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Ying Li, Cai-Dian Lü, Yue-Long Shen, Wei Wang and Yu-Ming Wang

Institute of High Energy Physics, CAS,

P.O. Box 918(4), 100049, P.R. China

(Dated: August 21, 2007)

Abstract

We calculate the CP-averaged branching ratios and CP-violating asymmetries of a number of two-body

charmless hadronic decays B0
s → PP,PV, V V in the perturbative QCD (pQCD) approach to leading

order in αs (here P and V denote light pseudo-scalar and vector mesons, respectively). The mixing-

induced CP violation parameters are also calculated for these decays. We also predict the polarization

fractions of Bs → V V decays and find that the transverse polarizations are enhanced in some penguin

dominated decays such as B0
s → K∗K∗, K∗ρ. Some of the predictions worked out here can already be

confronted with the recently available data from the CDF collaboration on the branching ratios for the

decays B0
s → K+π−, B0

s → K+K− and the CP-asymmetry in the decay B0
s → K+π−, and are found

to be in agreement within the current errors. A large number of predictions for the branching ratios,

CP-asymmetries and vector-meson polarizations in B0
s decays, presented in this paper and compared

with the already existing results in other theoretical frameworks, will be put to stringent experimental

tests in forthcoming experiments at Fermilab, LHC and Super B-factories.
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I. INTRODUCTION

There has been remarkable progress in the study of exclusive charmless B0
d → h1h2 and

B± → h1h2 decays, where h1, h2 are light pseudo-scalar and/or vector mesons. Historically, these

decays were calculated in the so-called naive factorization approach [1], which was improved by in-

cluding some perturbative QCD contributions [2, 3]. Currently, there are three popular theoretical

approaches to study the dynamics of these decays, which go under the name QCD factorization

(QCDF) [4], perturbative QCD (pQCD) [5], and soft-collinear effective theory (SCET) [6]. All

three are based on power expansion in 1/mb, where mb is the b-quark mass. Factorization of the

hadronic matrix elements 〈h1h2|Oi|B〉, where Oi is typically a four-quark or a magnetic moment

type operator, is shown to exist in the leading power in 1/mb in a class of decays. In addition,

these approaches take into account some contributions in the decays B → h1h2 not included in

the earlier attempts [1, 2, 3], in particular the so-called hard spectator graphs.

Despite being embedded in the Λ/mb approach, justified by both the large mass, mb = O(5

GeV), and a large energy release in the decay, with Ehi
= mB/2, these methods differ significantly

from each other in a number of important aspects. For example, these differences pertain to

whether one takes into account the collinear degrees of freedom only as in QCDF and SCET, or

includes also the transverse momenta implemented using the Sudakov formalism, as followed in

the pQCD method. Also, in pQCD, the power counting is different from the one in QCDF, which

makes some amplitudes differ significantly in the two approaches. The other differing feature of

pQCD and QCDF is the scale at which strong interaction effects, including the Wilson coefficients,

are calculated. In pQCD, this scale is low, typically of order 1 – 2 GeV. In QCDF, typical scales

for the Wilson coefficients are taken as O(mb), following arguments based on factorization. There

also exist detailed differences between QCDF and SCET, despite the fact that dedicated studies

in the context of SCET have allowed to gain a better understanding of the QCDF framework.

These differences, though not inherent, lie in how practically the calculations are done in the two

approaches and involve issues such as the treatment of the so-called charming penguin contribu-

tions [7] to the decays B → h1h2. These are argued to be power-suppressed in QCDF, and left

as phenomenological parameters to be determined by data in SCET. Likewise, the treatment of

the hard spectator contribution in these two approaches is also different. We recall that a generic

factorization formula [8]

〈h1h2|Oi|B〉 = Φh2
(u) ∗

(

T I(u)F Bh1(0) + CII(τ, u) ∗ ΞBh1(τ, 0)
)

(1)
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involves the QCD form factor F Bh1(0) and an unknown, non-local form factor ΞBh1(τ, 0). In

QCDF, this non-local form factor factorizes into light-cone distribution amplitudes and a jet

function J(τ, ω, v), when the hard-collinear scale
√

mbΛ is integrated out. This interpretation

of the hard spectator contribution was not at hand in the BBNS papers [4], but was gained

subsequently in the SCET-analysis of the form factors [9]. Amusingly, this SCET-result is not

used in the SCET-based phenomenology in B → h1h2 decays, for example in the works of Bauer et

al. [10], where the use of perturbation theory at the scale
√

mbΛ is avoided. Detailed comparisons

of their predictions with the data for the decays of the B0
d (and its charge conjugate) and B±-

mesons have been made in the literature. We also refer to a recent critique [8] of the underlying

theoretical assumptions in the three methods. Data from the B-factory experiments, BABAR and

BELLE, as well as the CDF collaboration at the Tevatron, do provide some discrimination among

them. With the advent of the LHC physics program, and the steadily improving experimental

precision at the existing facilities, it should be possible to disentangle the underlying dynamics in

hadronic B-decays.

The experimental program to study non-leptonic decays B0
s → h1h2 has also started [11], with

first measurements for the branching ratios B0
s → K+π− and B0

s → K+K− made available recently

by the CDF collaboration [12, 13] at the proton-antiproton collider Tevatron. Remarkably, the

first direct CP asymmetry involving the decay B0
s → K+π− and its CP conjugate mode has also

been reported by CDF [13], which is found to be large, with ACP(B0
s → K+π−) = (39± 15± 8)%.

This is in agreement with the predictions of the pQCD approach, as we also quantify in this

paper. With the ongoing B-Physics program at the Tevatron, but, in particular, with the onset

of the LHC experiments, as well as the Super B-factories being contemplated for the future,

we expect a wealth of data involving the decays of the hitherto less studied B0
s meson. The

charmless B0
s → h1h2 decays are important for the CP asymmetry studies and the determination

of the inner angles of the unitarity triangle, in particular γ (or φ3), which has not yet been

precisely measured. In addition, a number of charmless decays B0
s → h1h2 can be related to the

B0
d → h1h2 decays using SU(3) (or U-spin) symmetry, and hence data on these decays can be

combined to test the underlying standard model and search for physics beyond the SM under

less (dynamical) model-dependent conditions. Anticipating the experimental developments, many

studies have been devoted to the interesting charmless B0
s → h1h2 decays. Among others, they

include detailed estimates undertaken in the naive factorization framework [14], the so-called

generalized factorization approach [15], QCDF [16, 17, 18], pQCD [19] and SCET [20]. There are
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also many studies [21] undertaken, parameterizing the various parts of the decay amplitudes using

distinct topologies and the flavor symmetries to relate the B0
s → h1h2 and B0

d → h1h2 decays.

Possible New Physics effects in these decays have also been explored [22].

In the applications of the pQCD approach to B0
s → h1h2 decays, the currently available works

concentrate on specific decays. However, a comprehensive study of the decays B0
s → h1h2, which

have been undertaken in QCDF and SCET, to the best of our knowledge, is still lacking in pQCD.

Our aim is to fill in this gap and provide a ready reference to the existing and forthcoming

experiments to compare their data with the predictions in the pQCD approach. In doing this, we

have included the current information on the CKM matrix elements, updated some input hadronic

parameters and have calculated the decay form factors in the pQCD approach. Since these form

factors have to be provided from outside in QCDF and SCET (such as by resorting to QCD

sum rules), there is already a potential source of disagreement among these approaches on this

count. However, we remark that the estimates presented here for the cases Bs → PP, PV, V V

are rather similar to the corresponding ones in the existing literature on the light cone QCD sum

rules. Thus, theoretical predictions presented in this work reflect the detailed assumptions about

the dynamics endemic to pQCD, such as the effective scales which are generated by the strong

interaction aspects of the weak non-leptonic two-body decays, setting the relative strengths of

the various competing amplitudes in magnitudes and phases. As we work in the leading order

(LO) in αs, there is considerable uncertainty related to the scale-dependence, which we quantify

in the estimates of the branching ratios, CP-asymmetries and polarization fractions for the decays

considered in this paper. Likewise, parametric uncertainties in the numerical estimates of these

quantities resulting from other input parameters are worked out. Together, they quantify the

theoretical imprecision in B0
s → h1h2 decays at the current stage in the pQCD approach. We have

made detailed comparison of our predictions with the existing literature on the decays B0
s → h1h2

and in some benchmark decay widths and rate asymmetries in the corresponding B0
d → h1h2

decays. Whenever available, we have also compared our predictions with the data and found that

they are generally compatible with each other.

We also present numerical results for some selected ratios of the branching ratios involving

the decays B0
s → K+K−, B0

s → K+π−, B0
d → π+π− and B0

d → K−π+, which are related by

SU(3) and U-spin symmetries. For comparison with other approaches, we also give in Table IV

the contributions of the various topologies for these decays. The ratios worked out numerically

are: R1 ≡ BR(B0
s→K+K−)

BR(B0
d
→π+π−)

, R2 ≡ BR(B0
s→K+K−)

BR(B0
d
→K−π+)

, and two more, called R3 and ∆, defined in Eq. (72)
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and (73), respectively, which involve the decays B0
d → K−π+ and B0

s → K+π− and their charge

conjugates. All these ratios have been measured experimentally and the pQCD-based estimates

presented here are in agreement with the data, except possibly the ratio R1 which turns out too

small. Whether this reflects an intrinsic limitation of the pQCD approach or the inadequacy of

the LO framework remains to be seen, as complete next-to-leading order (NLO) calculations of all

the relevant pieces of the B → h1h2 decay matrix elements are still not in place. However, there

are sound theoretical arguments why the ratios R2, R3 and ∆ are protected against higher order

QCD corrections, such as the charge conjugation invariance of the strong interactions (for R3 and

∆), and the dominance of the decay amplitudes in the numerator and denominator in the ratio

R2 by a single decay topology. The agreement between the pQCD approach and data in these

quantities is, therefore, both non-trivial and encouraging.

This paper is organized as follows: In section II, we briefly review the pQCD approach and give

the essential input quantities that enter the pQCD approach, including the operator basis used

subsequently and the numerical values of the Wilson coefficients together with their scale depen-

dence. The wave function of the B0
s -meson, the distribution amplitudes for the light pseudo-scalar

and vector mesons and the input values of the various mesonic decay constants are also given here.

Section III contains the calculation of the B0
s → PP mesons, making explicit the contributions

from the so-called emission and annihilation diagrams. Numerical results for the charge-conjugated

averages of the decay branching ratios, direct CP-asymmetries, the time-dependent CP asymme-

tries Sf and the observables Hf in the time-dependent decay rates are tabulated in Tables III,

V and VI, respectively. These tables also contain detailed comparisons of our work with the cor-

responding numerical results obtained in the QCDF and SCET approaches, as well as with the

available data. Section IV contains the numerical results for the decays B0
s → PV . They are

presented in Tables VII, VIII and IX for the charge-conjugated averages of the decay branching

ratios, time-integrated CP-asymmetries, the time-dependent CP asymmetries Sf and the observ-

ables Hf in the time-dependent decay rates, respectively. We also show the corresponding results

from the QCDF approach in Tables VII and VIII. Section V is devoted to a study of the decays

B0
s → V V , making explicit the amplitudes for the longitudinal (L), normal (N) and transverse (T)

polarization components of the vector mesons. Numerical results for the CP-averaged branching

ratios are presented in Table X, and compared with the corresponding results from the QCDF

approach, updated recently in Ref. [18], and available data. Results for the three polarization

fractions f0, f‖ , f⊥, the relative strong phases φ‖(rad), φ⊥(rad) and the CP-asymmetries are
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displayed in Table XI. Appendix A contains the various functions that enter the factorization for-

mulae in the pQCD approach. Appendix B gives the analytic formulae for the B0
s → PP decays

used in the numerical calculations, while the details of the formulae for the decays B0
s → PV and

B0
s → V V are relegated to Appendix C and D, respectively.

II. THE EFFECTIVE HAMILTONIAN AND THE INPUT QUANTITIES

A. Notations and Conventions

We specify the weak effective Hamiltonian [23]:

Heff =
GF√

2

{

VubV
∗
uq

[

C1(µ)Qu
1(µ) + C2(µ)Qu

2(µ)
]

− VtbV
∗
tq

[

10
∑

i=3

Ci(µ)Qi(µ)
]

}

+ H.c., (2)

where q = d, s. The functions Qi (i = 1, ..., 10) are the local four-quark operators:

• current–current (tree) operators

Qu
1 = (ūαbβ)V −A(q̄βuα)V −A, Qu

2 = (ūαbα)V −A(q̄βuβ)V −A, (3)

• QCD penguin operators

Q3 = (q̄αbα)V −A

∑

q′

(q̄′βq′β)V −A, Q4 = (q̄βbα)V −A

∑

q′

(q̄′αq′β)V −A, (4)

Q5 = (q̄αbα)V −A

∑

q′

(q̄′βq′β)V +A, Q6 = (q̄βbα)V −A

∑

q′

(q̄′αq′β)V +A, (5)

• electro-weak penguin operators

Q7 =
3

2
(q̄αbα)V −A

∑

q′

eq′(q̄
′
βq′β)V +A, Q8 =

3

2
(q̄βbα)V −A

∑

q′

eq′(q̄
′
αq′β)V +A, (6)

Q9 =
3

2
(q̄αbα)V −A

∑

q′

eq′(q̄
′
βq′β)V −A, Q10 =

3

2
(q̄βbα)V −A

∑

q′

eq′(q̄
′
αq′β)V −A, (7)

where α and β are the color indices and q′ are the active quarks at the scale mb, i.e. q′ =

(u, d, s, c, b). The left handed current is defined as (q̄′αq′β)V −A = q̄′αγν(1 − γ5)q
′
β and the right

handed current (q̄′αq′β)V +A = q̄′αγν(1 + γ5)q
′
β. The combinations ai of Wilson coefficients are

defined as usual [3]:

a1 = C2 + C1/3, a3 = C3 + C4/3, a5 = C5 + C6/3, a7 = C7 + C8/3, a9 = C9 + C10/3,

a2 = C1 + C2/3, a4 = C4 + C3/3, a6 = C6 + C5/3, a8 = C8 + C7/3, a10 = C10 + C9/3. (8)
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TABLE I: Numerical values of the combinations of Wilson coefficients defined in the text at different

scales (µ).

µ (GeV) 2.5 2.0 1.5 1.0

a1 1.1 1.1 1.1 1.1

a2(×10−2) 1.1 −2.8 −8.7 −19.4

a3(×10−3) 6.2 7.5 9.7 14.4

a4(×10−3) −32.0 −35.8 −41.4 −51.3

a5(×10−3) −5.6 −7.4 −10.5 −17.6

a6(×10−3) −46.8 −54.9 −68.2 −95.6

a7(×10−4) 12.6 12.7 13.2 14.0

a8(×10−4) 9.6 10.6 12.2 15.7

a9(×10−4) −84.3 −85.4 −87.2 −91.0

a10(×10−4) −0.87 2.3 7.0 15.5

Since we work in the leading order of perturbative QCD (O(αs)), it is consistent to use the leading

order Wilson coefficients. The scale µ characterizes the typical scale for the hard scattering, and

for four different values of this scale the results of the Wilson coefficients are listed in Table I.

It is seen that the coefficient a2 and the penguin operator Wilson coefficients a3, a5 have a large

dependence on the scale which will give large uncertainties to those channels highly dependent on

them, such as the color-suppressed QCD penguin dominant processes. This situation is typical of

leading order estimates; the reduction in the scale-dependence requires the calculation of next-to-

leading order results which are beyond the theoretical accuracy to which we are working.

We consider the B̄0
s → M2M3 decay. In the emission type diagrams with the spectator quark

s̄ from the initial state B̄s recombining to form the meson M3, we denote the emitted meson as

M2 while the recoiling meson is M3. The factorization formula is then denoted as FB̄s→M3
. It is

convenient to define two light-like vectors: n and v. These two vectors satisfy n2 = v2 = 0 and

n ·v = 1. The meson M2 is moving along the direction of n = (1, 0, 0T ) and M3 is on v = (0, 1, 0T ),

we use xi to denote the momentum fraction of the anti-quark in each meson, ki⊥ to denote the

7



PB = MBs√
2

(1, 1, 0T )

P2 = MBs√
2

(1, 0, 0T)

k2 = (x2

MBs√
2

, 0,k2⊥)

P3 = MBs√
2

(0, 1, 0T)

k1 = (x1

MBs√
2

, 0,k1⊥) k3 = (0, x3

MBs√
2

,k3⊥)

b

FIG. 1: The notation in our calculation

transverse momentum of the anti-quark:

PB =
MBs√

2
(1, 1, 0T ), P2 =

MBs√
2

(1, 0, 0T ), P3 =
MBs√

2
(0, 1, 0T ),

k1 = (x1
MBs√

2
, 0,k1⊥), k2 = (x2

MBs√
2

, 0,k2⊥), k3 = (0, x3
MBs√

2
,k3⊥), (9)

which are shown in Figure 1.

B. Wave Functions of the Bs Meson

In order to calculate the analytic formulas of the decay amplitude, we use the light cone wave

functions ΦM,αβ decomposed in terms of the spin structure. In general, ΦM,αβ with Dirac indices

α, β can be decomposed into 16 independent components, 1αβ , γµ
αβ, σµν

αβ , (γµγ5)αβ, γ5αβ. If the

considered meson M is the Bs meson, a heavy pseudo-scalar meson, the Bs meson light-cone

matrix element can be decomposed as [24, 25]

∫

d4zeik1·z〈0|b̄α(0)sβ(z)|Bs(PBs
)〉

=
i√
6

{

( 6PBs
+ MBs

)γ5

[

φBs
(k1) −

6 n− 6 v√
2

φ̄Bs
(k1)

]}

βα

. (10)

From the above equation, one can see that there are two Lorentz structures in the Bs meson

distribution amplitudes. They obey the following normalization conditions

∫

d4k1

(2π)4
φBs

(k1) =
fBs

2
√

6
,

∫

d4k1

(2π)4
φ̄Bs

(k1) = 0. (11)

In general, one should consider these two Lorentz structures in the calculations of Bs meson

decays. However, it is found that the contribution of φ̄Bs
is numerically small [26], thus its
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contribution can be neglected. With this approximation, we only retain the first term in the

square bracket from the full Lorentz structure in Eq. (10)

ΦBs
=

i√
6
( 6PBs

+ MBs
)γ5φBs

(k1). (12)

In the next section, we will see that the hard part is always independent of one of the k+
1 and/or

k−
1 , if we make the approximations shown in the next section. The Bs meson wave function is

then a function of the variables k−
1 (or k+

1 ) and k⊥
1 only,

φBs
(k−

1 , k⊥
1 ) =

∫

dk+
1

2π
φBs

(k+
1 , k−

1 , k⊥
1 ) . (13)

Then, the Bs meson’s wave function in the b-space can be expressed by

ΦBs
(x, b) =

i√
6

[ 6PBs
γ5 + MBs

γ5] φBs
(x, b), (14)

where b is the conjugate space coordinate of the transverse momentum k⊥.

In this study, we use the model function similar to that of the B meson which is

φBs
(x, b) = NBs

x2(1 − x)2 exp

[

−M2
Bs

x2

2ω2
b

− 1

2
(ωbb)

2

]

, (15)

with NBs
the normalization factor. In recent years, a lot of studies have been performed for the

B0
d and B± decays in the pQCD approach [5]. The parameter ωb = 0.40 GeV has been fixed there

using the rich experimental data on the B0
d and B± mesons. In the SU(3) limit, this parameter

should be the same in Bs decays. Considering a small SU(3) breaking, the s quark momentum

fraction here should be a little larger than that of the u or d quark in the lighter B mesons, since

the s quark is heavier than the u or d quark. The shape of the distribution amplitude is shown

in Fig.2 for ωB = 0.45 GeV, 0.5 GeV, and 0.55 GeV. It is easy to see that the larger ωb gives a

larger momentum fraction to the s quark. We will use ωb = 0.50± 0.05 GeV in this paper for the

Bs decays.

C. Distribution Amplitudes of Light Pseudo-scalar Mesons

The decay constant fP of the pseudo-scalar meson is defined by the matrix element of the axial

current:

〈0|q̄1γµγ5q2|P (P )〉 = ifP Pµ. (16)

9



x

B(X)

FIG. 2: Bs meson distribution amplitudes. The solid-, dashed-, and tiny-dashed- lines correspond to

ωB = 0.45 GeV, 0.5 GeV, and 0.55 GeV.

TABLE II: Input values of the decay constants of the pseudo-scalar and vector mesons (in MeV) [27, 28]

fπ fK fρ fT
ρ fω fT

ω fK∗ fT
K∗ fφ fT

φ

131 160 209 ± 2 165 ± 9 195 ± 3 145 ± 10 217 ± 5 185 ± 10 231 ± 4 200 ± 10

The pseudo-scalar decay constants are shown in table II, taken from the Particle Data

Group [28]. The vector meson longitudinal decay constants are extracted from the data on

τ− → (ρ−, K∗−)ντ [28] and the transverse decay constants are taken from QCD sum rules [29, 30].

The input values given in table II are very similar to the ones used in [16].

