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Abstract. The strong phases and CP violation in the rare B̄0→K+K−, K∗±K∓, K∗+K∗− decays are
investigated. As these decays proceed only via annihilation type diagrams in the standard model (SM), a dy-
namical gluon mass is introduced to avoid the infrared divergence in the soft endpoint regions. The Cutkosky
rule is adopted to deal with a physical-region singularity of the on-mass-shell quark propagators, which leads
to a big imaginary part and hence a large strong phase. As a consequence, large CP asymmetries are pre-
dicted in those decay modes due to a big interference between the annihilation amplitudes from penguin and
tree operators, which may be tested in future more precise experiments.

PACS. 13.25.Hw; 11.30.Er; 12.38.Bx

1 Introduction

Charmless B-meson decays are of crucial importance to
deepen our insights into the flavor structure of the stan-
dard model (SM), the origin of CP violation, the dynamics
of hadronic decays, and to search for any signals of new
physics beyond the SM.CP violation, as an important part
of B physics, has been paid much attention to in recent
years. Both mixing-induced and direct CP violations have
been observed in the neutral B meson decays [1–5], which
has provided a new window for exploring the origin and
mechanism of CP violation after the establishment of in-
direct and direct CP violations in kaon decays [6–13]. The
possible implications of charmlessB decays and their large
CP violation have been investigated in recent papers [14–
20]. In the SM, the only source of CP violation in the SM
is the single Kobayashi–Maskawa phase [21] in the mixing
matrix that describes the charged current weak interaction
of quarks. However, physics beyond the SM is usually as-
sociated with new sources of CP violation. For instance,
rich sources of CP violation can be induced from a sin-
gle relative phase of the vacuum in the simple two Higgs
doublet model with spontaneous CP violation (S2HDM or
type III 2HDM) [22–25]. This model can provide a natural
explanation for theCP violation in the SM and also lead to
a new type ofCP -violating source with each quark and lep-
ton carrying a non-trivial CP -violating phase. Therefore,
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explorations of CP violation may well indicate physics be-
yond the SM, or may be very helpful to distinguish between
various realizations of one particular kind of new physics
after the corresponding new physics particles have been ob-
served directly.
In addition to serving as a tool of looking for any

new physics, studying of CP violation can also be used
to test various factorization hypotheses, such as the
“naive” factorization approach (FA) [26–29], the QCD fac-
torization (QCDF) [30, 31], and the perturbation QCD
method (pQCD) [32–34].
These methods have very different understandings of

the hadronic B-meson decays. For the FA method, it can-
not predict the direct CP asymmetries properly due to the
assumption of no strong re-scattering in the final states;
the pQCD generally predicts large strong phases and big
direct CP violations. Furthermore, in this approach it is
also believed that annihilation diagrams are important in
non-leptonic two-body B-meson decays [35, 36]; while the
QCDF favors small directCP violations in general because
of the αs-suppressed strong phases.
It is known that, in most cases of two-body B-meson

decays, the weak annihilation contribution carries differ-
ent weak and strong phases for the tree and penguin
amplitudes, which is very important for studying CP -
violating observables. Meanwhile, the calculation of an-
nihilation contributions is interesting by itself, since it
can help us to understand the low energy dynamics of
QCD involved in heavy meson decays and the viability
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of the theoretical approaches mentioned above. Motivated
by these arguments, we shall investigate in this paper
the pure annihilation processes B̄0 →K+K−, K∗±K∓,
K∗+K∗−. These decay channels have some interesting
features.
Firstly, they are all pure annihilation processes and

studying these decay modes in the SM can serve as a probe
for the annihilation strength in hadronic B-meson de-
cays. Secondly, the current experimental data on the decay
B̄0→K+K− [37] has already provided direct evidence for
the existence of the annihilation contributions. By com-
paring our theoretical result for the branching ratio of
the decay B̄0→K+K− with the experimental data, we
can test the feasibility of the theoretical method and get
a deeper insight into the penguin annihilation and theW -
exchanged topologies in the B→ ππ, πK decay modes [20,
38]. Thirdly, their strong phases are calculable and found
to be big, which leads to large CP violation. The result-
ing branching ratios for B(B̄0→K+K−) is consistent with
the current experimental data [37]. Finally, studying the
polarization in the B̄0→K∗+K∗− decay may also help us
to clarify whether annihilation contribution could resolve
or alleviate the polarization puzzles in B→ φK∗ decays as
suggested in [39].
In calculating the hard-scattering kernel, we shall use

the Cornwall [40–42] prescription of the gluon propa-
gator by introducing a dynamical gluon mass to avoid
enhancements in the soft endpoint region. It is inter-
esting to note that recent theoretical [43–49] and phe-
nomenological [50–52] studies are now accumulating sup-
port for a softer infrared behavior for the gluon prop-
agator. Moreover, we will adopt the Cutkosky rule [53]
to deal with the physical-region singularity caused by
the on-mass-shell quark propagators, which then pro-
duce big imaginary parts from the kinematic region where
the virtual quark becomes on-mass-shell. By applying
these two “tricks”, we observe that the main contri-
butions to the decay amplitudes come from the non-
factorizable diagrams, and the CP -averaged branching ra-
tios of B̄0→K+K−,K+K∗−,K−K∗+, andK∗+K∗− are
estimated usingQCD factorization to be about 2.02×10−8,
4.23×10−8, 5.70×10−8, and 6.89×10−8 for a given gluon
mass mg = 500MeV, respectively. Moreover, big strong
phases are predicted in these decay modes, and hence the
direct and mixing-induced CP violations CKK and SKK
are found to be very large in these decays as the differences
∆CKK and ∆SKK are small in B̄

