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Abstract. Using the next-to-leading-order low-energy effective Hamiltonian, the CP asymmetries for Bc-
meson decays into meson pairs are calculated in the spectator approximation. We do not compute the
hadronic matrix elements directly; instead, we use the amplitude ratios to estimate the CP asymmetries.
This is quite different from previous treatments in the literature. The values of the momentum squared
carried by the virtual particles in timelike penguin diagrams are also carefully discussed. From our cal-
culated results, the best decay modes to observe CP violation in Bc decays would be B−

c → D̄∗0K∗−,
D̄0K∗−, D̄∗0K−, D̄0K−, and B−

c → ηcD
−, each of them needs about 108 of B±

c events in experiment.

1 Introduction

One of the main aims of B factories is the observation of
CP violation. The Bu, Bd, and Bs-meson decays and cor-
responding CP violation have been discussed extensively.
The decays of Bc meson (b̄c and bc̄ bound states) provide
another valuable window for probing the origin of CP vi-
olation. Since a large number of Bc mesons is expected to
be produced at hadronic colliders like LHC or Tevatron
[1], the examination of the features of Bc-meson decays
and CP violation becomes more and more interesting for
both experimental efforts and theoretical studies.

Theoretical predictions about Bc-meson decays are
made in many previous works using different models [2].
The results are strongly model-dependent. At present, it
is difficult to judge these different results, for lack of ex-
perimental data. There are also several works which pay
attention to CP violation in Bc-meson decays. The Bauer–
Stech–Wirbel (BSW) model in [3] and the Bethe–Salpeter
formalism in [4] are used to calculate CP-violating asym-
metries for two-body mesonic decays of the Bc meson.
There are many uncertainties in these calculations, how-
ever, due to the model dependence and the different choices
of parameter values.

It is well known that only direct CP violation ex-
ists in Bc-meson decays, and that it requires that two
decay amplitudes have both different weak phases and
different strong phases. The weak phases come from the
Cabibbo–Kobayashi–Maskawa (CKM) matrix. According
to the new experimental results, the favorite values of the
Wolfenstein parameters for the CKM matrix are changed;
the main difference found when these values are compared
with the old ones is the sign of the parameter ρ [5]. Clearly
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the new Wolfenstein parameter will influence the weak
phases as well as the calculated results of the CP-violating
asymmetry. If we ignore soft strong phases, which are diffi-
cult to estimate at present, hard strong phases can be esti-
mated perturbatively using the low energy effective Hamil-
tonian and are relevant to the loop-integral functions of
penguin diagrams. In general, decay amplitudes and the
CP- violating asymmetries rely on hadronic matrix ele-
ments, which are strongly model-dependent; but in the
spectator approximation (i.e., ignoring the contributions
of the annihilation and spacelike penguin diagrams, which
are believed to be color- and form-factor-suppressed), CP-
violating asymmetries can be obtained without calculation
of the hadronic matrix elements for many decay processes
of the Bc meson. In this paper, unlike in the previous
works in the literature [3,4], we try to estimate the CP-
violating asymmetry of the Bc decays into meson pairs
without calculating the hadronic matrix elements directly.
So that portion of uncertainties caused by the direct com-
putation of the hadronic matrix elements is avoided. Of
course, we still need to use factorization approximation
to factorize out some coefficients of the decay amplitudes.
Thus the factorization approximation will definitely cause
its own uncertainties. Another uncertainty source is the
unknown momentum squared value carried by the virtual
particles in penguin diagrams. In the literature, a special
value of k2 is usually picked up from [0, m2

b ] or [(1/4)m2
b ,

(1/2)m2
b ] for all timelike penguin diagrams. This is obvi-

ously a rather rough approximation. We shall discuss this
problem based on the valence-quark assumption in our
paper and try to avoid the drawback of taking arbitrary
values for k2. In this article, we use the next-to-leading-
order low-energy effective Hamiltonian [6] to calculate the
CP- violating asymmetry for the Bc decays into PP , PV
and V V mesons in the spectator approximation (P is a
pseudoscalar meson, V a vector meson). In Sect. 2, we



558 Y. Dai, D. Du: CP violation in two-body hadronic decays of Bc mesons

first list the formula for the CP-violating asymmetry. The
quark-diagram amplitudes using the next-to-leading-order
low- energy effective Hamiltonian are given in Sect. 3. In
Sect. 4, we discuss the value of k2 carried by the vir-
tual particles for the timelike penguin diagrams. The cal-
culated results of the CP-violating asymmetries for the
Bc decays into meson pairs are given in Sect. 5. Finally,
Sect. 6 is devoted to discussion and conclusion.

