arXiv:1304.7438v1 [hep-ph] 28 Apr 2013

Flavor dependence of annihilation parameters in QCD factorization

Kai Wang^∗ and Guohuai Zhu^† Zhejiang Institute of Modern Physics and Department of Physics, Zhejiang University, Hangzhou, Zhejiang 310027, CHINA

Abstract

For B_{d,s} → π^∓K^± and K^{(∗)}K^{(∗)} decays, the flavor symmetry breaking effects may be particularly small since the final state interactions should be the same between the corresponding B_d and B_s decays due to the charge conjugation symmetry of the final states. This is consistent with the newly measured direct CP asymmetry of B_s → π^+K^−. These decays are thus supposed to be important in testing the Standard Model and in probing new physics effects. However, the observation of pure annihilation decay B_s → π^+π^− appears to imply a large annihilation scenario with ρ_A ∼ 3, in contrast to the case of ρ_A ∼ 1 in B_{u,d} decays in the framework of QCD factorization. This seems to indicate unexpectedly large flavor symmetry breaking effects between the annihilation amplitudes of B_s and B_{u,d} decays. This apparent contradiction could be resolved by noticing that there is a priori no reason to justify the common practice of assuming the universality of annihilation parameters for different Dirac structures of effective operators. We then argue that, for B_{d,s} → π^∓K^± decays, the flavor symmetry breaking effects of annihilation amplitudes have all been included in the initial state decay constants and are thus small. But the flavor symmetry breaking effects in B_{d,s} → K^{(∗)}K^{(∗)} decays are likely to be much larger, as part of the annihilation topologies of B_s → KK decay could be related to B_s → π^+π^− decay. Therefore when new physics effects are searched for in these decay channels, care must be taken to consider the potentially large flavor symmetry breaking effects in more details.

∗ wangkai1@zju.edu.cn † zhugh@zju.edu.cn

I. INTRODUCTION

Charmless hadronic B decays, and in particular their CP asymmetries, are very sensitive to new physics since the decay amplitudes are either highly Cabibbo-suppressed or loop suppressed in the Standard Model (SM). However, it is notoriously difficult to calculate the amplitudes of hadronic B decays reliably, due to non-perturbative QCD interactions. These amplitudes are usually evaluated using factorization methods, which however are only valid to the leading order of power expansion in 1/m_b. To go beyond the leading power, model dependence may enter. Therefore, in many cases, it is hard to distinguish new physics signal from the SM backgrounds. For example, the difference of direct CP asymmetries for B^0 → π^−K^+ and B^+ → π^0K^+ is observed to be −0.126±0.022 [1], which is unexpectedly large since it would vanish in the limit of isospin symmetry. This so-called B → Kπ CP puzzle, as first discovered by the Belle collaboration [2], might imply new physics in the electroweak penguin sector which violates isospin symmetry. However, a mundane explanation of large color-suppressed tree amplitude due to non-perturbative QCD is at least equally possible (see, for example, [3] and references therein).

Flavor symmetry is a powerful tool in heavy flavor physics. Generally, SU(3) flavor symmetry may receive large corrections at about 20% level, except isospin which is a good symmetry at a few percent level. But the flavor symmetry breaking effects could be much smaller in some cases. For example, Lipkin [4] noticed that, for B_{d,s} → π^∓K^± decays, the U-spin (d ↔ s) symmetry breaking effects should be unusually small since the strong phases from final state interactions are exactly the same due to the charge conjugation symmetry of the final states. Therefore it could be a robust test of the SM vs New Physics to check the relation between the direct CP asymmetries of these two decay channels. Interestingly, direct CP asymmetry of B_s → π^+K^− has been measured very recently by the LHCb collaboration to be 0.27 ± 0.04 ± 0.01 [5], which is the first observation of CP violation in B_s decays. This measurement is consistent with the SM relation between direct CP asymmetries of B_{d,s} → π^∓K^± decays. It has also been shown that, by a combined use of flavor symmetries and factorization method, B_{d,s} → K^{(∗)}K^{(∗)} decays [6–12] may play an important role in testing the SM and in probing new physics effects.