The light-cone distribution amplitudes are defined by the matrix elements of the non-local light-

ray operators at the light-like separation zµ with z2 = 0, and sandwiched between the vacuum and

the meson state. The two-particle light-cone distribution amplitudes of an outgoing pseudo-scalar

meson P , up to twist-3 accuracy, are defined by [31]:

〈P (P )|q̄2(z)γµγ5q1(0)|0〉 = −ifP Pµ

∫ 1

0

dxeixP ·zφ2(x), (17)

〈P (P )|q̄2(z)γ5q1(0)|0〉 = −ifP m0

∫ 1

0

dxeixP ·zφP
3 (x) , (18)

〈P (P )|q̄2(z)σµνγ5q1(0)|0〉 =
i

6
fP m0(Pµzν − Pνzµ)

∫ 1

0

dxeixP ·zφσ
3(x) . (19)

where we have omitted the Wilson line connecting the two space-time points. φ2(x), φP
3 (x) and

φσ
3 (x) have unit normalization. MP is the mass of the pseudo-scalar meson, m0 is the chiral

scale parameter which is defined using the meson mass and the quark masses as m0 =
M2

P

mq1
+mq2

:
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mπ
0 = 1.4 GeV and mK

0 = 1.9 GeV, x is the momentum fraction associated with the quark q2.

It is easy to observe that the contribution from φ2(x), independent of the mass, is twist-2. The

contributions from φP
3 (x) and φσ

3 (x), proportional to r = m0/MBs
, are twist-3.

The above definitions can be collected as

〈P (P )|q̄2β(z)q1α(0)|0〉 = − i√
6

∫ 1

0

dxeixP ·z

[

γ5 6PφA(x) + m0γ5φ
P (x) − m0σ

µνγ5Pµzν
φσ(x)

6

]

αβ

= − i√
6

∫ 1

0

dxeixP ·z
[

γ5 6PφA(x) + γ5m0φ
P (x) + m0γ5( 6n 6v − 1)φT (x)

]

αβ
,

(20)

with the redefinitions of the distribution amplitudes:

φA(x) =
fP

2
√

6
φ2(x), φP (x) =

fP

2
√

6
φP

3 (x), φσ(x) =
fP

2
√

6
φσ

3 (x), (21)

and we have performed the integration by parts for the third terms and φT (x) = 1
6

d
dx

φσ(x).

In the pQCD approach, the only non-perturbative inputs are the meson decay constants and

meson light cone distribution amplitudes, and they are both channel independent. The meson

decay constants are either measured through the leptonic decays of the mesons and the semilep-

tonic decays of the τ -lepton or calculated from the measured ones using broken SU(3) symmetry.

Therefore there is not much uncertainty in them. The wave functions depend on the factorization

scale and also the factorization scheme. In principle, they should be determined by experiment.

Although there is no direct experimental measurement for the moments yet, the non-leptonic B0

and B± decays already give much information on them [5, 33]. Since the pQCD approach gives

very good results for these decays, especially the direct CP asymmetries in B0 → π+π− and

B0 → K+π− decays [34], we will use the well constrained light cone distribution amplitudes of

the mesons in these papers [31] (see [32] for a summary and update of the LCDAs):

φA
π (x) =

3fπ√
6
x(1 − x)[1 + 0.44C

3/2
2 (t)], (22)

φP
π (x) =

fπ

2
√

6
[1 + 0.43C

1/2
2 (t)], (23)

φT
π (x) = − fπ

2
√

6
[C

1/2
1 (t) + 0.55C

1/2
3 (t)], (24)

φA
K(x) =

3fK√
6

x(1 − x)[1 + 0.17C
3/2
1 (t) + 0.2C

3/2
2 (t)], (25)

φP
K(x) =

fK

2
√

6
[1 + 0.24C

1/2
2 (t)], (26)

φT
K(x) = − fK

2
√

6
[C

1/2
1 (t) + 0.35C

1/2
3 (t)], (27)
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with Gegenbauer polynomials defined as:

C
1/2
1 (t) = t, C

3/2
1 (t) = 3t

C
1/2
2 (t) = 1

2
(3t2 − 1), C

3/2
2 (t) = 3

2
(5t2 − 1),

C
1/2
3 (t) = 1

2
t(5t2 − 3) ,

(28)

and t = 2x−1. In the LCDAs for φA
π (x), φP

π (x) and φP
K(x), we have dropped the terms proportional

to C
1/2,3/2
4 , and take into account only the first two terms in their expansion, consistently with

the rest of the LCDAs. These distribution amplitudes are very close to the previous QCD sum

rule results [31]. In recent years, there have been continuing updates of the light cone distribution

amplitudes [35]. However, the changes in the coefficients of the Gegenbauer polynomials do not

affect our results significantly, as shown in the next section. We also point out that the default

value of the scale at which the Gegenbauer coefficients are given above is 1 GeV. However, the

scale of the perturbative calculation in the pQCD approach where these LCDAs enter is typically

2 GeV. The LCDAs can be scaled up, as the required anomalous dimensions are known. We

have done this and find that the resulting numerical differences are small. Strictly speaking, these

differences are part of the NLO corrections. With the current theoretical accuracy, they can be

absorbed in the uncertainties on the input Gegenbauer coefficients in the numerical calculations.

As for the mixing of η and η′, we use the quark flavor basis proposed by Feldmann, Kroll and

Stech [36], i.e. these two mesons are made of n̄n = (ūu + d̄d)/
√

2 and s̄s:




|η〉
|η′〉



 = U(φ)





|ηn〉
|ηs〉



 , (29)

with the matrix,

U(φ) =





cos φ − sin φ

sin φ cos φ



 , (30)

where the mixing angle φ = 39.3◦ ± 1.0◦. In principle, this mixing mechanism is equivalent to the

singlet and octet formalism, as discussed in [36], and the advantage here is that explicitly only

two decay constants are needed:

〈0|n̄γµγ5n|ηn(P )〉 =
i√
2

fn P µ ,

〈0|s̄γµγ5s|ηs(P )〉 = ifs P µ . (31)

We assume that the distribution amplitudes of n̄n and s̄s are the same as the distribution

amplitudes of π, except for the different decay constants and the chiral scale parameters. We
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use [36]

fn = (1.07 ± 0.02)fπ = 139.1 ± 2.6 MeV, fs = (1.34 ± 0.06)fπ = 174.2 ± 7.8 MeV, (32)

as the averaged results from the experimental data. The chiral enhancement factors are chosen as

mn̄n
0 =

1

2mn
[m2

η cos2 φ + m2
η′ sin2 φ −

√
2fs

fn
(m2

η′ − m2
η) cosφ sin φ], (33)

ms̄s
0 =

1

2ms
[m2

η′ cos2 φ + m2
η sin2 φ − fn√

2fs

(m2
η′ − m2

η) cos φ sin φ]. (34)

There are gluonic contributions which have been investigated in [37], with the result that these

parts do not change the numerical results significantly. So, we will not consider this kind of

contribution in this work.

D. Distribution Amplitudes of Light Vector Mesons

We choose the vector meson momentum P with P 2 = M2
V , which is mainly in the plus direction.

The polarization vectors ǫ, satisfying P · ǫ = 0, include one longitudinal polarization vector ǫL

and two transverse polarization vectors ǫT . Following a similar procedure as for the pseudo-scalar

mesons, we can derive the vector meson distribution amplitudes up to twist-3 [38]:

〈V (P, ǫ∗L)|q̄2β(z)q1α(0)|0〉 =
1√
6

∫ 1

0

dxeixP ·z
[

MV 6ǫ∗LφV (x)+ 6ǫ∗L 6Pφt
V (x) + MV φs

V (x)
]

αβ
,(35)

〈V (P, ǫ∗T )|q̄2β(z)q1α(0)|0〉 =
1√
6

∫ 1

0

dxeixP ·z
[

MV 6ǫ∗T φv
V (x)+ 6ǫ∗T 6PφT

V (x)

+MV iǫµνρσγ5γ
µǫ∗νT nρvσφa

V (x)]αβ , (36)

for longitudinal polarization and transverse polarization, respectively. Here x is the momentum

fraction associated with the q2 quark. We adopt the convention ǫ0123 = 1 for the Levi-Civita

tensor ǫµναβ .

The twist-2 distribution amplitudes for a longitudinally polarized vector meson can be param-

eterized as:

φρ(x) =
3fρ√

6
x(1 − x)

[

1 + a
||
2ρC

3/2
2 (t)

]

, (37)

φω(x) =
3fω√

6
x(1 − x)

[

1 + a
||
2ωC

3/2
2 (t)

]

, (38)

φK∗(x) =
3fK∗√

6
x(1 − x)

[

1 + a
||
1K∗C

3/2
1 (t) + a

||
2K∗C

3/2
2 (t)

]

, (39)

φφ(x) =
3fφ√

6
x(1 − x)

[

1 + a
||
2φC

3/2
2 (t)

]

. (40)
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Here fV is the decay constant of the vector meson with longitudinal polarization, whose values

are shown in table II. The Gegenbauer moments have been studied extensively in the literatures

[38, 39], here we adopt the following values from the recent updates [29, 30, 40]:

a
||
1K∗ = 0.03 ± 0.02, a

||
2ρ = a

||
2ω = 0.15 ± 0.07, a

||
2K∗ = 0.11 ± 0.09, a

||
2φ = 0.18 ± 0.08, (41)

and we use the asymptotic form [41]:

φt
V (x) =

3fT
V

2
√

6
t2, φs

V (x) =
3fT

V

2
√

6
(−t) . (42)

The twist-2 transversely polarized distribution amplitudes φT
V have a similar form as the lon-

gitudinally polarized ones in eq.(37-40), with the moments [29, 30]:

a⊥
1K∗ = 0.04 ± 0.03, a⊥

2ρ = a⊥
2ω = 0.14 ± 0.06, a⊥

2K∗ = 0.10 ± 0.08, a⊥
2φ = 0.14 ± 0.07. (43)

The asymptotic form of the twist-3 distribution amplitudes φv
V and φa

V are

φv
V (x) =

3fV

8
√

6
(1 + t2), φa

V (x) =
3fV

4
√

6
(−t). (44)

The above choices of vector meson distribution amplitudes can essentially explain the measured

B → K∗φ, B → K∗ρ and B → ρρ polarization fractions [41, 42, 43, 44], together with the right

branching ratios.

E. A Brief Review of the pQCD Approach

The basic idea of the pQCD approach is that it takes into account the transverse momentum

of the valence quarks in the hadrons which results in the Sudakov factor in the decay amplitude.

As an example, taking the first diagram in Fig. 3, the emitted particle M2 in the decay can be

factored out (in terms of the appropriate vacuum to M2 transition matrix element) and the rest

of the amplitude can be expressed as the convolution of the wave functions φBs
, φM3

and the hard

scattering kernel TH , integrated over the longitudinal and the transverse momenta. Thus,

M ∝
∫ 1

0

dx1dx3

∫

d2~k1T

(2π)2

d2~k3T

(2π)2
φB(x1, ~k1T , p1, t)TH(x1, x3, ~k1T , ~k3T , t)φV (x3, ~k3T , p3, t) . (45)

It is convenient to calculate the decay amplitude in coordinate space. Through the Fourier trans-

formation, the above equation can be expressed as:

M ∝
∫ 1

0

dx1dx3

∫

d2~b1d
2~b3φB(x1,~b1, p1, t)TH(x1, x3,~b1,~b3, t)φV (x3,~b3, p3, t) . (46)
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Loop effects can, in principle, be taken into account in the above expression. In general, individual

higher order diagrams suffer from two types of infrared divergences: soft and collinear. Soft

divergence arise from the region of a loop momentum where all it’s components in the light-cone

coordinate vanish:

lµ = (l+, l−,~lT ) = (Λ, Λ, ~Λ). (47)

Collinear divergence originates from the gluon momentum region which is parallel to the massless

quark momentum,

lµ = (l+, l−,~lT ) ∼ (mB, Λ2/mB, ~Λ). (48)

In both cases, the loop integration corresponds to
∫

d4l/l4 ∼ log Λ, so logarithmic divergences are

generated. It has been shown order by order in perturbation theory that these divergences can be

separated from the hard perturbative kernel and absorbed into the meson wave functions using

the eikonal approximation [45] . One also encounters double logarithm divergences when soft and

collinear momenta overlap. These large double logarithm can be re-summed into the Sudakov

factor and the explicit form is given in Appendix A.

Loop corrections to the weak decay vertex also give rise to double logarithms. For example, the

first diagram in Fig. 3 gives an amplitude proportional to 1/(x2
3x1). In the threshold region with

x3 → 0, additional collinear divergences are associated with the internal quark. The QCD loop

corrections to the weak vertex can produce the double logarithm αs ln2 x3 and the re-summation

of this type of double logarithms leads to the Sudakov factor St(x3). Similarly, the re-summation

of αs ln2 x1 due to loop corrections in the other diagram lead to the Sudakov factor St(x1). These

double logarithm can also be factored out from the hard part and grouped into the quark jet

function [46]. This type of factor decreases faster than any power of x as x → 0, so it removes

the endpoint singularity. For simplicity, this factor has been parameterized in a form which is

independent of the decay channels, twist and flavors [47].

Combining all the elements together, the typical factorization formula in the pQCD approach

reads as:

M ∝
∫ 1

0

dx1dx3

∫

d2~b1d
2~b3φB(x1,~b1, p1, t)

×TH(x1, x3,~b1,~b3, t)φM3
(x3,~b3, p3, t)St(x3) exp[−SB(t) − S3(t)] . (49)

The threshold Sudakov function St(x3) and the Sudakov exponents SB(t), S2(t) and S3(t) are

given in Appendix A. Again, strictly speaking, the Sudakov improvements result from higher
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FIG. 3: The Feynman diagrams for emission contribution, with possible four-quark operator insertions

order contributions. However, they are included traditionally in the pQCD approach, though in

most applications, the perturbative function TH(x1, x3,~b1,~b3, t)φM3
(x3,~b3, p3, t) is calculated only

in the leading order in αs .

III. CALCULATION OF THE Bs → PP DECAY AMPLITUDES IN THE PQCD AP-

PROACH

In the following we will give the general factorization formulae for B̄s → PP decays, and the

pQCD functions can be found in Appendix A. We will use LL to denote the contribution from

(V −A)(V −A) operators, LR to denote the contribution from (V −A)(V +A) operators and SP to

denote the contribution from (S−P )(S +P ) operators which result from the Fierz transformation

of the (V − A)(V + A) operators.

A. Emission Diagram

The emission diagrams are depicted in Figure 3. The first two diagrams are called factorizable.

They will give the B → M3 decay form factor, if we factor out the corresponding Wilson coefficients

ai.

• (V − A)(V − A) operators:

fM2
F LL

Bs→M3
(ai) = 8πCF M4

Bs
fM2

∫ 1

0

dx1dx3

∫ ∞

0

b1db1b3db3φBs
(x1, b1)

{

ai(ta)Ee(ta)

×
[

(1 + x3)φ
A
3 (x3) + r3(1 − 2x3)(φ

P
3 (x3) + φT

3 (x3))
]

he(x1, x3, b1, b3)

+2r3φ
P
3 (x3)ai(t

′
a)Ee(t

′
a)he(x3, x1, b3, b1)

}

, (50)

• (V − A)(V + A) operators:

F LR
Bs→M3

(ai) = −F LL
Bs→M3

(ai), (51)
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• (S − P )(S + P ) operators:

fM2
F SP

Bs→M3
(ai) = 16πr2CFM4

Bs
fM2

∫ 1

0

dx1dx3

∫ ∞

0

b1db1b3db3φBs
(x1, b1)

{

ai(ta)Ee(ta)

×
[

φA
3 (x3) + r3(2 + x3)φ

P
3 (x3) − r3x3φ

T
3 (x3)

]

he(x1, x3, b1, b3)

+2r3φ
P
3 (x3)ai(t

′
a)Ee(t

′
a)he(x3, x1, b3, b1)

}

, (52)

with CF = 4/3 and ai the corresponding Wilson coefficients for specific channels. In the above

functions, ri = m0i/mBs
, where m0i is the chiral scale parameter. The functions Ei, the definitions

of the factorization scales ti and the hard functions hi are given in Appendix A.

The last two diagrams in Fig.3 (c)(d) are the non-factorizable diagrams, whose contributions

are

• (V − A)(V − A) operators:

MLL
Bs→M3

(ai) = 32πCFM4
Bs

/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db1b2db2φBs
(x1, b1)φ

A
2 (x2)

×
{[

(1 − x2)φ
A
3 (x3) − r3x3(φ

P
3 (x3) − φT

3 (x3))
]

ai(tb)E
′
e(tb)

× hn(x1, 1 − x2, x3, b1, b2) + hn(x1, x2, x3, b1, b2)

×
[

− (x2 + x3)φ
A
3 (x3) + r3x3(φ

P
3 (x3) + φT

3 (x3))
]

ai(t
′
b)E

′
e(t

′
b)

}

, (53)

• (V − A)(V + A) operators:

MLR
Bs→M3

(ai) = 32πCFM4
Bs

r2/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db1b2db2φBs
(x1, b1)

×
{

hn(x1, 1 − x2, x3, b1, b2)
[

(1 − x2)φ
A
3 (x3)

(

φP
2 (x2) + φT

2 (x2)
)

+r3x3

(

φP
2 (x2) − φT

2 (x2)
) (

φP
3 (x3) + φT

3 (x3)
)

+(1 − x2)r3

(

φP
2 (x2) + φT

2 (x2)
) (

φP
3 (x3) − φT

3 (x3)
)

]

ai(tb)E
′
e(tb)

−hn(x1, x2, x3, b1, b2)
[

x2φ
A
3 (x3)(φ

P
2 (x2) − φT

2 (x2))

+r3x2(φ
P
2 (x2) − φT

2 (x2))(φ
P
3 (x3) − φT

3 (x3))

+r3x3(φ
P
2 (x2) + φT

2 (x2))(φ
P
3 (x3) + φT

3 (x3))
]

ai(t
′
b)E

′
e(t

′
b)

}

, (54)
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FIG. 4: The Feynman diagrams for annihilation contribution, with possible four-quark operator inser-

tions

• (S − P )(S + P ) operators:

MSP
Bs→M3

(ai) = 32πCFM4
Bs

/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db1b2db2φBs
(x1, b1)φ

A
2 (x2)

×
{[

(x2 − x3 − 1)φA
3 (x3) + r3x3(φ

P
3 (x3) + φT

3 (x3))
]

×ai(tb)E
′
e(tb)hn(x1, 1 − x2, x3, b1, b2) + ai(t

′
b)E

′
e(t

′
b)

×
[

x2φ
A
3 (x3) + r3x3(φ

T
3 (x3) − φP

3 (x3))
]

hn(x1, x2, x3, b1, b2)
}

. (55)

From these formulas we can see that there are cancellations between the two diagrams of Fig.3 (c)

and (d). If the Wilson coefficients are the same, the non-factorizable contributions (proportional

to the small xi) are power suppressed compared to the factorizable emission diagram contributions

in eq.(50-52).

B. Annihilation type Diagrams

We group all the W annihilation and W-exchange, space-like penguin and time-like penguin

annihilation diagrams together and refer to them as the annihilation type diagrams. In Fig.4, the

first two diagrams are the factorizable annihilation diagrams, whose contributions are
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• (V − A)(V − A) operators:

fBs
F LL

ann(ai) = 8πCF M4
Bs

fBs

∫ 1

0

dx2dx3

∫ ∞

0

b2db2b3db3

{

ai(tc)Ea(tc)

×
[

(x3 − 1)φA
2 (x2)φ

A
3 (x3) − 4r2r3φ

P
2 (x2)φ

P
3 (x3)

+2r2r3x3φ
P
2 (x2)(φ

P
3 (x3) − φT

3 (x3))
]

ha(x2, 1 − x3, b2, b3)

+
[

x2φ
A
2 (x2)φ

A
3 (x3) + 2r2r3(φ

P
2 (x2) − φT

2 (x2))φ
P
3 (x3)

+2r2r3x2(φ
P
2 (x2) + φT

2 (x2))φ
P
3 (x3)

]

ai(t
′
c)Ea(t

′
c)ha(1 − x3, x2, b3, b2)

}

.(56)

There is a big cancellation between the two factorizable diagrams Fig.4(a) and (b), such

that they are highly power suppressed, which agrees with the long time argument that

the annihilation contributions are negligible. Especially, if the two final state mesons are

identical, the formula of eq.(56) gives exactly zero.

• (V − A)(V + A) operators:

F LR
ann(ai) = F LL

ann(ai), (57)

• (S − P )(S + P ) operators:

fBs
F SP

ann(ai) = 16πCFM4
Bs

fBs

∫ 1

0

dx2dx3

∫ ∞

0

b2db2b3db3

{[

2r2φ
P
2 (x2)φ

A
3 (x3)

+(1 − x3)r3φ
A
2 (x2)(φ

P
3 (x3) + φT

3 (x3))
]

ai(tc)Ea(tc)ha(x2, 1 − x3, b2, b3)

+
[

2r3φ
A
2 (x2)φ

P
3 (x3) + r2x2(φ

P
2 (x2) − φT

2 (x2))φ
A
3 (x3)

]

×ai(t
′
c)Ea(t

′
c)ha(1 − x3, x2, b3, b2)

}

. (58)

It is interesting to see that the two diagrams Fig.4 (a) and (b) give constructive contributions

here. Furthermore, they are not power suppressed as the (V − A)(V − A) operator contribution

in eq.(56) (proportional to the small xi), but proportional to 2r2 or 2r3. This gives the chirally

enhanced contributions in the annihilation type diagrams. The operator O6-induced space-like

penguin contributions produce a large strong phase, which is essential to explain the large direct

CP asymmetry in the B0 → π+π− and B0 → K+π− decays [34].