2 Formula of CP asymmetry

For the Bc-meson decays to a final state f , we may, with-
out loss of generality, write the decay transition amplitude
as

A(f) = G1T1 +G2T2 (2.1)

where G1, G2 are both multiplication of the CKM matrix
elements. Assuming CPT invariance, the CP-conjugated
amplitude is

Ā(f̄) = G∗
1T1 +G∗

2T2 (2.2)

With the help of (2.1) and (2.2), the CP-violating asym-
metry can be written as

Acp(f) ≡ |A(f)|2 − |Ā(f̄)|2
|A(f)|2 + |Ā(f̄)|2 (2.3)

=
−2(ImG1G

∗
2)(ImT1T

∗
2 )

|G1T1|2 + |G2T2|2 + 2(ReG1G∗
2)(ReT1T ∗

2 )

Defining G1 = |G1|eiθ1 , G2 = |G2|eiθ2 and T1 = |T1|eiδ1 ,
T2 = |T2|eiδ2 , where θ1, θ2 are the weak phases and δ1, δ2
are the strong phases, respectively, then we have

Acp(f) =
−2 sin(θ1 − θ2) sin(δ1 − δ2)

|G1T1
G2T2

| + |G2T2
G1T1

| + 2 cos(θ1 − θ2) cos(δ1 − δ2)
(2.4)

Obviously the decay amplitude must have both different
weak phases (θ1 6= θ2) coming from the CKM matrix, and
different strong phases (δ1 6= δ2) coming from final-state
interactions (FSI); otherwise there are no CP violations.
We introduce another angle, ζ, which is defined as

h ≡
∣∣∣∣G1T1

G2T2

∣∣∣∣ ≡ tg
ζ

2
, sin ζ =

2h
1 + h2 > 0; (2.5)

then the CP-violating asymmetry formula becomes

Acp(f) = A0/(1 + A1)
A0 = − sin ζ sin(θ1 − θ2) sin(δ1 − δ2)
A1 = sin ζ cos(θ1 − θ2) cos(δ1 − δ2)

(2.6)

We can see that the magnitude of the direct CP violation
depends on three angles: the weak phase (θ1 − θ2), the
strong phase (δ1 − δ2) and the angle ζ.

(i) The weak phase (θ1 − θ2) is decided by the CKM
matrix elements, sin(θ1 −θ2) = ImG1G

∗
2/|G1G2|, cos(θ1 −

-
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Fig. 1. The unitarity triangle of the CKM matrix elements
V ∗

ubVud + V ∗
cbVcd + V ∗

tbVtd = 0 in the (ρ, η) plane

θ2) = ReG1G
∗
2/|G1G2|. According to the Wolfenstein rep-

resentation of the CKM matrix [7],

V =


Vud Vus Vub

Vcd Vcs Vcb

Vtb Vts Vtb


 (2.7)

=


 1 − λ2

2 λ Aλ3(ρ− iη)
−λ 1 − λ2

2 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1


 +O(λ4)

For two-body mesonic B−
c decays, if we consider only the

b quark decay, then we have |G1G2| = |V ∗
udV

∗
cdVubVcb| =

|V ∗
usV

∗
csVubVcb| ≈ A2λ6(1−λ2/2)

√
ρ2 + η2 and ImG1G

∗
2 =

±J ≈ ±A2λ6(1 − λ2/2)η. It follows that

sin(θ1 − θ2) = ± η√
ρ2 + η2

, |θ1 − θ2| = γ (2.8)

where the angle γ is just one of the angles of the unitarity
triangle for the CKM matrix elements in Fig. 1. From
(2.8), we see that the weak phase (θ1 − θ2) is decided only
by the Wolfenstein parameters (ρ, η).

(ii) The strong phase (δ1 − δ2) is caused by final-state
interactions, in which the penguin effects (hard strong
phases) can be estimated perturbatively, and the rescat-
tering effects (soft strong phases) are unknown at present.
In this paper, we will ignore the rescattering effects and
discuss the penguin effects only.

(iii) The angle ζ relies on the ratio h = |G1T1/G2T2| =
tgζ/2. Although the decay amplitudes T1 and T2 can both
be calculated, there are uncertainties, since the calculation
of hadronic matrix elements, T1, T2, are model-dependent.
However, for many Bc-decay processes, we do not need
to compute the decay amplitudes (hadronic matrix ele-
ments) individually because the ratio T1/T2 is indepen-
dent of the hadronic matrix elements (in factorization ap-
proximation). For example, in our formula of the CP- vi-
olating asymmetry, we need only to focus on calculating
the ratio h and sin ζ = f(h) = 2h/(1 + h2). In the case
of h � 1(or h � 1), we have sin ζ = f(h) ≈ 2h (or 2/h)
� 1, |A1| � 1, so the CP-violating asymmetry (2.6) can
be simplified as

Acp(f) =
A0

1 + A1
≈ A0 = − sin ζ sin(θ1 − θ2) sin(δ1 − δ2)
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(for h � 1 or h � 1) (2.9)

3 The quark-diagram amplitudes

Following [6], the next-to-leading-order low-energy effec-
tive Hamiltonian for |∆B|=1 is given at the renormaliza-
tion scale µ ∼ mb as

Heff(|∆B| = 1) =
GF√

2

∑
q=u,c

q′=d,s

Vqq′V ∗
qb {C1(µ)Q1 + C2(µ)Q2

+
10∑

k=3

Ck(µ)Qk

}
+ h.c. (3.1)

where the Wilson coefficients Ci(µ) (i = 1, 2, · · · , 10) are
calculated in the renormalization-group improved pertur-
bation theory and include the leading- and next-to-leading-
order QCD corrections. Q1 and Q2 are the tree diagram
operators, and Q3, · · · , Q6 are the QCD-penguin diagram
operators, whereas Q7, · · · , Q10 are the electroweak pen-
guin diagram operators.

