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We study the double charm decays of B, meson, by employing the perturbative QCD approach based on
kr factorization. In this approach, we include the nonfactorizable emission diagrams and W annihilation

diagrams, which are neglected in the previous naive factorization approach. The former are important in

the color-suppressed modes, while the latter are important in most B, decay channels owing to the large
Cabibbo-Kobayashi-Maskawa matrix elements. We make a comparison with those previous naive
factorization results for the branching ratios and also give out the theoretical errors that were previously
missed. We predict the transverse polarization fractions of B, — D' D*, D*§ D*0 decays for the first
time. A large transverse polarization contribution that can reach 50%—-60% is predicted in some of the B,

meson decays.
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I. INTRODUCTION

Since the B, meson is the lowest bound state of two
different heavy quarks with open flavor, it is stable against
strong and electromagnetic annihilation processes. The B,
meson therefore decays weakly. Furthermore, the B, me-
son has a sufficiently large mass; thus each of the two
heavy quarks can decay individually. It has rich decay
channels and provides a very good place to study non-
leptonic weak decays of heavy mesons to test the standard
model and to search for any new physics signals [1]. The
current running LHC collider will produce many more B,
mesons than ever before to make this study a bright future.

Within the standard model, for the double charm decays
of B, ;; mesons, there are penguin operator contributions
as well as tree operator contributions. Thus the direct CP
asymmetry may be present. However, the double charm
decays of the B, meson are pure tree decay modes, which
are particularly well suited to extract the Cabibbo-
Kobayashi-Maskawa (CKM) angles owing to the absented
interference from penguin contributions. As was pointed
out in Ref. [2] and further elaborated in Refs. [3—6], the
decays B, — D} D°, D} D° are the gold-plated modes for
the extraction of CKM angle vy though amplitude relations
because their decay widths are expected to be at the same
order of magnitude. But this needs to be examined by
faithful calculations.

Although many investigations on the decays of B, to
double-charm states have been carried out [4,5,7—12] in the
literature, there are uncontrolled large theoretical errors
with quite different numerical results. In fact, all of these
old calculations are based on a naive factorization hypothe-
sis, with various form factor inputs. Most of them did not
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give any theoretical error estimates because of the non-
reliability of these models. Recently, the theory of non-
leptonic B decays has been improved quite significantly.
Factorization has been proved in many of these decays,
thus allowing us to give reliable calculations of the had-
ronic B decays. It is also shown that the nonfactorizable
contributions and annihilation-type contributions, which
are neglected in the naive factorization approach, are
very important in these decays [13].

The perturbative QCD approach (pQCD) [14] is one of
the recently developed theoretical tools based on QCD to
deal with the nonleptonic B decays. Utilizing the k; facto-
rization instead of collinear factorization, this approach is
free of end-point singularity. Thus the Feynman diagrams,
including factorizable, nonfactorizable, and annihilation
type, are all calculable. Phenomenologically, the pQCD
approach successfully predicts the charmless two-body
B decays [15,16]. For the decays with a single heavy D
meson in the final states [the momentum of the
D meson is 3mp(1 — r?), with r = mp/mp], it also proved
factorization in the soft-collinear effective theory [17].
Phenomenologically the pQCD approach is also demon-
strated to be applicable in the leading order of the mp/my
expansion [18,19] for this kind of decays. For the double
charm decays of the B, meson, the momentum of the final
state D meson is §mp (1 — 2r%), which is only slightly
smaller than that of the decays with a single D meson final
state. The proof of factorization here is thus trivial. The
pQCD approach is applicable to this kind of decays. In
fact, the double charm decays of B, ;, meson have been
studied in the pQCD approach successfully [20,21], with
the best agreement with experiments. In this paper, we will
extend our study to these B, decays in the pQCD approach,
in order to give predictions on branching ratios and polar-
ization fractions for the experiments to test. Since this
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study is based on QCD and perturbative expansion, the
theoretical error will be more controllable than any of the
model calculations.

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. I1.
The numerical results and discussions on the observables
are given in Sec. III. The final section is devoted to our
conclusions. Some details of related functions and the
decay amplitudes are given in the Appendix.

II. FRAMEWORK

For the double charm decays of B, only the tree opera-
tors of the standard effective weak Hamiltonian contribute.
We can divide them into two groups: CKM favored decays
with both emission and annihilation contributions and pure
emission-type decays, which are CKM suppressed. For the
former modes, the Hamiltonian is given by

H o — %v:bvuq[a(mol(m + (w0 (W]

01 = Ba,y,u(l - 75)63 ® ﬁﬁ?’#(l - YS)QQ’ (1)
05 = b, y*(1 — ys5)c, ®iigy, (1 — ¥s5)qp

while the effective Hamiltonian of the latter modes reads

G
H o = TEVZchq[Cl(M)O’I(M) + Co(m) 05 ()],
O} = b,y*(1 = ys)ug ® tgy, (1 = ¥5)qa (2)

04 = b,y (1 = ¥5)u, ® 25,1~ ¥5)ap

where V(g = d, s) are the corresponding CKM matrix
elements; a, B are the color indices; C,, are Wilson
coefficients at renormalization scale u; and O, and O ,
are the effective four-quark operators.

