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Study of pure annihilation decays Bd,s →D0D
0 *

LI Ying(oE)1) HUA Juan(uï)
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Abstract Within the heavy quark limit and the hierarchy approximation λQCD �mD �mB, we analyze the

B → D0D
0

and Bs → D0D
0

decays, which occur purely via annihilation type diagrams. As a rough estimate,

we calculate their branching ratios and CP asymmetries in the perturbative QCD (PQCD) approach. The

branching ratio of B → D0D
0

is about 3.8×10−5 that is just below the latest experimental upper limit. The

branching ratio of Bs →D0D
0

is about 6.8×10−4 , which could be measured in LHC-b. From the calculation,

it is found that this branching ratio is not sensitive to the weak phase angle γ. In these two decay modes,

there exist CP asymmetries because of the interference between weak and strong interaction. However, these

asymmetries are too small to be measured easily.
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1 Introduction

In the Standard Model (SM), CP -violation

(CPV) arises from a complex phase in the Cabibbo-

Kobayashi- Maskawa (CKM) quark mixing matrix,

and the angles of the unitary triangle are defined as[1]:

β = arg

[

−V ∗

cbVcd

V ∗

tbVtd

]

, α = arg

[

− V ∗

tbVtd

V ∗

ubVud

]

,

γ = arg

[

−V ∗

ubVud

V ∗

cbVcd

]

. (1)

In order to test the SM and search for new physics,

many measurements of CP -violation observables can

be used to constrain above mentioned angles. It is

well known that we measure β precisely using the

golden decay mode B → J/ψKs; the angle α can

be determined with the decay B → ππ and γ could

be measured precisely in the Large Hadron Collider

(LHC) with the decay mode Bs →DsK.

Besides the above mentioned channels, many

other channels are used to cross check the measure-

ments. Among these decays, B → DD decay is con-

sidered to test the β measurement. For the B →
DD decay, the analysis based on SU(3) symmetry[2],

iso-spin symmetry[3], factorization approach[4, 5] and

other approaches[6] have been done in the past sev-

eral years. However, the calculation of the decay

B0 → D0D
0

has difficulties. It is a pure-annihilation

diagram decay, also named W-exchange diagram de-

cay, which is power suppressed in factorization lan-

guage. The quark diagrams of this decay are shown

in Fig. 1. Theoretically, the QCD factorization ap-

proach (QCDF)[7] and the soft collinear effective the-

ory (SCET)[8] cannot deal effectively with decays

with two heavy charmed mesons. In Refs. [9, 10],

perturbative QCD (PQCD) has been exploited to B

meson decays with one charmed meson in the final

state and the results agree well with the experimental

data. Specially, the pure annihilation-type B decays

with charmed mesons were studied in Ref. [10].

Fig. 1. The quark level Feynman diagrams for
the Bd →D0D̄0 process.

In the standard model picture, the W boson ex-

change causes b̄d → c̄c, and the ūu quarks are pro-

duced from a gluon. This gluon attaches to any one of

the quarks participating in the W boson exchange. In

the decay B→D0D
0
, the momentum of the final state
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D meson is
1

2
mB(1−2r2), with r = mD/mB. If we con-

sider the heavy quark limit and the hierarchy approx-

imation λQCD �mD �mB, the D meson momentum

is nearly mB/2. According to the distribution ampli-

tude used in Ref. [9], the light quark in the D meson

carries nearly 40% of the D meson momentum. So,

this light quark is still a collinear quark with 1 GeV

energy, like that in B → DM[9, 10], B → K(π)π[11, 12]

decays. The gluon could approximatively be viewed

as a hard gluon, so that we can treat the process per-

turbatively, where the four-quark operator exchanges

a hard gluon with an uū quark pair. Of course, we

are able to calculate the diagrams if the charm quark

and the up quark are exchanged. As a rough estima-

tion, we give the branching ratio and CP -violation of

Bd,s →D0D
0
.

In the next section we will develop the analytic

formulae for the decay amplitudes. In Section 3, we

give the numerical results and summarize this article

in Section 4.