Q1 = (q̄′
αqβ)V −A(q̄βbα)V −A

Q2 = (q̄′q)V −A(q̄b)V −A

Q3(5) = (q̄′b)V −A

∑
q′′

(q̄′′q′′)V −A(V +A)

Q4(6) = (q̄′
αbβ)V −A

∑
q′′

(q̄′′
βq

′′
α)V −A(V +A)

Q7(9) =
3
2
(q̄′b)V −A

∑
q′′

eq′′(q̄′′q′′)V +A(V −A)

Q8(10) =
3
2
(q̄′

αbβ)V −A

∑
q′′

eq′′(q̄′′
βq

′′
α)V +A(V −A) (3.2)

In (3.2), q′′ is running over the quark flavors being active
at the scale µ ∼ mb (q′′ ∈ u, d, s, c, b), eq′′ are the corre-
sponding quark charges in unit of |e|, α and β are SU(3)c

color indices, (V ± A) refer to γµ(1 ± γ5). In general, the
nonleptonic Bc decays can occur through both the spec-
tator channels and nonspectator channels. The latter are
difficult to deal with at present and are commonly as-
sumed to be form-factor-suppressed, as compared to the
former ones. In spectator approximation, the two-body
mesonic B−

c decay can be described by quark diagrams as
in Fig. 2. Using Heff (3.1) in a renormalization-scheme-
independent way [8] and factorization approximation, the
quark-diagram amplitudes of Fig. 2.(where the CKM ma-
trix elements have been singled out) can be obtained as
follows:

T (atree) = a1A,

T (apen
q ) = [(a3 + a9) + ξf (a5 + a7) + (1 + ξf )b1Gq(k2)]A,

T (btree) = a2B,

T (bpen
q ) =

[(
a3 − 1

2
a9

)
+ ξf

(
a5 − 1

2
a7

)

+ (1 + ξf )b2Gq(k2)
]
B, (3.3)

where T (atree) refers to the amplitude of the diagram atree

in Fig. 2, etc., and A and B denote the factorized hadronic
matrix elements

A ≡ G√
2
< X−|(q̄1q2)V −A|0 >< X0|(q̄3b)V −A|B−

c >

for X− = (q1q̄2) , X0 = (q3c̄)
B ≡ G√

2
< X0|(q̄1q2)V −A|0 >< X−|(q̄3b)V −A|B−

c >

for X0 = (q1q̄2) , X− = (q3c̄)
(3.4)

In (3.3), ξf arises from the transformation of (V −A)(V +
A) currents into (S+P )(S−P ) and then into (V −A)(V −
A) ones for Q5−8:

ξf =




((1 + ηX−)M2
X−)/(mq′ +mqv

)(ηX0mb −mqv
)

for apen diagrams
((1 + ηX0)M2

X0)/(mq′ +mq′
v
)(ηX−mb −mq′

v
)

for bpen diagrams
(3.5)

where

ηX0 (or ηX−) =




+1 for X0(or X−) = P

(pseudoscalar meson)
−1 for X0(or X−) = V

(vector meson)
(3.6)

From (3.5) and (3.6), we can see that ξf = 0 when either
X− is a vector meson in apen diagrams or X0 is a vec-
tor meson in bpen diagrams. The reason is the following:
Using the Fierz rearrangements for Q5−8, the calculated
results of the decay amplitudes are proportional to the
factor Pµ(X−)εµ(X−) (or Pµ(X0)εµ(X0)) which is equal
to zero (Pµ and εµ are the momentum and polarization
vectors of the vector meson, respectively). In (3.3), ak is
defined as

a2i−1 ≡ c̄2i−1

Nc
+ c̄2i, a2i ≡ c̄2i

Nc
+ c̄2i−1 (i = 1, 2, 3, 4, 5)

(3.7)
where c̄k (k = 1, · · · , 10) are the renormalization-scheme-
independent Wilson coefficients c̄k(µ) at µ ∼ mb. We use
αs(mZ) = 0.118, αem(mZ) = 1/128, mt = 174 GeV; c̄i is
taken as [9]

c̄1 = −0.313 c̄2 = 1.150
c̄3 = 0.017 c̄4 = −0.037
c̄5 = 0.010 c̄6 = −0.047
c̄7 = −0.001αem c̄8 = 0.049αem

c̄9 = −1.321αem c̄10 = 0.267αem

(3.8)

and
b1 = 2/3 [(αs/8π)c̄2(1 − (1/3Nc))