The last two diagrams in Fig.4 are the non-factorizable annihilation diagrams, whose contri-

butions are

19



• (V − A)(V − A) operators:

MLL
ann(ai) = 32πCFM4

Bs
/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db2b2db2φBs
(x1, b1)

×
{

hna(x1, x2, x3, b1, b2)
[

− x2φ
A
2 (x2)φ

A
3 (x3) − 4r2r3φ

P
2 (x2)φ

P
3 (x3)

+r2r3(1 − x2)(φ
P
2 (x2) + φT

2 (x2))(φ
P
3 (x3) − φT

3 (x3))

+r2r3x3(φ
P
2 (x2) − φT

2 (x2))(φ
P
3 (x3) + φT

3 (x3))
]

ai(td)E
′
a(td)

+h′
na(x1, x2, x3, b1, b2)

[

(1 − x3)φ
A
2 (x2)φ

A
3 (x3)

+(1 − x3)r2r3(φ
P
2 (x2) + φT

2 (x2))(φ
P
3 (x3) − φT

3 (x3))

+x2r2r3(φ
P
2 (x2) − φT

2 (x2))(φ
P
3 (x3) + φT

3 (x3))
]

ai(t
′
d)E

′
a(t

′
d)

}

, (59)

• (V − A)(V + A) operators:

MLR
ann(M2, M3, ai) = 32πCFM4

Bs
/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

b1db1b2db2φBs
(x1, b1)

×
{

hna(x1, x2, x3, b1, b2)
[

r2(2 − x2)(φ
P
2 (x2) + φT

2 (x2))φ
A
3 (x3)

−r3(1 + x3)φ
A
2 (x2)(φ

P
3 (x3) − φT

3 (x3))
]

ai(td)E
′
a(td)

+h′
na(x1, x2, x3, b1, b2)

[

r2x2

(

φP
2 (x2) + φT

2 (x2)
)

φA
3 (x3)

+r3(x3 − 1)φA
2 (x2)(φ

P
3 (x3) − φT

3 (x3))
]

ai(t
′
d)E

′
a(t

′
d)

}

, (60)

• (S − P )(S + P ) operators:

MSP
ann(ai) = 32πCFM4

Bs
/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db1b2db2φBs
(x1, b1)

×
{

ai(td)E
′
a(td)hna(x1, x2, x3, b1, b2)

[

(x3 − 1)φA
2 (x2)φ

A
3 (x3)

−4r2r3φ
P
2 (x2)φ

P
3 (x3) + r2r3x3(φ

P
2 (x2) + φT

2 (x2))(φ
P
3 (x3) − φT

3 (x3))

+r2r3(1 − x2)(φ
P
2 (x2) − φT

2 (x2))(φ
P
3 (x3) + φT

3 (x3))
]

+ai(t
′
d)E

′
a(t

′
d)h

′
na(x1, x2, x3, b1, b2)

[

x2φ
A
2 (x2)φ

A
3 (x3)

+x2r2r3(φ
P
2 (x2) + φT

2 (x2))(φ
P
3 (x3) − φT

3 (x3)))

+r2r3(1 − x3)(φ
P
2 (x2) − φT

2 (x2))(φ
P
3 (x3) + φT

3 (x3))
]}

. (61)

They are all power suppressed compared to the factorizable emission diagrams.
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C. Results for Bs → PP decays

First we give the numerical results in the pQCD approach for the form factors at maximal

recoil. For the form factors, we obtain:

F B→π
0 = 0.23+0.05+0.00

−0.04−0.00, F B→K
0 = 0.28+0.06+0.00

−0.05−0.00, (62)

F Bs→K
0 = 0.24+0.05+0.00

−0.04−0.01, (63)

where fB = 0.19 ± 0.02 GeV, ωB = 0.40 GeV (for the B± and B0
d mesons) and fBs

= 0.23 ± 0.02

GeV, ωBs
= 0.50 ± 0.05 GeV (for the B0

s meson) have been used. They quantify the SU(3)-

symmetry breaking effects in the form factors in the pQCD approach. The input values for fB

and fBs
are in agreement with the unquenched lattice results [48] fB = 0.216 ± 0.022 GeV and

fBs
= 0.259± 0.032 GeV, and with the results from the QCD sum rules [49, 50]. We also mention

in passing that a recent calculation of the distribution amplitudes for the pion and kaon with the

QCD sum rules [51], which includes a new logarithmic divergent term in the twist-3 distribution

amplitudes, leads to very large SU(3)-breaking effects in the form factors, calculating the form

factors in the standard pQCD approach [52]. This has also been observed in [27]. Whether this

feature also emerges in the light-cone sum rule approach is not clear to us.

For the CKM matrix elements, we adopt the updated results from [53] and drop the (small)

errors on Vud, Vus, Vts and Vtb:

|Vud| = 0.974, |Vus| = 0.226, |Vub| = (3.68+0.11
−0.08) × 10−3,

|Vtd| = (8.20+0.59
−0.27) × 10−3, |Vts| = 40.96 × 10−3, |Vtb| = 1.0,

α = (99+4
−9.4)

◦
, γ = (59.0+9.7

−3.7)
◦, arg[−VtsV

∗
tb] = 1.0◦.

(64)

The CKM factors mostly give an overall factor to the branching ratios. However, the CKM angles

do give large uncertainties to the branching ratios of some decays and to all the non-zero CP

asymmetries. We will discuss their effects separately.

The formulas of the decay amplitudes for the various channels in terms of above topologies

are given in Appendix B. The CP -averaged branching ratios of Bs → PP decays are listed in

Table III. The dominant topologies contributing to these decays are also indicated through the

symbols T (tree), P (penguin), PEW (electroweak penguins), C (color-suppressed tree), and ann

(annihilation). The first error in these entries arises from the input hadronic parameters, which is

dominated by the Bs-meson decay constant (taken as fBs
= 0.23 ± 0.02 GeV) and the Bs meson

wave function shape parameter ( taken as ωb = 0.50 ± 0.05 GeV). The second error is from the
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TABLE III: The CP -averaged branching ratios (×10−6) of Bs → PP decays obtained in the pQCD

approach (This work); the errors for these entries correspond to the uncertainties in the input hadronic

quantities, from the scale-dependence, and the CKM matrix elements, respectively. We have also listed

the current experimental measurements and upper limits (90% C.L.) wherever available [13]. For com-

parison, we also cite the theoretical estimates of the branching ratios in the QCD factorization framework

[16], and in SCET [20], quoting two estimates in the latter case for some decays.

Modes Class QCDF SCET This work Exp.

B
0

s→K+π− T 10.2+4.5+3.8+0.7+0.8
−3.9−3.2−1.2−0.7 4.9 ± 1.2 ± 1.3 ± 0.3 7.6+3.2+0.7+0.5

−2.3−0.7−0.5 5.0 ± 0.75 ± 1.0

B
0

s→K0π0 C 0.49+0.28+0.22+0.40+0.33

−0.24−0.14−0.14−0.17 0.76 ± 0.26 ± 0.27 ± 0.17 0.16+0.05+0.10+0.02

−0.04−0.05−0.01

B
0

s → K+K− P 22.7+3.5+12.7+2.0+24.1

−3.2− 8.4−2.0− 9.1 18.2 ± 6.7 ± 1.1 ± 0.5 13.6+4.2+7.5+0.7

−3.2−4.1−0.2 24.4 ± 1.4 ± 4.6

B
0

s → K0K
0

P 24.7+2.5+13.7+2.6+25.6

−2.4− 9.2−2.9− 9.8 17.7 ± 6.6 ± 0.5 ± 0.6 15.6+5.0+8.3+0.0

−3.8−4.7−0.0

B
0

s → π0η PEW 0.075+0.013+0.030+0.008+0.010

−0.012−0.025−0.010−0.007 0.014 ± 0.004± 0.005 ± 0.004 0.05+0.02+0.01+0.00

−0.02−0.01−0.00 < 1000

0.016 ± 0.0007± 0.005 ± 0.006

B
0

s → π0η′ PEW 0.11+0.02+0.04+0.01+0.01

−0.02−0.04−0.01−0.01 0.006 ± 0.003± 0.002+0.064

−0.006 0.11+0.05+0.02+0.00

−0.03−0.01−0.00

0.038 ± 0.013± 0.016+0.260
−0.036

B
0

s → K0η C 0.34+0.19+0.64+0.21+0.16

−0.16−0.27−0.07−0.08 0.80 ± 0.48 ± 0.29 ± 0.18 0.11+0.05+0.06+0.01

−0.03−0.03−0.01

0.59 ± 0.34 ± 0.24 ± 0.15

B
0

s → K0η′ C 2.0+0.3+1.5+0.6+1.5

−0.3−1.1−0.3−0.6 4.5 ± 1.5 ± 0.4 ± 0.5 0.72+0.20+0.28+0.11

−0.16−0.17−0.05

3.9 ± 1.3 ± 0.5 ± 0.4

B
0

s → ηη P 15.6+1.6+9.9+2.2+13.5
−1.5−6.8−2.5− 5.5 7.1 ± 6.4 ± 0.2 ± 0.8 8.0+2.6+4.7+0.0

−1.9−2.5−0.0 < 1500

6.4 ± 6.3 ± 0.1 ± 0.7

B
0

s → ηη′ P 54.0+5.5+32.4+8.3+40.5
−5.2−22.4−6.4−16.7 24.0 ± 13.6 ± 1.4 ± 2.7 21.0+6.0+10.0+0.0

−4.6−5.6−0.0

23.8 ± 13.2 ± 1.6 ± 2.9

B
0

s → η′η′ P 41.7+4.2+26.3+15.2+36.6

−4.0−17.2− 8.5−15.4 44.3 ± 19.7 ± 2.3 ± 17.1 14.0+3.2+6.2+0.0

−2.7−3.9−0.0

49.4 ± 20.6 ± 8.4 ± 16.2

B
0

s → π+π− ann 0.024+0.003+0.025+0.000+0.163

−0.003−0.012−0.000−0.021 — 0.57+0.16+0.09+0.01

−0.13−0.10−0.00 < 1.36

B
0

s → π0π0 ann 0.012+0.001+0.013+0.000+0.082

−0.001−0.006−0.000−0.011 — 0.28+0.08+0.04+0.01

−0.07−0.05−0.00 < 210
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hard scale t, defined in Eqs. (A1) – (A8) in Appendix A, which we vary from 0.75t to 1.25t,

and from Λ
(5)
QCD = 0.25 ± 0.05 GeV. The scale-dependent uncertainty can be reduced only if the

next-to-leading order contributions in the pQCD approach are known. A part of this perturbative

improvement coming from the Wilson coefficients in the NLO approximation can be implemented

already. However, the complete NLO corrections to the hard spectator kernels are still missing.

The third error is the combined uncertainty in the CKM matrix elements and the angles of the

unitarity triangle.

For comparison, we also reproduce verbatim the corresponding numerical results evaluated in

the framework of the QCD factorization (QCDF) [16], and the ones obtained using the Soft-

Collinear-Effective-Theory (SCET) [20]. For the decays B0
s → PP involving an η- and/or an η′-

meson, Ref. [20] quotes two sets of values, which differ in the input values of the SCET parameters

specific to the iso-singlet modes, describing gluonic contributions to the B → η(′) form factors

and the gluonic parts of the charming penguins. They are not too different from each other

except for the electroweak-penguin-dominated decay B0
s → π0η′. The errors quoted in the QCDF

case correspond, respectively, to the assumed variation of the CKM parameters, variation of the

renormalization scales, quark masses, decay constants, form factors and (whenever applicable)

the η - η′ mixing angle (collectively called “hadronic 1”), uncertainties in the expansion of the

light-cone distribution amplitudes (called “hadronic 2”), and estimates of the power corrections.

The errors shown in the case of the SCET-based results are due to the estimates of the SU(3)-

breaking, 1/mb corrections and the errors on the SCET-parameters. The last column gives the

current experimental data from the CDF collaboration [12, 13], and the upper limits correspond

to 90% C.L.

A number of remarks on the entries in Table III is in order. We note that there is general

agreement among these methods in the tree and penguin-dominated B0
s → PP decays, with the

variations reflecting essentially the differences in the input quantities. This agreement is less

marked for the color-suppressed and electroweak-penguin dominated decays. For the annihilation

dominated decays, SCET has no predictions and QCDF has essentially no predictive power as

indicated by the estimates for the decays B0
s → π+π− and B0

s → π0π0, which vary over more than

an order of magnitude once the parametric uncertainties are taken into account. First measure-

ments of the tree-dominated decay B0
s → K+π− and the penguin-dominated decay B0

s → K+K−

have been reported by the CDF collaboration, and are in the right ball-park of the predictions

shown in Table III. A good number of the decays shown in this Table will be measured at the LHC
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and Super B-factories, which would discriminate among the predictions of the three frameworks.

The decays B → ππ, B → Kπ, Bs → Kπ and Bs → KK have received a lot of theoretical

interest, as they can be related by SU(3)-symmetry, a question of considerable interest is the

amount of SU(3)-breaking in various topologies (diagrams) contributing to these decays. To that

end, we present in Table IV the magnitude of the decay amplitudes (squared, in units of GeV2)

involving the distinct topologies: T , P, E , PA and PEW for the four decays modes of the B0
d and

B0
s mesons. The two decays in the upper half of this table are related by U-spin symmetry (d → s)

(likewise the two decays in the lower half). We note that the assumption of U-spin symmetry

for the (dominant) tree (T ) and penguin (P) amplitudes in the emission diagrams is quite good,

it is less so in the other topologies, including the contributions from the W -exchange diagrams,

denoted by E for which there are non-zero contributions for the flavor-diagonal states π+π− and

K+K− only. The U-spin breaking is large in the electroweak penguin induced amplitudes PEW ,

and in the penguin annihilation amplitudes PA relating the decays Bd → K+π− and Bs → K+K−.

In the SM, however, the amplitudes PEW are negligibly small.

TABLE IV: Contributions from the various topologies to the decay amplitudes (squared) for the four

indicated decays B0
d → π+π−; K+π− and B0

s → π+K−; K+K−. Here, T is the contribution from

the color favored emission diagrams; P is the penguin contribution from the emission diagrams; E is

the contribution from the W-exchange diagrams; PA is the contribution from the penguin annihilation

amplitudes; and PEW is the contribution from the electro-weak penguin induced amplitude. See text for

their definitions.

mode (GeV2) |T |2 |P|2 |E|2 |PA|2 |PEW |2

Bd → π+π− 0.8 4.8 × 10−3 5.5 × 10−3 1.6 × 10−3 0.6 × 10−6

Bs → π+K− 1.0 5.4 × 10−3 0 3.3 × 10−3 0.8 × 10−6

Bd → K+π− 1.2 10.2 × 10−3 0 2.3 × 10−3 2.9 × 10−6

Bs → K+K− 1.5 11.3 × 10−3 3.5 × 10−3 7.3 × 10−3 0.5 × 10−6

The direct CP asymmetry of B̄s → f is defined as

Adir
CP ≡ BR(B̄0

s → f) − BR(B0
s → f̄)

BR(B̄0
s → f) + BR(B0

s → f̄)
=

|A(B̄s → f)|2 − |A(Bs → f̄)|2
|A(B̄s → f)|2 + |A(Bs → f̄)|2 . (65)

The numerical results for the direct CP asymmetries in B → PP decays are shown in Table V.

The first error is from the Bs meson wave function parameter ωb = 0.50+0.05
−0.05 GeV. As fBs

is an

24



overall factor, it drops out in the ratio and hence does not give any uncertainty in the estimates

of the direct CP asymmetries. The second error is from the hard scale t varying from 0.75t to

1.25t (not changing 1/bi, i = 1, 2, 3) and Λ
(5)
QCD = 0.25 ± 0.05 GeV. The third error is again from

the combined uncertainty in the CKM matrix elements and the angles of the unitarity triangle.

The observed CP asymmetry Adir
CP(B0

s → K+π−) by the CDF collaboration is also shown in this

table, and is found to be in agreement with the pQCD predictions.

Within (large) theoretical errors, the observed CP asymmetry is also in agreement with the

SCET estimate but in stark disagreement with the QCDF prediction. This deserves a comment.

As is well-known, the decay rates and CP-asymmetries in the decays B0
d → π+π− and B0

s → K+π−

are related by SU(3) symmetry. The predicted CP asymmetry Adir
CP(B0

s → K+π−) in the QCDF

approach shown in Table V is very similar to the SU(3)-related CP asymmetry Adir
CP(B0

d → π+π−).

These CP-asymmetries are small in the QCDF approach and both are consistently in disagreement

with the data, in magnitude and sign. Using SU(3)-symmetry, the CP-asymmetry Adir
CP(B0

s →
K+π−) in SCET, given in Table V, is identical to the values quoted in Ref. [20] for the CP-

asymmetry Adir
CP(B0

d → π+π−). As the dynamical hadronic quantities in the SCET framework

are fitted using the B-factory data on B → ππ and B → Kπ [20], it is not surprising that this

phenomenological fit can account for the SU(3)-related observed CP-asymmetry in the B0
s decays,

such as Adir
CP(B0

s → K+π−). The fitted quantities, namely the SCET-specific functions ζ , ζJ , differ

from their corresponding QCDF analogs. But, crucially, also the contributions of the charming

penguin [7], denoted as |Acc| and arg Acc in [20], which are power-suppressed in QCDF, are found

to be large using data and SCET. These differences lead to a different phenomenological profile of

the B → h1h2 decays in SCET and QCDF. However, one has to stress that the charming penguin

contribution, which is not yet shown to factorize in SCET, obviously is not on the same theoretical

footing as the rest of the decay amplitudes, for which factorization is proven in the heavy quark

limit. Thus, the predictions in SCET [20] essentially reflect the parameterization of the charming

penguins from the available data.

In general, one has also to take into account the uncertainties caused by the Gegenbauer

moments. In recent years, the light cone distribution amplitudes have been continually updated

[35]. In order to check the sensitivity to the values on the Gegenbauer moments, we calculate the

branching ratio for B̄s → K+π− with the following values for the twist-2 LCDAs:

aK
1 = 0.06 ± 0.03, aπ,K

2 = 0.25 ± 0.15, (66)
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instead of aK
1 = 0.17 and aK

2 = 0.2 from eq. (25) and aπ
2 = 0.44 from eq. (22). Using the above

values and the asymptotic forms for the twist-3 LCDAs, we obtain

BR(B̄0
s → K+π−) = (7.2+3.0+0.7+0.4

−2.2−0.8−0.5) × 10−6, (67)

where the errors are to be interpreted as before. The agreement between this result with the

corresponding number listed in Table III confirms our expectation that this branching ratio is not

changed significantly. In our calculation, the parameters in the LCDAs are chosen at µ = 1 GeV

but as they are scale-dependent quantities, their value at µ = 2 GeV, the typical scale which enters

the perturbative calculation in pQCD, is required. At µ = 2 GeV, the values for the Gegenbauer

moments scaled from eq. (66) are:

aK
1 = 0.05 ± 0.02, aπ,K

2 = 0.17 ± 0.10. (68)

Using these values, we obtain:

BR(B̄0
s → K+π−) = (6.9+3.0+0.7+0.4

−2.1−0.7−0.5) × 10−6 . (69)

We remark that the uncertainties caused by the scale dependence of the Gegenbauer moments are

not large, compared with other uncertainties.

D. The Observables Sf and Hf in time-dependent decays B0
s (t) → f

Restricting the final state f to have definite CP-parity, the time-dependent decay width for the

Bs → f decay is [54]:

Γ(B0
s (t) → f) = e−Γt Γ(Bs → f)

[

cosh
(∆Γt

2

)

+ Hf sinh
(∆Γt

2

)

−Adir
CP cos(∆mt) − Sf sin(∆mt)

]

, (70)

where ∆m = mH −mL > 0, Γ is the average decay width, and ∆Γ = ΓH − ΓL is the difference of

decay widths for the heavier and lighter B0
s mass eigenstates. The time dependent decay width

Γ(B̄0
s (t) → f) is obtained from the above expression by flipping the signs of the cos(∆mt) and

sin(∆mt) terms. In the Bs system, we expect a much larger decay width difference (∆Γ/Γ)Bs
. This

is estimated within the standard model to have a value (∆Γ/Γ)Bs
= −0.12 ± 0.05 [55], updated

recently in [56] to (∆Γ/Γ)Bs
= −0.147± 0.060, while experimentally (∆Γ/Γ)Bs

= −0.33+0.09
−0.11 [57],
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TABLE V: The direct CP asymmetries (in %) in the Bs → PP decays, obtained in the pQCD approach

(This work); the errors for these entries correspond to the uncertainties in the input hadronic quantities,

from the scale-dependence, and the CKM matrix elements, respectively. The only measured CP asym-

metry is also given [13]. For comparison, we also cite the theoretical estimates of the CP asymmetries in

the QCD factorization framework [16], and in SCET [20].

