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Abstract. The space-like penguin contributions to branching ratios and CP asymmetries in charmless
decays of Bc to two pseudoscalar mesons are studied using the next-to-leading order low energy effective
Hamiltonian and factorization approximation. Both the gluonic penguin and the electroweak penguin
diagrams are considered. In addition the annihilation diagram contributions are also taken in account. We
find that the space-like penguin effects are significant.

1 Introduction

The weak decays of B mesons offer a direct way to de-
termine the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements and to explore the origin of CP violation. Pen-
guin diagrams can play an important role in charmless B
decays. In most cases, attentions were paid to time-like
penguin diagram in the literature, and the space-like pen-
guin diagram is considered negligible because of the form
factor suppression. In [1], space-like penguin diagram con-
tribution to the branching ratios and CP violating asym-
metries in B−

u , B0, B0
s decays are considered. The result

shows that the space-like penguin amplitude can be en-
hanced by the hadronic matrix element involving (V-A)
(V+A) or (S-P) (S+P) currents, and the space-like pen-
guin effects are large in most charmless B decays.

Bc meson is considered as the next and the last mem-
ber of B mesons. Its physics has got intensive attention
recently [2, 3]. Bc decay has its own characteristics. The
obvious one is that Bc carries c and b quarks, which are
both heavy. So, Bc decays can be interesting candidates
for testing the spectator ansatz. We assume that spectator
approximation can be applied in Bc decays. In our paper,
we will consider only b quark decays and take c quark as a
spectator. From [3], the future accelerator, Large Hardron
Collider (LHC), will produce 2.1 × 108Bc per year, and
can be a good place to study Bc decays.

In this paper, we study space-like penguin diagram
effects in Bc decays to two pseudoscalars, and we con-
centrate on the charmless Bc decays, because penguin di-
agram plays an important role in these decays. We use
the next-to-leading order low energy effective Hamiltonian
and factorization approximation to calculate the branch-
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ing ratios and CP violating asymmetries. In Bc charmless
decays, the annihilation diagram has the same order am-
plitude as the tree diagram. So the annihilation diagrams
should be also taken into account. The result shows that
the space-like penguin diagram contributions in Bc charm-
less decays are large and cannot be neglected.

2 Effective Hamiltonian
and factorization approximation

We assume spectator approximation in Bc decays: the c
quark is a spectator and the b quark decays to other light
quarks. According to [4], the next-to-leading order low en-
ergy effective Hamiltonian describing |∆B| = 1 transitions
is given at the renormalization scale µ = O(mb) as

Heff (|∆B| = 1) =
GF√

2

[ ∑
q=u,c

vq

{
Qq

1C1(µ) + Qq
2C2(µ)

+
10∑

k=3

QkCk(µ)

}]
+ H.C. (1)

The CKM factors vq are defined as

vq =

{V ∗
qdVqb for b → d transitions

V ∗
qsVqb for b → s transitions.

(2)

The ten operators Qu
1 , Qu

2 , Q3, · · ·, Q10 are given as
the following forms:

Qu
1 = (q̄αuβ)V −A (ūβbα)V −A

Qu
2 = (q̄u)V −A(ūb)V −A

Q3(5) = (q̄b)V −A

∑
q′

(q̄′q′)V −A(V +A)



706 D.-S. Du, Z.-T. Wei: Space-like Penguin effects in Bc decays

Q4(6) = (q̄αbβ)V −A

∑
q′

(
q̄′
βq′

α

)
V −A(V +A)

Q7(9) =
3
2
(q̄b)V −A

∑
q′

eq′ (q′q′)V +A(V −A)

Q8(10) =
3
2

(q̄αbβ)V −A

∑
q′

eq′
(
q̄′
βq′

α

)
V +A(V −A)

(3)

where Qu
1 and Qu

2 are the current-current operators, and
the current-current operators Qc

1 and Qc
2 can be obtained

from Qu
1 and Qu

2 through the substitution of u → c. Q3,
· · ·, Q6 are the QCD penguin operators, whereas Q7, · · ·,
Q10 are the electroweak penguin operators. The quark q =
d or s for b → d or s transitions, respectively; the indices
α, β are SU(3)c color indices; (V ±A) refer to γµ (1 ± γ5).