+αem/3π(c̄1 + (c̄2/3))1/Nc]
b2 = 2/3 [(αs/8π)c̄2(1 − (1/3Nc))

−(αem/6π)(c̄1 + (c̄2/3))1/Nc]

(3.9)

Gq(k2) =
3
2

[
10
9

− Fq(k2)
]

(3.10)
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Fig. 2. Quark diagrams for B−
c decaying into two mesons X0 and X− in the spectator approximation. atree is the color-favored

tree diagram; btree is the color-suppressed tree diagram; apen
q and bpen

q are the timelike penguin diagrams. Where q, qv = u, c
and q′, q′

v = d, s; the subscript v denotes “vacuum”

where Fq(k2) denotes the penguin loop-integral function
with momentum transfer squared k2, at the scale µ ∼ mb,

Fq(k2) = −4

1∫
0

dxx(1 − x) ln

[
m2

q − x(1 − x)k2

m2
b

]
(3.11)

Supposing k2 > 4m2
q (q = u, c), and the parameter

rq = 4m2
q/k

2 < 1, the function Gq(k2) can be analyti-
cally expressed as [10]

Gq(k2) = ln
m2

q

m2
b

− rq + (1 +
rq
2

)
√

1 − rq ln
1 +

√
1 − rq

1 − √
1 − rq

+iπ(1 +
rq
2

)
√

1 − rq (3.12)

In the case of q = u, since ru � 1, we have Gu(k2) ≈
ln(k2/m2

b)+iπ, and the absorptive part of the Gq(k2) will
lead to direct CP violation.

4 The momentum squared carried
by the virtual particles

The penguin loop-integral function Fq(k2) depends cru-
cially on the k2 carried by the virtual gluon, photon and
Z0. In the literature, a special fixed value of k2 is usually
determined for timelike penguin diagrams from [0, m2

b ] or
[1/4m2

b , 1/2m2
b ] [10], but in general, taking the same value

of k2 for all different quark diagrams is not correct. This
problem has been discussed in [11]; we shall discuss it fur-
ther in the following. For the timelike penguin diagram of

�
�

y
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-

g, γ, Z0
k2
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B−
c

c̄

q

q̄v

qv

X

Y

Fig. 3. The timelike penguin diagrams for B−
c decaying into

two mesons X and Y . The dark dot denotes the W loop, the
subscript v denotes “vacuum”. k2 is the momentum squared
carried by the virtual gluon, photon, and Z0

the two-body mesonic decay B−
c → XY, as illustrated in

Fig. 3, we have, using the 4-momentum conservation (c̄ as
spectator quark),



k2 = m2

b +m2
q − 2EbEq + 2pb · pq

pb = pq + pq̄v
+ pqv

Eb = Eq + Eq̄v + Eqv

(4.1)

In the rest frame of the X meson, pX = pq + pq̄v = 0.
Denoting a ≡ Eq + Eq̄v

, from (4.1), we have

{
|pb| = |pqv |
Eb = a+ Eqv

,

{
|pq| = |pq̄v |
Eq = a− Eq̄v

,
(4.2)
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and we obtain

Eb = 1/2a(m2
b + a2 −m2

qv
) ,

|pb| = 1/2a
√

[(mb + a)2 −m2
qv

][(mb − a)2 −m2
qv

]

Eq = 1/2a(m2
q + a2 −m2

qv
) ,

|pq| = 1/2a
√

[(mq + a)2 −m2
qv

][(mq − a)2 −m2
qv

].
(4.3)

Because q, q̄v form a bound state X, in the valence-quark
assumption, pq = ηqpX + p and pq̄v = ηq̄vpX − p, where
ηq = mq/mq +mqv

, ηq̄v
= mqv

/mq +mqv
; pX is the total

4-momentum of the bound state X and p is the relative
4-momentum of q vs. q̄v inside the X meson. In the rest
frame of the X meson, it is easy to get Eq = 1/2MX(m2

q +
M2

X −m2
qv

). So we have a = MX . In (4.1), taking pb ·pq =
|pb||pq| cosϕ, where ϕ is the angle between pb and pq in
the rest frame of the X meson, ϕ = (pb, pq), we get

k2(ϕ) = m2
b +m2

q − 2EbEq + 2|pb|pq| cosϕ,

k̄2 =
1
π

π∫
0

dϕk2(ϕ) = m2
b +m2

q − 2EbEq (4.4)

(k2)max = m2
b +m2

q − 2EbEq + 2|pb||pq| ,

(k2)min = m2
b +m2

q − 2EbEq − |pb||pq| (4.5)

where Eb, Eq, |pb|, |pq| can be obtained from (4.3) by
taking a = MX . Accordingly we find that the average
value of the k2 is

k̄2

m2
b

=
1
2

[
1 +

m2
qv

−m2
q

M2
X

(1 − m2
qv

m2
b

)

+
m2

q + 2m2
qv

−M2
X

m2
b

]
(4.6)

For the timelike penguin diagram, 0 ≤ (k2)min ≤ k2(ϕ) ≤
(k2)max ≤ m2

b . Since in experiment, ϕ is unknown, we take
the average value of the k̄2 to calculate the penguin loop-
integral function. Taking the quark masses mu, md, ms,
mc, mb = 0.005, 0.01, 0.175, 1.35, 4.8 GeV, respectively,
and using the meson masses MX according to the par-
ticle data [12], the values k̄2/m2

b of the timelike penguin
diagram for different B−

c - decay processes are given in Ta-
ble 2.