However, as we will see in the following, recent measurements on pure annihilation decays B_s → π^+π^− and B_d → K^+K^− may indicate significant violation of flavor symmetry in B_{d,s} decays, at least for the annihilation amplitudes. The first evidence of B_s → π^+π^− decay was reported by the CDF collaboration [13] to be

B(B_s → π^+π^−) = (0.57 ± 0.15 ± 0.10) × 10^{−6} , (1)

where the first errors are statistical and the second systematic. It was soon confirmed by the LHCb collaboration with 0.37 fb^{−1} data [14] as

B(B_s → π^+π^−) = (0.95^{+0.21}_{−0.17} ± 0.13) × 10^{−6} . (2)

The average of the above measurements gives (0.73±0.14)×10^{−6} [1]. One expects the branching ratio of B_d → K^+K^− should not be very different from that of B_s → π^+π^− as they can be related to each other by U-spin symmetry. But the experimental efforts of the CDF and LHCb collaborations reveals a surprisingly small result [1]

B(B_d → K^+K^−) = (0.12 ± 0.06) × 10^{−6} , (3)

which is several times smaller than the branching ratio of B_s → π^+π^− and may imply unexpectedly large flavor symmetry breaking effects. As better understanding on the flavor symmetry breaking is crucial to separate new physics signal from the SM contributions, we will reinvestigate the flavor symmetry breaking effects in annihilation amplitudes, which is important for charmless hadronic B decays.

The potential importance of weak annihilation amplitudes was noticed first in [15–17] for charmless B decays and was predicted in perturbative QCD method in [18–20]. Although being formally power suppressed in Λ_{QCD}/m_b in QCD factorization method (QCDF) [21–24], weak annihilation contributions are supposed to be important, together with the chirally-enhanced power corrections, to account for the large branching ratios and CP asymmetries of penguin-dominated B decays. In soft collinear effective theory [25–27], it was argued in [28, 29] that annihilation contributions are factorizable and may not be significant numerically in charmless B decays. Inspired by the experimental progress, there are some theoretical interest [30–33] recently in these pure annihilation decays. The authors of [31] calculated B_s → π^+π^− and B_d → K^+K^− decays in perturbative QCD method with the results to be in agreement with the experimental data. Refs. [30, 32] investigated these channels, together with other charmless hadronic B decays, in QCDF and found that SU(3) breaking effects should be taken into account for annihilation parameters. In addition, a large annihilation scenario seems to be favored in B_s decays. While the authors of [33] discussed the possibility that these decays can also be generated by rescattering from processes such as color-favored tree amplitudes.

FIG. 1. Annihilation contributions at leading order of α_s.

This paper is organized as follows. In the next section, we shall discuss in detail the possible flavor dependence of annihilation parameters for charmless B decays to two light pseudoscalar mesons in QCDF method. We then conclude with a summary in section III.

II. ANNIHILATION AMPLITUDES IN QCD FACTORIZATION

We first briefly review the annihilation amplitudes of B → P P decays in QCDF method, one may refer to [23, 24] for the details. The effective Hamiltonian of ΔB = 1 can be expressed as H_{eff} = G_F √ 2 10∑ i=1 ∑ p=u,c λ_{pq}C_i(μ)Q^q_i (μ) , (4)

where λ_{pq} = V^∗_{pb}V_{pq} (q = d or s) is a CKM factor, C_i(μ) is the Wilson coefficient which is perturbatively calculable from first principles. The four-quark effective operators Q^q_{1,2}, Q^q_{3,...,6} and Q^q_{7,...,10} are tree level, QCD penguin and electroweak penguin operators, respectively. These effective operators can contribute to the annihilation amplitudes, as shown in Fig. 1. The basic build blocks for pseudoscalar final states may be simplified by taking asymptotic light-cone distribution amplitudes and the approximation r^π_χ ≃ r^K_χ ≡ r_χ

A^i_1 ≃ A^i_2 ≃ 2πα_s ( 9(X_A − 4 + π^2/3) + r^2_χX^2_A ) , A^i_3 ≃ 0 , A^f_1 = A^f_2 = 0 , A^f_3 ≃ 12πα_sr_χ(2X^2_A − X_A) . (5)