It is useful to use the renormalization scheme indepen-
dent Wilson coefficient functions [5]:

C̄(µ) =
[
1̂ +

αs(µ)
4π

r̂T
s +

α(µ)
4π

r̂T
e

]
· C(µ) , (4)

where C(µ), C̄(µ) are all column vectors. The matrix el-
ements are:

< QT (µ) · C(µ) >≡< QT >0 ·C′(µ) (5)

where < Q >0 denote the tree level matrix elements of
these operators, and C′(µ) are defined as

C ′
1 = C̄1 , C ′

2 = C̄2 , C ′
3 = C̄3 − Ps/3 ,

C ′
4 = C̄4 + Ps , C ′

5 = C̄5 − Ps/3 , C ′
6 = C̄6 + Ps ,

C ′
7 = C̄7 + Pe , C ′

8 = C̄8 ,

C ′
9 = C̄9 + Pe , C ′

10 = C̄10 , (6)

where Ps,e are given by

Ps =
αs

8π
C̄2(µ)

[
10
9

− G(mq, q, µ)
]

,

Pe =
αem

9π

(
3C̄1 + C̄2(µ)

) [10
9

− G(mq, q, µ)
]

,

G(m, q, µ)=−4
∫ 1

0
dx x(1 − x) ln

[
m2 − x(1 − x)q2

µ2

]
,(7)

here q = u, c. The numerical values of the renormaliza-
tion scheme independent Wilson Coefficients C̄i(µ) at µ =
O(mb) are [6]

c̄1 = −0.313 , c̄2 = 1.150 , c̄3 = 0.017 ,

c̄4 = −0.037 , c̄5 = 0.010 , c̄6 = −0.046 ,

c̄7 = −0.001 · αem , c̄8 = 0.049 · αem ,

c̄9 = −1.321 · αem , c̄10 = 0.267 · αem . (8)

In (7), q2 denotes the momentum transfer squared of
the virtual gluons, photons, and Z0 appearing in the QCD
and electroweak penguin diagrams respectively. So, the
Wilson coefficients C ′

1 depend on q2. We adopt a simple
kinematic picture [1] for two body decays B → PP ′ as
illustrated in Fig. 1.

Fig. 1. Penguin diagrams for a Bc meson decaying into two
light pseudoscalar mesons P and P ′ a the time-like penguin
diagram; b the space-like penguin diagram. The subscripts “v”
denote “vacuum”. The dark dot stands for the contraction of
the W-loop

Fig. 2. The Tree diagram and the Annihilation diagram in Bc

decays. a the Tree diagram. b the Annihilation diagram

The average value of q2 can be given by

< q2 >= m2
b + m2

q − 2mbEq (9)

where Eq is determined from

Eq+
√

E2
q − m2

q + m2
q′ +
√

4
(
E2

q − m2
q

)
+ m2

q′ = mb (10)

for the time-like penguin diagram; and

Eq +
√

E2
q − m2

q + m2
q′+ = mb + mq′ (11)

for the space-like penguin diagram.
In exclusive nonleptonic decays, the current-current

operator matrix element can be calculated by factoriza-
tion approximation and BSW method [7].

For the tree diagram of Fig 2a which correponds to
b → q1q̄2q, the matrix element for four-quark operator is
defined as:

MPP ′
q1q2q ≡ < PP ′| (q̄1q2)V −A (q̄b)V −A|B−

c >

= < P | (q̄1q2)V −A |0 >< P ′|(q̄b)V −A|B−
c >

= −if q̄1q2
P fBcP ′

+
(
M2

P

)
(

M2
Bc

− M2
P ′ − MBc

− MP ′

MBc
+ MP ′

M2
P

)
(12)

where fBcP ′
+

(
m2

P

)
=

fBcP ′
+ (0)

1−M2
P

/(Mpole
Bc

)2 · fBcP ′
+ (0) can be cal-

culated in BSW model, and Mpole
Bc

= 6.30 GeV. For the
time-like penguin diagram, this factorization method is
applied to calculate the time-like penguin operator ma-
trix element.