5 CP asymmetry

As discussed in Sect. 2, the CP-violating asymmetry of Bc-
meson decays into meson pairs depends on three angles:
the weak phase (θ1 − θ2), the strong phase (δ1 − δ2), and
the angle ζ. The weak phase (θ1−θ2) is determined by the
Wolfenstein parameter (ρ, η); the strong phase (δ1 − δ2)
and the angle ζ are decided by the quark-diagram am-
plitudes. For many decay processes, there is no need to
calculate the hadronic matrix elements, because in the

factorization approximation, the factorized quark-diagram
amplitudes depend only on a single (dominant) hadronic
matrix element (A or B), which is canceled in the ratio
T1/T2.

Below, we discuss as an example the decay process
B−

c → D̄0π− to illustrate how to calculate the CP-
violating asymmetry in our method. In the spectator ap-
proximation, the decay amplitude for the B−

c → D̄0π−
is

A(f) = G1T1 +G2T2 (5.1)
= V ∗

udVub[ T (atree) + T (apen
u ) ] + V ∗

cdVcbT (apen
c ).

Using the quark-diagram amplitude calculated in Sect. 3,
we get

T1

T2
=

∣∣∣∣T1

T2

∣∣∣∣ ei(δ1−δ2) = (5.2)

a1 + a3 + a9 + ξ(D̄0π−)(a5 + a7) + [1 + ξ(D̄0π−)]b1Gu(k̄2)

a3 + a9 + ξ(D̄0π−)(a5 + a7) + [1 + ξ(D̄0π−)]b1Gc(k̄2)

{
sin(δ1 − δ2) = 1

|T1T2| (ImT1ReT2 − ImT2ReT1)
cos(δ1 − δ2) = 1

|T1T2| (ReT1ReT2 + ImT1ImT2)
(5.3)

where ξ(D̄0π−) = 2m2
π−/(md +mu)(mb −mu) = 0.545

(for B−
c → D̄0π−), k̄2/m2

b = 0.498, Gu(k̄2) = −0.697+iπ,
and Gc(k̄2) = −2.059 + i2.500. Taking Nc = N eff

c = 2,
which is favored by experimental data [13], then the nu-
merical results can be obtained as |T1/T2| = 14.55, sin(δ1−
δ2) = −0.197, cos(δ1 − δ2) = −0.980. From the Wolfen-
stein representation of the CKM matrix, G1 = V ∗

udVub =
Aλ3(1 − λ2/2)(ρ − iη), G2 = V ∗

cdVcb = −Aλ3, it follows
that 


sin(θ1 − θ2) = ImG1G∗

2
|G1G2| = η√

ρ2+η2

cos(θ1 − θ2) = ReG1G∗
2

|G1G2| = −ρ√
ρ2+η2

,
h =

∣∣∣G1T1
G2T2

∣∣∣ = λ2
√

ρ2+η2

(1− λ2
2 )

∣∣∣T1
T2

∣∣∣
sin ζ = 2h

1+h2 .
(5.4)

According to our CP-asymmetry formula derived in
Sect. 2, we have Acp = A0/(1+A1), where A0 = − sin ζ sin(θ1−
θ2) sin(δ1 − δ2),A1 = sin ζ cos(θ1 − θ2) cos(δ1 − δ2). In
this paper, we take λ = 0.220, η = 0.336, ρ = 0.160 (the
value of the Wolfenstein parameter A has no effect on our
calculation) [5]. For numerical estimation, the results are
sin(θ1 − θ2) = 0.903, cos(θ1 − θ2) = −0.430, sin ζ = 0.365
and A0 = 0.0649,A1 = 0.154,Acp(f = D̄0π−) = 5.62 ×
10−2.