0→K±K∗∓ decays. The
predictions may be tested in the more precise experiments
at the B-factory and the LHC-b.
The paper is organized as follows. In Sect. 2, we first

analyze the relevant Feynman diagrams and then outline
the necessary ingredients for evaluating the CP asymme-
tries of the B̄0→K+K−, K∗±K∓, K∗+K∗− decays. In
Sect. 3, we present the approaches for dealing with the
physical-region singularities of gluon and quark propaga-
tors. The numerical results of the CP -averaged branch-
ing ratios and large strong phases are given in Sect. 4.
Finally, we discuss the CP asymmetries for those decay
modes and give conclusions in Sects. 5 and 6, respec-
tively. The necessary input parameters and the complete

decay amplitudes for those decay modes are given in the
appendixes.

2 Rephase-invariant CP -violating observables

Using the operator product expansion and renormalization
group equation, the low energy effective Hamiltonian for
charmless two-bodyB-meson decays can be written as [54]

Heff =
GF√
2

{
VubV

∗
ud[C1(µ)O1(µ)+C2(µ)O2(µ)]

−VtbV
∗
td

10∑
i=3

Ci(µ)Oi(µ)

}
+h.c. , (1)

whereCi(µ) (i= 1, . . . , 10) are theWilson coefficient func-
tions which have been reliably evaluated to next-to-leading
logarithmic order. The effective operatorsOi are defined as
follows:

O1 =
(
d̄iui
)
V−A

(ūjbj)V−A ,

O2 =
(
d̄iuj
)
V−A

(ūjbi)V−A ,

O3 =
(
d̄ibi
)
V−A

∑
q

(q̄jqj)V−A ,

O4 =
(
d̄ibj
)
V−A

∑
q

(q̄jqi)V−A ,

O5 =
(
d̄ibi
)
V−A

∑
q

(q̄jqj)V+A ,

O6 =
(
d̄ibj
)
V−A

∑
q

(q̄jqi)V+A ,

O7 =
3

2

(
d̄ibi
)
V−A

∑
q

eq (q̄jqj)V+A ,

O8 =
3

2

(
d̄ibj
)
V−A

∑
q

eq (q̄jqi)V+A ,

O9 =
3

2

(
d̄ibi
)
V−A

∑
q

eq (q̄jqj)V−A ,

O10 =
3

2

(
d̄ibj
)
V−A

∑
q

eq (q̄jqi)V−A . (2)

Here i and j are SU(3) color indices, q denotes all the ac-
tive quarks at the scale µ=O(mb), i.e., q = u, d, s, c, b.
With the effective Hamiltonian, calculations of the

leading order amplitudes for B̄0 → K+K−, K∗±K∓,
K∗+K∗− decays are straightforward. However, due to the
conservation of the vector current and partial conservation
of the axial-vector current, the leading order amplitudes
will vanish in the limit mu,ms→ 0. In order to probe the
annihilation strength and discuss CP violation in these
processes, we have to consider the next-to-leading order
(αs order) contributions.
Up to the αs order, the relevant Feynman diagrams con-

tributing to the B̄0→K+K− decay (the corresponding di-
agrams for theK∗±K∓ andK∗+K∗− modes are the same)
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are depicted in Fig. 1 (corresponding to the W -exchanged
annihilation diagrams) and Fig. 2 (corresponding to the
penguin annihilation diagrams and including the case with
the exchange of u↔ s). For the factorizable diagrams a
and b in Figs. 1 and 2, their contributions cancel each other
both in the W -exchanged and in the penguin annihilation
diagrams, so that the non-factorizable contributions will
dominate the decay, which can be obtained by calculating
the amplitudes of diagrams c and d in Figs. 1 and 2. More-
over, it is noted that these properties hold in all of these
decay modes.
The direct CP violation occurs only if there are two

contributing amplitudes with non-zero relative weak and
strong phases. The weak phase difference can arise from
the interference of amplitudes from various tree (current–
current) and penguin diagrams. From the Feynman dia-

Fig. 1. The W -exchanged annihilation diagrams for B̄0 →
K+K− decay

Fig. 2. The penguin annihilation diagrams for B̄0→K+K−

decay

grams in Figs. 1 and 2, we can see that in these decays there
are two kinds of CKM elements, VubV

∗
ud from tree opera-

tors and VtbV
∗
td from penguin ones, which will induce weak

phase difference and hence CP violation. The total decay
amplitudes for the B0(B̄0)→K+K− mode can be written
as

A(B0→K+K−) = V ∗ubVudAT−V
∗
tbVtdAP

= V ∗ubVudAT[1+ zE
i(α+δ)] , (3)