Modes Class QCDF SCET This work EXP

B
0
s→K+π− T −6.7+2.1+3.1+0.2+15.5

−2.2−2.9−0.4−15.2 20 ± 17 ± 19 ± 5 24.1+3.9+3.3+2.3
−3.6−3.0−1.2 39 ± 15 ± 8

B
0
s→K0π0 C 41.6+16.6+14.3+ 7.8+40.9

−12.0−13.3−14.5−51.0 76 ± 26 ± 27 ± 17 59.4+1.8+ 7.4+2.2
−4.0−11.3−3.5

B
0
s → K+K− P 4.0+1.0+2.0+0.5+10.4

−1.0−2.3−0.5−11.3 −6 ± 5 ± 6 ± 2 −23.3+0.9+4.9+0.8
−0.2−4.4−1.1

B
0
s → K0K

0
P 0.9+0.2+0.2+0.1+0.2

−0.2−0.2−0.1−0.3 < 10 0

B
0
s → π0η PEW —– —- −0.4+0.6+2.2+0.0

−0.7−2.2−0.0

B
0
s → π0η′ PEW 27.8+6.0+9.6+2.0+24.7

−7.1+5.7−2.0−27.2 —- 20.6+0.0+2.0+2.8
−0.7−2.5−1.2

B
0
s → K0η C 46.8+18.5+28.6+5.2+34.6

−13.2−32.2−12.5−45.6 −56 ± 46 ± 14 ± 6 56.4+2.9+6.8+3.1
−3.4−8.0−3.4

61 ± 59 ± 12 ± 8

B
0
s → K0η′ C −36.6+8.6+6.0+3.8+19.3

−8.2−7.4−2.5−17.3 −14 ± 7 ± 16 ± 2 −19.9+1.6+5.1+1.4
−1.4−5.0−0.9

37 ± 8 ± 14 ± 4

B
0
s → ηη P −1.6+0.5+0.6+0.4+2.2

−0.4−0.6−0.7−2.2 7.9 ± 4.9 ± 2.7 ± 1.5 −0.6+0.2+0.6+0.0
−0.2−0.5−0.1

−1.1 ± 5.0 ± 3.9 ± 1.0

B
0
s → ηη′ P 0.4+0.1+0.3+0.1+0.4

−0.1−0.3−0.1−0.3 0.04 ± 0.14 ± 0.39 ± 0.43 −1.3+0.0+0.1+0.1
−0.0−0.2−0.1

2.7 ± 0.9 ± 0.8 ± 7.6

B
0
s → η′η′ P 2.1+0.5+0.4+0.2+1.1

−0.6−0.4−0.3−1.2 0.9 ± 0.4 ± 0.6 ± 1.9 1.9+0.2+0.3+0.2
−0.2−0.4−0.1

−3.7 ± 1.0 ± 1.2 ± 5.6

B
0
s → π+π− ann —– —- −1.2+0.1+1.2+0.1

−0.4−1.2−0.1

B
0
s → π0π0 ann —– —- −1.2+0.1+1.2+0.1

−0.4−1.2−0.1

so that both Sf and Hf , can be extracted from the time dependent decays of Bs mesons. The

definition of the various quantities in the above equation are as follows:

Sf =
2Im[λ]

1 + |λ|2 , Hf =
2Re[λ]

1 + |λ|2 , (71)
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with

λ = ηfe
2iǫ A(B̄s → f)

A(Bs → f̄)
, (72)

where ηf is +1(−1) for a CP-even (CP-odd) final state f and ǫ = arg[−VcbVtsV
∗
csV

∗
tb]. With the

convention arg[Vcb] = arg[Vcs] = 0, the parameter can be reduced to ǫ = arg[−VtsV
∗
tb]. The results

of our calculations for the decays B0
s → PP are listed in Table VI and compared with the ones

obtained in SCET [20].

E. Specific Tests of the pQCD predictions in B0
d → PP and B0

s → PP Decays

In this subsection, we confront the predictions of the pQCD approach to available data in

the decay modes B0
s → PP and B0

d → PP , in terms of the ratios of the branching ratios and

CP-asymmetries. Restricted by the currently available data, we shall confine ourselves to the

decay modes B0
s → K+K−, B0

s → K+π−, B0
d → π+π− and B0

d → K−π+. The ratio of the

branching ratios defined as R1 ≡ BR(B0
s→K+K−)

BR(B0
d
→π+π−)

has been studied at some length in the literature.

In R1, the numerator is dominated by the penguin amplitude, but the denominator is a mixture

of tree and penguin amplitudes, and both the numerator and denominator have been measured

experimentally. It has been argued that the ratio R1 and the two CP asymmetries SCP (B̄0
d →

π+π−) and CCP (B̄0
d → π+π−) = −Adir

CP (B̄0
d → π+π−) of the B̄0

d → π+π− channel depend, in the

SU(3) limit, on only two quantities [58] which can be determined from data and compared with

the various dynamical models to get a clear picture of two-body non-leptonic decays. However,

not invoking the SU(3) limit, this system of observables has too many unknowns and a clean test

of the dynamical models is bogged down in the details of the hadronic input. To enable getting

cleaner theoretical handles on the underlying dynamics, we calculate the ratio R2 ≡ BR(B̄0
s→K+K−)

BR(B̄0
d
→π+K−)

,

the ratio R3 and the quantity called ∆, defined later in this subsection. The last two (i.e. R3 and

∆) have been advocated by Lipkin [60] invoking earlier work by Gronau [59] as precision tests of

the SM.

The CDF collaboration has measured the branching ratio of B0
s → K+K− in the form [13]:

fs · BR(B0
s → K+K−)

fd · BR(B0
d → π+K−)

= 0.324 ± 0.019 ± 0.041. (73)

Using the results [57]

fs = (10.4 ± 1.4)%, fd = (39.8 ± 1.0)%, (74)

BR(B0
d → π+π−) = (5.2 ± 0.2) × 10−6, (75)
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TABLE VI: The mixing-induced CP asymmetries Sf (the first row of each decay channel) and the

observables Hf (the second row) in the Bs → PP decays calculated in the pQCD approach (This work).

The errors for these entries correspond to the uncertainties in the input hadronic quantities, from the

scale-dependence, and the CKM matrix elements, respectively. Estimates of these quantities in SCET [20]

are also given, quoting two of these for the decays involving an η and/or an η′-meson.

Modes SCET Theory I SCET Theory II This work

B
0

s → KSπ0 −0.16± 0.41 ± 0.33 ± 0.17 −0.61+0.08+0.23+0.01
−0.06−0.19−0.03

0.80 ± 0.27 ± 0.25 ± 0.11 −0.52+0.04+0.22+0.03

−0.06−0.16−0.02

B
0

s → K−K+ 0.19 ± 0.04 ± 0.04 ± 0.01 0.28+0.03+0.04+0.02

−0.03−0.04−0.01

0.979 ± 0.008± 0.007 ± 0.002 0.93+0.01+0.02+0.00
−0.01−0.02−0.01

B
0

s → K0K
0

— — 0.04

— — 1.00

B
0

s → π0η 0.45 ± 0.14 ± 0.42 ± 0.30 0.38 ± 0.20 ± 0.42 ± 0.37 0.17+0.04+0.10+0.01

−0.04−0.12−0.01

−0.89± 0.07 ± 0.21 ± 0.15 −0.92± 0.08 ± 0.17 ± 0.15 0.99+0.00+0.01+0.00
−0.01−0.02−0.00

B
0

s → π0η′ 0.45 ± 0.14 ± 0.42 ± 0.30 0.38 ± 0.20 ± 0.42 ± 0.37 −0.17+0.00+0.07+0.03
−0.01−0.08−0.05

−0.89± 0.07 ± 0.21 ± 0.15 −0.92± 0.08 ± 0.17 ± 0.15 0.96+0.00+0.01+0.01

−0.00−0.01−0.01

B
0

s → KSη 0.82 ± 0.32 ± 0.11 ± 0.04 0.63 ± 0.61 ± 0.16 ± 0.08 −0.43+0.03+0.22+0.02

−0.04−0.21−0.03

0.07 ± 0.56 ± 0.17 ± 0.05 0.49 ± 0.68 ± 0.21 ± 0.03 −0.70+0.04+0.13+0.01
−0.05−0.21−0.01

B
0

s → KSη′ 0.38 ± 0.08 ± 0.10 ± 0.04 0.24 ± 0.09 ± 0.15 ± 0.05 −0.68+0.01+0.06+0.00
−0.02−0.05−0.00

−0.92± 0.04 ± 0.04 ± 0.02 −0.90± 0.05 ± 0.05 ± 0.03 −0.70+0.02+0.06+0.00

−0.02−0.07−0.00

B
0

s → ηη −0.026± 0.040± 0.030 ± 0.014 −0.077± 0.061 ± 0.022± 0.026 0.03+0.00+0.01+0.00

−0.00−0.01−0.00

0.9965± 0.0041± 0.0019± 0.0015 0.9970± 0.0048± 0.0017± 0.0021 1.00+0.00+0.00+0.00
−0.00−0.00−0.00

B
0

s → ηη′ 0.041 ± 0.004± 0.002 ± 0.051 0.015 ± 0.010± 0.008 ± 0.069 0.04+0.00+0.00+0.00

−0.00−0.00−0.00

0.9992± 0.0002± 0.0001± 0.0021 0.9996± 0.0003± 0.0003± 0.0007 1.00+0.00+0.00+0.00

−0.00−0.00−0.00

B
0

s → η′η′ 0.049 ± 0.005± 0.005 ± 0.031 0.051 ± 0.009± 0.017 ± 0.039 0.04+0.00+0.01+0.00

−0.00−0.01−0.00

0.9988± 0.0003± 0.0002± 0.0017 0.9980± 0.0007± 0.0009± 0.0041 1.00+0.00+0.00+0.00

−0.00−0.00−0.00

B
0

s → π+π− —- —- 0.14+0.02+0.08+0.09

−0.00−0.02−0.05

—- —- 0.99+0.00+0.00+0.00

−0.00−0.01−0.01

B
0

s → π0π0 —- —- 0.14+0.02+0.08+0.09

−0.00−0.02−0.05

—- —- 0.99+0.00+0.00+0.00

−0.00−0.01−0.01
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one obtains R1 and R2:

R1 = 4.69 ± 0.94, R2 = 1.24 ± 0.24. (76)

We have calculated the branching ratios for the related B0
d → π+π−, π+K− decays in the pQCD

approach, getting:

BR(B0
d → π+π−) = (5.8+3.0+0.5+0.4

−2.1−0.4−0.3)× 10−6, BR(B0
d → π+K−) = (11.6+5.0+5.2+0.7

−3.5−2.9−0.3)× 10−6. (77)

Taking into account the correlated errors in the numerator and the denominator, we get:

R1 = 2.35+0.45+0.99+0.19
−0.36−0.59−0.15, R2 = 1.18+0.11+0.10+0.01

−0.11−0.08−0.01. (78)

Adding the theoretical errors in quadrature, we get R1 = 2.35+1.10
−0.71 and R2 = 1.18+0.15

−0.14. Hence, in

the pQCD approach, the ratio R1 is smaller compared to the current data. This originates from

the fact that BR(B0
d → π+π−) is somewhat larger in the pQCD approach compared to the data,

and BR(B0
s → K+K−) is smaller than the currently measured branching ratio (see Table III).

Furthermore, the value of R1 also depends on the s quark mass through the chiral scale parameter

mK
0 = m2

K/(ms +mu,d). If we use mK
0 = (1.9±0.2) GeV, where the errors reflects the uncertainty

in the quark masses, we find that R1 has an additional uncertainty R1 = 2.35+0.62
−0.49. Adding this

error with the one quoted above in quadrature yields R1 = 2.35+1.26
−0.86. It would be interesting to

investigate how the NLO contributions modify the ratio R1 as the tree and penguin amplitudes

are expected to be renormalized differently including the O(α2
s) corrections, as shown in [52] in

the context of the B0
d → PP decays.

The ratio R2, on the other hand, comes out just about right in pQCD, as in this ratio both

the numerator and denominator are dominated by QCD penguin amplitudes. One also expects

that this ratio is stable under O(α2
s) corrections, as the denominator in R2 is itself stable against

such corrections (see Table III in [52]) and very similar arguments apply to the decay rate for the

numerator. The stability of the color-allowed QCD penguin amplitudes against one-loop correc-

tions to the hard spectator scattering is also borne out in the QCD factorization framework [8].

The SU(3)-breaking effects in R2 are of the same size as the corresponding effects in the form

factors, typically ± 30%, and this likely is the dominant theoretical uncertainty in this ratio. In

Fig. 5, we plot the ratio R2 vs. Adir
CP (K+π−) for the LO pQCD-based calculations worked out

by us and compare them with the current data on these observables. The experimental value of

R2 has already been given earlier, and we use Adir
CP (B0

d → K+π−) = −0.093 ± 0.015 [57]. We
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FIG. 5: R2 vs Adir
CP (πK). The region inside the solid (red) box is the pQCD calculation in the LO. The

experimental results are shown as bands within their ±1σ errors.

recall that the direct CP asymmetry Adir
CP (K+π−), calculated by us in the LO pQCD approach,

Adir
CP (B0

d → π+K−) = −0.17+0.02+0.03+0.01
−0.02−0.02−0.01 is numerically significantly different than the earlier

estimates of the same in this approach (for example, the central value of this CP asymmetry in

LO is quoted as −0.12 in [52]). This mismatch reflects the dependence of Adir
CP (K+π−) on the

input quantities, in particular Vub, which have evolved in the meanwhile. Thus, with our input

values, we find good agreement with data on R2 but not so for Adir
CP (K+π−), as shown in Fig. 5.

However, taking into account the O(α2
s) contributions, this CP-asymmetry is renormalized while

R2 remains practically the same. Taking the central values from Table IV of Ref. [52], one gets a

K-factor of 0.75 for Adir
CP (K+π−) (the central value in NLO is −0.09 with the input values used

there). Using this K-factor, and our LO calculations, we estimate Adir
CP (K+π−) = −0.13± 0.04 in

NLO, making it compatible with the current data. This is shown in Fig. 6. It should, however,

be pointed out for the sake of clarity that the NLO corrections in [52] are not complete, as the

hard spectator contributions in O(α2
s) are not all calculated. Hence a residual contribution to

Adir
CP (K+π−) (and other observables) can not be logically excluded. However, our discussion here

underscores the dominant source of the uncertainty in Adir
CP (K+π−), which is of parametric origin.

In B0
d → K−π+ and B0

s → K+π−, the branching ratios are very different from each other due

to the differing strong and weak phases entering in the tree and penguin amplitudes. However,

as shown by Gronau [59], the two relevant products of the CKM matrix elements entering in the

31



-0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00
0.0

0.5

1.0

1.5

2.0

 

 

R2

Adir
K

FIG. 6: R2 vs Adir
CP (πK). The region inside the solid (green) box is obtained by estimating Adir

CP (πK) in

NLO, as discussed in the text. R2 (pQCD) and the experimental results are the same as in the previous

figure.

expressions for the direct CP asymmetries in these decays are equal, and, as stressed by Lipkin [60]

subsequently, the final states in these decays are charge conjugates, and the strong interactions

being charge-conjugation invariant, the direct CP asymmetry in B0
s → K−π+ can be related to

the well-measured CP asymmetry in the decay B0
d → K+π− using U-spin symmetry. In this

symmetry limit, we have [59, 60]

|A(Bs → π+K−)|2 − |A(B̄s → π−K+)|2 = |A(B̄d → π+K−)|2 − |A(Bd → π−K+)|2, (79)

Adir
CP (B̄d → π+K−) = −Adir

CP (B̄s → π−K+) · BR(Bs → π+K−)

BR(B̄d → π+K−)
· τ(Bd)

τ(Bs)
. (80)

Following the suggestions in the literature, we can test these equations and search for possible

new physics effects which would likely violate these relations. To that end, one can define the

following two parameters (using Eq. (65) for the definition of CP asymmetry):

R3 ≡ |A(Bs → π+K−)|2 − |A(B̄s → π−K+)|2
|A(Bd → π−K+)|2 − |A(B̄d → π+K−)|2 , (81)

∆ =
Adir

CP (B̄d → π+K−)

Adir
CP (B̄s → π−K+)

+
BR(Bs → π+K−)

BR(B̄d → π+K−)
· τ(Bd)

τ(Bs)
. (82)

The standard model predicts R3 = −1 and ∆ = 0 if we assume U -spin symmetry. Since we have

a detailed dynamical theory to study the SU(3) (and U-spin) symmetry violation, we can check
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FIG. 7: R3 vs ∆: The red (smaller) rectangle is the pQCD estimates worked out in this paper. The

experimental results with their ±1σ errors are shown as the larger rectangle.

how good quantitatively this symmetry is in the ratios R3 and ∆. We find:

R3 = −1.00+0.04+0.03+0.09
−0.04−0.04−0.08, ∆ = −0.00+0.03+0.03+0.06

−0.03−0.02−0.04, (83)

The differing values of ωB and ωBs
, which enter in the B0

d and B0
s -meson wave functions, contribute

dominantly to the first errors, whereas the current uncertainties on the CKM angle γ and Vts are

reflected in the third errors given above. The scale-dependent uncertainties leading to the second

error are relatively small. Adding all the theoretical errors in quadrature, we get R3 = −1.00+0.10
−0.10

and ∆ = −0.00+0.07
−0.05. Thus, we find that these quantities are quite reliably calculable, as anticipated

on theoretical grounds. On the experimental side, the results for R3 and ∆ are [13]:

R3 = −0.84 ± 0.42 ± 0.15, ∆ = 0.04 ± 0.11 ± 0.08. (84)

We conclude that the SM is in good agreement with the data, as can also be seen in Fig. 7 where

we plot theoretical predictions for R3 vs. ∆ and compare them with the current measurements of

the same. The measurements of these quantities are rather imprecise at present, a situation which

we hope will greatly improve at the LHC (and Super-B factories).
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IV. CALCULATION OF Bs TO A VECTOR AND A PSEUDO-SCALAR MESON IN

THE PQCD APPROACH

A. Decay amplitudes

In the decays of Bs to a vector and a pseudo-scalar meson, only the longitudinal polarization

of the vector meson can contribute, thus the decay formulas are very similar to those of the

Bs → PP decays. Since the Lorentz structure of the vector meson wave functions is different from

the pseudo-scalar case, there are two kinds of emission diagrams in principle. If the emitted meson

is a vector meson, the decay amplitudes are the same as that of the Bs → PP case, since they

are both characterized by the Bs → P transition form factors. For the non-factorizable diagrams

and also those diagrams in which a pseudo-scalar meson is emitted, the distribution amplitudes

of the pseudo-scalar meson will be replaced by that of the vector meson as follows:

φA
2 (x) → φ2(x), φP

2 (x) → φs
2(x), φT

2 (x) → φt
2(x), m02 → M2, (85)

where M2 is the mass of the vector meson. The factorizable emission topology F SP
B→P does not

contribute as the vector meson cannot be generated by the scalar or the pseudo-scalar density.

Furthermore, we must add a minus sign to φs
3(x) and φt

3(x) in the annihilation diagram formulas

Fann and Mann if the vector meson is on the light s̄ quark side.

B. Numerical results for Bs → PV decays

The branching ratios of Bs → PV decays are listed in Table VII. The direct CP asymmetries

of the Bs → PV decays are given in Table VIII. They are compared with the corresponding

calculations in the QCDF approach [16], where the sources of the errors in the numerical estimates

have the same origin as in the discussion of the B → PP decays. Comparison of the entries in

Table VII shows that the two approaches give similar results for the tree-dominated decays and the

QCD penguin- and electroweak-penguin dominated decays (except for those involving an η or η′

in the final states), and they are radically different for the annihilation-dominated decays (the last

four entries in this table). The branching ratios for B̄s → ρη and B̄s → ρη′ are of the same order as

the QCDF results, but there are large differences in B̄s → ω(φ)η and B̄s → ρ(φ)η′. In QCDF, the

branching ratios for B̄s → φη, B̄s → φη′ and B̄s → φπ0 (electro-weak penguin dominated process)

are of the same magnitude, which implies that the color-suppressed QCD-penguins have a reduced
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value similar to the electroweak penguins. However, in the pQCD approach, the factorization scale

is low and this dynamically enhances the color-suppressed QCD penguins sizably.

Predictions for the CP-asymmetries in the two approaches given in Table VIII are, however, all

quite different. The zeros shown in some cases for the pQCD approach will be lifted on including

the neglected small subdominant contributions. Also, as opposed to the QCDF approach, we

are able to calculate the CP asymmetries in the annihilation-dominated topologies. The mixing-

induced CP asymmetries (Sf )Bs
and the observable (Hf )Bs

, defined in the previous section, are

shown in Table IX. Currently, there is no data to confront the estimates given in Tables VII, VIII

and IX, and again we hope that this will be remedied at the LHC (and Super-B factories).

V. Bs → V V DECAYS IN PQCD APPROACH

A. Decay amplitudes

There are three kinds of polarizations of a vector meson, namely longitudinal (L), normal

(N) and transverse (T). The amplitudes for a Bs meson decay to two vector mesons are also

characterized by the polarization states of these vector mesons. The amplitudes A(σ) for the decay

Bs(PB) → V2(P2, ǫ
∗
2µ) + V3(P3, ǫ

∗
3µ) can be decomposed as follows:

A(σ) = ǫ∗2µ(σ)ǫ∗3ν(σ)

[

a gµν +
b

M2M3

P µ
BP ν

B + i
c

M2M3

ǫµναβP2αP3β

]

,

≡ AL + ANǫ∗2(σ = T ) · ǫ∗3(σ = T ) + i
AT

M2
Bs

ǫαβγρǫ∗2α(σ)ǫ∗3β(σ)P2γP3ρ , (86)

where M2 and M3 are the masses of the vector mesons V2 and V3, respectively. The definitions of

the amplitudes Ai (i = L, N, T ) in terms of the Lorentz-invariant amplitudes a, b and c are

AL = a ǫ∗2(L) · ǫ∗3(L) +
b

M2M3

ǫ∗2(L) · P3 ǫ∗3(L) · P2 ,

AN = a, (87)

AT =
c

r2r3
.