For the annihilation diagram of Fig. 2b corresponds to
bc̄ → qc̄, the matrix element is [8]:

SPP ′
qcc ≡ < PP ′|(q̄c)V −A(c̄b)V −A|B−

c >
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Table 1. The Branching Ratios of Bc decaying to two pseudoscalar

Br

Decay Mode Only Tree Tree+Anni Tree+Anni+T-like Tree+Anni+T-like+S-like

QCD QCD+EW QCD QCD+EW

B−
c → π−D̄0 1.12×10−5 9.60×10−6 8.31×10−6 8.29×10−6 2.27×10−6 2.32×10−6

B−
c → K−D̄0 8.63×10−7 2.81×10−6 1.94×10−5 1.99×10−5 4.82×10−5 4.76×10−5

B−
c → π0D− 2.54×10−8 1.20×10−7 5.21×10−7 3.73×10−7 2.01×10−5 1.91×10−5

B−
c → ηD− 1.77×10−8 3.00×10−9 8.05×10−6 7.73×10−6 7.09×10−6 7.10×10−6

B−
c → η′D− 1.76×10−8 9.88×10−9 6.45×10−5 6.43×10−5 6.34×10−5 6.34×10−5

B−
c → ηD−

s 9.03×10−10 1.53×10−7 8.62×10−6 2.71×10−6 9.02×10−6 8.87×10−6

B−
c → η′D−

s 4.40×10−10 1.26×10−7 6.09×10−6 9.18×10−6 1.18×10−5 1.17×10−5

B−
c → K0D−

s 0 3.41×10−8 1.29×10−6 1.27×10−6 1.99×10−6 1.96×10−5

B−
c → K̄0D− 0 5.87×10−7 1.60×10−5 1.58×10−5 3.60×10−5 3.55×10−5

= < PP ′|(q̄c)V −A|0 >< 0|(c̄′b)V −A|B−
c >

= ifBc
fa
+
(
M2

Bc

)
(

M2
P − M2

P ′ − MP − MP ′

MP + MP ′
M2

Bc

)
(13)

The matrix elements are computed at momentum transfer
q2 =M2

Bc
. We take the asymptotic form factor fa

+
(
M2

Bc

)
=

i16παsf
2
Bc

/M2
Bc

[9]. One point should be noted: for the
annihilation diagram, C ′

1 = C̄2, C
′
2 = C̄1.

In Bc decays, the annihilation diagram is enhanced by
the CKM factor vc. For the b → d process, | vc

vu
| ≈ 3; for

b → s process, | vc

vu
| ≈ 57. So, the annihilation diagram

should be taken into account in Bc decays.
For the space-like penguin diagram, just like the anni-

hilation diagram, its factorization method is the same as
that of the annihilation diagram.

3 Numerical calculation

The decay width for a Bc meson at rest decaying into two
pseudoscalars is

Γ (Bc → PP ′) =
1
8π

| < PP ′|Heff |Bc > |2 |p|
M2

Bc

(14)

where

|p|=
[(

M2
Bc

− (MP + MP ′)2
)(

M2
Bc

− (MP − MP ′)2
)] 1

2

2MBc

(15)
is the momentum of the pseudoscalar meson P or P ′. The
corresponding branching ratios are given by

Br (Bc → PP ′) =
Γ (Bc → PP ′)

ΓBc
tot

. (16)

In our numerical calculation, we take [10] ΓBc
tot = 1.32 ×

10−12 GeV.

The Bc meson decay amplitude can be generally ex-
pressed as

〈
PP ′ |Heff |B−

c

〉
=

GF√
2

∑
q=u,c

vqFq . (17)

where q = u, c, and Fq including the tree and and annihila-
tion and penguin amplitude. The CP-violating asymmetry
can be given by

Acp ≡ Γ (B−
c → PP ′)−Γ

(
B+

c → P̄ P̄ ′)
Γ
(
B−

c → PP ′)+Γ
(
B+

c → P̄ P̄ ′)
=

2Im (vuv∗
c ) Im (Fc/Fu)

|vu|2+|vc|2|Fc/Fu|2+2Re (vuv∗
c )Re (Fc/Fu)

.(18)

We take the decay B−
c → ηD− as an example to illus-

trate the calculation of branching ratio Br and CP asym-
metry Acp including space-like penguin diagram.〈

ηD− |Heff |B−
c

〉
=

GF√
2

∑
q=u,c

vq

[(
a2δuq + a3 + a4 − a6 + a8 − a9/2

−a10 +
2M2

η

(md + md)(mb − md)
(a5 − a7/2)

)
MηD−

ddd

+
(

a2δcq + a3 +
2M2

Bc

(md − mc)(mb + mc)