The factorization theorem allows us to factorize the
decay amplitude into the convolution of the hard subam-
plitude, the Wilson coefficient, and the meson wave func-
tions, all of which are well-defined and gauge invariant. It
is expressed as

C()®H(x,1)® D(x)
®exp[—s(P, b)—2 L ’/b‘%‘qus(u))], 3)

where C(¢) are the corresponding Wilson coefficients of
effective operators defined in Egs. (1) and (2). Since the
transverse momentum of the quark is kept in the pQCD
approach, the large double logarithm In*(Pb) (with P
denoting the longitudinal momentum and b the conjugate
variable of the transverse momentum) spoils the perturba-
tive expansion. A resummation is thus needed to give a
Sudakov factor exp[—s(P, b)] [22]. The term after
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Sudakov is from the renormalization group running with
Y4 = —a,/m, the quark anomalous dimension in axial
gauge, and ¢ the factorization scale. All nonperturbative
components are organized in the form of hadron wave
functions ®(x) (with x the longitudinal momentum frac-
tion of valence quark inside the meson), which can be
extracted from experimental data or other nonperturbative
methods. Since the universal nonperturbative dynamics has
been factored out, one can evaluate all possible Feynman
diagrams for the hard subamplitude H(x, t) straightfor-
wardly, which include both traditional factorizable and
so-called “nonfactorizable” contributions. Factorizable
and nonfactorizable annihilation-type diagrams are also
calculable without end-point singularity.

A. Channels with both emission and
annihilation contributions

At leading order, there are eight kinds of Feynman
diagrams contributing to this type of CKM favored decays
according to Eq. (1). Here, we take the decay B, — D" D°
as an example, whose Feynman diagrams are shown in
Fig. 1. The first line shows the emission-type diagrams,
with the first two contributing to the usual form factor; the
last two are so-called “‘nonfactorizable’ diagrams. In fact,
the first two diagrams are the only contributions calculated
in the naive factorization approach. The second line shows
the annihilation-type diagrams, with the first two factoriz-
able; the last two are nonfactorizable. The decay amplitude
of factorizable diagrams in Figs. 1(a) and 1(b) is

2 1 00
F, = —2\[§CFfo37TM§ ﬁ) dx, [) bibadbydby s (xs)

biwg
X exp| — 3 {[—(ry — 2)rp + 2rx; — X5]

X as(ta)he(ae’ 1811’ bl’ bZ)St(XZ) exp[_Sah(ta)]
+ 2rya(ty)he(a,, By, by, b1)S,(x1) expl =S4 (1)1}
“4)

where r, = my, /Mg, r; = m;/Mg(i = 2, 3) where m,, ms
are the masses of the recoiling charmed meson and the
emitting charmed meson, respectively; Cr = 4/3 is a color
factor; and f35 is the decay constant of the charmed meson,
which is emitted from the weak vertex. 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 [23]. The function %, and the
Sudakov factor exp[—S] are displayed in Appendix B.
D meson distribution amplitudes ¢(x) are given in
Appendix C. The factor S,(x) is the jet function resulting
from the threshold resummation, whose definitions can be
found in Ref. [24].

The formula for nonfactorizable emission diagrams
Figs. 1(c) and 1(d) contain the kinematics variables of all
three mesons. Its expression is
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8 i
Me = _chfBWM%[ ded.X_o,
0

e biwh
X [ babsdbadbyd(in) il exp( 7257

X {[1 —X T X3 rZ(l - x2)]as(tc)he(ﬁc! a,, b3’ bZ)
Xexpl—=Scq(t)] —[1—x; —x +x3 = ry(1 = x,)]
X ag(t)h.(Bg, @, b3, by)exp[—S.4(t4)]} (5)

Generally, for charmless decays of the B meson, the non-
factorizable contributions of the emission diagrams are small
owing to the cancellation between Figs. 1(c) and 1(d). While
for double charm decays with the light meson replaced by a
charmed meson, since the heavy ¢ quark and the light quark
are not symmetric, the nonfactorizable emission diagrams
ought to give remarkable contributions. This has been shown
in the pQCD calculation of B — D7r decays for very large
branching ratios of color-suppressed modes [25] and proved
by the B factory experiments.

The decay amplitude of factorizable annihilation dia-
grams Figs. 1(e) and 1(f) involve only the two final states
charmed meson wave functions, shown as

1
F.= —SCFfBWMéf dx,ydxs
0

X [0 * bybadbydbs by(x) s (e){[1 — 23]

X as(te)he(aw Be’ b2) b3) exp[_Sef(te)]St(XS)

—[1 = x3]a(tp)h (a,, By b3, by)

X exp[— S, (1,)]18, ()} ©)

For the nonfactorizable annihilation diagrams Figs. 1(g)
and 1(h), the decay amplitude is

(0) (d)
(9) (h)

Feynman diagrams for B, — D' D° decays.