A(B̄0→K+K−) = VubV
∗
udAT−VtbV

∗
tdAP

= VubV
∗
udAT[1+ zE

i(−α+δ)] , (4)

where α = arg[−V ∗tbVtd/V
∗
ubVud], z = |V ∗tbVtd/V

∗
ubVud|

|AP/AT|, which indicates the interference strength be-
tween the annihilation amplitudes from penguin and tree
operators, and δ = arg(AP/AT) is the relative strong
phase between the penguin and the tree annihilation am-
plitudes. A similar consideration can be applied to the
B0→K±K∗∓ and B0→K∗+K∗− decays. The resulting
decay amplitudes by using QCD factorization are given
in Appendix B. For neutral B-meson decays, the time-
dependent CP asymmetries are defined as

ACP (t) =
Γ (B0(t)→ f)−Γ (B̄0(t)→ f̄)

Γ (B0(t)→ f)+Γ (B̄0(t)→ f̄)
. (5)

When the final state is a CP eigenstate, such as the
B0(B̄0)→K+K− decay, the time-dependent CP asym-
metries can be written as

ACP (t) = CKK cos(∆mt)+SKK sin(∆mt) , (6)

where ∆m is the mass difference of the two eigenstates of
the Bd mesons. CKK and SKK are parameters describing
the direct and the mixing-induced CP violation, respec-
tively. Both of them depend on the CKM and hadronic
matrix elements

CKK =
1−|λCP |2

1+ |λCP |2
, SKK =

−2 Im(λCP )

1+ |λCP |2
, (7)

with

λCP =
V ∗tbVtd〈K

+K−|Heff|B̄0〉

VtbV
∗
td〈K

+K−|Heff|B0〉
. (8)

From (3) and (4), the CP -violating parameters CKK and
SKK can be expressed explicitly as

CKK =
−2z sinα sin δ

1+2z cosα cos δ+ z2
,

SKK =
− sin 2α−2z sinα cos δ

1+2z cosα cos δ+ z2
, (9)

which shows that both the direct and the mixing-induced
CP violation depend not only on the strong phase δ but
also on the magnitudes of z. Thus, when the contribu-
tions of different weak decay amplitudes are comparable to
each other, there will be a high likelihood for observable
CP -violating asymmetries.
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For the case of B→K∗±K∓ decays, as the final state
is not an CP eigenstate, the CP -violating asymmetries
become complicated. There are in general four decay am-
plitudes which can be expressed as

g = 〈K+K∗−|Heff|B〉 , h= 〈K
+K∗−|Heff|B̄〉 ,

ḡ = 〈K−K∗+|Heff|B̄〉 , h̄= 〈K
−K∗+|Heff|B〉 . (10)

Following the discussions in [55], there exist in general four
rephase-invariant parameters aε′ , aε̄′ , aε+ε′ , aε+ε̄′ which
characterize the CP asymmetries.We may redefine the fol-
lowing four parameters:

CKK =
1

2
(aε′ +aε̄′) , ∆CKK =

1

2
(aε′ −aε̄′) ,

SKK =
1

2
(aε+ε′ +aε+ε̄′) , ∆SKK =

1

2
(aε+ε′ −aε+ε̄′) ,

(11)

with

aε′ =
|g|2−|h|2

|g|2+ |h|2
, aε̄′ =

|h̄|2−|ḡ|2

|h̄|2+ |ḡ|2
,

aε+ε′ =
−2 Im(h/g)

1+ |h/g|2
, aε+ε̄′ =

−2 Im(ḡ/h̄)

1+ |ḡ/h̄|2
. (12)

For a final state being a CP eigenstate, one has ∆CKK = 0
and ∆SKK = 0.
As for the B→K∗+K∗− decay mode, since the total

amplitudes are dominated by the longitudinal ones, which
can be seen below, one can evaluate its CP asymmetries in
the same way as for the B→K+K− decay.

3 Treatments for physical-region singularities
of gluon and quark propagators

To perform a numerical calculation, the QCD factorization
approach may be used to evaluate the amplitudes of B̄0→
K+K−, K∗±K∓, K∗+K∗− decays. The details are pre-
sented in Appendix B. In (B.3)–(B.8), one will encounter
the endpoint divergence, which is the most difficult part to
deal with in the annihilation diagrams within the QCD fac-
torization framework. Instead of the widely used treatment∫ 1
0
dy
y →XA = (1+�AE

iϕ) ln mBΛh
in the literature [56–60],

we shall use an effective gluon propagator [40–42, 61, 62] to
treat the infrared divergence in the soft endpoint region:

1

k2
⇒

1

k2+M2g (k
2)
, M2g (k

2) =m2g

⎡
⎢⎢⎣
ln

(
k2+4m2g
Λ2

)

ln
(
4m2g
Λ2

)
⎤
⎥⎥⎦
− 1211

.

(13)

The typical valuesmg = (500±200)MeV, andΛ=ΛQCD =
250MeV will be taken in our numerical calculations. Use of
this gluon propagator is supported by the lattice [63] and
the field theoretical studies [43–49], which have shown that
the gluon propagator is not divergent as fast as 1

k2
.