In the first (last) two diagrams of Fig. 1, the gluon is emitted from the initial (final) quarks. Correspondingly, their contributions to the basic building blocks are labeled by the superscript ‘i’ (‘f’). The subscripts 1,2,3 of A^{i,f}_k denote the different Dirac structure of the four-quark operators as (V − A)(V − A), (V − A)(V + A) and (S − P )(S + P ), respectively. The ratio r_χ is defined by r_χ = 2m^2_K /(m_b(m_q + m_s)) with m_q the average of the up and down quark masses. X_A parameterizes the endpoint singularity as

X_A = ln m_B 0.5GeV ( 1 + ρ_Ae^{iϕA} ) . (6)

Notice that ϕ_A is an arbitrary strong phase and normally ρ_A ∼ 1 is assumed, which reflects our ignorance on the annihilation amplitudes dominated by the soft gluon interaction. In principle, X_A may vary not only for different initial and final states but also for different Dirac structure of the effective operators. Since different initial and final states can be related to each other by flavor symmetry, the annihilation parameters ρ_A and ϕ_A should only vary mildly for different decay channels. However, there is no a priori reason for the annihilation parameters to be the same for A^{i,f}_k with different subscript, though in practice they were taken to be universal for simplicity. As we shall see in the following, current experimental data may indicate that a universal set of annihilation parameters for A^i_1, A^i_2 and A^f_3 are disfavored.

It is convenient to define further the annihilation coefficients b’s as

b_1 = C_F N^2_c

C_1A^i_1 , b_3 = C_F N^2_c [ C_3A^i_1 + (C_5 + N_cC_6)A^f_3 ] , b_2 = C_F N^2_c

C_2A^i_1 , b_4 = C_F N^2_c [ C_4A^i_1 + C_6A^i_2 ] , b_{3,EW} = C_F N^2_c [ C_9A^i_1 + (C_7 + N_cC_8)A^f_3 ] , b_{4,EW} = C_F N^2_c [ C_{10}A^i_1 + C_8A^i_2 ] . (7)

Numerically, b_{3,EW} and b_{4,EW} are negligible due to small Wilson coefficients. For the rest of b’s, only b_3 contains A^f_3 term, which is actually a dominant one if the magnitude of A^i_1 are not much larger than that of A^f_3 . This is a key observation for our later analysis.

As discussed in [30, 32], the recent experimental measurements have revealed that the scenario of universal annihilation parameters for all B → P P decays is in somewhat disagreement with pure annihilation decays B_s → π^+π^− and B_d → K^+K^−. This point can be seen clearly in Fig. 2, where there is no overlap between the regions of annihilation parameters favored by these two decays.

To draw Fig. 2, we have taken the following input parameters [34]

f_{Bs} = 230 MeV , f_B = 190 MeV , m_b(m_b) = 4.2 GeV , m_s(2 GeV) = 95 MeV , (8)

and the Wolfenstein parameters [35]

A = 0.812 , λ = 0.2254 , ρ̄ = 0.144 , η̄ = 0.342 . (9)

It is then straightforward to evaluate the decay amplitudes of B_s → π^+π^− and B_d → K^+K^−,

FIG. 2. Contour plot of the branching ratios of B_s → π^+π^− and B_d → K^+K^− decays as functions of the annihilation parameters ρ_A and ϕ_A. The solid lines represent the experimental central values and the grey regions correspond to one sigma contour.

which can be expressed in QCDF as [24]^1

A(B_s → π^+π^−) = B^s_{ππ} ( V^∗_{ub}V_{us} [ b_1 + 2b_4 + 1 2 b_{4,EW} ] + V^∗_{cb}V_{cs} [ 2b_4 + 1 2 b_{4,EW} ])