8 1
MazchfBWMé'[ dedX3
0

oo bw?
X [ bubadbidby(n) (s exp( ~72%)

X {[xl + X3~ 1- rc]as(tg)he(ﬁg’ Ay, blr b2)
X ‘“«XP[_Sgh(l‘g)] —[r, — x2Ja,(tp)h (B, @4 by, by)
X exp[_Sgh(th)]}’ (7

where r, = m,/Mpg, with m,. the mass of the ¢ quark in the
B, meson. Finally, the total decay amplitude for B, —
D" D° can be given by

A(B,— D™D
= thvud[QQTe + CZMg + al}'a + C]Ma], (8)

with the combinations of Wilson coefficients a; = C, +
C,/3 and a, = C| + C,/3, characterizing the color-
favored contribution and the color-suppressed contribution
in the naive factorization, respectively. The total decay
amplitudes of B, — D!D°, B, — D*D*, and B, —
D} D* can be obtained from Eq. (8) with the following
replacement:

A(B,—D; D)
=V Vilar Fot CoM,+a, F o+ C Ml p—pe
A(B.—D*D*)
=ViVla F.+CoM,+a, F,+Ci M, po_pwo,
A(B.—D{ D)
=V Vilar F ot CoM o+ ay F ot CM e s o -
©)

Comparing our Egs. (8) and (9) with the formulas of the
previous naive factorization approach [4,5,7-10], it is easy
to see that only the first term appearing in Egs. (8) and (9)
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FIG. 2. Color-suppressed emission diagrams contributing to the B, — D+ DP decays.

are calculated in the previous naive factorization approach.
The second, third, and fourth terms in these equations are
the corresponding nonfactorizable emission-type, factoriz-
able annihilation-type, and nonfactorizable annihilation-
type contributions, respectively, which are all new
calculations.

In B, — D{;; D™ decays, the two vector mesons in the

final states have the same helicity owing to angular mo-
mentum conservation; therefore only three different polar-
ization states, one longitudinal and two transverse for both
vector mesons, are possible. The decay amplitude can be
decomposed as

A=A+ ANEL - € +i AT €qp,,n VP e €7, (10)

where €7, € are the transverse polarization vectors for the
two vector charmed mesons, respectively. A’ corresponds
to the contributions of longitudinal polarization; A" and
AT correspond to the contributions of normal and trans-
verse polarization, respectively. And the total amplitudes
ALNT have the same structures as Egs. (8) and (9). The
factorization formulas for the longitudinal, normal, and
transverse polarizations are listed in Appendix A.

For B, — D{;j D’ decays, only the longitudinal polar-
ization of the DZ“;; meson will contribute, owing to the

angular momentum conservation. We can obtain their de-
cay amplitudes from the longitudinal polarization ampli-
tudes for the B, — D|j D™ decays with the replacement
D™ — D°.

B. Channels with pure emission-type decays

There are also eight kinds of Feynman diagrams con-
tributing to B, — DE?; *pto decays according to Eq. (2),

but all are emission type. Taking the decay B, — D D° as
an example, Fig. 2 shows the color-suppressed emission
diagrams while Fig. 3 shows the color-favored emission
diagrams. We mark the subscripts 2 and 3 to denote the
contributions from Figs. 2 and 3, respectively. The decay
amplitude of factorization emission diagrams F,,, coming
from Figs. 2(a) and 2(b), is similar to Eq. (4), but with the
replacement D° — D°. While the decay amplitude of the
nonfactorization emission diagram M,,, coming from
Figs. 2(c) and 2(d), is different from Eq. (5), the heavy ¢
quark and the light antiquark are not symmetric. The
expression of the nonfactorizable emission diagram is

8 1
MeZ = _§Cpr7TM4B[0 d)Cde3

e biwh
< [ babsdbadbsda(ar)s(as) exp( - 22

X2 =xp = x = x3 = (1 = x3)]

X a(t)he(Be, @ b3, by) expl=S.q(t.)]

—[x3 = x1 = (1 = x))]a(t)he(Ba, @, b3, b2)

X exp[—Scq(ta)]}: (11)
By exchanging the two final states charmed mesons in
Fig. 2, one can obtain the corresponding decay amplitudes

formulas F,; and M, for Fig. 3. The total decay ampli-
tude of B, — D' D° decay can be written as

A(B, — D* D)
= Vi Vealar F oo + CoM oy + a1 F o3 + CL M 5]
(12)

d Dt c
b ® a ® §\® @/ \\o c/é
B, % D % g g
(a) (0) (c) (d)
FIG. 3. Color-favored emission diagrams contributing to the B, — D* D° decays.

074019-4



DOUBLE CHARM DECAYS OF B. MESON IN THE ...

PHYSICAL REVIEW D 86, 074019 (2012)

If the final recoiling meson is the vector D* meson, the decay amplitudes of factorization emission diagrams and

nonfactorization emission diagrams are given as

2 1 00
:2=_2J;CFfo37TM§/;) d)Qj;) blbzdbldb2¢2(x2)exp<—

X as(ta)he(ae’ ﬁa’ bl’ bZ)St(XZ) exp[_Sab(ta)] + r%as(th)he(ae’ ﬁb’ b2’ bl)St(xl)eXp[_Sab(th)]}J

*
M,

biwy
2

){[—(rz —2)ry, +2ryx; — x5 ]

(13)

8 4 ! i bjwy
—chfBWMBL dxydx3 ./o byb3db,ydbsy(xy) 3 (x3) exp| — >

XA{[2 = xp = x = x3 — ol = xp)]a (1) he(Be, @, b3, by) expl—Seq(t,)]
—[x3 = x1 + (1 = x)]a(t)h(Bas @, b3, by) expl—Scq(ta)]}.
The total decay amplitudes for other pure emission-type decays are then
AB,— DD =V VelayFo+ C:My + a1 Foz + Ci M),
AB,— D D*) =V Vi lay For + QM + a) Foy + Ci M),
AB.— D**D%) = V!, Vlay Fiy + Cy M, + ay Foz + Cy M3,
AB,— DD*) =V V. [a: Fer + C; M + a1 Fiy + CL M),

e

AB.— Di*D) = Vi, Vla, Fiy + CyME + a; Foz + CiM 5]

(14)

(15)

The B, — D*;’D*O decays have a similar situation to B, —
D*;;D*O, their factorization formulas are also listed in
Appendix A.