2 Analytic formulae

For simplicity, we set the B meson at rest in our

calculation. In light-cone coordinates, the momen-

tum of B, D0 and D
0

are:

PB =
MB√

2
(1,1,0); P2 =

MB√
2

(1−r2, r2,0);

P3 =
MB√

2
(r2,1−r2,0). (2)

We define the light (anti-)quark momenta in the B,

D0 and D
0

mesons, k1, k2, and k3 as:

k1 = (x1P
+
1 ,0,k1T ), k2 = (x2P

+
2 ,0,k2T ),

k3 = (0,x3P
−

3 ,k3T ). (3)

In PQCD, we factorize the decay amplitude into

soft (Φ), hard (H), and harder (C) dynamics, char-

acterized by different scales[11, 12],

A ∼
∫
dx1dx2dx3b1db1b2db2b3db3×

Tr
[

C(t)ΦB(x1, b1)ΦD(x2, b2)ΦD(x3, b3)×

H(xi, bi, t)St(xi)e−S(t)
]

. (4)

In the above equation, bi is the conjugate space coor-

dinate of the transverse momentum kiT , and t is the

largest energy scale. C is the Wilson coefficient, and

Φ is the wave function. The last term, e−S(t), con-

tains two kinds of contributions. One is due to the

resummation of the large double logarithms from the

renormalization of the ultra-violet divergence ln tb.

The other contribution comes from the resumma-

tion of the double logarithm ln2 b from the overlap

of collinear and soft gluon corrections, which is called

Sudakov form factor. The hard part H can be cal-

culated perturbatively, and it is channel dependent.

More detailed explanations of the above formula and

reviews on PQCD can be found in many references,

such as[11—13].

As a heavy meson, the B meson wave function is

not well defined, neither is that of the D meson. In

the heavy quark limit, we take them as:

ΦB(x,b) =
i√
6

[6P +MB]γ5φB(x,b), (5)

ΦD(x,b) =
i√
6
γ5 [6P +MD]φD(x,b). (6)

The Lorentz structure of the two mesons are different

because the B meson is the initial state and D meson

is the final state.

The effective Hamiltonian for b̄ → q̄(q = d,s) is

given by[14]:

Heff =
GF√

2

{

VcqV
∗

cb

[

C1(µ)Oc
1(µ)+C2(µ)Oc

2(µ)
]

+

VuqV
∗

ub

[

C1(µ)Ou
1 (µ)+C2(µ)Ou

2 (µ)
]

−

V ∗

tbVtq

10
∑

i=3

Ci(µ)Oi(µ)
}

, (7)

where Ci(µ)(i = 1, · · · ,10) are the Wilson coefficients

at the renormalization scale µ and the four quark op-

erators Oi(i = 1, · · · ,10) are

Oc
1 = (b̄icj)V −A(c̄jqi)V −A,

Oc
2 = (b̄ici)V −A(c̄jqj)V −A,

Ou
1 = (b̄iuj)V −A(ūjqi)V −A,

Ou
2 = (b̄iui)V −A(ūjqj)V −A,

O3 = (b̄iqi)V −A

∑

q
(q̄jqj)V −A,

O4 = (b̄iqj)V −A

∑

q
(q̄jqi)V −A,

O5 = (b̄iqi)V −A

∑

q
(q̄jqj)V +A,

O6 = (b̄iqj)V −A

∑

q
(q̄jqi)V +A,

O7 =
3

2
(b̄iqi)V −A

∑

q
eq(q̄jqj)V +A,

O8 =
3

2
(b̄iqj)V −A

∑

q
eq(q̄jqi)V +A,

O9 =
3

2
(b̄iqi)V −A

∑

q
eq(q̄jqj)V −A,

O10 =
3

2
(b̄iqj)V −A

∑

q
eq(q̄jqi)V −A.

(8)

Here i and j are the SU(3) color indices; in O3,··· ,10

the sum over q runs over the quark fields that are
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Fig. 2. The leading order Feynman diagrams

for Bd →D0D
0

process in PQCD approach.

active at the scale µ = O(mb), i.e., q ∈ {u, d, s, c, b}.
For the Wilson coefficients, we will also use the lead-

ing logarithm summation for the QCD corrections, al-

though the next-to-leading order calculation already

exists[14]. This is the consistent way to cancel the

explicit µ dependence in the theoretical formulae.