A(B_d → K^+K^−) = B^d_{KK} ( V^∗_{ub}V_{ud} [ b_1 + 2b_4 + 1 2 b_{4,EW} ] + V^∗_{cb}V_{cd} [ 2b_4 + 1 2 b_{4,EW} ]) (10) with B^s_{ππ} = i G_F √ 2 f_{Bs} f_πf_π , B^d_{KK} = i G_F √ 2 f_B f_K f_K . (11) Considering the SU(3) flavor symmetry breaking, it is not a surprise at all that the scenario of universal annihilation parameters does not work. Actually, it has long been assumed (see, for example, Refs [3, 24, 38]) that the annihilation parameters are slightly different between B_{u,d} and B_s decays. Following this assumption, the annihilation parameters have been carefully studied in [32], which implied large annihilation corrections of ρ_A ∼ 3 for B_s decays, in contrast to the case of ρ_A ≃ 1 widely used before. Very recently, first observation of direct CP violation in charmless Bs decays, A_{CP} (B_s → π^+K^−), has been reported by LHCb [5] to be 0.27±0.04(stat)±

1 It has been pointed out in [36, 37] that a correction factor due to sizable decay width difference in B_s system has to be included when the experimentally measured branching ratios are compared to the theoretical branching ratios. For flavor-specific decay such as B_s → π^+K^−, the correction factor is about 1% and can be neglected. But for the cases of B_s → π^+π^−, K^+K^−, the correction factor could be as large as up to 10%. However more experimental information such as time-dependent analysis is required to determine the correction factor, so we shall not consider this effect in the following. 6

FIG. 3. Contour plot of the branching ratios of B_s → π^+π^−, π^+K^−, K^+K^− decays and direct CP asymmetry of B_s → π^+K^− as functions of the annihilation parameters ρ_A and ϕ_A. The grey (colored) regions correspond to one sigma contour.

0.01(syst). The CDF collaboration also reported an evidence of the CP violation to be 0.22 ± 0.07(stat) ± 0.02(syst) [39]. A naive average of the latest results yields 0.26 ± 0.04. Including this significantly improved data, we confirm that large annihilation scenario for B_s → P P decays is still consistent with all the experimental data, as shown in Fig. 3. The overlap regions in the figure represent that there exist two solutions satisfying all the constraints: one with ρ_A ≃ 3.5, ϕ_A ≃ −100^∘ and the other with ρ_A ≃ 3.8, ϕ_A ≃ 110^∘.

To draw Fig. 3, we have adopted the form factor F^{BsK} = 0.24 as suggested by [38]. One can then easily fit the experimental data of 10^6B(B_s → π^+K^−) = 5.4 ± 0.6^2, though it is nontrivial to fit the data of 10^6B(B_s → K^+K^−) = 24.5 ± 1.8. Therefore B(B_s → π^+K^−) only gives a rather weak constraint on (ρ_A, ϕ_A), which is plotted as the light pink region in the figure. Our results are not very sensitive to the parameters of wave functions, so we simply take [24, 40] λ_B = 200 MeV , a^π_2 = 0.25 , a^K_1 = 0.06 , a^K_2 = 0.25 . (12) In a word, the large annihilation scenario for B_s decays seems to be good, which is mainly required to fit the large B(B_s → π^+π^−). However, the relatively small B(B_d → K^+K^−) indicates that the case of ρ_A ∼ 1 is good enough for B_{u,d} decays. This may suggest that the flavor symmetry breaking effects are unexpectedly large for annihilation amplitudes between B_s and B_{u,d} decays.

2 Unless stated otherwise, we shall always cite Heavy Flavor Averaging Group [1] for the experimental data.

But as pointed out in [4], the flavor symmetry breaking effects are probably exceptionally small in B_{d,s} → π^∓K^± decays since the final state interactions should be exactly the same for these two decay channels. It is then straightforward to obtain a well-known relation between the direct CP violations of B_{d,s} → πK decays − A_{CP} (B_s → π^+K^−) A_{CP} (B^0 → π^−K^+) = B(B^0 → π^−K^+) B(B_s → π^+K^−) τ(B_s)((m^2_{Bs} − m^2_K )f_πF^{BsK} )^2 τ(B^0)((m^2_{Bd} − m^2_π)f_K F^{Bπ})^2