III. NUMERICAL RESULTS

In this section, we summarize the numerical results and
analysis in the double charm decays of the B, meson. Some
input parameters needed in the pQCD calculation are listed
in Table I.

A. The form factors
The diagrams in Figs. 1(a) and 1(b) or Figs. 3(a) and 3(b)
give the contribution for the B, — DE:)) transition form

factor at the g> = 0 point. Our predictions of the form
factors are collected in Table II. The error is from the
combined uncertainty in the hadronic parameters: (1) the
shape parameters: wp = 0.60 £ 0.05 for the B. meson
wave function, ap = (0.5 = 0.1) GeV for the D™ meson,

and ap = (0.4 = 0.1) GeV for the DY meson wave

TABLE 1. Parameters we used in numerical calculation [26].
Mass [GeV] My, = 80.399 Mg = 6.277 my, = 4.2 m, = 1.27
CKM [Vl = (3.473018) x 1073 [V,al = 0.9742815,90015 [V, | = 0.2253+0.0007

Vel = 0.97345 58013
Decay constants (MeV) S, =489

Lifetime

[Veql = 0.2252730007
fp =206.7 89

V| = 0.0410735901
fp, =257.5 +6.1
75, = 0453 X 10712 s

TABLE II. The form factors for B, — D(j) at g> = 0 evaluated in the pQCD approach. The uncertainties are from the hadronic
parameters. For comparison, we also cite the theoretical estimates of other models.

This work Kiselev Ref. [4]* IKP Ref. [5] WSL Ref. [27] DSV Ref. [28] DW Ref. [29]°
FB—D 0.14799) 0.32 [0.29] 0.189 0.16 0.075 0.255
FBe=D;s 0.197002 0.45 [0.43] 0.194 0.28 0.15 e
AB—D 0.1279% 0.35 [0.37] 0.133 0.09 0.081 0.257
AfDs 0.17+00! 0.47 [0.52] 0.142 0.17 0.16

*The nonbracketed (bracketed) results are evaluated in sum rules (potential model).

"We quote the result with w = 0.7 GeV.
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Branching ratios (107°) of the CKM favored decays with both emission and annihilation contributions, together with

results from other models. The errors for these entries correspond to the uncertainties in the input hadronic quantities, from the CKM

matrix elements and the scale dependence, respectively.

Channels This work Kiselev Ref. [4] ~ IKP Ref. [5] ~ IKSRef. [7]  LCRef.[8]  CF Ref. [10]
1 B.—D'D° 32*0t1+e 53 32 33 86 8.4

2  B.,—D'D¥ 3417243 75 83 38 75 7.5

3 B.— DD 127374+ 49 17 9 30 84

4  B.— DD 34737310 330 84 21 55 140

5 B.—D/D° 23104701703 4.8 1.7 2.1 4.6 0.6

6 B.— D!DY 2.670¢ 01 10] 7.1 43 2.4 39 0.53

7  B.— DD’ 0.7+ 030000 4.5 0.95 0.65 1.8 5

8 B.—D:;*D*  28F07%0I%01 26 4.7 1.6 35 8.4

function [20]; (2) the decay constants in the wave functions
of charmed mesons, which are given in Table I. Since the
uncertainties from decay constants of D, and the shape
parameters of the wave functions are very small, the rele-
vant uncertainties to the form factors are also very small.
We can see that the SU(3) symmetry breaking effects

between B, to D™ and B. to Dg*) form factors are large,
as the decay constant of D, is about one-fifth larger than
that of the D meson.

In the literature there are already lots of studies on B, —

DE;) transition form factors [4,5,27-29], whose results are

collected in Table II. Our results are generally close to the
covariant light-front quark model results of Ref. [27] and
the constituent quark model results of Ref. [5]. However,
other results collected in Table II, especially for the QCD
sum rules [4] and the Bauer, Stech, and Wirbel model [28],
deviate a lot numerically. The predictions of QCD sum
rules [4] are larger than those in other works [5,27-29].
The reason is that they have taken into account the «a,/v
corrections and the form factors are enhanced by 3 times
owing to the Coulomb renormalization of the quark-meson
vertex for the heavy quarkonium B,. The results of the

Bauer, Stech, and Wirbel model [28] are quite small owing
to a smaller overlap of the initial and final states wave
functions. Although, the included flavor dependence of the
average transverse quark momentum in the mesons can
enhance the form factors for B, — DZ) transitions, their

predictions are still smaller than other models. The large
differences in different models can be discriminated by the
future LHC experiments.

