2(1 = 13 = 1), b3, b,)S,(x,)], (C8)

Fifai(n) = —Fgkai(1)), (C9)

FénL(ai(t)) = 1677\/%@?’”‘1‘; fl[dx] fl/AQCD bydbbydb,pg(xy, b1)¢M2(X2)¢M3(X3)[_(rzr3(x2 — X3)

— x5+ DEu (8 a; ()RS (xi, b)) + (ryr3(xs — x3) = x5 + DE(1@)a;(t5)hE (x;, b)), (C10)

Fif(a;(1) = 167\/%@?’"% [l[dx] fl/AQCD bydb bydbypg(xy, by) b, (x2) g, (x3)[(r2(xy + 1)

— r3(xs + 1) Eg(t)a;((a) A (xs, b;) — (ra (3 — 1) = r3(x3 — D) E(18)a; ((8)RG (xi, b)), (C11)

F3f(a,(n) = 167\/§CF”1?; fl[dx] []/AQCD bydb,b,db,pg(xy, bl)¢M2(x2)¢M3(x3)[(r2r3(x3 —X)

— 3 + DEa(D)a (M (xi b)) — (rarses — x3) — x5 + DEm( a2 (v, b)],  (C12)
FLL (ay(1)) = 16W\EcFmé [ '[dx] f VR by bydbaby(xy, by)bar, () g, ()

X [(”2”3(X3 —X) — xz)Ean(t(lL))a (f(lc))h(lc)(xn b; ) - (r2r3(x2 - X%) - x%)Ean(f(zc))Cl (l(ZL))h(zc)(xi, bi)],
(C13)
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Sp 2 4 1 1/Aqep
Fine(a; (1) = 16 _CFmB [dx] 0 bydb bydb,pp(x, b1)¢M2(x2)¢M3(x3)[_("2’”3(xz —X3) — x3)
X Eg(ti”)a; (r“C) hat) (e D) (= rars = 1Dy + rarsxg) Egn (607 a; (65 i) (xi, b7), (C14)
APPENDIX D: FACTORIZATION FORMULAE FOR B — VV
1. Longitudinal polarization
LL 4 ! 1/Aqen
FEai) = 8nCpfumi, [ dudes [T bidbibsdbyduon b du, ()

X[(=1— Xy + r2(2x2 - 1))Ee(t(el))ai(t(el))he(xl’x2(1 - "%)y by, bz)St(xz)
— ry(1 + 1) E (1) a, (1), (g, x, (1 = 73), by, b)S,(x))] (D1)

F3P(a;(1) = 0, (D2)

Fhi(a;(1) = 167T‘/§CF””4B f][dx] [l/AQCD bydbb3db;pp(xy, b1)¢M2(x2)¢M3(x3)

X [(—xyry = x3)Ep (1)) a; ()Y (xi, by) — (xyry — x5 + x5 — DE(19)a, ()G (x;, b)), (D3)

FeLnR(ai(t)) = 1677\/§CF"1% f][dx] [l/AQCD bydbbydb;pg(xy, b1)¢M2(x2)¢M3(x3)’”3

X [=(ra(x3 + x3) = x3)Een(te))a; () i) (xi, by) — (3 + 12063 = X3) Eeq (18, (16 R &3 (x;, b)), (DA)

Fi-@0) = $aCefyms, [ duadrs [ badbabsdbs g, o) b (=2 + DE W)l (1 = (1 = . 1
— (1 = x5, by, b))S,(x5) — (1 = x3)E,(t)a; (1P h,(1 = (1 = PR)xp, 1 = (1 = 2)x3, by, b3)S,(x3)], (D5)
FiR(a,(r)) = FiHa(0), (D6)

FSP(a (1)) = 16mCpf ym’ f ' dydis fo A b dbybydby i, ()b, ()2 — DES (a0 kg (1 = (1= PRy, 1
— (1= 12)xa, b3, by)S,(x) + r3(xs — DEL(17)a;(t7)hy(1 — (1 = P2)xs, 1 = (1 = R)xs, by, b3)S,(x3)], (D7)
Fit(ai(n) =0, (D8)

FLR(a;(1)) = FEL(ai(1) = 0, (DY)

Fil(a,(n) = 1677\/§CF’71?; /l[dx] fl/AQCD bydb bydby pg(xy, by) b, (x2) g, () (—r3ra(xy + x3) — x5 + 1)

X Eg(t))a; (1SR (i, b)) — (= ryr3(xy + x5 = 2) = x + D Eg(18)a; (100 (x;, b)) (D10)

Faf(ai(1) = 1677\/§CF’”?; /l[dx] [UAQCD bydb,bydby ¢ p(x), b1)¢M2(x2)¢M3(x3)[—(—r3(1 +x3)