According to the effective Hamiltonian in Eqs. (7),

(8), the lowest order diagrams of B→D0D
0
are drawn

in Fig. 2. We first calculate the usual factorizable dia-

grams (a), (b), (c) and (d). For the (V−A)(V−A) op-

erators, their contributions of (a) and (c) are always

canceled by diagrams (b) and (d), respectively (be-

cause of current conservation). For the (V−A)(V +A)

operators, these diagrams do not contribute, either,

ie., factorizable diagrams have no contribution. For

the non-factorizable diagrams (e), (f), (g) and (h), we

find that the hard part of the (V−A)(V−A) operators

are the same as those of the (V −A)(V +A) operators.

We combine the contribution of diagrams (e) and (f)

into Ma, as follows:

Ma[Ci] =
64πCFM 2

B√
2NC

∫1

0

dx1dx2dx3

∫
∞

0

b1db1b2db2 ×

φB(x1, b1)φD(x2, b2)φD(x3, b2)×
{

[

x1 +x2 +(2x3−x2)r
2
]

Ci(t
1
a)E(t1a)×

h(1)
a (x1,x2,x3, b1, b2)+

[

−x3 +(2x1−2x2 +x3)r
2
]

×

Ci(t
2
a)E(t2a)h

(2)
a (x1,x2,x3, b1, b2)

}

, (9)

where CF = 4/3 is the group factor of the SU(3)c

gauge group. The function Em is defined as

E(t) = αs(t)e−SB(t)−SD(t)−SD(t), (10)

and SB, SD result from the Sudakov factor and

the single logarithms due to the renormalization of

the ultra-violet divergence. The functions ha are

the Fourier transformations of the virtual quark and

gluon propagators. They are defined by

h(j)
a (x1,x2,x3, b1, b2)=

{

πi

2
H(1)

0 (MB

√

x2x3(1−2r2) b1)×

J0(MB

√

x2x3(1−2r2)b2)θ(b1−b2)+(b1 ↔ b2)

}

×






K0(MBFa(j)b1), for F 2
a(j) > 0

πi

2
H

(1)
0 (MB

√

|F 2
a(j)|b1), for F 2

a(j) < 0






, (11)

with:

F 2
a(1) = −x1−x2−x3 +x1x3 +x2x3 +

(x2 +x3−x1x3−2x2x3)r
2; (12)

F 2
a(2) = x2x3−x1x3 +(x1x3−2x2x3)r

2. (13)

In the above equation, H (1)
0 (z) = J0(z)+ iY0(z) is a

Hankel function of the first kind. In order to reduce

the large logarithmic radiative corrections, the hard

scale t in the amplitudes is selected as the largest

energy scale in the hard part:

tja = max(MB

√

|F 2
a(j)|, MB

√

(1−2r2)x2x3,1/b1,1/b2).

(14)

Analogically, we can get the Mb, which comes from

the contribution of diagrams (g) and (h):

Mb[Ci] =
64πCFM 2

B√
2NC

∫1

0

dx1dx2dx3

∫
∞

0

b1db1b2db2 φB(x1, b1)φD(x2, b2)φD(x3, b2)×

{

[

1−x3 +(2+2x1−2x2 +x3)r
2
]

Ci(t
1
b)E(t1b)h

(1)
b (x1,x2,x3, b1, b2)+

[

x1 +x2−1+(−2−x2 +2x3)r
2
]

Ci(t
2
b)E(t2b)h

(2)
b (x1,x2,x3, b1, b2)

}

, (15)
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where the following functions have been defined as:

h(j)
b (x1,x2,x3, b1, b2) =

{

πi

2
H(1)

0 (MB

√

1−x2−x3 +x2x3 +(x2 +x3−2x2x3)r2 b1)×

J0(MB

√

1−x2−x3 +x2x3 +(x2 +x3−2x2x3)r2 b2)θ(b1−b2)+(b1 ↔ b2)

}

×






K0(MBFb(j)b1), for F 2
b(j) > 0

πi

2
H(1)

0 (MB

√

|F 2
b(j)| b1), for F 2

b(j) < 0






; (16)

F 2
b(1) = −1−x1x3 +x2x3 +(x1x3−2x2x3)r

2, (17)