The longitudinal polarization amplitudes for the Bs → V V decays can be obtained from those

in the Bs → PP decays with the following replacement in the distribution amplitudes:

φA
2(3)(x) → φ2(3)(x), φP

2(3)(x) → φs
2(3)(x), φT

2(3)(x) → φt
2(3)(x), (88)

for the emission diagrams, while

φA
2(3)(x) → φ2(3)(x), φP

2(3)(x) → (−)φs
2(3)(x), φT

2(3)(x) → (−)φt
2(3)(x), (89)
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TABLE VII: The CP -averaged branching ratios (×10−6) of Bs → PV decays obtained in the pQCD

approach (This work); the errors for these entries correspond to the uncertainties in the input hadronic

quantities, from the scale-dependence, and the CKM matrix elements, respectively. For comparison, we

also cite the theoretical estimates of the branching ratios in the QCD factorization framework [16].

Modes Class QCDF This work

B
0
s→π−K∗+ T 8.7+4.6+3.5+0.7+0.8

−3.7−2.9−1.0−0.7 7.6+2.9+0.4+0.5
−2.2−0.5−0.3

B
0
s→ρ−K+ T 24.5+11.9+9.2+1.8+1.6

−9.7−7.8−3.0−1.6 17.8+7.7+1.3+1.1
−5.6−1.6−0.9

B
0
s→π0K∗0 C 0.25+0.08+0.10+0.32+0.30

−0.08−0.06−0.14−0.14 0.07+0.02+0.04+0.01
−0.01−0.02−0.01

B
0
s→ρ0K0 C 0.61+0.33+0.21+1.06+0.56

−0.26−0.15−0.38−0.36 0.08+0.02+0.07+0.01
−0.02−0.03−0.00

B
0
s → K∗0η C 0.26+0.15+0.49+0.15+0.57

−0.13−0.22−0.05−0.15 0.17+0.04+0.10+0.03
−0.04−0.06−0.01

B
0
s → K∗0η′ C 0.28+0.04+0.46+0.23+0.29

−0.04−0.24−0.10−0.15 0.09+0.02+0.03+0.01
−0.02−0.02−0.01

B
0
s → K0ω C 0.51+0.20+0.15+0.68+0.40

−0.18−0.11−0.23−0.25 0.15+0.05+0.07+0.02
−0.04−0.03−0.01

B
0
s → K+K∗− P 4.1+1.7+1.5+1.0+9.2

−1.5−1.3−0.9−2.3 6.0+1.7+1.7+0.7
−1.5−1.2−0.3

B
0
s → K∗+K− P 5.5+1.3+5.0+0.8+14.2

−1.4−2.6−0.7− 3.6 4.7+1.1+2.5+0.0
−0.8−1.4−0.0

B
0
s → K0K

∗0
P 3.9+0.4+1.5+1.3+10.4

−0.4−1.4−1.4− 2.8 7.3+2.5+2.1+0.0
−1.7−1.3−0.0

B
0
s → K∗0K

0
P 4.2+0.4+4.6+1.1+13.2

−0.4−2.2−0.9− 3.2 4.3+0.7+2.2+0.0
−0.7−1.4−0.0

B
0
s → π0φ PEW 0.12+0.03+0.04+0.01+0.02

−0.02−0.04−0.01−0.01 0.16+0.06+0.02+0.00
−0.05−0.02−0.00

B
0
s → ρ0η PEW 0.17+0.03+0.07+0.02+0.02

−0.03−0.06−0.02−0.01 0.06+0.03+0.01+0.00
−0.02−0.01−0.00

B
0
s → ρ0η′ PEW 0.25+0.06+0.10+0.02+0.02

−0.05−0.08−0.02−0.02 0.13+0.06+0.02+0.00
−0.04−0.02−0.01

B
0
s → ωη P,C 0.012+0.005+0.010+0.028+0.025

−0.004−0.003−0.006−0.006 0.04+0.03+0.05+0.00
−0.01−0.02−0.00

B
0
s → ωη′ P,C 0.024+0.011+0.028+0.077+0.042

−0.009−0.006−0.010−0.015 0.44+0.18+0.15+0.00
−0.13−0.14−0.01

B
0
s → φη P 0.12+0.02+0.95+0.54+0.32

−0.02−0.14−0.12−0.13 3.6+1.5+0.8+0.0
−1.0−0.6−0.0

B
0
s → φη′ P 0.05+0.01+1.10+0.18+0.40

−0.01−0.17−0.08−0.04 0.19+0.06+0.19+0.00
−0.01−0.13−0.00

B
0
s → K0φ P 0.27+0.09+0.28+0.09+0.67

−0.08−0.14−0.06−0.18 0.16+0.04+0.09+0.02
−0.03−0.04−0.01

B
0
s → π0ω ann ≈ 0.0005 0.004+0.001+0.000+0.000

−0.001−0.001−0.000

B
0
s → ρ+π− ann ≈ 0.003 0.22+0.05+0.04+0.00

−0.05−0.06−0.01

B
0
s → π+ρ− ann ≈ 0.003 0.24+0.05+0.05+0.00

−0.05−0.06−0.01

B
0
s → π0ρ0 ann ≈ 0.003 0.23+0.05+0.05+0.00

−0.05−0.06−0.01
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TABLE VIII: The direct CP asymmetries (in %) in the Bs → PV decays, obtained in the pQCD approach

(This work); the errors for these entries correspond to the uncertainties in the input hadronic quantities,

from the scale-dependence, and the CKM matrix elements, respectively. For comparison, we also cite the

theoretical estimates of the CP asymmetries in the QCD factorization framework [16].

Modes Class QCDF This work

B
0
s→π−K∗+ T 0.6+0.2+1.4+0.1+19.9

−0.1−1.7−0.1−20.1 −19.0+2.5+2.7+0.9
−2.6−3.4−1.4

B
0
s→ρ−K+ T −1.5+0.4+1.2+0.2+12.1

−0.4−1.4−0.3−12.1 14.2+2.4+2.3+1.2
−2.2−1.6−0.7

B
0
s→π0K∗0 C −45.7+14.3+13.0+28.4+80.0

−16.0−11.6−28.0−59.7 −47.1+7.4+35.5+2.9
−8.7−29.8−7.0

B
0
s→ρ0K0 C 24.7+7.1+14.0+22.8+51.3

−5.2−12.4−17.7−52.3 73.4+6.4+16.2+2.2
−11.7−47.8−3.9

B
0
s → K∗0η C 40.2+17.0+24.6+ 7.8+65.9

−11.5−30.8−14.0−96.3 51.2+6.2+14.1+2.0
−6.4−12.4−3.3

B
0
s → K∗0η′ C −58.6+16.9+41.4+19.9+44.9

−11.9−11.7−13.9−35.7 −51.1+4.6+15.0+3.2
−6.6−18.2−4.1

B
0
s → K0ω C −43.9+13.6+18.0+30.6+57.7

−13.4−18.2−30.2−49.3 −52.1+3.2+22.7+3.2
−0.0−15.1−2.0

B
0
s → K+K∗− P 2.2+0.6+8.4+5.1+68.6

−0.7−8.0−5.9−71.0 −36.6+2.3+2.8+1.3
−2.3−3.5−1.2

B
0
s → K∗+K− P −3.1+1.0+3.8+1.6+47.5

−1.1−2.6−1.3−45.0 55.3+4.4+8.5+5.1
−4.9−9.8−2.5

B
0
s → K0K

∗0
P 1.7+0.4+0.6+0.5+1.4

−0.5−0.5−0.4−0.8 0

B
0
s → K∗0K

0
P 0.2+0.0+0.2+0.1+0.2

−0.1−0.3−0.1−0.1 0

B
0
s → π0φ PEW 27.2+6.1+9.8+2.7+32.0

−6.8−5.6−2.4−37.1 13.3+0.3+2.1+1.5
−0.4−1.7−0.7

B
0
s → ρ0η PEW 27.8+6.4+9.1+2.6+25.9

−6.7−5.7−2.2−28.4 −9.2+1.0+2.8+0.4
−0.4−2.7−0.7

B
0
s → ρ0η′ PEW 28.9+6.1+10.3+1.5+24.8

−7.5− 6.3−1.8−27.5 25.8+1.3+2.8+3.4
−2.0−3.6−1.5

B
0
s → ωη P,C — −16.7+5.8+15.4+0.8

−3.2−19.1−1.7

B
0
s → ωη′ P,C — 7.7+0.4+4.5+9.4

−0.1−4.2−0.4

B
0
s → φη P −8.4+2.0+30.1+14.6+36.3

−2.1−71.2−44.7−59.7 −1.8+0.0+0.6+0.1
−0.1−0.6−0.2

B
0
s → φη′ P −62.2+15.9+132.3+80.8+122.4

−10.2− 84.2−46.8− 49.9 7.8+1.5+1.2+0.1
−0.5−8.6−0.4

B
0
s → K0φ P −10.3+3.0+4.7+3.7+5.0

−2.4−3.0−4.1−7.5 0

B
0
s → π0ω ann — 6.0+0.0+0.5+0.8

−5.2−3.3−0.4

B
0
s → ρ+π− ann — 4.6+0.0+2.9+0.6

−0.6−3.5−0.3

B
0
s → π+ρ− ann — −1.3+0.9+2.8+0.1

−0.4−3.5−0.2

B
0
s → π0ρ0 ann — 1.7+0.2+2.8+0.2

−0.8−3.6−0.1
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TABLE IX: The mixing-induced CP asymmetries (Sf )Bs and (Hf )Bs in Bs → PV decays obtained in

the pQCD approach (This work); the errors for these entries correspond to the uncertainties in the input

hadronic quantities, from the scale-dependence, and the CKM matrix elements, respectively.

Modes Class (Sf )Bs (Hf )Bs

B
0
s→ρ0KS C −0.57+0.22+0.51+0.02

−0.17−0.39−0.05 −0.36+0.10+0.46+0.04
−0.13−0.15−0.04

B
0
s → KSω C −0.63+0.09+0.28+0.01

−0.09−0.11−0.02 −0.57+0.11+0.31+0.02
−0.13−0.38−0.02

B
0
s → π0φ PEW −0.07+0.01+0.08+0.02

−0.01−0.09−0.03 0.98+0.00+0.01+0.01
−0.00−0.03−0.00

B
0
s → ρ0η PEW 0.15+0.06+0.14+0.01

−0.06−0.16−0.01 0.98+0.01+0.01+0.00
−0.01−0.03−0.00

B
0
s → ρ0η′ PEW −0.16+0.00+0.10+0.04

−0.00−0.12−0.05 0.95+0.01+0.01+0.01
−0.00−0.02−0.02

B
0
s → ωη P,C −0.02+0.01+0.02+0.00

−0.03−0.08−0.00 0.99+0.01+0.01+0.00
−0.01−0.06−0.00

B
0
s → ωη′ P,C −0.11+0.01+0.04+0.02

−0.00−0.04−0.03 0.99+0.00+0.00+0.00
−0.00−0.00−0.00

B
0
s → φη P −0.03+0.02+0.07+0.01

−0.01−0.20−0.02 1.00+0.00+0.00+0.00
−0.00−0.01−0.00

B
0
s → φη′ P 0.00+0.00+0.02+0.00

−0.00−0.02−0.00 1.00+0.00+0.00+0.00
−0.00−0.00−0.02

B
0
s → KSφ P −0.72 −0.69

B
0
s → π0ω ann −0.97+0.00+0.00+0.11

−0.01−0.00−0.02 −0.22+0.02+0.00+0.12
−0.00−0.02−0.29

B
0
s → π0ρ0 ann −0.19+0.00+0.02+0.01

−0.00−0.02−0.02 0.99+0.00+0.00+0.00
−0.00−0.00−0.00

for the annihilation diagrams. The factorizable emission topology contribution F SP,i
Bs→V3

(i =

L, N, T ) vanish due to the conservation of charge parity.

The normal and transverse polarization amplitudes for Bs → V V decays are displayed as

38



follows. For the factorizable emission diagrams shown in Fig.3(a) and (b), the formulas are

fV2
F LL,N

Bs→V3
(ai) = 8πCFM4

Bs
fV2

r2

∫ 1

0

dx1dx3

∫ ∞

0

b1db1b3db3φBs
(x1, b1)

{

he(x1, x3, b1, b3)

×Ee(ta)ai(ta)[φ
T
3 (x3) + 2r3φ

v
3(x3) + r3x3(φ

v
3(x3) − φa

3(x3))]

+r3[φ
v
3(x3) + φa

3(x3)]Ee(t
′
a)ai(t

′
a)he(x3, x1, b3, b1)

}

, (90)

fV2
F LL,T

Bs→V3
(ai) = 16πCFM4

Bs
fV2

r2

∫ 1

0

dx1dx3

∫ ∞

0

b1db1b3db3φBs
(x1, b1)

{

he(x1, x3, b1, b3)

×[φT
3 (x3) + 2r3φ

v
3(x3) − r3x3(φ

v
3(x3) − φa

3(x3))]Ee(ta)ai(ta)

+r3[φ
v
3(x3) + φa

3(x3)]Ee(t
′
a)ai(t

′
a)he(x3, x1, b3, b1)

}

, (91)

F LR,i
Bs→V3

(ai) = F LL,i
Bs→V3

(ai), (92)

F SP,i
Bs→V3

(ai) = 0, (93)

with i = L, N, T .

The non-factorizable emission diagrams are shown in Fig.3(c) and (d). Their contributions are

expressed in the formulas given below:

MLL,N
Bs→V3

(ai) = 32πCFM4
Bs

r2/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db1b2db2φBs
(x1, b1)

×
{

[

x2(φ
v
2(x2) + φa

2(x2))φ
T
3 (x3) − 2r3(x2 + x3)(φ

v
2(x2)φ

v
3(x3) + φa

2(x2)φ
a
3(x3))

]

hn(x1, x2, x3, b1, b2)E
′
e(t

′
b)ai(t

′
b)

+(1 − x2)(φ
v
2(x2) + φa

2(x2))φ
T
3 (x3)E

′
e(tb)ai(tb)hn(x1, 1 − x2, x3, b1, b2)

}

, (94)

MLL,T
Bs→V3

(ai) = 64πCFM4
Bs

r2/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db1b2db2φBs
(x1, b1)

{

E ′
e(t

′
b)ai(t

′
b)

×
[

x2(φ
v
2(x2) + φa

2(x2))φ
T
3 (x3) − 2r3(x2 + x3)(φ

v
2(x2)φ

a
3(x3)

+φa
2(x2)φ

v
3(x3))

]

hn(x1, x2, x3, b1, b2)

+(1 − x2)[φ
v
2(x2) + φa

2(x2)]φ
T
3 (x3)E

′
e(tb)ai(tb)hn(x1, 1 − x2, x3, b1, b2)

}

, (95)

MLR,T
Bs→V3

(ai) = 2MLR,N
Bs→V3

(ai)

= 64πCFM4
Bs

/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db1b2db2φBs
(x1, b1)

×r3x3φ
T
2 (x2)(φ

v
3(x3) − φa

3(x3))
{

E ′
e(t

′
b)ai(t

′
b)hn(x1, x2, x3, b1, b2) + E ′

e(tb)ai(tb)hn(x1, 1 − x2, x3, b1, b2)
}

, (96)
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MSP,N
Bs→V3

(ai) = 32πCFM4
Bs

/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db1b2db2φBs
(x1, b1)r2

×
{

x2(φ
v
2(x2) − φa

2(x2))φ
T
3 (x3)E

′
e(t

′
b)ai(t

′
b)hn(x1, x2, x3, b1, b2)

+hn(x1, 1 − x2, x3, b1, b2)[(1 − x2)(φ
v
2(x2) − φa

2(x2))φ
T
3 (x3)

−2r3(1 − x2 + x3)(φ
v
2(x2)φ

v
3(x3) − φa

2(x2)φ
a
3(x3))]E

′
e(tb)ai(tb)

}

, (97)

MSP,T
Bs→V3

(ai) = 64πCFM4
Bs

/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db1b2db2φBs
(x1, b1)r2

×
{

x2(φ
v
2(x2) − φa

2(x2))φ
T
3 (x3)E

′
e(t

′
b)ai(t

′
b)hn(x1, x2, x3, b1, b2)

+hn(x1, 1 − x2, x3, b1, b2)[(1 − x2)(φ
v
2(x2) − φa

2(x2))φ
T
3 (x3)

−2r3(1 − x2 + x3)(φ
v
2(x2)φ

a
3(x3) − φa

2(x2)φ
v
3(x3))]E

′
e(tb)ai(tb)

}

. (98)

The factorizable annihilation diagrams are shown in Fig.4 (a) and (b), and the normal polar-

ization contributions are:

fBs
F LL,N

ann (ai) = fBs
F LR,N

ann (ai)

= −8πCFM4
Bs

fBs
r2r3

∫ 1

0

dx2dx3

∫ ∞

0

b2db2b3db3

{

Ea(tc)ai(tc)ha(x2, 1 − x3, b2, b3))

[(2 − x3) (φv
2(x2)φ

v
3(x3) + φa

2(x2)φ
a
3(x3)) + x3(φ

v
2(x2)φ

a
3(x3) + φa

2(x2)φ
v
3(x3))]

−ha(1 − x3, x2, b3, b2)[(1 + x2)(φ
v
2(x2)φ

v
3(x3) + φa

2(x2)φ
a
3(x3))

−(1 − x2)(φ
v
2(x2)φ

a
3(x3) + φa

2(x2)φ
v
3(x3))]Ea(t

′
c)ai(t

′
c)

}

. (99)

Note, that large cancellations between the two diagrams Fig.4 (a) and (b) take place, as a result

of which contributions from these diagrams are suppressed.

For the transverse polarization, we have

fBs
F LL,T

ann (ai) = −fBs
F LR,T

ann (ai)

= −16πCF M4
Bs

fBs
r2r3

∫ 1

0

dx2dx3

∫ ∞

0

b2db2b3db3

{

[x3(φ
v
2(x2)φ

v
3(x3) + φa

2(x2)φ
a
3(x3))

+(2 − x3)(φ
v
2(x2)φ

a
3(x3) + φa

2(x2)φ
v
3(x3))]Ea(tc)ai(tc)ha(x2, 1 − x3, b2, b3)

+ha(1 − x3, x2, b3, b2)[(1 − x2)(φ
v
2(x2)φ

v
3(x3) + φa

2(x2)φ
a
3(x3))

−(1 + x2)(φ
v
2(x2)φ

a
3(x3) + φa

2(x2)φ
v
3(x3))]Ea(t

′
c)ai(t

′
c)

}

. (100)

We remark that, although the cancellations in this case are not as severe as for the normal

polarization case, the dominant contributions are still power suppressed by r2r3, where r2(3) =
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M2(3)/MBs
. For the (S − P )(S + P ) operators, we have

fBs
F SP,T

ann (ai) = 2fBs
F SP,N

ann (ai)

= −32πCFM4
Bs

fBs

∫ 1

0

dx2dx3

∫ ∞

0

b2db2b3db3

{

r2(φ
v
2(x2) + φa

2(x2))φ
T
3 (x3)

×Ea(tc)ai(tc)ha(x2, 1 − x3, b2, b3)

+r3φ
T
2 (x2)(φ

v
3(x3) − φa

3(x3))Ea(t
′
c)ai(t

′
c)ha(1 − x3, x2, b3, b2)

}

. (101)

Again, for this case, like the Bs → PP decays, no cancellations among the contributing diagrams

or power suppressions are involved. The chiral enhancement here for the transverse and normal

polarizations are essential for the explanation of the large transverse polarization fraction in the

penguin dominant B decays, such as B → K∗φ and B → K∗ρ decays [42, 43]. For the non-

factorizable annihilation diagrams shown in Fig.4 (c) and (d), we have

MLL,N
ann (ai) = MSP,N

ann (ai)

= −64πCF M4
Bs

r2r3/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db2b2db2φBs
(x1, b1)[φ

v
2(x2)φ

v
3(x3)

+φa
2(x2)φ

a
3(x3)]E

′
a(td)ai(td)hna(x1, x2, x3, b1, b2), (102)

MLL,T
ann (ai) = −MSP,T

ann (ai)

= −128πCFM4
Bs

r2r3/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db2b2db2φBs
(x1, b1)[φ

v
2(x2)φ

a
3(x3)

+φa
2(x2)φ

v
3(x3)]E

′
a(td)ai(td)hna(x1, x2, x3, b1, b2), (103)

MLR,T
ann (ai) = 2MLR,N

ann (ai)

= −64πCFM4
Bs

/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

b1db1b2db2φBs
(x1, b1)

{

h′
na(x1, x2, x3, b1, b2)

[

r2x2(φ
v
2(x2) + φa

2(x2))φ
T
3 (x3) − r3(1 − x3)φ

T
2 (x2)(φ

v
3(x3) − φa

3(x3))
]

E ′
a(t

′
d)ai(t

′
d)

+
[

r2(2 − x2)(φ
v
2(x2) + φa

2(x2))φ
T
3 (x3) − r3(1 + x3)φ

T
2 (x2)(φ

v
3(x3) − φa

3(x3))
]

×E ′
a(td)ai(td)hna(x1, x2, x3, b1, b2)

}

. (104)

These contributions are all power-suppressed as expected.