, (13)

which have included explicitly part of U-spin symmetry breaking effects in terms of decay constants and form factors. Experimentally, left hand side of Eq. (13) equals to 3.0 ± 0.5, while the right hand side equals to 2.2 ± 0.6 if we take the form factor F^{Bπ} = 0.26 ± 0.03 [41, 42] estimated by light-cone sum rules. So Eq. (13) is consistent within roughly one sigma with the experimental measurements and there is no sign of large flavor symmetry breaking beyond decay constants and form factors in B_{d,s} → π^∓K^± decays. This observation is in a sense disagree with the above-discussed scenario of large annihilation magnitude ρ_A ≥ 3 in B_s decays together with ρ_A ∼ 1 in B_{u,d} decays. This issue is also important in B_{d,s} → K^{0(∗)}K^{0(∗)} decays, which may play an important role in testing the SM and in probing new physics effects [6–12]. It stimulates us to reinvestigate the annihilation amplitudes in QCDF and look for different possibility not discussed before.

Notice that, for annihilation part, only b_3 and b_{3,EW} appear in B_{d,s} → π^∓K^± decays. We have mentioned before that b_{3,EW} is negligible due to small electroweak Wilson coefficients and b_3 is in general dominated by the A^f_3 term as can be checked from Eq. (7). Since A^f_3 represents the gluon emitted from the final quarks, i.e. the last two diagrams of Fig. 1, the initial state dependence of the corresponding annihilation corrections must have all been included in decay constants. According to the definition, all the decay constants have been taken outside the building blocks A^{i,f}_k . Therefore, A^f_3 is independent of initial state and must be the same for B_s and B_d decays to the same final states. According to the above reasoning, the annihilation amplitudes of B_{d,s} → π^∓K^± decays are roughly the same and we may take just one set of annihilation parameters (ρ_A, ϕ_A) for these two decays. This is also in agree with the observation that flavor symmetry breaking should be very small in B_{d,s} → π^∓K^± decays, as noticed first in [4]. It is then straightforward to determine the annihilation parameters for B_{d,s} → π^∓K^± decays. The small overlap regions in Fig. 4 shows clearly that one set of annihilation parameters are consistent with the experimental measurements of the branching ratios and direct CP asymmetries of B_{d,s} → π^∓K^± decays. There are actually two solutions of (ρ_A, ϕ_A), one around (1.5, − 50^∘) and the other around (3.0, 160^∘).

FIG. 4. Contour plot of the branching ratios and direct CP asymmetries of B_{d,s} → π^∓K^± decays as functions of the annihilation parameters ρ_A and ϕ_A. The grey (colored) regions correspond to one sigma contour with only experimental uncertainties included.

But concerning that there is no indication yet for large annihilation scenario in B_d decays, the former solution of (ρ_A, ϕ_A) = (1.5, − 50^∘) is preferred. At first glance, this solution seems to be in disagreement with the experimental measurements of large pure annihilation decay B(B_s → π^+π^−). But, a closer look at the annihilation part of the decay amplitudes in QCDF reveals that only the basic building blocks A^i_{1,2} appear in B_s → π^+π^− decay, as can be seen from Eqs. (7,10), in contrast to the case of B_{d,s} → π^∓K^± decays which are dominated by the A^f_3 term. It is a common practice, just for simplicity, to assume the annihilation parameters ρ_A and ϕ_A to be universal for A^i_{1,2} and A^f_3 . However, as the subscript of A^{i,f}_k denote different Dirac structures of effective operators, there is no a priori reason for the above assumption to be a good approximation.

Therefore it seems to be reasonable to discuss a scenario with three sets of annihilation parameters. Specifically, we introduce the parameters (ρ^f_A, ϕ^f_A) solely for A^f_3 . As A^f_3 is independent of the initial state, it is justified to adopt only one set of (ρ^f_A, ϕ^f_A) for both B_{u,d} and B_s decays. In principle, these annihilation parameters may also vary mildly for different final states, due to flavor symmetry breaking effects. But we shall not discuss these effects at this stage. For A^i_{1,2} terms, however, the experimental data on the branching ratios of B_s → π^+π^− and B_d → K^+K^− strongly prefer different annihilation parameters between B_s and B_d decays, as shown in Fig. 2. So we shall adopt separately (ρ^i_{As}, ϕ^i_{As}) for B_s decays and leave (ρ^i_A, ϕ^i_A) just for B_{u,d} decays.