+ 1y (1 + 1)) Egn (t)ai (58 RS (xs, b)) + (120 — 1) = 13003 — 1) Eq(18)a; (1) h& (x;, b1, (D11)
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Far(a;() = 1677\/§CF"1% fl[dx] fl/AQCD bydbb,db,pg(xy, bl)¢M2(X2)¢M3(X3)[(_V2r3(x2 +x3) —x, + 1)

X Eay (1)) ai () hSs) (i, b;) — (—ryr3(ey + x5 = 2) = (53 — 1) E(19)a; (1)1 (x;, b)), (D12)

FLL (ay(1)) = 16W\FcFm§ j '[dx] j VR by badby ey, by)bag, () bag, () — (= rars(ts + x5 — 2) — x5)

X Egn(t9)a; ((5 VR (xs, ) + (— 1330y + x3) — x3) Eg (1)), (130) %) (x;, b7)], (D13)

FSP (ay(1)) = 16w\ﬁcFm§ j 'Ldx] f VA by bydbaby(xy, b1)bar, () bar, () — (= rars (s + x5 — 2) — x3)

X Eg(ta)a; (5 (i, b7) + (—rars = Dxy = r370x3) Ean (19 ai (19 hGO (x;, b)), (D14)

2. Transverse polarization

FLLs( _ 4 ! 1/ Aqep _ My (D
¢ *(ai(t) = 87Cp fy,my . dx;dx, . bydbbydbypg(xy, by) g, (x2)rs[—(r2(xy +2) + DE, (2. )a;(te’)

X ho(xy, X2(1 = 13), by, by)S,(x2) — 1E, (t(Z))ai(tEfZ))he(Xerl(l — r3), by, b))S,(x))], (D15)

1 1/A,
FﬁL’p(ai(t))=87TCpr3m%f dxldXZ‘/O QCDbldblbzdbz(ﬁg(xl,bl)¢M2(X2)r3

X [(raxy = DE,(t)a; (8, (xp, x5(1 = 12), by, )S,(x2) — 1 Eo(8)ai (1P h (g, x,(1 = 13), by, ) S, (x1)],
(D16)

F3P3(a,(1) = F2"P(a;,(1) = 0, (D17)

FLEES (a,(0) = 1677\[ Crmy [ [dx] f P dbybydby b, b)) das, (v2) g, (63l 33 Ey (1) s ()W (x;, by)

+ (1 +x3 + 72, — 2x3 + D)Eo, (12)a; (1202 (x;, b;)], (D18)

LLp 2. 4! 1/Aqep
Fen'P(a;(1) = 16 gCFme [dx][ bldbledb3¢B(xl:b1)¢M2(x2)¢M3(x3)r3

X [—x3Ep (1) a; () &) (s, by) + (1 + x5 = 1) Eay (19 a, (1S WS (x;, )], (D19)

2 1 1/A
Feere's(ai(f)) = 1677\/;Cpm%f [dx][ “ bldb1b3db3¢3(xl:b])¢Mz(x2)¢M3(x3)[_(x2r% — X2

+ 1203) Een (1) a; ()W) (x, ) = (0273 — xary — P2x3) En(19)a; (1)1 (x;, ;)] (D20)
FER?(a,(1)) = 1677\[ Com f [dx] f e b bydbaby(xr, by)bar, () by, ()

X [=(xyr3 — xpry — r3x%)Een(f(l))a (l(l))h(l)(xu b;) — (xar3 — x5 + ”3x3)Een(f(2))a (lm (2)()61, b))l
(D21)
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FLL,s( . 4 1 1/Agep
a(a(t) = 8wCrfpmy dxzdx3 . bydbyb3dbyy, (x2) by, (X3)1o73

X[(2 — x)E, (z<”)a () ho (1 = (1 = P)x3, 1= (1 = 12y, by, b))S,(x))
+ (3 — 2E,(1D)a;(tP)hy(1 = (1 = 1)xp, 1 = (1 = )3, by, b3)S,(x3)] (D22)

FEPP(ai(t)) = 87Crfpm’ fl dxydxs [UAQCD bydbyb3dbs by, (X2) o, (X3) 1213 X, E, (1) a, (), (1 = (1 = B)xs, 1
0
= (1= 3, by, 0)Si(x2) + 1 E (1) a1 )ha(1 = (1= s, 1= (1= )xg, by, b3)Si(x)], (D23)
FERS(a,(1)) = FE=*(a,(1)), (D24)
FER2(a,(1) = — FE“7 (a,(1)), (D25)
P B 4 1 1/Aqep (1) (1) 2
Fa " (a;(1) = 167TCFmeBf dedx3];) badbrbsdbs s, (x2) bar, (x3) —r3Eq(ta ai(ta V(1 = (1 = ry)xs, 1