After giving the treatments for the infrared divergence
arising from the gluon propagator, we now turn to show
how to deal with a physical-region singularity of the on-
mass-shell quark propagators. It can be easily checked
that each Feynman diagram contributing to a given ma-
trix element is entirely real unless some denominators van-
ish with a physical-region singularity, so that the iε pre-
scription for treating the poles becomes relevant. In other
words, a Feynman diagram will yield an imaginary part for
decay amplitudes when the virtual particles in the diagram
become on-mass-shell; thus, the diagram may be consid-
ered as a genuine physical process. The Cutkosky rules [53]
give a compact expression for the discontinuity across the
cut arising from a physical-region singularity.When apply-
ing the Cutkosky rules to deal with a physical-region singu-
larity of quark propagators, the following formula holds:

1

(k1−k2−k3)2+ iε
= P

[
1

(k1−k2−k3)2

]
− iπδ[(k1−k2−k3)

2] , (14)

1

(pb−k2−k3)2−m2b+ iε
= P

[
1

(pb−k2−k3)2−m2b

]
− iπδ

[
(pb−k2−k3)

2−m2b
]
,

(15)

where P denotes the principal-value prescription. The role
of the δ function is to put the particles corresponding to the
intermediate state on their positive energy mass-shell, so
that in the physical region, the individual diagrams satisfy
the unitarity condition. Equations (14) and (15) will be ap-
plied to the quark propagators Dd and Db in (B.3)–(B.8),
respectively. It is then seen that the big imaginary parts
arise from the virtual quarks (d, b) across their mass-shells
as physical-region singularities. In fact, the above imagi-
nary parts are among the main sources of strong phases for
the B̄0→K+K−, K∗±K∓,K∗+K∗− decays as discussed
in the perturbative QCD approach [36, 64].

4 Decay amplitudes and large strong phases

Using the relevant input parameters listed in Appendix A,
we can calculate the tree and the penguin annihilation
amplitudes for each decay mode and their correspond-
ing numerical results for the quantities z and δ, which
are presented in Table 1. With these considerations, the
CP -averaged branching ratios for these decay modes are
given in Table 2. In this table, we present our “default
results” along with detailed error estimates correspond-
ing to the different theoretical uncertainties listed in Ap-
pendix A. The first error refers to the variation of the
dynamical gluon mass, while the second one refers to the
uncertainty due to the CKM parametersA, λ, ρ̄, and η̄. Fi-
nally, the last error originates from the uncertainty due to
the meson decay constants and the parameter µK .
From the numerical results given in Tables 1 and 2, we

arrive at the following observations.
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Table 1. The tree annihilation amplitudes AT, the penguin annihilation amplitudes
AP, magnitudes of z and the strong phase δ for B

0(B̄0)→K+K−,K∗±K∓,K∗+K∗−

decays. Here we give only the case when mg = 500MeV

Decay mode AT AP z δ

B0(B̄0)→K+K− 0.0273−0.0321i −0.0114+0.0045i 0.65 −153◦

B0(B̄0)→K−K∗+ 0.0467−0.0371i 0.0187−0.0005i 0.70 37◦

B0(B̄0)→K+K∗− 0.0412−0.0464i 0.0333−0.0092i 1.14 33◦

B0(B̄0)→K∗+K∗− 0.0634−0.0543i −0.0168+0.0047i 0.47 −155◦

Table 2. The CP -averaged branching ratios (in units of 10−8) of the B0(B̄0)→
K+K−, K∗±K∓, K∗+K∗− decays. The theoretical errors shown from left to right
correspond to the uncertainties referred to as “gluon mass”, “CKM parameters”, and
“decay constants and the parameter µK” as specified in the text

Decay mode Br ΓT/Γ Exp.

B0(B̄0)→K+K− 2.02+3.21+0.83+1.01−0.81−0.54−0.44 – (4±15±8)×10−8 [37]

B0(B̄0)→K−K∗+ 5.70+2.08+2.26+1.11−3.01−1.71−0.92 – –

B0(B̄0)→K+K∗− 4.23+2.29+1.63+0.94−2.05−1.21−0.81 – –

B0(B̄0)→K∗+K∗− 6.89+1.78+2.87+2.04−1.50−2.19−1.58 0.01 < 1.41×10−4 [65]

– The strong phase associated with the tree ampli-
tude AT is about δ � −45◦, while the imaginary part
of the penguin amplitude AP is comparatively small;
moreover, from the numerical results of the magni-
tude z, we can see that the penguin annihilation ampli-
tudes are comparable to the tree ones, so that a large
interference effect between the tree and the penguin
annihilation amplitudes occurs. Combining these two
ingredients, it is expected that there exist large CP vi-
olations in these decay modes, which will be shown
below.
– For a given dynamical gluon mass, the CP -averaged
branching ratios of these decay modes follow the
pattern

B(B̄0→K∗+K∗−)> B(B̄0→K∗±K∓)

> B(B̄0→K+K−) , (16)

which is due to the larger vector-meson decay constant
fK∗ > fK for one vector meson in the final state or the
larger spin phase space available for two final-state vec-
tor mesons.
– For the B̄0→K+K− decay, the presently obtained re-
sult is consistent with the experimental data [37], and
also in agreement with the one given in [56]: B(B̄0→
K+K−) = (0.013+0.005+0.008+0.087−0.005−0.005−0.011)×10

−6, when con-
sidering the huge uncertainties caused in the treatment
of infrared divergence

∫ 1
0
dy
y
→XA = (1+�AEiϕ) ln

mB
Λh
.