As we have discussed earlier, (ρ^f_A, ϕ^f_A) can be extracted from B_{d,s} → π^∓K^± decays to be around (1.5, − 50^∘). But to fix (ρ^i_{As}, ϕ^i_{As}), one has to find, besides B(B_s → π^+π^−), other observed B_s decays which are also sensitive to the size of A^i_{1,2}. It turns out that currently the only candidate is B_s → K^+K^− decay. However, its decay amplitude depends not only on A^i_{1,2} but also on A^f_3 . For convenience, we shall simply fix ρ^f_A = 1.5, ϕ^f_A = −50^∘ for A^f_3 to estimate the parameters ρ^i_{As} and ϕ^i_{As}. The results are shown in Fig. 5(a). One can see that (ρ^i_{As}, ϕ^i_{As}) are constrained to be either around (2.5, 50^∘) or around (3.5, −110^∘). However, the degeneracy can not be resolved by the direct CP asymmetry of B_s → K^+K^−, as A_{CP} (B_s → K^+K^−) ≃ −10% in both regions. This is because, unlike the branching ratio, A_{CP} (B_s → K^+K^−) is numerically not sensitive to the values of A^i_{1,2}. As for B_d decays, the annihilation parameters (ρ^i_A, ϕ^i_A) are only loosely constrained, as shown in Fig. 5(b) where 10^6B(B_d → K^0K^0) = 1.21 ± 0.16 has been used. This is mainly because B_d → K^+K^− has not been observed yet. Nonetheless, it is confirmed that the values of (ρ^i_A, ϕ^i_A) for B_{u,d} decays are probably quite different from those of (ρ^i_{As}, ϕ^i_{As}) for B_s decays.

In short, we confirm in QCDF that the flavor symmetry breaking effects should be exceptionally small in B_{d,s} → π^∓K^± decays. This is because the relevant annihilation building block A^f_3 , as being independent of initial states, should be universal for the same final states. Therefore the measurements of these two decays could provide a robust test of the SM vs. New Physics. Nevertheless, for B_{d,s} → KK decays, the annihilation building blocks A^i_{1,2} are also involved. Unfortunately, A^i_{1,2} could be dependent on the initial state and the experimental data of B_s → π^+π^− and B_d → K^+K^− suggests that the dependence of A^i_{1,2} on the initial state is likely not small. That is to say, the flavor symmetry breaking effects may be significant for the annihilation amplitudes in B_{d,s} → KK decays. As B_{d,s} → K^{0(∗)}K^{0(∗)} are important channels to probe the new physics effects, care must be taken to include the possibly large flavor symmetry breaking effects in future studies.

III. SUMMARY

A combination of flavor symmetry and QCD factorization has suggested that B_{d,s} → π^∓K^± and K^{(∗)}K^{(∗)} decays could be important in testing the Standard Model and in probing new physics effects. This is partly because the flavor symmetry breaking effects between the corresponding B_d and B_s decays may be particularly small since the charge conjugation symmetry of the final states

(a) (b)

FIG. 5. Left (right) figure: Contour plot of the branching ratios of B_s → K^+K^−, π^+π^− (B_d → K^0K^0, K^+K^−) decays as functions of the annihilation parameters ρ^i_{As} and ϕ^i_{As} (ρ^i_A and ϕ^i_A). The grey (colored) regions correspond to one sigma contour with only experimental uncertainties included.