B. Numerical results for Bs → V V decays

The decay width for Bs → V2V3 is given as

Γ =
Pc

8πM2
Bs

∑

i=0,‖,⊥

A†
(i)A(i) , (105)

41



where Pc is the momentum of either of the two vector mesons in the final states. The sum is over

the three transversity amplitudes of the two vector mesons, defined as follows:

A0 ≡ −AL,

A‖ ≡
√

2a,

A⊥ ≡ r2r3

√

2(κ2 − 1)AT , (106)

with the ratio κ = P2 · P3/(M2M3). Note that the definitions of Ai(i = 0, ‖,⊥) are consistent

with those in [18], except for an additional minus sign in A0, so that our definitions of the relative

strong phases φi(i =‖,⊥) (see text below) also differ from the ones in [18] by π. The polarization

fractions fi(i = 0, ‖,⊥) are defined as follows:

fi =
|Ai|2

|A0|2 + |A‖|2 + |A⊥|2
. (107)

We first give the numerical results of the form factors at maximal recoil:

V B→K∗

= 0.25+0.05+0.00
−0.05−0.00, AB→K∗

0 = 0.30+0.06+0.00
−0.05−0.01, AB→K∗

1 = 0.19+0.04+0.00
−0.03−0.00,

V B→ρ = 0.21+0.05+0.00
−0.04−0.00, AB→ρ

0 = 0.25+0.05+0.00
−0.04−0.01, AB→ρ

1 = 0.17+0.04+0.00
−0.03−0.00,

V B→ω = 0.19+0.04+0.00
−0.04−0.00, AB→ω

0 = 0.23+0.05+0.00
−0.04−0.01, AB→ω

1 = 0.15+0.03+0.00
−0.03−0.00.

V Bs→K∗

= 0.21+0.04+0.00
−0.03−0.01, ABs→K∗

0 = 0.25+0.05+0.00
−0.05−0.01, ABs→K∗

1 = 0.16+0.03+0.00
−0.03−0.01,

V Bs→φ = 0.25+0.05+0.00
−0.04−0.01, ABs→φ

0 = 0.30+0.05+0.00
−0.05−0.01, ABs→φ

1 = 0.19+0.03+0.00
−0.03−0.01.

(108)

where the first error in the above entries is due to the input hadronic parameters fB(Bs), ωb and

the second one is from the hard scale and ΛQCD. The entries in the first three lines involve the

decays of the B± and B0
d mesons to two vector mesons, and as such are not required for the

B0
s → V V decays being worked out in this paper. We list them here to see the SU(3)-breaking

effects in the form factors. Within errors, these form factors are in agreement with the ones in

the light cone QCD sum rules [61] and with the slightly different estimates of the same in [18].

The branching ratios of Bs → V V decays are listed in Table X. They are compared with the

corresponding results in the QCDF approach [18]. A comparison shows that the tree-, penguin-

and electroweak dominated decays are comparable in the two approaches, with the numerical

differences reflecting the input parameters. The color-suppressed decays, but more markedly the

annihilation-dominated decays, differ in these approaches, a feature which is well appreciated in

the literature. The experimental upper bounds on some of the decays are also listed. Except for

the decay Bs → φφ, where an experimental measurement may be just around the corner, all other

decay modes remain essentially unexplored.
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TABLE X: The CP-averaged branching ratios in Bs → V V decays (×10−6) obtained in the pQCD

approach (This work); the errors for these entries correspond to the uncertainties in the input hadronic

quantities, from the scale-dependence, and the CKM matrix elements, respectively. For comparison, we

also cite the updated theoretical estimates in the QCD factorization framework [18]. The experimental

upper limits (at 90% C.L.) are from the Particle Data Group [28].

Channel Class QCDF [18] This work Exp [28]

B̄s → ρ0K∗0 C 1.5+1.0+3.1
−0.5−1.5 0.33+0.09+0.14+0.00

−0.07−0.09−0.01 < 767

B̄s → ωK∗0 C 1.2+0.7+2.3
−0.3−1.1 0.31+0.10+0.12+0.07

−0.07−0.06−0.02

B̄s → ρ−K∗+ T 25.2+1.5+4.7
−1.7−3.1 20.9+8.2+1.4+1.2

−6.2−1.4−1.1

B̄s → K∗−K∗+ P 9.1+2.5+10.2
−2.2−5.9 6.7+1.5+3.4+0.5

−1.2−1.4−0.2

B̄s → K∗0K
∗0

P 9.1+0.5+11.3
−0.4−6.8 7.8+1.9+3.8+0.0

−1.5−2.2−0.0 < 1681

B̄s → φK∗0 P 0.4+0.1+0.5
−0.1−0.3 0.65+0.16+0.27+0.10

−0.13−0.18−0.04 < 1013

B̄s → φφ P 21.8+1.1+30.4
−1.1−17.0 35.3+8.3+16.7+0.0

−6.9−10.2−0.0 14 ± 8

B̄s → ρ+ρ− ann 0.34+0.03+0.60
−0.03−0.38 1.0+0.2+0.3+0.0

−0.2−0.2−0.0

B̄s → ρ0ρ0 ann 0.17+0.01+0.30
−0.01−0.19 0.51+0.12+0.17+0.01

−0.11−0.10−0.01 < 320

B̄s → ρ0ω ann < 0.01 0.007+0.002+0.001+0.000
−0.001−0.001−0.000

B̄s → ωω ann 0.11+0.01+0.20
−0.01−0.12 0.39+0.09+0.13+0.01

−0.08−0.07−0.00

B̄s → φρ0 PEW 0.40+0.12+0.25
−0.10−0.04 0.23+0.09+0.03+0.00

−0.07−0.01−0.01 < 617

B̄s → φω P 0.10+0.05+0.48
−0.03−0.12 0.16+0.09+0.10+0.01

−0.05−0.04−0.00

The results for the longitudinal polarization fraction f0, parallel polarization fraction f‖ and per-

pendicular polarization fraction f⊥, their relative phases φ‖ ≡ Arg(A‖/A0) and φ⊥ ≡ Arg(A⊥/A0)

(both in radians), and the direct CP-asymmetry in the B0
s → V V decays are displayed in Ta-

ble XI. In calculating the CP-asymmetries, we have used the definition given earlier in Eq. 65.

Again, there are no data available to confront the entries in Table XI.

Two remarks on the Bs → φφ decays presented above are in order.

First, Bs → φφ is a b → s penguin dominated process. The CDF collaboration [62] has

reported the decay branching fraction of this channel as (14 ± 8) × 10−6, but a thorough angular

analysis is still lacking. This channel is very similar to the decay B → φK∗, which is well

measured in the experiment. In the B → φK∗ decays, the data show that the fraction of the
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left-handed polarization reaches about 50%. This result is quite different from the expectation

in the factorization assumption that the longitudinal polarization should dominate due to the

quark helicity analysis. There exist lots of theoretical attempts to solve this contradiction. To

distinguish, which one is the most appropriate scheme, we must investigate the decay Bs → φφ

and other similar channels.

In the pQCD approach, the weak annihilation diagram induced by the operator O6 can enhance

the transverse polarization sizably. In Ref. [63], the longitudinal fraction of B → φK∗ is about 75

%, which is much smaller than that obtained based on the factorization assumption, but still larger

than the data. Moreover, the branching fraction is overestimated. Li [64] has suggested a strategy

to solve these two problems together, by invoking a smaller value for the form factor A0. A smaller

A0 is also consistent with the predictions in other approaches, such as the covariant light front

quark model [65]. In the pQCD approach, a smaller A0 requires smaller Gegenbauer moments of

the longitudinal polarized distribution amplitudes of the recoiling vector meson. Following this

lead, and performing a calculation using the asymptotic distribution amplitude for K∗, one indeed

finds that the longitudinal polarization fraction can be reduced; Ref. [64] finds that this fraction

can be reduced to 59%.

Based on the above discussion, we also analyzed the Bs → V V decays adopting the asymptotic

forms of the twist-3 distribution amplitudes in the pQCD approach, while keeping the leading-

twist distribution amplitudes up to the second Gegenbauer moments, as done for the pseudo-scalar

meson case discussed earlier. In addition, we also test the sensitivity of the branching ratio of

the Bs → φφ decay on the Gengenbauer moments of the twist-2 distribution amplitudes. The

result of the branching ratio for this channel with asymptotic twist-2 distribution amplitudes is

22.2 × 10−6, which is much smaller than that for the case with higher Gegenbauer moments and

is closer to the experiment. However, we find that the polarization fractions do not change too

much using the asymptotic forms of distribution amplitudes. The reason is that the contributions

from the annihilation topology, which enhance the transverse polarization fraction, also decrease

with a decreased value of the form factor A0. This is different from the B → φK∗ decay.

Second, it is to be noted that the longitudinal polarization of B → φK∗ and B̄s → φφ can

be related to each other in the SU(3) limit. The discrepancy between them represents SU(3)

symmetry breaking effects, which can be reflected in the following aspects in the pQCD approach

specifically: In the first place, the shape parameter of B and Bs wavefunction in the initial

state can give rise to differences in these two U-spin related process. Then, the longitudinal and
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TABLE XI: The CP-averaged polarization fractions, relative phases and direct CP asymmetries in the

Bs → V V decays obtained in the pQCD approach; the errors for these entries correspond to the un-

certainties in the input hadronic quantities, from the scale-dependence, and the CKM matrix elements,

respectively.

Channel f0(%) f‖(%) f⊥(%) φ‖(rad) φ⊥(rad) CP(%)

B̄s → ρ0K∗0 45.5+0.4+6.9+0.6
−0.3−4.3−0.9 27.6+0.1+2.1+0.4

−0.2−3.4−0.3 26.9+0.2+2.3+0.4
−0.3−3.5−0.3 2.7+0.2+0.2+0.3

−0.3−0.3−0.1 2.8+0.3+0.3+0.4
−0.2−0.2−0.1 61.8+3.2+17.1+4.4

−4.7−22.8−2.3

B̄s → ωK∗0 53.2+0.3+3.5+2.3

−0.2−2.9−1.3 23.6+0.2+1.5+0.4

−0.1−1.7−1.0 23.1+0.1+1.4+1.0

−0.2−1.7−0.6 1.4+0.1+0.2+0.0

−0.1−0.2−0.1 1.4+0.1+0.2+0.0

−0.1−0.2−0.0 −62.1+4.8+19.7+5.5

−3.9−12.6−1.9

B̄s → ρ−K∗+ 93.7+0.1+0.2+0.0
−0.2−0.3−0.2 3.4+0.1+0.2+0.1

−0.0−0.1−0.0 2.9+0.1+0.1+0.1
−0.1−0.1−0.0 3.0+0.1+0.1+0.1

−0.0−0.0−0.0 3.1+0.0+0.0+0.0
−0.1−0.1−0.1 −8.2+1.0+1.2+0.4

−1.2−1.7−1.1

B̄s → K∗−K∗+ 43.8+5.1+2.1+3.7

−4.0−2.3−1.5 30.1+2.1+0.9+0.8

−2.7−1.0−1.9 26.1+1.8+1.4+0.7

−2.4−1.0−1.8 1.7+0.2+0.1+0.1

−0.2−0.1−0.0 1.7+0.2+0.1+0.1

−0.2−0.1−0.0 9.3+0.4+3.3+0.3

−0.7−3.6−0.2

B̄s → K∗0K
∗0

49.7+5.7+0.6+0.0
−4.8−3.8−0.0 26.8+2.6+2.1+0.0

−3.0−0.3−0.0 23.5+2.2+1.7+0.0
−2.7−0.3−0.0 1.4+0.2+0.0+0.0

−0.1−0.0−0.0 1.4+0.1+0.0+0.0
−0.1−0.0−0.0 0

B̄s → φK∗0 71.2+3.2+2.7+0.0

−3.0−3.7−0.0 15.5+1.6+2.1+0.0

−1.7−1.5−0.0 13.3+1.4+1.7+0.0

−1.5−1.3−0.0 1.4+0.1+0.0+0.0

−0.1−0.1−0.0 1.4+0.1+0.0+0.0

−0.1−0.1−0.0 0

B̄s → φφ 61.9+3.6+2.5+0.0

−3.2−3.3−0.0 20.7+1.7+1.8+0.0

−2.0−1.4−0.0 17.4+1.5+1.5+0.0

−1.6−1.1−0.0 1.3+0.2+0.1+0.0

−0.1−0.0−0.0 1.3+0.2+0.0+0.0

−0.1−0.0−0.0 0

B̄s → ρ+ρ− ∼ 100 ∼ 0 ∼ 0 4.3+0.1+0.1+0.0
−0.0−0.1−0.0 4.7+0.0+0.3+0.1

−0.0−0.5−0.0 −2.1+0.2+1.7+0.1
−0.1−1.3−0.1

B̄s → ρ0ρ0 ∼ 100 ∼ 0 ∼ 0 4.3+0.1+0.1+0.0

−0.0−0.1−0.0 4.7+0.0+0.3+0.1

−0.0−0.5−0.0 −2.1+0.2+1.7+0.1

−0.1−1.3−0.1

B̄s → ρ0ω ∼ 100 ∼ 0 ∼ 0 4.5+0.0+0.0+0.0
−0.0−0.0−0.0 3.2+0.0+0.1+0.0

−0.1−0.0−0.2 6.0+0.7+2.7+1.0
−0.5−3.9−0.4

B̄s → ωω ∼ 100 ∼ 0 ∼ 0 4.3+0.0+0.1+0.0

−0.0−0.1−0.0 4.7+0.0+0.2+0.0

−0.0−0.5−0.0 −2.0+0.1+1.7+0.1

−0.1−1.3−0.1

B̄s → φρ0 87.0+0.2+0.9+0.9

−0.2−0.3−0.4 6.8+0.1+0.2+0.3

−0.1−0.5−0.4 6.2+0.1+0.1+0.1

−0.1−0.5−0.4 3.5+0.0+0.0+0.0

−0.0−0.1−0.1 3.5+0.0+0.1+0.1

−0.0−0.0−0.0 10.1+0.9+1.6+1.3

−0.9−1.8−0.5

B̄s → φω 44.3+0.0+5.4+0.9

−7.5−6.1−0.4 28.5+3.8+3.1+0.1

−0.0−2.8−0.5 27.2+3.7+3.0+0.2

−0.0−2.6−0.4 3.0+0.1+0.2+0.0

−0.1−0.2−0.0 3.0+0.1+0.2+0.1

−0.0−0.2−0.0 3.6+0.6+2.4+0.6

−0.6−2.4−0.2

transverse decay constants as well as the Gegenbauer moments in the two vector mesons in the

final state can also contribute to the SU(3) symmetry breaking effects significantly. In addition,

these two decay processes also differ due to the absence of the time-like penguin annihilation in

the B → φK∗ decay.

VI. SUMMARY

With the LHC era almost upon us, where apart from the decisive searches for the Higgs boson(s)

and supersymmetry (or, alternatives thereof), also dedicated studies of the B0
s -meson physics (as

well as that of the heavier b-hadrons) will be carried out. First results on the decay characteristics
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of the B0
s -mesons are already available from the Tevatron, in particular the B0

s - B0
s -mixing induced

mass difference ∆Ms, the branching ratios for the decays B0
s → K+π−, B0

s → K+K−, B0
s → φφ,

and the first direct CP asymmetry Adir
CP(B0

s → K+π−). These measurements owe themselves to

the two experiments CDF and D0; they are impressive and prove that cutting-edge B physics can

also be carried out by general purpose hadron collider experiments. At the LHC, we will have a

dedicated b-physics experiment, LHCb, but also the two main general purpose detectors ATLAS

and CMS will be able to contribute handsomely to the ongoing research in b-physics. Conceivably,

also at a Super-B factory with dedicated running at the Υ(5S)-resonance, the current experimental

databank on the Bs-meson will be greatly enlarged.

Anticipating these developments, we have presented in this work the results of a comprehensive

study of the decays B0
s → h1h2, where h1 and h2 are light (i.e., charmless) pseudo-scalar and

vector mesons. This study has been carried out in the context of the pQCD approach, taking

into account the most recent information on the CKM matrix elements and weak phases and

updating the input hadronic parameters. The decay amplitudes contain the relevant emission and

annihilation diagrams of the tree and penguin nature. Explicit formulae for all these amplitudes,

including the various pQCD-related functions, are provided in the Appendices. Numerical results

for the charge-conjugation averaged branching ratios, the direct CP asymmetries and the mixing-

induced CP-asymmetries Sf for the CP-eigenstates f , and the time-dependent observable Hf are

presented in the form of tables. In addition, for the B0
s → V V decays, we also calculate the charge-

conjugation-averaged transversity amplitudes, their relative strong phases and magnitudes. The

results for the altogether 49 B0
s → h1h2 decays include also theoretical errors coming from the

input hadronic parameters, variation of the hard scattering scale together with the uncertainty on

ΛQCD, and the combined uncertainty in the CKM matrix elements and the angles of the unitarity

triangle. For the last mentioned error, we use the recently updated results from the CKMfitter [53].

Our results are compared with the available data on the decays B0
s → h1h2 from the Tevatron,

and some selected B0
d → h1h2 decays from the B-factory experiments, updating the theoretical

calculations in the pQCD approach with our input parameters. In particular, we revisited the

well-measured direct CP asymmetry Adir
Kπ(B

0
d → K+π−), working out the parametric sensitivity of

this observable, and argued that data can be accommodated in the pQCD approach by invoking

O(α2
s) contributions, which we estimated from the existing literature. The successful predictions

of this direct CP-asymmetry in the pQCD approach is set forth with the first observed CP-

asymmetry in the decay B0
s → K+π−. This CP-asymmetry is experimentally large and is in good
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agreement with our numerical results, within the stated errors. We have also analyzed a number

of ratios of branching ratio involving the B0
s → PP and B0

d → PP decays. They include the ratios

R1 ≡ BR(B0
s→K+K−)

BR(B0
d
→π+π−)

, R2 ≡ BR(B0
s→K+K−)

BR(B0
d
→K−π+)

, and two more, called R3 and ∆, defined in Eq. (72)

and (73), respectively, which involve the decays B0
d → K−π+ and B0

s → K+π− and their charge

conjugates. Except for the ratio R1, for which the pQCD calculations presented here are on the

lower side of the data (within large errors), the others are well accounted for. We also compare

our results with the corresponding ones in the QCDF and SCET approaches. What concerns the

branching ratios, we find reasonable agreement for some topological amplitudes, but also major

disagreement, in particular for those decays which are dominated by the color-suppressed tree and

annihilation amplitudes. There are striking differences in the CP asymmetries, in particular with

the QCDF-based estimates, which will be precisely tested in the future.

Experimental precision on Bs decays will improve enormously in the coming years, thanks to

dedicated experiments at the Tevatron and LHC. Many of the decay rates and CP asymmetries

worked out here will be put to experimental scrutiny. They can be combined with the B-factory

data on the corresponding B → PP, PV, V V decays, eliminating some of the large parametric

uncertainties in theoretically well-motivated ratios to test the SM precisely in exclusive hadronic

decays. In principle, theoretical predictions presented here can be systematically improved by

including higher order perturbative corrections (in αs) and sub-leading power corrections in 1/mb.
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APPENDIX A: PQCD FUNCTIONS

In this section, we group the functions which appear in the factorization formulae.

The hard scales are chosen as

ta = max{√x3MBs
, 1/b1, 1/b3}, (A1)

t′a = max{√x1MBs
, 1/b1, 1/b3}, (A2)

tb = max{√x1x3MBs
,
√

|1 − x1 − x2|x3MBs
, 1/b1, 1/b2}, (A3)

t′b = max{√x1x3MBs
,
√

|x1 − x2|x3MBs
, 1/b1, 1/b2}, (A4)

tc = max{
√

1 − x3MBs
, 1/b2, 1/b3}, (A5)

t′c = max{√x2MBs
, 1/b2, 1/b3}, (A6)

td = max{
√

x2(1 − x3)MBs
,
√

1 − (1 − x1 − x2)x3MBs
, 1/b1, 1/b2}, (A7)

t′d = max{
√

x2(1 − x3)MBs
,
√

|x1 − x2|(1 − x3)MBs
, 1/b1, 1/b2}. (A8)

The functions h in the decay amplitudes consist of two parts: one is the jet function St(xi)

derived by the threshold re-summation[46], the other is the propagator of virtual quark and gluon.