B. Branching ratios

With the decays amplitudes A obtained in Sec. II, the
branching ratio BR reads as

GFTBC

BR= 327Mjy

V(L= (ry + (1 = (r2 — 1)) AR
(16)

As stated in Sec. II, the contributions from the penguin
operators are absent, since the penguins add an even num-
ber of charmed quarks, while there is already one from the
initial state. There should be no CP violation in these
processes. We tabulate the branching ratios of the consid-
ered decays in Tables III and IV. The processes (1)—(4) in

TABLE 1V. Branching ratios (10~7) of the CKM suppressed decays with pure emission contributions, together with results from
other models. The errors for these entries correspond to the uncertainties in the input hadronic quantities, from the CKM matrix

elements and the scale dependence, respectively.

Channels This work Kiselev Ref. [4] IKP Ref. [5] IKS Ref. [7]

1 B.— D"D° 1.053310. 000 32 1.1 3.1

2 B.— D™D 0.7-51%0.1+0.0 2.8 0.25 0.52

3 B.— D**D° 0.9 03 00700 4.0 3.8 44

4 B. — D**D* 0.8703104102 159 2.8 2.0

5 B.— D D° 3073731 66 25 74

6 B, — D} D™ 191534340 63 6 13

7 B.— D:*D° 25144210 85 69 93

8 B, — D:*D* 24131341 404 54 45
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Table III have a comparatively large branching ratio (107°)
with the CKM factor V,V,, ~ A%, while the branching
ratios of other processes are relatively small owing to the
CKM factor suppression. Especially for the processes
(1)-(4) in Table IV, these channels are suppressed by
CKM elements V,;,/V,, and V,;/V,,. Thus their branch-
ing ratios are 3 orders of magnitude smaller.

For comparison, we also cite other theoretical results
[4,5,7,8,10] for the double charm decays of the B, meson
in Tables IIT and IV. In general, the results of the various
model calculations are of the same order of magnitude for
most channels. However, the difference between different
model calculations is quite large. This is expected from the
large difference of input parameters, especially the large
difference of form factors shown in Table II. As stated in
the Introduction, all the calculations of these B, to two D
meson decays in the literature use the same naive factori-
zation approach. Their difference relies only on the input
form factors and decay constants. Therefore the compari-
son of results with any of them is straightforward. Larger
branching ratios always come with the larger form factors.
As stated in the previous subsection, our results of form
factors are comparable with the relativistic constituent
quark model [5,7], and thus our branching ratios in
Table III are also comparable with theirs except for the
processes B, — D*"D*0 and B, — D*"D*?. Because of
the sizable contributions of transverse polarization ampli-
tudes, our branching ratios are larger than those in the
relativistic constituent quark model, whose transverse con-
tribution is negligible.

Since all the previous calculations in the literature are
model calculations, it is difficult for them to give the
theoretical error estimations. In our pQCD approach, the
factorization holds at the leading order expansion of
mp/mg. At this order, we can do the systematical calcu-
lation, so as to determine the error estimations in the tables.
The first error in these entries is estimated from the had-
ronic parameters: (1) the shape parameters: wg = 0.60 =
0.05 for the B, meson, ap = (0.5 + 0.1) GeV for the D™
meson, and ap = (0.4 =0.1) GeV for the Dg*) meson
[20]; (2) the decay constants in the wave functions of
charmed mesons, which are given in Table I. The second
error is from the uncertainty in the CKM matrix elements,
which are also given in Table 1. The third error arises from
the hard scale ¢ varying from 0.75¢ to 1.25¢, which char-
acterizes the size of next-to-leading order QCD contribu-
tions. The small errors of this type indicate that our
perturbative expansion indeed holds. It is easy to see that
the most important uncertainty in our approach comes
from the hadronic parameters. The total theoretical error
is in general about 10% to 30% in size.

The eight CKM favored channels (proportional to |V, ])
in Table III receive contributions from both emission dia-
grams and annihilation diagrams. From Fig. 1, one can find
that the contributions from the factorizable emission

PHYSICAL REVIEW D 86, 074019 (2012)

diagrams are color suppressed. The naive factorization
approach cannot give reliable predictions because of large
nonfactorizable contributions [30]. As was pointed out in
Sec. II, the nonfactorizable emission diagrams give large
contributions in the pQCD approach because of the asym-
metry of the two quarks in charmed mesons. Thus, the
branching ratios of these decays are dominated by the
nonfactorizable emission diagrams.

The eight CKM suppressed channels (proportional to
|V,»]) in Table IV can occur only via emission-type dia-
grams. There are two types of emission diagrams in these
decays, one is color suppressed and one is color favored. It
is expected that the color-favored factorizable amplitude
F .3 dominates in Eq. (15). However, the nonfactorizable
contribution M,,, proportional to the large C,, is en-
hanced by the Wilson coefficient. Numerically it is indeed
comparable to the color-favored factorizable amplitude.
This large nonfactorizable contribution has already been
shown in the similar B — D decays theoretically and
experimentally [25]. In all of these channels the nonfactor-
izable contributions play a very important role; therefore
the branching ratios predicted in Tables III and I'V are not
like the previous naive factorization approach calculations
[4,5,7,8,10]. They are not simply proportional to the
corresponding form factors any more, but with a very
complicated manner, since we have also additional
annihilation-type contributions.