The present theoretical errors mainly originate from
the variation of the dynamical gluon mass, while our
theoretical result alleviates the dependence of the input
parameters when compared to the one given by [56].
Another significant error comes from the parameter
µK , as the decay amplitudes include the µ

2
K factor

when considering the twist-three wave function contri-
butions. Moreover, the present central value is smaller
than the one given by pQCD [66]: Br(B0→K+K−) =
4.6×10−8, which has used a bigger parameter µK . If
we also choose µK = 2.22GeV, just as pQCD does, and
a dynamical gluon mass with mg = 420MeV, we can
get the same result as the pQCD prediction. Namely,
if choosing smaller µK , to get the same result as the
pQCD prediction, one has to choose a smaller mg. In
general, with the parameter µK fixed at the value 1.4,
1.8 and 2.2GeV, we can get the same result as the
pQCD by takingmg to bemg = 340, 370, and 420MeV,
respectively. Anyway, our prediction is consistent with
the pQCD result after taking into account the theoret-
ical uncertainties.
– For the B̄0→K±K∗∓ decays, from the numerical re-
sults we can see that the main theoretical errors orig-
inate from dynamical gluon mass and CKM parame-
ters. In addition, we predict that B(B̄0→K+K∗−) �=
B(B̄0→K−K∗+). The central values are larger than
the ones given in [56]: B(B̄0 → K±K∗∓) =
(0.014+0.007+0.010+0.106−0.006−0.006−0.012)×10

−6, but they remain con-
sistent with each other within the uncertainties.
– For the B̄0→K∗+K∗− decay, only an upper limit at
90% confidence level has been reported [65]:

B(B̄0→K∗+K∗−)< 1.41×10−4 . (17)

Obviously, the present numerical result is far below
the experimental data. It is noted that the branching
ratio of this decay channel is less sensitive to the dy-
namics gluon mass, and the theoretical errors mainly
come from the CKM parameters. It is also noted that
99% of the branching ratio comes from the longitudinal
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part, and the result is consistent with that given by the
pQCD method [67].

5 Large CP violation

We now turn to a discussion of the CP asymmetries in the
B0(B̄0)→K+K−,K∗±K∓,K∗+K∗− decays. As there are
big strong phases and large interference effects in these de-
cay modes, large CP -violating asymmetries are expected.
It is very reasonable to neglect the transverse contribution
and consider only the longitudinal part in B̄0→K∗+K∗−

decay, since the transverse polarization fraction provides
only a 1% contribution to the total branching ratio of this
mode. Thus we can discuss the CP asymmetries in the
K+K− andK∗+K∗− decay modes in the same manner.
Using the relevant formulas provided in the previ-

ous section, we are able to calculate the CP violations

Table 3. The CP asymmetries for the B0(B̄0)→K+K−,K∗±K∓,K∗+K∗− decays with the same error resources as in Table 2

mode CKK ∆CKK SKK ∆SKK

K+K− 0.39+0.00+0.04+0.01−0.04−0.04−0.01 0.00 0.86+0.09+0.04+0.02−0.05−0.08−0.05 0.00

K±K∗∓ −0.59+0.11+0.05+0.01−0.00−0.07−0.01 0.01+0.00+0.01+0.01−0.04−0.01−0.01 −0.74+0.29+0.02+0.06−0.12−0.08−0.04 −0.07+0.08+0.06+0.06−0.08−0.06−0.06

K∗+K∗− 0.30+0.02+0.05+0.00−0.01−0.05−0.00 0.00 0.78+0.01+0.09+0.00−0.01−0.10−0.00 0.00

Fig. 3. The CP violation parameters CKK and SKK for the B
0(B̄0)→K+K−,K∗+K∗− decays as functions of the weak phase

α (in degrees). The dash-dotted , solid , and dashed lines correspond to mg = 300MeV, 500MeV, and 700MeV, respectively

in the B̄0 → K+K−,K∗±K∓,K∗+K∗− decays. Firstly,
in Table 3, we present our predictions for the rephase-
invariant CP -violating observables and their theoretical
errors in these decays. Secondly, taking the CKM angle α
as a free parameter, the dependence of the CP -violating
parameters on the angle α is shown in Figs. 3 and 4.
FromTable 3 and Figs. 3 and 4 we come to the following

observations.

(i) For the B̄0→K+K− decay, due to the large strong
phase δ and the large magnitude z � 0.65, the direct
and mixing-induced CP -violating parameters CKK
and SKK are found to be quite large. The direct
CP asymmetry is consistent with the one given
by pQCD [66]. It is also seen that the CP asym-
metry parameters CKK and SKK are not sensi-
tive to the choice of the dynamical gluon mass,
and the main theoretical errors originate from the
CKM parameters.
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Fig. 4. The same as Fig. 3, but for the B0(B̄0)→K±K∗∓ decays

(ii) For the B̄0→K∗+K∗− decay, as it is dominated by
the longitudinal part, theCP asymmetries in this de-
cay mode have the same manner as the one in the
B̄0→K+K− decay. Thus we arrive at the similar
conclusions as the ones for the B̄0→K+K− decay.

(iii) In contrast to the B̄0→K+K−, K∗+K∗− decays,
the strong phases δ in the B̄0 → K±K∗∓ decay
modes have opposite signs, so that the sign of the
CP asymmetry parameter CKK is also opposite
to the ones in the K+K−,K∗+K∗− decay modes.
In addition, the rephase-invariant parameters CKK
and SKK in the B̄

0 →K±K∗∓ decay modes also
characterize large CP violation as the parame-
ters ∆CKK and ∆SKK are small. Note that only the
mixing-induced CP violation SKK is sensitive to the
dynamical gluon mass.