They are defined by

he(x1, x3, b1, b3) =
[

θ(b1 − b3)I0(
√

x3MBs
b3)K0(

√
x3MBs

b1) (A9)

+θ(b3 − b1)I0(
√

x3MBs
b1)K0(

√
x3MBs

b3)
]

K0(
√

x1x3MBs
b1)St(x3),

hn(x1, x2, x3, b1, b2) = [θ(b2 − b1)K0(
√

x1x3MBs
b2)I0(

√
x1x3MBs

b1)

+θ(b1 − b2)K0(
√

x1x3MBs
b1)I0(

√
x1x3MBs

b2)]

×







iπ
2
H

(1)
0 (

√

(x2 − x1)x3MBs
b2), x1 − x2 < 0

K0(
√

(x1 − x2)x3MBs
b2), x1 − x2 > 0

, (A10)

48



ha(x2, x3, b2, b3) = (
iπ

2
)2St(x3)

[

θ(b2 − b3)H
(1)
0 (

√
x3MBs

b2)J0(
√

x3MBs
b3)

+θ(b3 − b2)H
(1)
0 (

√
x3MBs

b3)J0(
√

x3MBs
b2)

]

H
(1)
0 (

√
x2x3MBs

b2),(A11)

hna(x1, x2, x3, b1, b2) =
iπ

2

[

θ(b1 − b2)H
(1)
0 (

√

x2(1 − x3)MBs
b1)J0(

√

x2(1 − x3)MBs
b2)

+θ(b2 − b1)H
(1)
0 (

√

x2(1 − x3)MBs
b2)J0(

√

x2(1 − x3)MBs
b1)

]

×K0(
√

1 − (1 − x1 − x2)x3MBs
b1), (A12)

h′
na(x1, x2, x3, b1, b2) =

iπ

2

[

θ(b1 − b2)H
(1)
0 (

√

x2(1 − x3)MBs
b1)J0(

√

x2(1 − x3)MBs
b2)

+θ(b2 − b1)H
(1)
0 (

√

x2(1 − x3)MBs
b2)J0(

√

x2(1 − x3)MBs
b1)

]

×







iπ
2
H

(1)
0 (

√

(x2 − x1)(1 − x3)MBs
b1), x1 − x2 < 0

K0(
√

(x1 − x2)(1 − x3)MBs
b1), x1 − x2 > 0

, (A13)

where H
(1)
0 (z) = J0(z) + i Y0(z).

The St re-sums the threshold logarithms ln2 x appearing in the hard kernels to all orders and

it has been parameterized as

St(x) =
21+2cΓ(3/2 + c)√

πΓ(1 + c)
[x(1 − x)]c, (A14)

with c = 0.4. In the nonfactorizable contributions, St(x) gives a very small numerical effect to the

amplitude [47]. Therefore, we drop St(x) in hn and hna.

The evolution factors E
(′)
e and E

(′)
a entering in the expressions for the matrix elements (see

section 3) are given by

Ee(t) = αs(t) exp[−SB(t) − S3(t)], E ′
e(t) = αs(t) exp[−SB(t) − S2(t) − S3(t)]|b1=b3 ,(A15)

Ea(t) = αs(t) exp[−S2(t) − S3(t)], E ′
a(t) = αs(t) exp[−SB(t) − S2(t) − S3(t)]|b2=b3 , (A16)

in which the Sudakov exponents are defined as

SB(t) = s

(

x1
MBs√

2
, b1

)

+
5

3

∫ t

1/b1

dµ̄

µ̄
γq(αs(µ̄)), (A17)

S2(t) = s

(

x2
MBs√

2
, b2

)

+ s

(

(1 − x2)
MBs√

2
, b2

)

+ 2

∫ t

1/b2

dµ̄

µ̄
γq(αs(µ̄)), (A18)

with the quark anomalous dimension γq = −αs/π. Replacing the kinematic variables of M2 to M3

in S2, we can get the expression for S3. The explicit form for the function s(Q, b) is:

s(Q, b) =
A(1)

2β1
q̂ ln

(

q̂

b̂

)

− A(1)

2β1

(

q̂ − b̂
)

+
A(2)

4β2
1

(

q̂

b̂
− 1

)

−
[

A(2)

4β2
1

− A(1)

4β1
ln

(

e2γE−1

2

)]

ln

(

q̂

b̂

)

+
A(1)β2

4β3
1

q̂

[

ln(2q̂) + 1

q̂
− ln(2b̂) + 1

b̂

]

+
A(1)β2

8β3
1

[

ln2(2q̂) − ln2(2b̂)
]

, (A19)

49



where the variables are defined by

q̂ ≡ ln[Q/(
√

2Λ)], b̂ ≡ ln[1/(bΛ)], (A20)

and the coefficients A(i) and βi are

β1 =
33 − 2nf

12
, β2 =

153 − 19nf

24
,

A(1) =
4

3
, A(2) =

67

9
− π2

3
− 10

27
nf +

8

3
β1ln(

1

2
eγE ), (A21)

nf is the number of the quark flavors and γE is the Euler constant. We will use the one-loop

running coupling constant, i.e. we pick up the four terms in the first line of the expression for the

function s(Q, b).

APPENDIX B: ANALYTIC FORMULAE FOR THE Bs → PP DECAY AMPLITUDES

Before we give the analytic formulae for Bs → PP decays, we analyze the amplitudes in some

special cases which can simplify the formulae.

• In the non-factorizable emission diagrams, the formulae can be simplified if the emission

meson M2 is π, η or η′. Their distribution amplitudes φA(x) and φP (x) are symmetric and

φT (x) is antisymmetric under the change x → 1 − x. From Eq. (54) we can see that the

amplitude is identically zero for the (V − A)(V + A) operators; From Eq. (53) and Eq.

(55) we can see that the (V − A)(V − A) contribution is the same as the (S − P )(S + P )

contribution which can be simplified as

MLL
Bs→M3

(ai) = 32πCFM4
Bs

/
√

6

∫ 1

0

dx1dx2dx3

∫ ∞

0

b1db1b2db2φB(x1, b1)φ
A
2 (x2)

× hn(x1, x2, x3, b1, b2)
[

− x3φ
A
3 (x3) + 2r3x3φ

T
3 (x3)

]

ai(t
′
b)E

′
e(t

′
b)

= MSP
Bs→M3

(ai). (B1)

• In the annihilation factorizable diagrams, the (V −A)(V −A) and (V −A)(V +A) operators

give the same contribution, both from the vector current. If the final state mesons are

charge conjugate with each other, the (V − A)(V − A) and (V − A)(V + A) operators

give identically zero contributions due to the conservation of the vector current. Such

operators do not contribute to the Bs → Kπ decay either, in the SU(3) limit. The SU(3)

symmetry breaking, i.e. the difference in the distribution amplitudes of π and K meson, can
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induce small deviations from zero. We expect this kind of operators can not give important

contributions to the branching ratios.

• In the nonfactorizable annihilation amplitudes of B̄s → ππ, Bs → η(n̄n)η(n̄n) and

Bs → η(s̄s)η(s̄s), the (V − A)(V − A) operators and (S − P )(S + P ) operators give equal

contributions as can be seen from the factorization formulae Mann by making x2 ↔ 1 − x3.

1. The case without η(′)

Tree operator dominant decays:

A(B̄0
s → π−K+) =

GF√
2
VubV

∗
ud

{

fπF LL
Bs→K [a1] + MLL

Bs→K [C1]
}

−GF√
2
VtbV

∗
td

{

fπF LL
Bs→K [a4 + a10] + fπF

SP
Bs→K [a6 + a8]

+MLL
Bs→K [C3 + C9] + fBs

F LL
ann

[

a4 −
1

2
a10

]

+ fBs
F SP

ann

[

a6 −
1

2
a8

]

+MLL
ann

[

C3 −
1

2
C9

]

+ MLR
ann

[

C5 −
1

2
C7

]}

, (B2)

√
2A(B̄0

s → π0K0) =
GF√

2
VubV

∗
ud

{

fπF LL
Bs→K [a2] + MLL

Bs→K [C2]
}

−GF√
2
VtbV

∗
td

{

fπF
LL
Bs→K

[

−a4 −
3

2
a7 +

3

2
a9 +

1

2
a10

]

+fπF SP
Bs→K

[

−a6 +
1

2
a8

]

+ MLL
Bs→K

[

−C3 +
3

2
C8 +

1

2
C9 +

3

2
C10

]

+fBs
F SP

ann

[

−a6 +
1

2
a8

]

+ fBs
F LL

ann

[

−a4 +
1

2
a10

]

+MLL
ann

[

−C3 +
1

2
C9

]

+ MLR
ann

[

−C5 +
1

2
C7

]}

. (B3)

Pure annihilation type decays:

A(B̄0
s → π+π−) =

√
2A(B̄0

s → π0π0)

=
GF√

2
VubV

∗
usM

LL
ann [C2] −

GF√
2
VtbV

∗
tsM

LL
ann

[

2C4 + 2C6 +
1

2
C8 +

1

2
C10

]

. (B4)
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QCD penguin operator dominant decays:

A(B̄0
s → K−K+) =

GF√
2
VubV

∗
us

{

fKF LL
Bs→K [a1] + MLL

Bs→K [C1] + MLL
ann[C2]

}

−GF√
2
VtbV

∗
ts

{

fKF LL
Bs→K [a4 + a10] + fKF SP

Bs→K [a6 + a8]

+MLL
Bs→K [C3 + C9] + MLR

Bs→K [C5 + C7] + fBs
F SP

ann

[

a6 −
1

2
a8

]

+MLL
ann

[

C3 −
1

2
C9 + C4 −

1

2
C10

]

+ MLR
ann

[

C5 −
1

2
C7

]

+ MSP
ann

[

C6 −
1

2
C8

]

+
(

MLL
ann [C4 + C10] + MSP

ann [C6 + C8]
)

K−↔K+

}

, (B5)

A(B̄0
s → K̄0K0) = −GF√

2
VtbV

∗
ts

{

fKF LL
Bs→K

[

a4 −
1

2
a10

]

+ fKF SP
Bs→K

[

a6 −
1

2
a8

]

+MLL
Bs→K

[

C3 −
1

2
C9

]

+ MLR
Bs→K

[

C5 −
1

2
C7

]

+ fBs
F SP

ann

[

a6 −
1

2
a8

]

+MLL
ann

[

C3 −
1

2
C9 + C4 −

1

2
C10

]

+ MLR
ann

[

C5 −
1

2
C7

]

(B6)

+MLL
ann

[

C4 −
1

2
C10

]

K0↔K̄0

+

(

MSP
ann

[

C6 −
1

2
C8

]

+ [K0 ↔ K̄0]

) }

,

2. The case with η(′)

As discussed in the last section, we use the quark flavor basis for the mixing of η and η′. So

we divide the amplitudes into the ηn = (ūu + d̄d)/
√

2 and s̄s component.

√
2A(B̄0

s → ηnK0) =
GF√

2
VubV

∗
ud

{

fnF LL
Bs→K [a2] + MLL

Bs→K [C2]
}

−GF√
2
VtbV

∗
td

{

fnF
SP
Bs→K

[

a6 −
1

2
a8

]

+ fBs
F LL

ann

[

a4 −
1

2
a10

]

+fnF
LL
Bs→K

[

2a3 + a4 − 2a5 −
1

2
a7 +

1

2
a9 −

1

2
a10

]

+MLL
Bs→K

[

C3 + 2C4 + 2C6 +
1

2
C8 −

1

2
C9 +

1

2
C10

]

+fBs
F SP

ann

[

a6 −
1

2
a8

]

+ MLL
ann

[

C3 −
1

2
C9

]

+ MLR
ann

[

C5 −
1

2
C7

]

}

, (B7)
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A(B̄0
s → K0ηs) = −GF√

2
VtbV

∗
td

{

fsF
LL
Bs→K

[

a3 − a5 +
1

2
a7 −

1

2
a9

]

+ fKF LL
Bs→ηs

[

a4 −
1

2
a10

]

+fKF SP
Bs→ηs

[

a6 −
1

2
a8

]

+ MLL
Bs→K

[

C4 + C6 −
1

2
C8 −

1

2
C10

]

+MLL
Bs→ηs

[

C3 −
1

2
C9

]

+ MLR
Bs→ηs

[

C5 −
1

2
C7

]

+ fBs
F LL

ann

[

a4 −
1

2
a10

]

+fBs
F SP

ann

[

a6 −
1

2
a8

]

+ MLL
ann

[

C3 −
1

2
C9

]

+ MLR
ann

[

C5 −
1

2
C7

]}

. (B8)

The decay amplitudes for the physical states are then

A(B̄s → ηK0) = A(B̄0
s → ηnK

0) cos φ − A(B̄0
s → K0ηs) sin φ, (B9)

A(B̄s → η′K0) = A(B̄0
s → ηnK0) sin φ + A(B̄0

s → K0ηs) cos φ. (B10)

For B̄s → η(′)π0 the decay amplitudes are defined similarly,

A(B̄s → π0η) = A(B̄0
s → π0ηn) cos φ − A(B̄0

s → π0ηs) sin φ, (B11)

A(B̄s → π0η′) = A(B̄0
s → π0ηn) sin φ + A(B̄0

s → π0ηs) cos φ, (B12)

where

A(B̄0
s → π0ηn) =

GF√
2
VubV

∗
us

{

fBs
F LL

ann [a2] + MLL
ann[C2]

}

−GF√
2
VtbV

∗
ts

{

fBs
F LL

ann

[

3

2
a9 +

3

2
a7

]

+ MSP
ann

[

3

2
C8

]

+ MLL
ann

[

3

2
C10

]}

,(B13)

and

√
2A(B̄0

s → π0ηs) =
GF√

2
VubV

∗
us

{

fπF LL
Bs→ηs

[a2] + MLL
Bs→ηs

[C2]

}

−GF√
2
VtbV

∗
ts

{

fπF LL
Bs→ηs

[

3

2
a9 −

3

2
a7

]

+ MLL
Bs→ηs

[

3

2
C8 +

3

2
C10

]}

. (B14)
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For B̄s → η(′)η(′), we have

A(B̄0
s → ηnηn) =

GF√
2
VubV

∗
usM

LL
ann[C2] −

GF√
2
VtbV

∗
tsM

LL
ann

[

2C4 + 2C6 +
1

2
C8 +

1

2
C10

]

, (B15)

√
2A(B̄0

s → ηnηs) =
GF√

2
VubV

∗
us

{

fnF
LL
Bs→ηs

[a2] + MLL
Bs→ηs

[C2]
}

−GF√
2
VtbV

∗
ts

{

fnF LL
Bs→ηs

[

2a3 − 2a5 −
1

2
a7 +

1

2
a9

]

+MLL
Bs→ηs

[

2C4 + 2C6 +
1

2
C8 +

1

2
C10

]

}

, (B16)

A(B̄0
s → ηsηs) = −

√
2GF VtbV

∗
ts

{

fsF
LL
Bs→ηs

[

a3 + a4 − a5 +
1

2
a7 −

1

2
a9 −

1

2
a10

]

+fsF
SP
Bs→ηs

[

a6 −
1

2
a8

]

+ MLL
Bs→ηs

[

C3 + C4 + C6 −
1

2
C8 −

1

2
C9 −

1

2
C10

]

+fBs
F SP

ann

[

a6 −
1

2
a8

]

+ MLL
ann

[

C3 + C4 + C6 −
1

2
C8 −

1

2
C9 −

1

2
C10

]

}

,(B17)

The decay amplitudes for the physical states are then

√
2A(B̄s → ηη) = A(B̄0

s → ηnηn) cos2 φ + A(B̄0
s → ηsηs) sin2 φ − sin(2φ)A(B̄0

s → ηnηs),(B18)

A(B̄s → ηη′) =
[

A(B̄0
s → ηnηn) − A(B̄0

s → ηsηs)
]

cos φ sin φ + A(B̄0
s → ηnηs) cos(2φ),(B19)

√
2A(B̄s → η′η′) = A(B̄0

s → ηnηn) sin2 φ + A(B̄0
s → ηsηs) cos2 φ + sin(2φ)A(B̄0

s → ηnηs).(B20)

APPENDIX C: ANALYTIC FORMULAE FOR THE Bs → PV DECAY AMPLITUDES

1. The tree dominant decays

A(B̄0
s → π−K∗+) =

GF√
2
VubV

∗
ud

{

fπF
LL
Bs→K∗ [a1] + MLL

Bs→K∗[C1]

}

−GF√
2
VtbV

∗
td

{

fπF LL
Bs→K∗ [a4 + a10] − fπF

SP
Bs→K∗ [a6 + a8]

+MLL
Bs→K∗ [C3 + C9] + fBs

F LL
ann

[

a4 −
1

2
a10

]

− fBs
F SP

ann

[

a6 −
1

2
a8

]

+MLL
ann

[

C3 −
1

2
C9

]

− MLR
ann

[

C5 −
1

2
C7

]

}

, (C1)
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A(B̄0
s → ρ−K+) =

GF√
2
VubV

∗
ud

{

fρF
LL
Bs→K [a1] + MLL

Bs→K [C1]

}

−GF√
2
VtbV

∗
td

{

fρF
LL
Bs→K [a4 + a10] + MLL

Bs→K [C3 + C9]

+MLR
Bs→K [C5 + C7] + fBs

F LL
ann

[

a4 −
1

2
a10

]

+ fBs
F SP

ann

[

a6 −
1

2
a8

]

+MLL
ann

[

C3 −
1

2
C9

]

+ MLR
ann

[

C5 −
1

2
C7

]

}

, (C2)

√
2A(B̄0

s → π0K∗0) =
GF√

2
VubV

∗
ud

{

fπF LL
Bs→K∗ [a2] + MLL

Bs→K∗[C2]

}

−GF√
2
VtbV

∗
td

{

fπF
LL
Bs→K∗

[

−a4 −
3

2
a7 +

1

2
a10 +

3

2
a9

]

−fπF SP
Bs→K∗

[

−a6 +
1

2
a8

]

+ MLL
Bs→K∗

[

−C3 +
3

2
C8 +

1

2
C9 +

3

2
C10

]

+fBs
F LL

ann

[

−a4 +
1

2
a10

]

− fBs
F SP

ann

[

−a6 +
1

2
a8

]

+MLL
ann

[

−C3 +
1

2
C9

]

− MLR
ann

[

−C5 +
1

2
C7

]

}

, (C3)

√
2A(B̄0

s → ρ0K0) =
GF√

2
VubV

∗
ud

{

fρF
LL
Bs→K [a2] + MLL

Bs→K [C2]

}

−GF√
2
VtbV

∗
td

{

fρF
LL
Bs→K

[

−a4 +
3

2
a7 +

1

2
a10 +

3

2
a9

]

+ MLR
Bs→K

[

−C5 +
1

2
C7

]

+MLL
Bs→K

[

−C3 +
1

2
C9 +

3

2
C10

]

− MSP
Bs→K

[

3

2
C8

]

+ fBs
F LL

ann

[

−a4 +
1

2
a10

]

+fBs
F SP

ann

[

−a6 +
1

2
a8

]

+ MLL
ann

[

−C3 +
1

2
C9

]

+ MLR
ann

[

−C5 +
1

2
C7

]

}

,(C4)
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√
2A(B̄0

s → ωK0) =
GF√

2
VubV

∗
ud

{

fωF LL
Bs→K [a2] + MLL

Bs→K [C2]
}

−GF√
2
VtbV

∗
td

{

fωF LL
Bs→K

[

2a3 + a4 + 2a5 +
1

2
a7 +

1

2
a9 −

1

2
a10

]

+MLL
Bs→K

[

C3 + 2C4 −
1

2
C9 +

1

2
C10

]

+ MLR
Bs→K

[

C5 −
1

2
C7

]

−MSP
Bs→K

[

2C6 +
1

2
C8

]

+ fBs
F LL

ann

[

a4 −
1

2
a10

]

+ fBs
F SP

ann

[

a6 −
1

2
a8

]

+MLL
ann

[

C3 −
1

2
C9

]

+ MLR
ann

[

C5 −
1

2
C7

]

}

, (C5)

2. The pure annihilation type decays

A(B̄0
s → π+ρ−) =

GF√
2
VubV

∗
us

{

fBs
F LL

ann [a2] + MLL
ann[C2]

}

− GF√
2
VtbV

∗
ts

{

fBs
F LL

ann [a3 + a9]

−fBs
F LR

ann [a5 + a7] + MLL
ann [C4 + C10] − MSP

ann [C6 + C8] + [π+ ↔ ρ−]

}

, (C6)

A(B̄0
s → ρ+π−) =

GF√
2
VubV

∗
us

{

fBs
F LL

ann [a2] + MLL
ann[C2]

}

− GF√
2
VtbV

∗
ts

{

fBs
F LL

ann [a3 + a9]

−fBs
F LR

ann [a5 + a7] + MLL
ann [C4 + C10] − MSP

ann [C6 + C8] + [ρ+ ↔ π−]

}

, (C7)

2A(B̄0
s → π0ρ0) = A(B̄0

s → π+ρ−) + A(B̄0
s → ρ+π−), (C8)

2A(B̄0
s → π0ω) =

GF√
2
VubV

∗
us

{

MLL
ann[C2]

}

− GF√
2
VtbV

∗
ts

{

MLL
ann

[

3

2
C10

]

− MSP
ann

[

3

2
C8

]

+ [π0 ↔ ω]

}

.(C9)
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3. The QCD penguin dominant decays

A(B̄0
s → K−K∗+) =

GF√
2
VubV

∗
us

{

fKF LL
Bs→K∗ [a1] + MLL

Bs→K∗[C1] + fBs
F LL

ann [a2] + MLL
ann[C2]

}

−GF√
2
VtbV

∗
ts

{

fKF LL
Bs→K∗ [a4 + a10] − fKF SP

Bs→K∗ [a6 + a8]

+MLL
Bs→K∗ [C3 + C9] + fBF LL

ann

[

a3 + a4 − a5 +
1

2
a7 −

1

2
a9 −

1

2
a10

]

−MLR
ann

[

C5 −
1

2
C7

]

+ fBs
F LL

ann [a3 − a5 − a7 + a9]K∗↔K

−MLR
Bs→K∗ [C5 + C7] − fBs

F SP
ann

[

a6 −
1

2
a8

]

+MLL
ann

[

C3 −
1

2
C9 + C4 −

1

2
C10

]

− MSP
ann

[

C6 −
1

2
C8

]

+MLL
ann [C4 + C10]K∗↔K − MSP

ann [C6 + C8]K∗↔K

}

, (C10)

A(B̄0
s → K∗−K+) =

GF√
2
VubV

∗
us

{

fK∗F LL
Bs→K [a1] + MLL

Bs→K∗[C1] + fBs
F LL

ann [a2] + MLL
ann[C2]

}

−GF√
2
VtbV

∗
ts

{

fK∗F LL
Bs→K [a4 + a10] + MLL

Bs→K [C3 + C9] + MLR
Bs→K [C5 + C7]

+fBF LL
ann

[

a3 + a4 − a5 +
1

2
a7 −

1

2
a9 −

1

2
a10

]

+ fBs
F SP

ann

[

a6 −
1

2
a8

]

+fBs
F LL

ann [a3 − a5 − a7 + a9]K∗↔K + MLR
ann

[

C5 −
1

2
C7

]

+MLL
ann

[

C3 −
1

2
C9 + C4 −

1

2
C10

]

− MSP
ann

[

C6 −
1

2
C8

]

+MLL
ann [C4 + C10]K∗↔K − MSP

ann [C6 + C8]K∗↔K

}

, (C11)
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A(B̄0
s → K̄0K∗0) = −GF√

2
VtbV

∗
ts

{

fKF LL
Bs→K∗

[

a4 −
1

2
a10

]

− fKF SP
Bs→K∗

[

a6 −
1

2
a8

]

+MLL
Bs→K∗

[

C3 −
1

2
C9

]

+ fBs
F LL

ann

[

a3 + a4 − a5 +
1

2
a7 −

1

2
a9 −

1

2
a10

]

−MLR
Bs→K∗

[

C5 −
1

2
C7

]

− fBs
F SP

ann

[

a6 −
1

2
a8

]

+MLL
ann

[

C3 −
1

2
C9 + C4 −

1

2
C10

]

+ MLL
ann

[

C4 −
1

2
C10

]

K∗↔K

−MLR
ann

[

C5 −
1

2
C7

]

−
(

MSP
ann

[

C6 −
1

2
C8

]

+ [K∗ ↔ K]

)

+fBs
F LL

ann

[

a3 − a5 +
1

2
a7 −

1

2
a9

]

K∗↔K

}

, (C12)

A(B̄0
s → K̄∗0K0) = −GF√

2
VtbV

∗
ts

{

fK∗F LL
Bs→K

[

a4 −
1

2
a10

]

+ MLL
Bs→K

[

C3 −
1

2
C9

]

+MLR
Bs→K

[

C5 −
1

2
C7

]

+ fBs
F LL

ann

[

a3 + a4 − a5 +
1

2
a7 −

1

2
a9 −

1

2
a10

]

+fBs
F SP

ann

[

a6 −
1

2
a8

]

+ MLL
ann

[

C3 −
1

2
C9 + C4 −

1

2
C10

]

+MLR
ann

[

C5 −
1

2
C7

]

−
(

MSP
ann

[

C6 −
1

2
C8

]

+ [K∗ ↔ K]

)

(C13)

+fBs
F LL

ann

[

a3 − a5 +
1

2
a7 −

1

2
a9

]

K∗↔K

+ MLL
ann

[

C4 −
1

2
C10

]

K∗↔K

}

.