F 2
b(2) = 1−x1−x2−x3 +x1x3 +x2x3 +(x2 +x3−x1x3−2x2x3)r

2, (18)

tjb = max(MB

√

|F 2
b(j)|, MB

√

1−x2−x3 +x2x3 +(x2 +x3−2x2x3)r2,1/b1,1/b2). (19)

We obtain then the decay amplitude of the decay

Bd →D0D
0

as:

A1 = V ∗

cbVcdMa[C2]−V ∗

tbVtdMa[C5 +C7]+

V ∗

ubVudMb[C2]−V ∗

tbVtdMb[C5 +C7] =

V ∗

cbVcdT1−V ∗

tbVtdP1 =

V ∗

tbVtdP1(1+z1e
i(β+δ1)), (20)

where β is the weak phase angle defined in Eq. (1),

and δ1 is the strong phase, which plays an important

role in studying CP -violation. In the above calcula-

tion we used the following notation:

T1 = Ma[C2]−Mb[C2],

P1 = Ma[C5 +C7]+Mb[C5 +C7]+Mb[C2],
(21)

and

z1 =

∣

∣

∣

∣

V ∗

cbVcd

V ∗

tbVtd

∣

∣

∣

∣

∣

∣

∣

∣

T1

P1

∣

∣

∣

∣

, (22)

which describes the ratio between the tree diagram

and the penguin diagram. The corresponding charge

conjugate decay is described by the amplitude

A1 = VtbV
∗

tdP1

(

1+z1e
i(−β+δ1)

)

. (23)

Therefore, the averaged decay width Γ for B0 →D0D
0

decay is then given by

Γ (B0 →D0D
0
) =

G2
FM 3

B

128π
(1−2r2)

∣

∣V ∗

tbVtdP1

∣

∣

2×
∣

∣1+z2
1 +2z1 cosβ cosδ1

∣

∣. (24)

From this equation, we know that the averaged

branching ratio is a function of CKM angle β, if

z1 6= 0. Derived from Eq. (20) and Eq. (23), the direct

CP -violation can be formulated as:

Adir
CP (B→D0D

0
) =

∣

∣ABd→D0D
0

∣

∣

2−
∣

∣ABd→D
0
D0

∣

∣

2

∣

∣ABd→D0D
0

∣

∣

2
+

∣

∣ABd→D
0
D0

∣

∣

2 =

−2z1 sinβ sinδ1

1+z2
1 +2z1 cosβ cosδ1

. (25)

For B0
s →D0D

0
and its conjugate decay, we write

the decay amplitudes and rearrange them as:

A2 = V ∗

cbVcsMa[C2]−V ∗

tbVtsMa[C5 +C7]+

V ∗

ubVusMb[C2]−V ∗

tbVtsMb[C5 +C7] =

V ∗

ubVusMb[C2]−V ∗

tbVts

{

Ma[C5 +C7]+

Mb[C5 +C7]−
V ∗

cbVcs

V ∗

tbVts

Ma[C2]

}

=

V ∗

ubVusT2−V ∗

tbVtsP2 =

V ∗

ubVusT2

[

1+z2e
i(−γ+δ2)

]

, (26)

A2 = VubV
∗

usT2

[

1+z2e
i(γ+δ2)

]

, (27)

where T2, P2 and z2 are defined as:

T2 = Mb[C2],

P2 = Ma[C5 +C7]+Mb[C5 +C7]−
V ∗

cbVcd

V ∗

tbVts

Ma[C2],

z2 =

∣

∣

∣

∣

V ∗

tbVts

V ∗

ubVus

∣

∣

∣

∣

∣

∣

∣

∣

T2

P2

∣

∣

∣

∣

. (28)

So, the averaged decay width and direct CP violation

can be formulated as:

Γ (Bs →D0D
0
) =

G2
FM 3

B

128π
(1−2r2)

∣

∣VubV
∗

usT2

∣

∣

2×

(1+z2
2 +2z2 cosδ2 cosγ), (29)
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Adir
CP (Bs →D0D

0
) =

|ABs→D0D
0 |2−|ABs→D

0
D0 |2

|ABs→D0D
0 |2 + |ABs→D

0
D0 |2

=

2z2 sinγ sinδ2

1+z2
2 +2z2 cosγ cosδ2

. (30)

In our calculation, we set mc ≈ mD, just because

mD−mc ≈ ΛQCD and
ΛQCD

mB

→ 0 in the heavy quark

limit.