= (1= 1)xy, b3, b2)S,(x2) = RE(t8)ai(t)ha(1 = (1 = )xy, 1 = (1 = B)xs, by, b3)S,(x3)],  (D26)
ng'p(a,-(t)) = ng‘x(ai(t))! (D27)

1 1/A
FLES(a,(1)) = 8aCf g [0 dx,dxs fo ° by dbybsdbs g, () g, (63)

X [=ry(ry = r3(x3 + 1)E, (l(lc)) (f(lc))ha(xz, x;3(1 = 7”% - ’”%), by, b3)S,(x3)
+ r3(ry — rp(x, + 1))E, (t(zc))a (f(zc))ha(xb xo(1 =13 = 1), b3, by)S,(x,)], (D28)

1/Aoco
FEEP (ay(1)) = 87Cpfpm [ dx,dxs fo by dbybydbs g, () by, (3)

X [ry(ry — r3(x3 — 1))E, (f(]c))a'(tgzlc))ha(xzr x3(1 = r5 = 13), by, b3)S,(x3)

+ r3(rs = 100 = D)EL(17)a; (177 hy (3, x5 (1 = 13 = 12), b3, by)S,(x,)], (D29)
FER (a,(0) = FEE*(a,(0)), (D30)
FERP (a,(1) = —FEEP(a,(0)), (D31)

FaLnL’S(ai(f)) = 1677\/§CFm% fl[dx] fl/AQCD bydbbydb, pp(xy, b1)¢M2(x2)¢M3 (x3)

X [—(xar% = 2ryr3 + 1r2x3) Egn (1) a; (5 RS (i by) + (e — )72 + r2(x3 — 1)) En (12 a, (123 (x;, b7)],
(D32)

FEEP(ay(r) = 167\[ Crmly f [dx] [ I by badby (. by )b, (62) bag, (x3)

X [(Px3 = r2x) Ean(t8)a; (£ RS (xi, by) + (3 — 1) — 2(x3 — 1) Eqn((2)a;(£2) 2 (x;, b)), (D33)

Faere’S(ai(l)) = 1677\/§CF"1}‘; fl[dx] /I/AQCD bydb,b,db,pg(xy, b1)¢M2(x2)¢M3(x3)[('”2(X2 +1)

— r3(xs + D)Ea (1) a;((a) A (xs, b;) — (ra(0cy — 1) = r3(x3 — 1) Eg(18)a; (10 & (i, b)), (D34)
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FilP(a (1) = F5*5(a;(2)), (D35)
) 2 /Aqep
Fan*(a;(1) = 1677\/;CF’"A& fl[dx] jl " bydbybydby pp(xy, b1)bu, (x2) b, (x3)[ = (X213 — 21315
+ 1303) Egn (1)) @y () (xs, b)) + (kg — 173 + 7200 — 1)) Egy(18)a; (1533 (x, b)), (D36)
PSP /Aqep
(ay(1) = 1677\[ Crmh f [dx] f bydbybadbadp(xy, b))y, (x)bas, (3)
X [(P3xy = r2x3) Ea(t)a; ()R8 (i, by) = (P30 — 1) = (x5 — 1) Eg (63 a; (1SRG (x;, b)), (D37)
2 /A CD
Fﬁrﬁzs(ai(t)) = 1677\/%@?’"% fl[dx] fl ¢ bydb,b,db,pg(xy, b1)¢M2(x2)¢M3(X3)[((X2 - 1)"% + 2ryr3
+ 12(x3 — 1) Ea(t0))a;((h R (xs, by) — (0072 + x372) Eg (13 a: (15 VB3 (x;, b)), (D38)
2 /Aqep
ane:,p(ai(t)) = 1677\/;6‘1?”’1% ’/(.)l[dx] fl ¢ bldblbzdb2¢3(xl, bl)¢Mz(x2)¢M3(x3)[—(r%(xz - 1)
— (3 = 1) Ean(t))a; (te)) e (x;, b;) + (0273 = 2373 Eg (15))a; (150 e (x1, b)), (D39)

FS (a(0) = léw‘EcFmé [t [ brdb st b1, )b ) = 173 + 20

+ 12003 — 1) Ea () a; (8RS (s, by) + (PR (xy — 1) = P20 — 1)) Egn(19)a,(157)he (x;, )], (D40)

FS0P (a(t)) = 1677‘[ Com f [dx] j P dbybadbybp(r, by)bas, (r2) by, (i) [(PBxs — 1)

— (x5 — 1) Eg (65 a; (£ RS (x, by) — (g —

7203) Egn (19 a, (12 R (x;, b)), (D41)
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