From Tables III and IV, one can see that as was expected
the magnitudes of the branching ratios of the decays B, —
D}D® and B, — D} DO are very close to each other. In our

numerical results, the ratio of the two decay widths is
rB—bD" __
T(B.—D; D°)

extracting the CKM angle y through the amplitude rela-
tions. Hopefully they will be measured in the experiments

soon. However, the decays B, — D" D°, D* D° are prob-

estimated as 1.3. They are very suitable for

lematic from the methodic point of view for
BR(B,— D*D") <« BR(B,— D*D"). The corre-
sponding ratio in B.— D™D’ D'D® decays is

I(B—D"'D") _
I'(B.—D" D)
are not useful to determine the angle y experimentally.
For the B. decays to two vector mesons, the decay
amplitudes A are defined in the helicity basis

3 1Al (17)

i=0,+,—

1073, which confirm the latter decay modes

A =

where the helicity amplitudes “A; have the following
relationships with ALNT:
A, = AL A. = AN+ AT, (18)

We also calculate the transverse polarization fractions Ry
of the B, — D{\D" decays, with the definition given by

__lAp+iAp
[AGl> + AP+ [A_>

Ry 19)
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TABLE V. The transverse polarizations fractions (%) for
B.— VV. The errors correspond to the uncertainties in the
hadronic parameters and the scale dependence, respectively.

B, — D**D*0
Ry 5843+1

Bv - [)?+lj*0

+2+1
68571

B, — D**D*0

+1+1
4*1*1

B.— D;*D*

+1+2
6751

These should be the first theoretical predictions in the
literature, which are absent in all the naive factorization
calculations. According to the power counting rules in the
factorization assumption, the longitudinal polarization
should be dominant owing to the quark helicity analysis.
Our predictions for the transverse polarization fractions of
the decays B, — D’("JD*O, which are given in Table V, are
indeed small, since the two transverse amplitudes are down
by a power of r, or r; comparing with the longitudinal
amplitudes. However, for B, — Dzk;)r D*0 decays, the most

important contributions for these two decay channels are from
the nonfactorizable tree diagrams in Figs. 1(c) and 1(d).
With an additional gluon, the transverse polarization in the
nonfactorizable diagrams does not encounter helicity flip
suppression. The transverse polarization is at the same order
as longitudinal polarization. Therefore, we can expect the
transverse polarizations to take a larger ratio in the branching
ratios, which can reach ~60%. The fact that the nonfactoriz-
able contribution can give a large transverse polarization
contribution is also observed in the B — p°p°, ww decays
[31] and in the B, — D" w decay [32].

IV. CONCLUSION

All the previous calculations in the literature for the B,
meson decays to two charmed mesons are based on the
very simple naive factorization approach. The branching
ratios predicted in this kind of model calculation depend
heavily on the input form factors. Since all of these modes
contain dominant or large contributions from color-
suppressed diagrams, the predicted branching ratios are
also not stable owing to the large unknown nonfactorizable
contributions. In this paper, we have performed a system-
atic analysis of the double charm decays of the B. meson in
the pQCD approach based on the k; factorization theorem,

2 1 0 b
f% = _2\/;CFfo37TM4B/O dxz‘[o blbzdbldbz(f’z(xz)eXP(_

X ho(ater Ba b1, b2)Si(x2) expl =S, (1)1 + r3e(t,)h, (e, By, by, b1)S,(x1) exp[—Sa(1,)h

8 1 o0
ML = 3 Cofym [ dnadvs [ babidbadbsdae) g exp -

PHYSICAL REVIEW D 86, 074019 (2012)

which is free of end-point singularities. All topologies of
decay amplitudes are calculable in the same framework,
including the nonfactorizable one and the annihilation
type. It is found that the nonfactorizable emission diagrams
give a remarkable contribution. There is no CP violation
for all these decays within the standard model, since there
are only tree operator contributions. The predicted branch-
ing ratios range from very small numbers of @(10~8) up to
the largest branching fraction of @(1073). Since all of the
previous naive factorization calculations did not give the
theoretical uncertainty in the numerical results, it is not
easy to compare our results with theirs. The theoretical
uncertainty study in the pQCD approach shows that our
numerical results are reliable, which may be tested in the
upcoming experimental measurements. We predict the
transverse polarization fractions of the B. decays with
two vector D* mesons in the final states for the first time.
Because of the cancellation of some hadronic parameters
in the ratio, the polarization fractions are predicted with
less theoretical uncertainty. The transverse polarization
fractions are large in some channels, which mainly come
from the nonfactorizable emission diagrams.
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APPENDIX A: FACTORIZATION FORMULAS
FOR B, — VV

In the B, decays to two vector meson final states, we use
the superscripts L, N, and T to denote the contributions
from longitudinal polarization, normal polarization, and
transverse polarization, respectively. For the CKM favored
B, — D{;; D" decays, the decay amplitudes for different

polarizations are

2
1

w2
> B){[_(”z —2)r, + 2rx; — xp]e(t,)

(AD)

b3
2

J(EEE

+ ro(1 = x0)]a(t)h (B, a,, b3, by) exp[—S.q(t)] = [1 — x; — %, + x5 — rp(1 — x;)]