×(a5 + a7) + a9

)
SηD−

dcc

]
. (19)

where ak is defined as

a2i−1≡
C ′

2i−1

3
+ C ′

2i ,

a2i≡C ′
2i−1 +

C ′
2i

3
, (i = 1, 2, 3, 4, 5)

and

MηD−
ddd =if d̄d

η f
B−

c D−

+
(
M2

η

) [(
M2

Bc
− M2

D−
)
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Table 2. The CP Asymmetries of Bc decaying to two pseudoscalar. Where the “Tree”
means the tree diagram contribution, “Anni” means the annihilation diagram con-
tribution, “T-like” denotes the time-like penguin contributions, the “S-like” denotes
the space-like penguin contributions, “QCD” means QCD penguin contributions, and
“EW” means electro-weak penguin contributions

Acp

Decay Mode Tree+Anni Tree+Anni+T-like Tree+Anni+T-like+S-like

QCD QCD+EW QCD QCD+EW

B−
c → π−D̄0 −15.1% −6.8% −6.8% −80.6% −80.1%

B−
c → K−D̄0 92.6% −0.7% −0.7% 19.7% 19.7%

B−
c → π0D− 92.7% 27.9% 34.1% 15.1% 15.1%

B−
c → ηD− −88.6% 14.8% 15.1% 9.2% 9.3%

B−
c → η′D− −47.7% 12.1% 12.1% 11.6% 11.6%

B−
c → ηD−

s −13.4% −0.7% −1.7% −1.4% −1.4%
B−

c → η′D−
s 11.8% −1.8% −1.4% 0.3% 0.3%

B−
c → K0D−

s 0 20.2% 20.4% −0.6% −0.6%
B−

c → K̄0D− 0 −1.3% −1.3% 0.1% 0.1%

−MBc
− MD−

MBc
+ MD−

M2
η

]

SηD−
dcc =

1√
3
fBc

fa
+
(
M2

Bc

) [(
M2

η − M2
D−
)

−Mη − MD−

Mη + MD−
M2

Bc

]
(20)

where 1√
3

arises from η = ūu+d̄d−s̄s√
3

. The a2δcq term in
(19) is the annihilation diagram contribution.

The numerical results of the space-like penguin contri-
butions to the branching ratios and CP-violating asymme-
tries are given in Table 1 and 2. We calculate the branch-
ing ratios and CP-violating asymmetries with the tree
and annihilation and time-like penguin contributions for
comparison. All the parameters such as meson decay con-
stants, form factors and quark masses needed in our calcu-
lation are taken as fπ± = 0.13 GeV, fK = 0.160 GeV [11],
f ūu

π0 = −f d̄d
π0 = fπ±/

√
2. f ūu

η = f d̄d
η = −f s̄s

η = 0.077 GeV,
f ūu

η′ = f d̄d
η′ = f s̄s

η′ /2 = 0.054 GeV [12], fBc = 0.5 GeV [3],

f
B−

c D−

+ (0) = 0.595, f
B−

c D−
s

+ (0) = 0.605, mu = 0.005 GeV,
md = 0.001 GeV, ms = 0.2 GeV, mc = 1.5 GeV, mb =
4.5 GeV, MBc

= 6.27 GeV and the Wolfenstein paramet-
rized CKM parameters are [13]: λ = 0.22, A = 0.8, η =
0.34, ρ = −0.12.

4 Conclusion and discussion

From Table 1 and 2 we can see the following features:

(i) For most of the charmless decays, space-like pen-
guin contributions to branching ratios are large. The
corrections to the branching ratio and CP violating
asymmetries are more than 100%.

(ii) For space-like penguin in Bc decays, the contribu-
tions of the electro-weak penguins are negligible.

(iii) The annihilation diagram contribution can not be
negligible in Bc decays.

The reason for the large space-like penguin effects can
be explained as follows:

(i) When calculating the matrix elememt of (V −A)(V +
A) current < PP ′|(q̄b)V −A(c̄c)V +A|Bc >, there will

appear a factor
2m2

Bc

(mq−mc)(mb+mc)
, this factor will en-

hance the space-like penguin effects.
(ii) The form factor fa

+
(
m2

Bc

)
is not a suppression fac-

tor as usually considered. In Bc decays, fa
+
(
m2

Bc

)
=

0.077, so combine with fBc
= 0.5, the annihilation or

space-like penguin matrix element SPP ′
is nearly as

that of the tree and time-like penguin matrix element
MPP ′

.
(iii) The quark mass is an important and sensitive pa-

rameter. In our calculation, we have used the current
mass. The values of quark mass will have direct effect
on the penguin amplitude. Other effects, such as non-
factorization effect, final state interation can provide
many uncertainties.
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