The quark-diagram amplitudes for the B−
c decays into

PP , PV , and V V mesons in the spectator approximation
are given in Table 1. It can be seen that we need only to
compute the ratio T1/T2 and that there is no need to calcu-
late the hadronic matrix elements directly in many cases;
but for the B−

c -meson decays to (cc̄)D−, (cc̄)D∗−, (cc̄)D−
s ,
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Table 1. The quark-diagram amplitudes for the B−
c decays into PP, PV, VV

mesons in the spectator approximation

No. Final state f The quark-diagram amplitudes
(1) D̄0π−

(2) D̄∗0π− V ∗
udVub[ T (atree) + T (apen

u ) ] + V ∗
cdVcbT (apen

c )
(3) D̄0ρ−

(4) D̄∗0ρ−

(5) π0D−

(6) π0D∗− V ∗
udVub[ T (btree) + T (bpen

u ) ] + V ∗
cdVcbT (bpen

c )
(7) ρ0D−

(8) ρ0D∗−

(9) K0D−
s

(10) K0D∗−
s V ∗

udVubT (bpen
u ) + V ∗

cdVcbT (bpen
c )

(11) K∗0D−
s

(12) K∗0D∗−
s

(13) ηcD
−

(14) ψD− V ∗
udVubT (apen

u ) + V ∗
cdVcb[ T (atree) + T (btree) + T (apen

c ) ]
(15) ηcD

∗−

(16) ψD∗−

(17) D̄0K−

(18) D̄∗0K− V ∗
usVub[ T (atree) + T (apen

u ) ] + V ∗
csVcbT (apen

c )
(19) D̄0K∗−

(20) D̄∗0K∗−

(21) K̄0D−

(22) K̄0D∗−

(23) K̄∗0D− V ∗
usVubT (bpen

u ) + V ∗
csVcbT (bpen

c )
(24) K̄∗0D∗−

(25) φD−
s

(26) φD∗−
s

(27) ηcD
−
S

(28) ψD−
s V ∗

usVubT (apen
u ) + V ∗

csVcb[ T (atree) + T (btree) + T (apen
c ) ]

(29) ηcD
∗−
s

(30) ψD∗−
s

(cc̄)D∗−
s , the hadronic matrix elements A and B still ap-

pear in the ratio

T1

T2
= (5.5)

a3 + a9 + ξf (a5 + a7) + (1 + ξf )b1Gu(k̄2)
a1 + a2

B
A + a3 + a9 + ξf (a5 + a7) + (1 + ξf )b1Gc(k̄2)

Fortunately a2 is color-suppressed compared with a1, and
B/A ∼ O(1), so the calculated results are not sensitive to
the value of B/A. In this paper, we simply take B/A = 1
for the estimation of the CP asymmetries of these B−

c -
decay processes.

All calculated results of the CP-violating asymmetries
for two-body mesonic decays of the B−

c meson are pre-
sented in Table 2.

6 Discussion and conclusion

Using the next-to-leading-order low-energy effective
Hamiltonian and the quark-diagram amplitude method,
we have calculated the CP-violating asymmetries for two-
body mesonic decays of the Bc meson. For most decay pro-
cesses (except for B−

c → (cc̄)D−, (cc̄)D∗−, and (cc̄)D−
s ,

(cc̄)D∗−
s ), the CP-violating asymmetries do not rely on

the hadronic matrix elements, since they are canceled in
the ratio T1/T2. So there is no model dependence caused
by the calculation of the hadronic matrix elements.

The CP-violating asymmetry is proportional to A0 =
− sin ζ sin(θ1 − θ2) sin(δ1 − δ2). From Table 2, we see that
sin(θ1 − θ2) is the same for all decay processes (except for
a sign) which is determined by the Wolfenstein parame-
ters (ρ, η) only. In the processes (1)–(16), sin(θ1 − θ2) =

η√
ρ2+η2

= 0.903, cos(θ1 − θ2) = −ρ√
ρ2+η2

= −0.430, and∣∣∣G1
G2

∣∣∣ = (1 − λ2

2 )
√
ρ2 + η2, while in processes (17)–(30),
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Table 2. The CP-violating asymmetries for two-body mesonic decays of the B−
c meson. where h = |G1T1/G2T2| , sin ζ =

2h
1+h2 ; Acp = A0/1 + A1, A0 = − sin ζ sin(θ1 − θ2) sin(δ1 − δ2), A1 = sin ζ cos(θ1 − θ2) cos(δ1 − δ2). In processes (1)–(16),
sin(θ1 − θ2)=0.903, cos(θ1 − θ2)=-0.430; while in processes (17)–(30), sin(θ1 − θ2)=-0.903, cos(θ1 − θ2)=0.430

No. f ξf
k̄2

m2
b

sin(δ1 − δ2) h sin ζ A0 A1 Acp = A0
1+A1

Br εfN

(1) D̄0π− 0.545 0.498 -0.197 5.284 0.365 0.0649 0.154 5.62 × 10−2 2.68 × 10−6 1.06 × 109

(2) D̄∗0π− -0.544 0.498 -0.274 27.93 0.0715 0.0177 0.0296 1.72 × 10−2 2.18 × 10−6 1.40 × 1010

(3) D̄0ρ− 0 0.487 -0.202 9.010 0.219 0.0399 0.0922 3.65 × 10−2 6.85 × 10−6 9.86 × 108

(4) D̄∗0ρ− 0 0.487 -0.202 9.010 0.219 0.0399 0.0922 3.65 × 10−2 6.81 × 10−6 9.92 × 108