X a,(ty)he(Bg, a,, b, by) exp[—Scq(ts)]}

(A2)
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1 0
FL = —8C, fymMl [0 dx,dxs [0 babsdbadbys(6) by (e){[1 — x2Jay (1) ey (@gs Bow bay b3)

X exp[_Sef(te)]St(-XB) - [1 - x3]as([f)he(aa’ Bf! b3r bZ) exp[_Sef(tf)]St(-XZ)}’ (A3)
8 0 b2 w2
M = gCFfBWMé /01 dxzdx3f0 blbzdbldb2¢2(x2)¢3(x3)exp(— 1;03>{[x1 +txz—1 - rc]as(tg)he(ﬁg’ @, by, by)
X exp[_Sgh(tg)] - [rb - x2]as(th)he(ﬁh’ Qg bl’ b2) exp[_Sgh(th)]}! (Ad)
2 00 b2 w2
FY = _2\/;CFfo3”37TM?; fol dx; .[0 bybydb db, ¢y (x,) CXP<_1T(UB){[2 —rp +r(dr, — x; — 1)]

X as(ta)he(ae’ IBw blr b2)St(x2) exp[_Sab(ta)] - r2as(th)he(ae’ Bb’ bZ’ bl)St(xl) eXP[_Sab(tb)]}’ (AS)

2,2
biwyg

2 1 o0
Fr =2\chfo3r3wM§ [ [ bibadbiabaaten exo =N ~ 1y = a1~ )

X a.\‘(ta)he(aer Bw bl’ bZ)St(xZ) exp[_Sub(ta)] - r2as(tb)he(ae’ Bhr b2’ bl)St(xl) exp[_Sab(tb)]}r (A6)

MY = —M?
8 1 ) b2 w2
= gCFfBWMéﬁj; dxzdx3/;) b2b3db2db3¢2(x2)¢3(x3)exp(— 2;)B>{[x1 + x3 — Ha(t)h, (B, a,, b3, by)
X expl—=S.q(t.)] — [x1 — x3]as(t)h,(Ba a,. bs, by) expl—S.4(t,)]}
(A7)
1 00
F = _8CFfB7TM?372r3f0 dxzdx3[0 byb3db,ydbsy s (x2) b3 (3 {[2 — xa]a(2,)h(ay, Be, b2, b3)
X expl =S, (2.)18,(x3) — [2 — x3]a,(tp)h.(a, By, b3, by) expl—S,+(t7)]S,(x2)}, (A8)
1 00
:Fg = _8CFfB7TM§”2r3j; dxzdx3jo byb3dbydbs s (xy) s (x3)ixpa(t,)h (g, Ber by, b3)
X exp[_Sef(te)]St(x3) + X3 as(tf)he(aw Bf«' b3’ bZ) exp[_Sef(tf)]St(XZ)}r (A9)
00 2. 2
MY = 3 Cofymith [ dusdrs [ bibadbidbagatedsteexp( - 20 1)
3 0 0 2
+ I’%(.X3 - I)Jas(l‘g)he(ﬁgJ Qg bl’ bZ) eXp[_Sgh(tg)]
— [3x) + 13x3 = 2rar3rpJa (6 he (B g, by, by) exp[—S g, (1)1}, (A10)
8 1 00 b2 w2
ML =5 Crfymtl [ dadss [ bibadbidbs o) st exp( ~ T I — 1)
- I"%(.X3 - 1)]as(tg)he(ﬁg’ Ay, by, b2) eXP[_Sgh(lg)]
— [Fxy = Bxsla,(t)h. (B, ag by, by) exp[ =S, (1)1 (A11)

For the CKM suppressed B, — Dzks D*0 decays, the decay amplitudes for different polarizations are
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2.2
1Wp
2

D 1 00 b
52=—2\chfo3771\4§ ]O dx, ]O blbzdb,dbm(xz)exp(— ){[—(r2—2)rb

+ 2ryxy — xp]a(t,)h(a,, By, by, b2)S,(xp) expl —S,,(1,)] + r%as(tb)he(aer By, by, b1)S,(x1) expl—S (2,1},
(A12)

2 1 ) b2 w2
zevz = _2\/;CFfo3r37TM4Bf dxzf bybydbdb; ¢, (x,) CXP(— 17‘“3){[2 —ry +r(4r, — x; — 1)]
0 0
X as(ta)he(ae’ Bar bl! b2)St(x2) exp[_Sab(ta)] - r2a/s(tb)he(a/e’ Bb’ b2r bl)St(xl) exp[_Sab(tb)]}’ (A13)

2.2

D 1 0 biw
Zz=2\[§chBf3r37rM4B [ s [ buadbidbrateyexs( =TSN - 1y~ a1 =)

X a(t)h(a, By b1, by)S (xp) expl =S, (t,)] — roay(ty)h(a, By, ba, by)S,(x1) expl—S,(2,)1} (A14)

8 1 0 b2 w?
3\452 = gCFfBWMéj;) dxzdx3j; byb3db,dbs ¢z(x2)¢3(X3)€Xp(—%>{[2 —x;— Xy —x3— (1 — x;)]

X as(tc)he(ﬂc’ A, b3’ hZ) exp[_Scd(tc)] - [X3 X + I’z(l - x2)]as(td)he(ﬂdr A, b3r hZ) exp[_Scd(td)]}’ (AlS)