(iv) It is seen from Figs. 3 and 4 that all CP -violating
parameters have a strong dependence on the weak
angle α. So these observables may be used to deter-
mine the range of the angle α in future more precise
experiments.

6 Conclusions

In summary, we have calculated the strong phases, the
CP -averaged branching ratios, and the CP asymmetries
for the pure annihilation decays B̄0→K+K−,K±K∗∓,
and K∗+K∗− within the standard model. It has been
shown that the non-factorizable contributions dominate

these decays, and the contributions of the penguin dia-
grams are comparable to that of the W -exchanged dia-
grams; the CP -averaged branching ratios of these decay
modes are at the order of 10−8 ∼ 10−7, and these small
branching ratios predicted in the SM make them sensi-
tive to any new physics beyond the SM. In particular, as
there are big strong phases and large interference effects
between the tree and the penguin annihilation amplitudes,
the CP -violating parameters CKK and SKK have been
predicted to be large in these decay modes. It has been seen
that the CP -violating parameters have a strong depen-
dence on the weak phase α, but they are not sensitive to the
dynamical gluon mass except the mixing-induced CP vio-
lation in the B̄0→K∗+K−,K+K∗− decays. The resulting
branching ratio Br(B̄0→K+K−) is consistent with the
current experimental data. It is then expected that the pre-
dicted CP asymmetries should be reasonable.
In this paper, we have adopted the Cornwall prescrip-

tion for the gluon propagator with a dynamical mass to
avoid the endpoint infrared divergence. Note that when the
intrinsic mass is appropriately introduced, it may not spoil
the gauge symmetry as shown recently in the symmetry-
preserving loop regularization [68, 69]. Meanwhile, we have
also applied the Cutkosky rules to deal with the physical-
region singularity of the on-mass-shell quark propagators.
As a consequence, it produces big imaginary parts which
are very important for understanding large CP violations.
The combination of the two treatments for the endpoint in-
frared divergence of the gluon propagator and the physical-
region singularity of the quark propagators enables us to
obtain, by using the QCD factorization approach [30, 31],
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reasonable results which are consistent with the ones [66,
67] obtained by using the perturbative QCD approach[32–
34]. However, this is different from the treatment of a per-
turbative QCD approach where the Sudakov factors have
been used to avoid the endpoint divergence. As a conse-
quence, it was shown that the pQCD predictions are insen-
sitive to the choice of Sudakov factors and to the depen-
dence of the impact parameter b [35].
It is noted that our present predictions for the branch-

ing ratios depend on the dynamics gluon mass which plays
the role of IR cut-off; such a dependence should in general
be matched from the non-perturbative effects in the transi-
tion wave functions. However this is not the case in general
for direct CP violation. With the experimental and the-
oretical improvements, this quantity could be fitted from
a well measured pure annihilation decay mode and then
expanded to other decays. In order to check the validity
of the gluon-mass regulator method adopted to deal with
the endpoint divergence, we plan to extend this method
to the vertex corrections and hard spectator interactions
for other charmless B-meson decays. We expect that these
corrections are independent of the dynamical gluon mass,
which is under investigation. Anyhow, the treatment pre-
sented in this paper may enhance its predictive power for
analyzing the charmless non-leptonic B-meson decays.
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Appendix A: Input parameters

The theoretical predictions in our calculations depend on
many input parameters, such as the Wilson coefficient
functions, the CKM matrix elements, the hadronic param-
eters, and so on. We present all the relevant input param-
eters as follows.
The next-to-leading order Wilson coefficient functions

(at µ =mb/2) in the NDR scheme for γ5 [60] have been
used with the following numerical values:

C1 = 1.130 , C2 =−0.274 , C3 = 0.021 ,

C4 =−0.048 , C5 = 0.010 , C6 =−0.061 ,

C7 =−0.005/128 , C8 = 0.086/128 ,

C9 =−1.419/128 , C10 = 0.383/128 . (A.1)

For the B meson wave function, we have taken the fol-
lowing results [70, 71]:

ΦB1 (ρ̄) =NB ρ̄
2(1− ρ̄)2 exp

[
−
1

2

(
ρ̄mB

ωB

)2]
, (A.2)

with ωB = 0.25GeV, and NB being a normalization con-
stant. For the light-conewave functions of the light mesons,

we use the asymptotic form as given in [72–74]:

ΦK(u) = Φ‖(u) = Φ⊥(u) = 6uū , twist-2 LCDAs ,

φσ(u) = g
(a)
⊥ (u) = h

(s)
‖ (u) = 6uū ,

g
(v)
⊥ (u) =

3

4

[
1+(u− ū)2

]
,

h
(t)
‖ (u) = 3−12uū , φk(u) = 1 , twist-3 LCDAs ,

(A.3)

with ū= 1−u.
For the other parameters used in our calculations, we

give a list as follows [65]:

MBd = 5.28GeV , mb = 4.66GeV ,

MK∗± = 0.89GeV , τB0
d
= 1.536 ps ,

fBd = 200±30MeV , fK = 160MeV ,

fK∗ = 218±4MeV , f⊥K∗ = 175±25MeV ,

Vud = 1−λ
2/2 , Vub =Aλ

3(ρ− iη) ,

Vtd = Aλ
3(1−ρ− iη) , Vtb = 1 . (A.4)

The Wolfenstein parameters of the CKM matrix elem-
ents are taken as [65] A = 0.8533± 0.0512, λ = 0.2200±

0.0026, ρ̄= 0.20±0.09, η̄ = 0.33±0.05, with ρ̄= ρ(1− λ
2

2 ),

η̄ = η(1− λ
2

2 ). The coefficient of the twist-three distribu-
tion amplitude of the pseudoscalar K meson is chosen as
µK = µπ = 1.5±0.2GeV [30, 31, 56].