is respected by the final state interactions. Very recently, the first observation of direct CP violation in B_s decays, A_{CP} (B_s → π^+K^−), has been reported by the LHCb Collaboration which are well consistent with the flavor symmetry expectation in the Standard Model. However, the observation of pure annihilation decay B_s → π^+π^− and the surprisingly small results on B_d → K^+K^− appears to imply a large annihilation scenario with ρ_A ∼ 3 in B_s decays, in contrast to the case of ρ_A ∼ 1 in B_{u,d} decays in the framework of QCD factorization. This seems to indicate large flavor symmetry breaking effects between the annihilation amplitudes of B_s and B_{u,d} decays. In QCD factorization, annihilation amplitudes are infrared divergent due to endpoint singularity and phenomenological parameterization has to be introduced with model dependence. For simplicity, it is a common practice, but without a priori justification, to adopt only one set of annihilation parameters for the basic building blocks A^i_{1,2} and A^f_3 corresponding to different Dirac structures of effective four-quark operators. We notice that the annihilation amplitudes of B_{d,s} → π^∓K^± decays are dominated by A^f_3 term, which is independent of the initial state except for the decay constant. Therefore the flavor symmetry breaking effects of annihilation amplitudes here must be small, in accordance with the corresponding measurements. However, only A^i_{1,2} terms appear in pure annihilation decays B_s → π^+π^− and B_d → K^+K^−. So the experimental results of pure annihilation decays strongly indicate a significant dependence of A^i_{1,2} on initial and/or final states.

It turns out that all of the building blocks A^i_{1,2} and A^f_3 are involved in B_{d,s} → K^{(∗)}K^{(∗)} decays. Therefore when new physics effects are searched for in these decay channels, one may need to consider the potentially large flavor symmetry breaking effects in more details in the theoretical analysis.

ACKNOWLEDGEMENT

KW is supported in part, by the Zhejiang University Fundamental Research Funds for the Central Universities (20i11QNA3017) and the National Science Foundation of China (11245002,11275168). GZ is supported in part, by the National Science Foundation of China (11075139,11135006) and Program for New Century Excellent Talents in University.

[1] Y. Amhis et al. [Heavy Flavor Averaging Group Collaboration], arXiv:1207.1158 [hep-ex] and online update at http://www.slac.stanford.edu/xorg/hfag.

[2] S. W. Lin et al. [Belle Collaboration], Nature 452 (2008) 332.

[3] H. -Y. Cheng and C. -K. Chua, Phys. Rev. D 80 (2009) 114008 [arXiv:0909.5229 [hep-ph]]. [4] H. J. Lipkin, Phys. Lett. B 621, 126 (2005) [arXiv:hep-ph/0503022]. [5] RAaij et al. [ LHCb Collaboration], arXiv:1304.6173 [hep-ex].

[6] S. Descotes-Genon, J. Matias and J. Virto, Phys. Rev. Lett. 97, 061801 (2006) [arXiv:hep-ph/0603239].

[7] A. Datta, M. Imbeault, D. London and J. Matias, Phys. Rev. D 75 (2007) 093004 [hep-ph/0611280]. [8] S. Descotes-Genon, J. Matias and J. Virto, Phys. Rev. D 76 (2007) 074005 [Erratum-ibid. D 84 (2011) 039901] [arXiv:0705.0477 [hep-ph]].

[9] M. Ciuchini, M. Pierini and L. Silvestrini, Phys. Rev. Lett. 100 (2008) 031802 [hep-ph/0703137 [HEP- PH]].

[10] S. Descotes-Genon, J. Matias and J. Virto, Phys. Rev. D 85 (2012) 034010 [arXiv:1111.4882 [hepph]].

[11] B. Bhattacharya, A. Datta, M. Imbeault and D. London, Phys. Lett. B 717 (2012) 403 [arXiv:1203.3435 [hep-ph]].

[12] M. Ciuchini, E. Franco, S. Mishima and L. Silvestrini, JHEP 1210 (2012) 029 [arXiv:1205.4948 [hepph]].

[13] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 108 (2012) 211803 [arXiv:1111.0485 [hepex]].

[14] RAaij et al. [LHCb Collaboration], JHEP 1210 (2012) 037 [arXiv:1206.2794 [hep-ex]]. [15] Y. -Y. Keum, H. -n. Li, A. I. Sanda, Phys. Lett. B504 (2001) 6-14. [hep-ph/0004004]. [16] Y. Y. Keum, H. -N. Li, A. I. Sanda, Phys. Rev. D63 (2001) 054008. [hep-ph/0004173]. [17] C. -D. Lu, K. Ukai, M. -Z. Yang, Phys. Rev. D63 (2001) 074009. [hep-ph/0004213]. [18] A. Ali, G. Kramer, Y. Li, C. -D. Lu, Y. -L. Shen, W. Wang, Y. -M. Wang, Phys. Rev. D76 (2007) 074018. [hep-ph/0703162 [HEP-PH]].