.’Mi}’z = _MeTz
8 4 ! 0 b%w%
=§CFfB7TMB/O dxzdx3/() bzb3db2db3¢2(x2)¢3(x3)eXP(‘ 3 ){[r3(x1 _X3)]as(fc)he(,3m a,, bs, bz)

X expl—=Seate)] + [2r, = r3(1 = x1 = x3)]a(ta)he(Ba, @, b3, ba) expl=S4(14)]}- (A16)

APPENDIX B: SCALES AND RELATED FUNCTIONS IN HARD KERNEL
We show here the functions %,, coming from the Fourier transform of hard kernel,
Ko(\Jab,), a >0,
Ko(i/—ab;), a<0,
0(by — by)lo(\/Bb2)Ko(v/Bby) + (by < b)), B >0,
0(by — by)Jo(\/=Bb)Ko(i/=Bby) + (by < by), B <0,

h.(a, B, by, by) = hy(a, by) X hy(B, by, by), hy(a, by) = {

(B1)
{hZ(ﬁ’ bl’ b2) = {

where J, is the Bessel function and K, I, are modified Bessel functions with K(ix) = % (—Ny(x) + iJy(x)). The hard
scale 7 is chosen as the maximum virtuality of the internal momentum transition in the hard amplitudes, including 1/b;

(i=1,23)
o = max(m, 1Bl 1/6, 1/b2), 1, = max(\/@, 1B /6, 1/b2),
= max(\/@, V1B 176y 1 /b3), g — max(m, 1Bl 16 1 /b3>,
, — max(M, V1B 1/, 1 /b3>, f= max<M, 1B/l 1/b5,1 /b3>, "
f, = max(\/@, 1B, 1/, 1/b2), = max(\/m, 184l 176y, 1/b2),
where
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a, = (1 —x)(x; — )1 — 3)M3,
= [rlz7 + (r% —1D(x, + r3(1 — x,)) M3,

—(1+ (r% — Dxy)(1 +
By = (-

PHYSICAL REVIEW D 86, 074019 (2012)
(7’% - 1)x3)M%,
r%)(xl — r%)Mz,

Be=1[r} = (1 —x(1 =)A= x; — x3(1 = ) ]IM3, Ba= (1= x)(1 = B)x; — x3 — r3(1 — x3)IM3, (B3)
Be = —[1+ (13— Dx,]M3, By = —[1+ (3 — Dx;IM3,
By =[ri+ (1 —x( - ) +x3 — 1 = r3x3) M3, B =112 = x,(r3 — D(x; — x3(1 — r3))IM3.
The Sudakov factors used in the text are defined by
g (e 3 [, w2 [l
St =s|—7=x1,b1) T s{—=x2, 05 + = +2 — ,
0 =o(Tn b ) () o5 [ Ly ey
MB ) (MB ) 11 fl d,u/ ft d
S.at) =s|—=x.,b Xy, by ) + s X3, b — — +2 —
(1) (\/5 1, D2 \/i 2, 02 \/5 3, 03 3 i, M 7q(/~‘(‘) b, Vq(,U«) B
M

(5n0)
S A e
8

M
5 [t
. b
. 2) 3—[1/b,,u

where the functions s(Q, b) are defined in Appendix A of Ref. [24]. y, = —

{l

Mp ) (MB
S.,(t) =s|—=x;, b sl —=x
) (ﬁl 1 .

APPENDIX C: MESON WAVE FUNCTIONS

In the nonrelativistic limit, the B, meson wave function
can be written as [33]

ifp
4N,

26()2
By () = LB+ My ) ys5(x - c>]exp(—” 2

2

(ChH
in which the last exponent term represents the k; distribu-
tion. Here, we consider only the dominant Lorentz struc-
ture and neglect another contribution in our calculation
[34].

In the heavy quark limit, the two-particle light-cone
distribution amplitudes of D(S)/DE‘X) meson are defined

as [35]
<D(s)(P2)|('Ia(Z)E,B(O)|O>

= # f] dxe™P>ys(Py + mp )b, (%, b)]ap,
(D; \)(P2)|qa(Z)C/3(O)|O>
= - \/m_/(‘) dxeixpzlz[éL(?Z + sz‘x))

X d)éa)(x) b) + éL(’SZ + mD(*x))d’IT);;) (X, b)]a,B’ (Cz)

%,(M)

a; /17 is the anomalous dimension of the quark.

with the normalization conditions

1 Ip
d ,0) = &
[ asbn, .0 = 57 )
f dquL (x 0) = [ dx¢l. (x 0) = ket
22N’
where we have assumed f D, = f p+ - Note that equations of
s )

motion do not relate ¢%5. and ¢1. . We use the following
® ®

relations derived from heavy quark effective theory [36] to
determine f Dy

fpr =

(s) mD*

fD(,.) * (C4)

The distribution amplitude ¢(L(*)T) is taken as [18]
(\)

3
¢(L T) _ \/WfDﬁ*ix(l —x)[1 + ath;(l —2x)]
b*w?,
X exp(— — ("')). (C5)

We use ap = 0.5*+0.1, wp = 0.1 GeV for the D/D*
meson and ap =04 *0.1, wp =0.2GeV for the
D, /D’ meson, which are determined in Ref. [20] by fitting.
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