(5) π0D− 0.380 0.500 -0.257 1.462 0.932 0.216 0.387 1.56 × 10−1 2.28 × 10−7 1.62 × 109

(6) π0D∗− -0.379 0.500 -0.316 5.528 0.350 0.0999 0.143 8.74 × 10−2 7.17 × 10−8 1.64 × 1010

(7) ρ0D− 0 0.487 -0.255 2.401 0.710 0.163 0.295 1.26 × 10−1 4.21 × 10−7 1.35 × 109

(8) ρ0D∗− 0 0.487 -0.255 2.401 0.710 0.163 0.295 1.26 × 10−1 1.39 × 10−6 4.08 × 108

(9) K0D−
s 0.577 0.557 -0.0616 0.3227 0.585 0.0325 -0.251 4.34 × 10−2 2.38 × 10−7 2.01 × 1010

(10) K0D∗−
s -0.537 0.557 -0.189 0.3066 0.561 0.0957 -0.237 1.25 × 10−1 2.67 × 10−8 2.16 × 1010

(11) K∗0D−
s 0 0.503 -0.0892 0.3161 0.575 0.0463 -0.246 6.14 × 10−2 1.43 × 10−7 1.67 × 1010

(12) K∗0D∗−
s 0 0.503 -0.0892 0.3161 0.575 0.0463 -0.246 6.14 × 10−2 2.85 × 10−7 8.38 × 109

(13) ηcD
− 1.489 0.744 0.261 0.03055 0.0610 -0.0144 0.0253 1.40 × 10−2 2.95 × 10−4 1.56 × 108

(14) ψD− -0.835 0.744 0.579 0.0007797 0.00156 -0.000816 -0.000547 8.16 × 10−4 2.19 × 10−5 6.17 × 1011

(15) ηcD
∗− 0 0.699 0.286 0.01012 0.0202 -0.00522 0.00832 5.18 × 10−3 6.89 × 10−5 4.87 × 109

(16) ψD∗− 0 0.699 0.286 0.01012 0.0202 -0.00522 0.00832 5.18 × 10−3 4.95 × 10−4 6.78 × 108

(17) D̄0K− 0.565 0.433 -0.173 0.2579 0.484 -0.0756 -0.205 −9.51 × 10−2 4.67 × 10−6 2.13 × 108

(18) D̄∗0K− -0.564 0.433 -0.243 1.482 0.927 -0.203 -0.387 −3.31 × 10−1 4.89 × 10−7 1.68 × 108

(19) D̄0K∗− 0 0.464 -0.194 0.4537 0.753 -0.132 -0.318 −1.94 × 10−1 3.58 × 10−6 6.68 × 107

(20) D̄∗−K∗− 0 0.464 -0.194 0.4537 0.753 -0.132 -0.318 −1.94 × 10−1 3.87 × 10−6 6.18 × 107

(21) K̄0D− 0.557 0.434 -0.0975 0.01601 0.0320 -0.00282 0.0137 −2.78 × 10−3 5.39 × 10−6 2.16 × 1011

(22) K̄0D∗− -0.555 0.434 -0.288 0.01504 0.0301 -0.00783 0.0124 −7.73 × 10−3 3.05 × 10−7 4.94 × 1011

(23) K̄∗0D− 0 0.464 -0.103 0.01593 0.0319 -0.00297 0.0136 −2.93 × 10−3 3.14 × 10−6 3.34 × 1011

(24) K̄∗0D∗− 0 0.464 -0.103 0.01593 0.0319 -0.00297 0.0136 −2.93 × 10−3 3.34 × 10−6 3.14 × 1011

(25) φD−
s 0 0.480 -0.0967 0.01599 0.0320 -0.00279 0.0137 −2.75 × 10−3 1.64 × 10−6 7.26 × 1011

(26) φD∗−
s 0 0.480 -0.0967 0.01599 0.0320 -0.00279 0.0137 −2.75 × 10−3 4.23 × 10−6 2.81 × 1011

(27) ηcD
−
s 1.474 0.708 0.260 0.001549 0.00310 0.000728 -0.00129 7.27 × 10−4 7.27 × 10−3 2.34 × 109

(28) ψD−
s -0.827 0.708 0.664 0.00003624 0.0000725 0.0000435 0.0000233 4.35 × 10−5 6.48 × 10−4 7.34 × 1012

(29) ηcD
∗−
s 0 0.668 0.285 0.0005167 0.00103 0.000265 -0.000425 2.65 × 10−4 1.67 × 10−3 7.67 × 1010