Appendix B: The decay amplitudes

To evaluate the hadronic matrix elements, we may adopt
the QCD factorization formalism. For the annihilation pro-
cess B̄→M1M2, the matrix element can be written as [56]

〈M1M2|Oi|B̄
0〉= fBΦB ∗ fM1ΦM1 ∗ fM2ΦM2 ∗Ti , (B.1)

where Oi is the effective operator appearing in the ef-
fective weak Hamiltonian, the ∗ products imply integra-
tions over the light-cone momentum fractions of the con-
stituent quarks inside the relevant mesons. Ti is the hard-
scattering kernel that can be computed perturbatively
with the QCD factorization approach. ΦM and fi are the
leading-twist light-cone distribution amplitudes and the
decay constants, respectively.
Using (B.1) and the meson wave functions given

in [70–74], we can evaluate the decay amplitudes of the
W -exchanged diagrams in Fig. 1 (only the O1 operator has
a contribution) and the penguin annihilation diagrams in
Fig. 2 (O4, O6, O8, and O10 have contributions).
For final states containing two pseudoscalar K meson,

the amplitudes are found to be

AT(B̄d→K
+K−) = C1A1 ,

AP(B̄d→K
+K−) =

(
2C4+

C10

2

)
A1+

(
2C6+

C8

2

)
A2 ,

(B.2)
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where

A1 =
GF√
2
fBf

2
Kπαs(µ)

CF

N2C

∫ 1
0

dξ

∫ 1
0

dx

∫ 1
0

dyΦB1 (ξ)

×

{(
x
M4B
Ddk2

+(y+ ξ− ξB)
M4B
Dbk2

)
Φk(x)Φk(y)

+
µ2K
M2B

[(
(x+y− ξ)φk(x)φk(y)

+ (y− ξ−x)φk(x)
φ′σ(y)

6
− (y− ξ−x)φk(y)

φ′σ(x)

6

−(x+y− ξ)
φ′σ(x)φ

′
σ(y)

36

)
M4B
Ddk2

+

(
(x+y+ ξ−2ξB)φk(x)φk(y)

+ (y+ ξ−x)φk(x)
φ′σ(y)

6
− (y+ ξ−x)φk(y)

φ′σ(x)

6

+(x+y+ ξ−2)
φ′σ(x)φ

′
σ(y)

36

)
M4B
Dbk2

]}
, (B.3)

A2 =
GF√
2
fBf

2
Kπαs(µ)

CF

N2C

∫ 1
0

dξ

∫ 1
0

dx

∫ 1
0

dyΦB1 (ξ)

×

{(
(y− ξ)

M4B
Ddk2

+(x− ξB)
M4B
Dbk2

)
Φk(x)Φk(y)

+
µ2K
M2B

[(
(x+y− ξ)φk(x)φk(y)

− (y− ξ−x)φk(x)
φ′σ(y)

6
+(y− ξ−x)φk(y)

φ′σ(x)

6

−(x+y− ξ)
φ′σ(x)φ

′
σ(y)

36

)
M4B
Ddk2

+

(
(x+y+ ξ−2ξB)φk(x)φk(y)

− (y+ ξ−x)φk(x)
φ′σ(y)

6
+(y+ ξ−x)φk(y)

φ′σ(x)

6

+(x+y+ ξ−2)
φ′σ(x)φ

′
σ(y)

36

)
M4B
Dbk2

]}
, (B.4)

where ξB = (MB −mb)/MB, with MB being the mass of
the Bd meson, φ

′
σ(x) =

dφσ(x)
dx , and the Φ

′s and φ′s are the
leading-twist (twist-two) and twist-three light-cone dis-
tribution amplitudes of mesons, respectively. We set the
scale µ to be the averaged virtuality of the time-like gluon,
i.e., µ =mb/2. k

2 and Db,d arise from the propagators
of the virtual gluon, the bottom quark b, and the down
quark d, respectively.
For B̄d→K±K∗∓ decays, we need only consider the

longitudinal wave function of the vector K∗ meson, due
to the conservation of the angular momentum. The cor-
responding decay amplitudes of B̄d→K+K∗− are given
in the same form as (B.2), but with the amplitudes of A1
and A2 replaced by

A1 =
GF√
2
fBfKπαs(µ)

CF

N2C

∫ 1
0

dξ

∫ 1
0

dx

∫ 1
0

dyΦB1 (ξ)

×

⎡
⎣fK∗

(
x
M4B
Ddk2

+(y+ ξ− ξB)
M4B
Dbk2

)
Φk(x)Φk(y)

+f⊥K∗µK
mK∗

MB

⎛
⎝(−x+y− ξ)h′(s)‖ (y)φ′σ(x)