3 Numerical results

For the B meson, the distribution amplitude is

well determined by the charmless B decays[11, 12],

which is chosen as

φB(x,b) = NBx2(1−x)2 exp

[

−M 2
B x2

2ω2
b

− 1

2
(ωbb)

2

]

,

(31)

with parameters ωb = 0.4 GeV, and NB = 91.745 GeV

which is the normalization constant using fB =

190 MeV. For the Bs meson, we use the same distribu-

tion amplitude according to SU(3) symmetry, where

ωb = 0.4 GeV, NBs
= 119.4 GeV and fBs

= 230 MeV.

Since the c quark is much heavier than the u

quark, the c quark in the D meson picks up more

momentum, and therefor the distribution amplitude

should be asymmetric with respect to x = 1/2. The

asymmetry is parameterized by aD. Similar to the

b-dependence of the wave function of the B meson,

for controlling the size of charmed mesons, we also

introduce the intrinsic b-dependence similar to those

of charmed mesons. Hence, we use the wave function

of the D meson as[15]

φD(x,b) =
3√
2Nc

fDx(1−x)
[

1+aD(1−2x)
]

×

exp

[

−1

2
(ωDb)2

]

. (32)

We use aD = 0.7 and ωD = 0.4 in the above function.

Other parameters, such as the meson masses, decay

constants, the CKM matrix elements and the lifetime

of the B meson are listed below[1, 16]:

MB = 5.28 GeV, MBs
= 5.36 GeV, MD = 1.87 GeV,

fD = 210 MeV, |Vud|= 0.974, |Vub|= 4.3×10−3,

|Vcd|= 0.23, |Vcb|= 41.6×10−3, |Vtd|= 7.4×10−3,

|Vtb|= 1.0, |Vus|= 0.226, |Vcs|= 0.957,

|Vts|= 41.6×10−3, τB0

d
= 1.54×10−12 s,

τB0
s
= 1.46×10−12 s. (33)

With these parameters fixed, we calculated the

decay amplitudes of the B0 → D0D
0

and Bs → D0D
0

decays in Table 1. From the table, we notice that the

main contribution comes from the tree diagram (e)

and (f). And our predictions for the branching ratio

of each mode corresponding to β = 23◦ and γ = 63◦

are listed below,

BR(Bd →D0D
0
) = 2.3×10−5;

BR(Bs →D0D
0
) = 6.8×10−4.

(34)

Fig. 3 shows the branching ratio of Bs → D0D
0

as a

function of the γ. It can be seen that the branch-

ing ratio is not sensitive to the CKM angle γ. From

the experimental side, only upper limits for decay

Bd →D0D
0

are given at a 90% confidence level:

BR(Bd →D0D
0
) < 6.0×10−5; BarBar[17]

BR(Bd →D0D
0
) < 4.2×10−5. Belle[18]

(35)

Obviously, our result is consistent with the data. For

the Bd → D0D
0

decay mode, z1 is about 6.5, and

the strong phase δ1 is 34◦, so Adir
CP is about −6%

with the definition in Eq. (25). As far as the de-

cay mode Bs → D0D
0

is concerned, z2 is about 205

and δ2 = 155◦, and the relation between direct CP vi-

olation and γ is shown in Fig. 4. From the figure we

see that the CP asymmetry is about 0.4%, which is

rather small. It is necessary to state that the z1 and

z2 are not the true ratio between the tree contribution

and the penguin, because mathematical technique are

used in Eqs. (20) and (27).

Table 1. Amplitudes (10−3 GeV) of Bd →

D0D
0

and Bs →D0D
0
.

Bd →D0D
0

Bs →D0D
0

T (e)+T (f) 68+17 i 66+27 i

P (e)+P (f) 0.80+0.23 i 0.77+3.68 i

T (g)+T (h) 9.81−2.99 i 14.0−0.6 i

P (g)+P (h) 0.08−0.02 i −0.01+0.01 i

Fig. 3. The change of the branching ratio of

Bs →D0D
0

changes with the CKM angle γ.