(30) ψD∗−
s 0 0.668 0.285 0.0005167 0.00103 0.000265 -0.000425 2.65 × 10−4 1.33 × 10−2 9.64 × 109

sin(θ1 − θ2) = −η/
√
ρ2 + η2, cos(θ1 − θ2) = ρ/

√
ρ2 + η2,

and
∣∣∣G1
G2

∣∣∣ = λ2
√
ρ2 + η2/(1− λ2

2 ). In processes (1)–(6) and
(17)–(20), T1 is dominated only by the tree diagram and
T2 only by the penguin diagram, so |T1| � |T2|; in pro-
cesses (9)–(12) and (21)–(26), T1 and T2 are both from the
penguin diagram contribution only, so |T1| ∼ |T2|; and in
the processes (13)–(16) and (27)–(30), T2 is dominated by
the tree diagram and T1 by the penguin diagram, so |T2| �
|T1|. Since the CP-violating asymmetry is proportional to
sin ζ = 2h/(1+h2), where h = |G1T1/G2T2|, then if h � 1
or h � 1, sin ζ is small. From Table 2, The CP-violating
asymmetry is suppressed strongly by the small sin ζ in
the processes B−

c → ψD−, ηcD
−
s , ψD

−
s , ηcD

∗−
s , ψD∗−

s . For
the processes with h ∼ O(1) (|G1T1| ∼ |G2T2|), sin ζ is
large, such as in the processes B−

c → π0D−, ρ0D−, ρ0D∗−,
D̄∗0K−, D̄0K∗−, D̄∗0K∗−. The hard strong phase (δ1−δ2)
is caused by the interference between penguin and tree dia-

grams or by penguin diagrams themselves, via the penguin
loop-integral functions Gu(k2) and Gc(k2). As discussed
in Sect. 4, we take the average value of the momentum
squared carried by virtual particles for our calculation. In
most processes (below the cc̄ threshold), k̄2/m2

b ∼ 0.5, but
for producing cc̄ pairs B−

c → (cc̄)D−, (cc̄)D∗−, (cc̄)D−
s ,

and (cc̄)D∗−
s , k̄2/m2

b ∼ 0.7. From Table 2, we can see
that for the processes with interference of penguin dia-
grams only, such as the processes (9)–(12) and (21)–(26),
| sin(δ1 − δ2)| is smaller than that for the processes with
interference between penguin and tree diagrams. So, if the
decay satisfy both the conditions that (i) |G1T1| ∼ |G2T2|,
and (ii) interference occurs between penguin and tree di-
agrams, then the CP-violating asymmetry will be large,
such as that in the processes (5)–(8) and (17)–(20).

According to our CP-violating asymmetry formula
Acp = A′/∞+A∞, where A0 = − sin ζ sin(θ1−θ2) sin(δ1−
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δ2), A1 = sin ζ cos(θ1−θ2) cos(δ1−δ2), it can be seen that
Acp is proportional to A0 and that the proportion factor
is 1/1 + A1. If |A1| � 1, then Acp ∼ A0. Since A0 ∝ η
and A1 ∝ ρ, the CP-violating asymmetry is more sen-
sitive to the parameter η than the parameter ρ. In this
paper, we have taken ρ = 0.160 [5]; the main difference,
as compared with early literature, is a change in the sign
of the parameter ρ. For the case of |A1| � 1, the influence
of this change is very small, but in the case of |A1| ∼ 1,
it is important. In the processes (5)–(8), the CP-violating
asymmetry will be smaller than that with minus ρ; while
in the processes (17)–(20), it will be larger than that with
minus ρ.

In this paper, we do not discuss the decay width of the
Bc meson, since the calculation of the hadronic matrix el-
ements are needed, and this is strongly model-dependent.
But for testing the CP violation in experiment, we need
to find processes with both larger CP-violating asymme-
try and larger branching ratios. For the three-standard-
deviation (3σ) signature εfN ∼ 9/BrA2

cp, where εf is the
detecting efficiency of the final state and N is the number
of the B±

c . Since there is a lack of experimental data for
the branching fraction of Bc decays at present, in Table 2,
we use the results of decay widths for the hadronic decay
of the B−

c calculated in [4], but we take τBc=0.5 ps [14]
to estimate the branching ratio Br and εfN . This esti-
mation shows that in experiment, the best decay modes
to observe CP violation in Bc decays would be B−

c →
D̄∗0K∗−, D̄0K∗−, D̄∗0K−, D̄0K− and B−

c → ηcD
−, all of

which need about 108 of B±
c events.

In summary, we have calculated the CP-violating
asymmetries for the Bc meson decays into PP , PV , V V
mesons. This are only relevant to three angles, the weak
phase (θ1 −θ2), the strong phase (δ1 −δ2) and the angle ζ.
If | sin(δ1 − δ2)| and sin ζ are both large (| sin(θ1 − θ2)| is
the same for all decay processes), the CP- violating asym-
metry will be large. There are fewer uncertainties in our
calculated CP- violating asymmetries, since we avoided
calculating the hadronic matrix elements in our method.
In general, we need about 108 B±

c events for testing the
CP violation in experiment.

Finally, we should mention that, in this paper, we have
calculated only the hard strong phases; the effects of the
soft strong phases would also be important. This needs
further study.
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