12

− (x+y− ξ)
h
′(s)
‖ (y)φ(x)

2
+(x+y− ξ)

φ′σ(x)h
(t)
‖ (y)

3

+2(x−y+ ξ)φ(x)h(t)‖ (y)

⎞
⎠ M4B
Ddk2

+f⊥K∗µK
mK∗

MB

⎛
⎝(−x+y− ξ)h′(s)‖ (y)φ′σ(x)

12

− (x+y+ ξ−2ξB)
h
′(s)
‖ (y)φ(x)

2

− (x+y+ ξ−2)
φ′σ(x)h

(t)
‖ (y)

3

+(x−y− ξ)φ(x)h(t)‖ (y)

⎞
⎠ M4B
Dbk2

⎤
⎦ , (B.5)

A2 =
GF√
2
fBfKπαs(µ)

CF

N2C

∫ 1
0

dξ

∫ 1
0

dx

∫ 1
0

dyΦB1 (ξ)

×

⎡
⎣fK∗

(
(−y+ ξ)

M4B
Ddk2

+(x+ ξB)
M4B
Dbk2

)
Φk(x)Φk(y)

+f⊥K∗µK
mK∗

MB

⎛
⎝(−x+y− ξ)h′(s)‖ (y)φ′σ(x)

12

+(x+y− ξ)
h
′(s)
‖ (y)φ(x)

2
− (x+y− ξ)

φ′σ(x)h
(t)
‖ (y)

3

+2(x−y+ ξ)φ(x)h(t)‖ (y)

⎞
⎠ M4B
Ddk2

+f⊥K∗µK
mK∗

MB

⎛
⎝(−x+y− ξ)h′(s)‖ (y)φ′σ(x)

12

+(x+y+ ξ−2ξB)
h
′(s)
‖ (y)φ(x)

2

+(x+y+ ξ−2)
φ′σ(x)h

(t)
‖ (y)

3

+(x−y− ξ)φ(x)h(t)‖ (y)

⎞
⎠ M4B
Dbk2

⎤
⎦ , (B.6)

where h
′(s)
‖ (y) =

dh
(s)
‖
(y)

dy . With the change for the signs of

the second and the third terms in the twist-three ampli-
tudes in (B.5) and (B.6) and the exchange of the variable x
and y of the wave functions, we can get the corresponding
decay amplitudes of B̄d→K−K∗+ mode.
Finally, for the B̄→K∗+K∗− decay, in the rest frame

of the B̄0 system, we have λ1 = λ2 = λ (where λ1 and λ2
denote the helicities of the K∗+ and K∗− mesons, respec-
tively) through the helicity conservation, since the B̄0 me-
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son has helicity zero. So, there are generally three de-
cay amplitudes, H0, H+, and H−, representing λ = 0, 1,
and −1, respectively. Considering only the leading-twist
contributions, we can get the longitudinal amplitudes A0T
andA0P of the decay B̄d→K∗+K∗− from (B.3) and (B.4)
by keeping only the Φk(x)Φk(y) term and replacing the de-
cay constant fK by fK∗ . The total longitudinal amplitude
is then given as

H0 = VubV
∗
udA0T −VtbV

∗
tdA0P . (B.7)

As for the transverse amplitude H±, we have

H+ =
GF√
2
fBf

⊥
K∗
m2K∗

M2B
παs(µ)

CF

N2C

×

∫ 1
0

dξ

∫ 1
0

dx

∫ 1
0

dyΦB1 (ξ)

(
C1+2C4+

C10

2

)

×

((
−f(x)g(v)⊥ (y)− g

(v)
⊥ (x)g

(a)
⊥ (y)/4

+f(x)g
′(a)
⊥ (y)/8+ g

′(a)
⊥ (x)g

(a)
⊥ (y)/32

) M4B
Ddk2

+
(
−f(x)g

(v)
⊥ (y)+ g

(v)
⊥ (x)g

(a)
⊥ (y)/4

−f(x)g′(a)⊥ (y)/8+ g
′(a)
⊥ (x)g

(a)
⊥ (y)/32

) M4B
Dbk2

)

+
GF√
2
fBf

⊥
K∗
m2K∗

M2B
παs(µ)

CF

N2C

×

∫ 1
0

dξ

∫ 1
0

dx

∫ 1
0

dyΦB1 (ξ)

(
2C6+

C8

2

)

×

((
−g(v)⊥ (x)f(y)+ g

(a)
⊥ (x)g

(v)
⊥ (y)/4

−g′(a)⊥ (x)f(y)/8+ g
(a)
⊥ (x)g

′(a)
⊥ (y)/32

) M4B
Ddk2

+
(
−g(v)⊥ (x)f(y)− g

(a)
⊥ (x)g

(v)
⊥ (y)/4

+g
′(a)
⊥ (x)f(y)/8+ g

(a)
⊥ (x)g

′(a)
⊥ (y)/32

) M4B
Dbk2

)
,

(B.8)

where the function f(x) =
∫ x
0
du
(
φ‖(u)− g

(v)
⊥ (u)

)
and

g
′(a)
⊥ (y) =

dg
(a)
⊥
(y)

dy . Changing the signs of the g
(a)
⊥ g

(v)
⊥ and

g
′(a)
⊥ f terms in (B.8), we can get the other amplitude, H−.
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