A(B̄0
s → K0φ) = −GF√

2
VtbV

∗
td

{

fφF
LL
Bs→K

[

a3 + a5 −
1

2
a7 −

1

2
a9

]

+ fKF LL
Bs→φ

[

a4 −
1

2
a10

]

−fKF SP
Bs→φ

[

a6 −
1

2
a8

]

+ MLL
Bs→K

[

C4 −
1

2
C10

]

+ MLL
Bs→φ

[

C3 −
1

2
C9

]

−MSP
Bs→K

[

C6 −
1

2
C8

]

− MLR
Bs→φ

[

C5 −
1

2
C7

]

+ fBs
F LL

ann

[

a4 −
1

2
a10

]

−fBs
F SP

ann

[

a6 −
1

2
a8

]

+ MLL
ann

[

C3 −
1

2
C9

]

− MLR
ann

[

C5 −
1

2
C7

] }

. (C14)
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4. The Electroweak penguin dominant decays

√
2A(B̄0

s → π0φ) =
GF√

2
VubV

∗
us

{

fπF
LL
Bs→φ[a2] + MLL

Bs→φ[C2]

}

−GF√
2
VtbV

∗
ts

{

fπF LL
Bs→φ

[

3

2
a9 −

3

2
a7

]

+ MLL
Bs→φ

[

3

2
C8 +

3

2
C10

]

}

. (C15)

5. The decays involving η and η′

√
2A(B̄0

s → ηnK∗0) =
GF√

2
VubV

∗
ud

{

fnF LL
Bs→K∗ [a2] + MLL

Bs→K∗[C2]
}

−GF√
2
VtbV

∗
td

{

fnF LL
Bs→K∗

[

2a3 + a4 − 2a5 −
1

2
a7 +

1

2
a9 −

1

2
a10

]

−fnF SP
Bs→K∗

[

a6 −
1

2
a8

]

+ MLL
Bs→K∗

[

C3 + 2C4 −
1

2
C9 +

1

2
C10

]

+MSP
Bs→K∗

[

2C6 +
1

2
C8

]

+ fBs
F LL

ann

[

a4 −
1

2
a10

]

+ fBs
F SP

ann

[

a6 −
1

2
a8

]

+MLL
ann

[

C3 −
1

2
C9

]

+ MLR
ann

[

C5 −
1

2
C7

]

}

, (C16)

A(B̄0
s → K∗0ηs) = −GF√

2
VtbV

∗
td

{

fsF
LL
Bs→K∗

[

a3 − a5 +
1

2
a7 −

1

2
a9

]

+ fK∗F LL
Bs→ηs

[

a4 −
1

2
a10

]

+MLL
Bs→K∗

[

C4 −
1

2
C10

]

+ MLL
Bs→ηs

[

C3 −
1

2
C9

]

+MSP
Bs→K∗

[

C6 −
1

2
C8

]

+ MLR
Bs→ηs

[

C5 −
1

2
C7

]

+ fBs
F LL

ann

[

a4 −
1

2
a10

]

+fBs
F SP

ann

[

a6 −
1

2
a8

]

+ MLL
ann

[

C3 −
1

2
C9

]

+ MLR
ann

[

C5 −
1

2
C7

]}

. (C17)

The decay amplitudes for the physical states are then

A(B̄s → ηK∗0) = A(B̄0
s → ηnK∗0) cosφ − A(B̄0

s → ηsK
∗0) sin φ, (C18)

A(B̄s → η′K∗0) = A(B̄0
s → ηnK∗0) sin φ + A(B̄0

s → ηsK
∗0) cos φ. (C19)

For B̄s → η(′)ρ0 the decay amplitudes are defined similarly,

A(B̄s → ρ0η) = A(B̄0
s → ρ0ηn) cos φ − A(B̄0

s → ρ0ηs) sinφ, (C20)

A(B̄s → ρ0η′) = A(B̄0
s → ρ0ηn) sin φ + A(B̄0

s → ρ0ηs) cos φ, (C21)
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where

2A(B̄0
s → ρ0ηn) = −GF√

2
VtbV

∗
ts

{

fBs
F LL

ann

[

3

2
a9 −

3

2
a7

]

+ MLL
ann

[

3

2
C10

]

− MSP
ann

[

3

2
C8

]

}

+
GF√

2
VubV

∗
us

{

fBs
F LL

ann [a2] + MLL
ann[C2]

}

+
[

ρ0 ↔ ηn

]

, (C22)

and

√
2A(B̄0

s → ρ0ηs) =
GF√

2
VubV

∗
us

{

fρF
LL
Bs→ηs

[a2] + MLL
Bs→ηs

[C2]

}

(C23)

−GF√
2
VtbV

∗
ts

{

fρF
LL
Bs→ηs

[

3

2
a7 +

3

2
a9

]

+ MLL
Bs→ηs

[

3

2
C10

]

− MSP
Bs→ηs

[

3

2
C8

]

}

.

For decays B̄s → η(′)ω, we have

2A(B̄0
s → ηnω) =

GF√
2
VubV

∗
us

{

fBs
F LL

ann [a2] + MLL
ann[C2]

}

−GF√
2
VtbV

∗
ts

{

MLL
ann

[

2C4 +
1

2
C10

]

− MSP
ann

[

2C6 +
1

2
C8

]

+fBs
F LL

ann

[

2a3 − 2a5 −
1

2
a7 +

1

2
a9

]

}

+ [ηn ↔ ω], (C24)

√
2A(B̄0

s → ωηs) =
GF√

2
VubV

∗
us

{

fωF LL
Bs→ηs

[a2] + MLL
Bs→ηs

[C2]

}

−GF√
2
VtbV

∗
ts

{

fωF LL
Bs→ηs

[

2a3 + 2a5 +
1

2
a7 +

1

2
a9

]

+MLL
Bs→ηs

[

2C4 +
1

2
C10

]

− MSP
Bs→ηs

[

2C6 +
1

2
C8

]

}

. (C25)

And the decay amplitudes for physical states are

A(B̄s → ηω) = A(B̄0
s → ηnω) cosφ − A(B̄0

s → ωηs) sin φ, (C26)

A(B̄s → η′ω) = A(B̄0
s → ηnω) sinφ + A(B̄0

s → ωηs) cos φ. (C27)
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For decays B̄s → ηφ, we have

√
2A(B̄0

s → ηnφ) =
GF√

2
VubV

∗
us

{

fnF LL
Bs→φ [a2] + MLL

Bs→φ [C2]

}

−GF√
2
VtbV

∗
ts

{

fnF LL
Bs→φ

[

2a3 − 2a5 −
1

2
a7 +

1

2
a9

]

+MLL
Bs→φ

[

2C4 +
1

2
C10

]

+ MSP
Bs→φ

[

2C6 +
1

2
C8

]

}

, (C28)

A(B̄0
s → ηsφ) = −GF√

2
VtbV

∗
ts

{

fsF
LL
Bs→φ

[

a3 + a4 − a5 +
1

2
a7 −

1

2
a9 −

1

2
a10

]

−fsF
SP
Bs→φ

[

a6 −
1

2
a8

]

+ MLL
Bs→φ

[

C3 + C4 −
1

2
C9 −

1

2
C10

]

+MSP
Bs→φ

[

C6 −
1

2
C8

]

+ fBs
F LL

ann

[

a3 + a4 − a5 +
1

2
a7 −

1

2
a9 −

1

2
a10

]

+MLL
ann

[

C3 + C4 −
1

2
C9 −

1

2
C10

]

− fBs
F SP

ann

[

a6 −
1

2
a8

]

−MLR
ann

[

C5 −
1

2
C7

]

− MSP
ann

[

C6 −
1

2
C8

]

}

+ [ηs ↔ φ]. (C29)

And the decay amplitudes for physical states are

A(B̄s → ηφ) = A(B̄0
s → ηnφ) cos φ − A(B̄0

s → ηsφ) sinφ, (C30)

A(B̄s → η′φ) = A(B̄0
s → ηnφ) sin φ + A(B̄0

s → ηsφ) cos φ. (C31)

APPENDIX D: ANALYTIC FORMULAE FOR THE Bs → V V DECAY AMPLITUDES

There are three kinds of polarizations in the Bs meson decays to two vector final states, namely:

Longitudinal (L), parallel (N) and transverse (T). The decay amplitudes are classified accordingly,

with i = L, N, T .
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1. Tree dominant decays

Ai(B̄0
s → ρ−K∗+) =

GF√
2
VubV

∗
ud

{

fρF
LL,i
Bs→K∗ [a1] + MLL,i

Bs→K∗[C1]
}

−GF√
2
VtbV

∗
td

{

fρF
LL,i
Bs→K∗ [a4 + a10]

+MLL,i
Bs→K∗ [C3 + C9] − MLR,i

Bs→K∗ [C5 + C7]

+fBs
F LL,i

ann

[

a4 −
1

2
a10

]

− fBs
F SP,i

ann

[

a6 −
1

2
a8

]

+MLL,i
ann

[

C3 −
1

2
C9

]

− MLR,i
ann

[

C5 −
1

2
C7

]}

, (D1)

√
2Ai(B̄0

s → ρ0K∗0) =
GF√

2
VubV

∗
ud

{

fρF
LL,i
Bs→K∗ [a2] + MLL,i

Bs→K∗[C2]
}

+
GF√

2
VtbV

∗
td

{

fρF
LL,i
Bs→K∗

[

−a4 +
3

2
a7 +

3

2
a9 +

1

2
a10

]

− MLR,i
Bs→K∗

[

−C5 +
1

2
C7

]

+MLL,i
Bs→K∗

[

−C3 +
1

2
C9 +

3

2
C10

]

− MSP,i
Bs→K∗

[

3

2
C8

]

+fBs
F LL,i

ann

[

−a4 +
1

2
a10

]

− fBs
F SP,i

ann

[

−a6 +
1

2
a8

]

+MLL,i
ann

[

−C3 +
1

2
C9

]

− MLR,i
ann

[

−C5 +
1

2
C7

]}

, (D2)

√
2Ai(B̄0

s → ωK∗0) =
GF√

2
VubV

∗
ud

{

fωF LL,i
Bs→K∗ [a2] + MLL,i

Bs→K∗[C2]
}

−GF√
2
VtbV

∗
td

{

fωF LL,i
Bs→K∗

[

2a3 + a4 + 2a5 +
1

2
a7 +

1

2
a9 −

1

2
a10

]

+MLL,i
Bs→K∗

[

C3 + 2C4 −
1

2
C9 +

1

2
C10

]

−MLR,i
Bs→K∗

[

C5 −
1

2
C7

]

− MSP,i
Bs→K∗

[

2C6 +
1

2
C8

]

+fBs
F LL,i

ann

[

a4 −
1

2
a10

]

− fBs
F SP,i

ann

[

a6 −
1

2
a8

]

+MLL,i
ann

[

C3 −
1

2
C9

]

− MLR,i
ann

[

C5 −
1

2
C7

]}

. (D3)
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2. Pure annihilation type decays

Ai(B̄0
s → ρ+ρ−) =

GF√
2
VubV

∗
us

{

fBs
F LL,i

ann [a2] + MLL,i
ann [C2]

}

−GF√
2
VtbV

∗
ts

{

fBs
F LL,i

ann

[

2a3 +
1

2
a9

]

+ fBs
F LR,i

ann

[

2a5 +
1

2
a7

]

+MLL,i
ann

[

2C4 +
1

2
C10

]

+ MSP,i
ann

[

2C6 +
1

2
C8

]}

, (D4)

√
2Ai(B̄0

s → ρ0ρ0) =
GF√

2
VubV

∗
us

{

fBs
F LL,i

ann [a2] + MLL,i
ann [C2]

}

−GF√
2
VtbV

∗
ts

{

fBs
F LL,i

ann

[

2a3 +
1

2
a9

]

+ fBs
F LR,i

ann

[

2a5 +
1

2
a7

]

+MLL,i
ann

[

2C4 +
1

2
C10

]

+ MSP,i
ann

[

2C6 +
1

2
C8

]}

, (D5)

√
2Ai(B̄0

s → ωω) =
GF√

2
VubV

∗
us

{

fBs
F LL,i

ann [a2] + MLL,i
ann [C2]

}

−GF√
2
VtbV

∗
ts

{

fBs
F LL,i

ann

[

2a3 +
1

2
a9

]

+ fBs
F LR,i

ann

[

2a5 +
1

2
a7

]

+MLL,i
ann

[

2C4 +
1

2
C10

]

+ MSP,i
ann

[

2C6 +
1

2
C8

]

}

, (D6)

2Ai(B̄0
s → ρ0ω) =

GF√
2
VubV

∗
us

{

fBs
F LL,i

ann [a2] + MLL,i
ann [C2]

}

− GF√
2
VtbV

∗
ts

{

fBs
F LL,i

ann

[

3

2
a9

]

+fBs
F LR,i

ann

[

3

2
a7

]

+ MLL,i
ann

[

3

2
C10

]

+ MSP,i
ann

[

3

2
C8

]

}

+
[

ρ0 ↔ ω
]

. (D7)
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3. QCD penguin dominant decays

Ai(B̄0
s → K∗−K∗+) =

GF√
2
VubV

∗
us

{

fK∗F LL,i
Bs→K∗ [a1] + MLL,i

Bs→K∗[C1] + fBs
F LL,i

ann [a2]

+MLL,i
ann [C2]

}

− GF√
2
VtbV

∗
ts

{

fK∗F LL,i
Bs→K∗ [a4 + a10]

+MLL,i
Bs→K∗ [C3 + C9] − MLR,i

Bs→K [C5 + C7]

+fBs
F LL,i

ann

[

a3 + a4 −
1

2
a9 −

1

2
a10

]

+ fBs
F LR,i

ann

[

a5 −
1

2
a7

]

−fBs
F SP,i

ann

[

a6 −
1

2
a8

]

+ MLL,i
ann

[

C3 −
1

2
C9 + C4 −

1

2
C10

]

−MLR,i
ann

[

C5 −
1

2
C7

]

+ MSP,i
ann

[

C6 −
1

2
C8

]

+
(

fBs
F LL,i

ann [a3 + a9] + fBs
F LR,i

ann [a5 + a7]

+MLL,i
ann [C4 + C10] + MSP,i

ann [C6 + C8]
)

K∗−↔K∗+

}

, (D8)
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Ai(B̄0
s → K̄∗0K∗0) = −GF√

2
VtbV

∗
ts

{

fK∗F LL,i
Bs→K∗

[

a4 −
1

2
a10

]

+ MLL,i
Bs→K∗

[

C3 −
1

2
C9

]

−MLR,i
Bs→K∗

[

C5 −
1

2
C7

]

+ fBs
F LL,i

ann

[

a3 + a4 −
1

2
a9 −

1

2
a10

]

−fBs
F SP,i

ann

[

a6 −
1

2
a8

]

+ MLL,i
ann

[

C3 −
1

2
C9 + C4 −

1

2
C10

]

−MLR,i
ann

[

C5 −
1

2
C7

]

+ MSP,i
ann

[

C6 −
1

2
C8

]

+

(

fBs
F LL,i

ann

[

a3 −
1

2
a9

]

+ fBs
F LR,i

ann

[

a5 −
1

2
a7

])

K∗0↔K̄∗0

+

(

MLL,i
ann

[

C4 −
1

2
C10

]

+ MSP,i
ann

[

C6 −
1

2
C8

])

K∗0↔K̄∗0

}

, (D9)

Ai(B̄0
s → K∗0φ) = −GF√

2
VtbV

∗
td

{

fφF
LL,i
Bs→K∗

[

a3 + a5 −
1

2
a7 −

1

2
a9

]

+ fK∗F LL,i
Bs→φ

[

a4 −
1

2
a10

]

+MLL,i
Bs→K∗

[

C4 −
1

2
C10

]

+ MLL,i
Bs→φ

[

C3 −
1

2
C9

]

− MSP,i
Bs→K∗

[

C6 −
1

2
C8

]

−MLR,i
Bs→φ

[

C5 −
1

2
C7

]

+ fBs
F LL,i

ann

[

a4 −
1

2
a10

]

− fBs
F SP,i

ann

[

a6 −
1

2
a8

]

+MLL,i
ann

[

C3 −
1

2
C9

]

− MLR,i
ann

[

C5 −
1

2
C7

] }

. (D10)

√
2Ai(B̄0

s → ωφ) =
GF√

2
VubV

∗
us

{

fωF LL,i
Bs→φ [a2] + MLL,i

Bs→φ [C2]

}

−GF√
2
VtbV

∗
ts

{

fωF LL,i
Bs→φ

[

2a3 + 2a5 +
1

2
a7 +

1

2
a9

]

+MLL,i
Bs→φ

[

2C4 +
1

2
C10

]

− MSP,i
Bs→φ

[

2C6 +
1

2
C8

]

}

, (D11)

√
2Ai(B̄0

s → φφ) = −2GF√
2

VtbV
∗
ts

{

fφF
LL,i
Bs→φ

[

a3 + a4 + a5 −
1

2
a7 −

1

2
a9 −

1

2
a10

]

+MLL,i
Bs→φ

[

C3 + C4 −
1

2
C9 −

1

2
C10

]

− MLR,i
Bs→φ

[

C5 −
1

2
C7

]

−MSP,i
Bs→φ

[

C6 −
1

2
C8

]

+ fBs
F LL,i

ann

[

a3 + a4 −
1

2
a9 −

1

2
a10

]

+fBs
F LR,i

ann

[

a5 −
1

2
a7

]

− fBs
F SP,i

ann

[

a6 −
1

2
a8

]

− MLR,i
ann

[

C5 −
1

2
C7

]

+MLL,i
ann

[

C3 + C4 −
1

2
C9 −

1

2
C10

]

+ MSP,i
ann

[

C6 −
1

2
C8

]

}

. (D12)
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4. Electroweak penguin dominant decays

√
2Ai(B̄0

s → ρ0φ) =
GF√

2
VubV

∗
us

{

fρF
LL,i
Bs→φ [a2] + MLL,i

Bs→φ [C2]

}

−GF√
2
VtbV

∗
ts

{

fρF
LL,i
Bs→φ

[

3

2
(a9 + a7)

]

+ MLL,i
Bs→φ

[

3

2
C10

]

− MSP,i
Bs→φ

[

3

2
C8

]

}

.

(D13)
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