In addition to the perturbative annihilation con-

tributions, there is also a hadronic picture for

the Bd → D0D
0

decay, named soft final states

interaction[19]. The B meson decays into D+ and D−,

the secondary particles then exchange a ρ meson, and
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then scatter into D0D
0

through final state interac-

tion. For the Bs decay, the Bs meson decays into

D+
s and D+ then scatters into D0D

0
by exchanging

a Kaon. But this picture cannot be calculated accu-

rately because of the lack of the knowledge of many

effective vertices. We have ignored this contribution

here, though it may be important[19].

Fig. 4. The direct CP -violation of Bs →D0D
0

as a function of the CKM angle γ.

There are many uncertainties in our calculation

such as higher order corrections, the parameters listed

in Eq. (33) and the distribution amplitudes of heavy

mesons. We will not discuss uncertainties arising

from higher order corrections as we only roughly esti-

mate the branching ratios and CP asymmetries. Nev-

ertheless the higher order corrections have been con-

sidered for some special channels[20, 21] and showed a

15%—20% uncertainty. The parameters in Eq. (33),

fixed by experiments, are proportional to the ampli-

tudes, so we will not analyze this kind of uncertainties

either. In our calculation, we find that the results are

sensitive to the distribution amplitudes, especially to

that of the D meson. Since the heavy D wave function

is less constrained, we set aD ∈ (0.6− 0.8) GeV and

ωD ∈ (0.35− 0.45) GeV to exploit the uncertainties.

Table 2 shows the sensitivity of the branching ratios

to a change of ωb, ωD and aD. It is found that the

uncertainty of the predictions on PQCD predictions

is mainly due to ωD, which describes the behavior in

the end-point region of the D meson, however it is

very hard to be determined. Considering the exper-

imental upper limit, our results favor large ωb, large

ωD and small aD.

Table 2. The sensitivity of the decay branching ratios and CP asymmetries to change of ωb, ωD and aD.

BR(Bd →D0D
0
) BR(Bs →D0D

0
) Adir

CP (Bd →D0D
0
) Adir

CP (Bs →D0D
0
)

(×10−5) (×10−4) (%) (%)

ωb(B\Bs)

0.35\0.45 4.3 7.8 −7.2 0.4

0.40\0.50 3.8 6.8 −5.3 0.4

0.45\0.55 3.2 5.9 −5.8 0.4

ωD

0.35 5.0 9.7 −4.2 0.3

0.40 3.8 6.8 −5.3 0.4

0.45 2.2 4.2 −7.8 0.5

aD

0.6 3.2 5.9 −6.9 0.4

0.7 3.8 6.8 −5.3 0.4

0.8 4.3 7.8 −6.1 0.4

At last, we give the prediction of the branching

ratios with err bars included as follows:

BR (Bd →D0D
0
) =

(

3.8+0.5+1.2+0.5
−0.6−1.6−0.6

)

×10−5×
(

fB
•fD

•fD

190 MeV •210 MeV •210 MeV

)2

;

BR (Bs →D0D
0
) =

(

6.8+1.0+2.9+1.0
−0.9−2.6−0.9

)

×10−4×
(

fBs
•fD

•fD

230 MeV •210 MeV •210 MeV

)2

. (36)

We believe that the Bd → D0D
0

will be measured

soon because this ratio is just below the present up-

per limit, and Bd →D0D
0

will be measured in LHC-b

next year as a channel to cross check the γ measure-

ments.

4 Summary

Within the heavy quark limit and the hierarchy

approximation λQCD � mD � mB, we analyzed the

B → D0D
0

and Bs → D0D
0

decays, which occur

purely via annihilation type diagrams. As a rough

estimation, we calculate the branching ratios and CP

asymmetries in the PQCD approach. The branch-

ing ratios are still sizable. The branching ratio of

B → D0D
0

is about 3.8× 10−5, which is just below

the experimental upper limited result[17, 18], and we

think that it will be measured in the near future. For

Bs → D0D
0
, the branching ratio is about 6.8×10−4,
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which could be measured in LHC-b. From the cal-

culation, it is found that this branching ratio is not

sensitive to the angle γ. In these two decays, there

exist CP asymmetries because of the interference be-

tween weak and strong interactions, though they are

very small.
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