[19] Y. Li, C. -D. Lu, Z. -J. Xiao, X. -Q. Yu, Phys. Rev. D70 (2004) 034009. [hep-ph/0404028]. [20] Y. Li, C. -D. Lu, Commun. Theor. Phys. 44 (2005) 659-664. [hep-ph/0502038]. [21] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Phys. Rev. Lett. 83, 1914 (1999) [arXiv:hep-ph/9905312].

[22] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Nucl. Phys. B 591, 313 (2000) [arXiv:hep-ph/0006124].

[23] M. Beneke, G. Buchalla, M. Neubert, C. T. Sachrajda, Nucl. Phys. B606 (2001) 245-321.

[hep-ph/0104110].

[24] M. Beneke and M. Neubert, Nucl. Phys. B 675, 333 (2003) [arXiv:hep-ph/0308039]. [25] C. W. Bauer, S. Fleming, D. Pirjol and I. W. Stewart, Phys. Rev. D 63, 114020 (2001) [arXiv:hep-ph/0011336].

[26] C. W. Bauer, D. Pirjol and I. W. Stewart, Phys. Rev. Lett. 87, 201806 (2001) [arXiv:hep-ph/0107002]. [27] C. W. Bauer, D. Pirjol, I. Z. Rothstein and I. W. Stewart, Phys. Rev. D 70, 054015 (2004) [arXiv:hep-ph/0401188].

[28] A. Jain, I. Z. Rothstein and I. W. Stewart, arXiv:0706.3399 [hep-ph].

[29] C. M. Arnesen, Z. Ligeti, I. Z. Rothstein and I. W. Stewart, Phys. Rev. D 77, 054006 (2008) [arXiv:hep-ph/0607001].

[30] G. Zhu, Phys. Lett. B 702 (2011) 408 [arXiv:1106.4709 [hep-ph]].

[31] Z. -J. Xiao, W. -F. Wang and Y. -y. Fan, Phys. Rev. D 85 (2012) 094003 [arXiv:1111.6264 [hep-ph]]. [32] Q. Chang, X. -W. Cui, L. Han and Y. -D. Yang, Phys. Rev. D 86 (2012) 054016 [arXiv:1205.4325 [hep-ph]].

[33] M. Gronau, D. London and J. L. Rosner, arXiv:1211.5785 [hep-ph]. [34] J. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86 (2012) 010001. [35] J. Charles et al. [CKMfitter Group], Eur. Phys. J. C 41, 1 (2005) [arXiv:hep-ph/0406184]; and updated results from http://ckmfitter.in2p3.fr.

[36] K. De Bruyn, R. Fleischer, R. Knegjens, P. Koppenburg, M. Merk and N. Tuning, Phys. Rev. D 86 (2012) 014027 [arXiv:1204.1735 [hep-ph]].

[37] K. De Bruyn, R. Fleischer, R. Knegjens, P. Koppenburg, M. Merk, A. Pellegrino and N. Tuning, Phys.

Rev. Lett. 109 (2012) 041801 [arXiv:1204.1737 [hep-ph]].

[38] H. -Y. Cheng and C. -K. Chua, Phys. Rev. D 80 (2009) 114026 [arXiv:0910.5237 [hep-ph]]. [39] CDF Collaboration, CDF public note 10726 (2012).

[40] P. Ball, V. M. Braun, A. Lenz, JHEP 0605 (2006) 004 [hep-ph/0603063]. [41] P. Ball, R. Zwicky, Phys. Rev. D71 (2005) 014015. [hep-ph/0406232].

[42] G. Duplancic, A. Khodjamirian, T. .Mannel, B. Melic, N. Offen, JHEP 0804 (2008) 014.

[arXiv:0801.1796 [hep-ph]].