arXiv:1205.0580v3 [hep-ph] 23 Jun 2012

June, 2012

SU(3) symmetry breaking and CP violation in D → P P decays

Hai-Yang Cheng Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, ROC

Cheng-Wei Chiang Department of Physics and Center for Mathematics and Theoretical Physics, National Central University, Chungli, Taiwan 32001, ROC Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, ROC and Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan 30013, ROC

Abstract

Evidence of CP violation in the charm sector has been observed recently by the LHCb and CDF Collaborations. Adopting the topological diagram approach, we study flavor SU(3) symmetry breaking effects in the weak decay tree amplitudes of singly Cabibbo-suppressed D → P P decays. The symmetry breaking in the color-allowed and color-suppressed amplitudes is estimated with the help of the factorization ansatz, while that in the W -exchange amplitude is done by fitting to related branching fraction data. We find that the W -exchange amplitudes stay in the second quadrant relative to the color-allowed tree amplitude, albeit there are two possibilities for one type of W - exchange amplitude. The weak decay penguin amplitudes, on the other hand, are evaluated within the framework of QCD factorization. Using the input of topological tree amplitudes extracted from the Cabibbo-favored decay modes and the perturbative results for QCD penguin amplitudes, we make predictions for the branching fractions and CP asymmetries of singly Cabibbo-suppressed modes. The predictions of branching fractions are generally improved from those in the SU(3) limit. We conclude that the direct CP asymmetry difference between D^0 → K^+K^− and D^0 → π^+π^− is about −(0.139 ± 0.004)% and −(0.151 ± 0.004)% for the two solutions of W -exchange amplitudes, respectively. We also find that the CP asymmetry of D^0 → K^0K^0 dominated by the interference between W -exchange amplitudes ranges from −0.62 × 10^{−3} to −1.82 × 10^{−3}. We study phenomenological implications of two new physics scenarios for explaining the observed CP asymmetry in the charm sector, one with large penguin amplitudes and the other with a large chromomagnetic dipole operator. We find that the two scenarios can be discriminated by the measurements of CP asymmetries of a set of decay modes.

I. INTRODUCTION

Recently, the LHCb Collaboration has reported a result of a nonzero value for the difference between the time-integrated CP asymmetries of the decays D^0 → K^+K^− and D^0 → π^+π^− [1]

ΔA_{CP} ≡ A_{CP} (K^+K^−) − A_{CP} (π^+π^−) = −(0.82 ± 0.21 ± 0.11)% (LHCb) (1)

based on 0.62 fb^{−1} of 2011 data. The significance of the measured deviation from zero is 3.5σ. This first evidence of CP violation in the charm sector was later confirmed by the CDF Collaboration based on a data sample corresponding to the integrated luminosity of 9.7 fb^{−1} [2]

ΔA_{CP} = −(0.62 ± 0.21 ± 0.10)% (CDF) . (2)

The time-integrated asymmetry can be written to first order as

A_{CP} (f) = a^{dir}_{CP} (f) + ⟨t⟩ τ a^{ind}_{CP} , (3)

where a^{dir}_{CP} is the direct CP asymmetry, a^{ind}_{CP} is the indirect CP asymmetry, ⟨t⟩ is the average decay time in the sample, and τ is the D^0 lifetime. The combination of the LHCb, CDF, BaBar and Belle measurements yields a^{ind}_{CP} = −(0.025 ± 0.231)% and Δa^{dir}_{CP} = −(0.656 ± 0.154)% [3].

It is important to explore whether the first evidence of CP violation in the charm sector is consistent with the standard model (SM) or implies new physics (NP). For some early and recent theoretical investigations, see Refs. [4–26].

It is known that a reliable theoretical description of the underlying mechanism for exclusive hadronic D decays based on quantum chromodynamics (QCD) is still not yet available. This is because the mass of the charm quark, being of order 1.5 GeV, is not heavy enough to allow for a sensible heavy quark expansion. Indeed, it does not make too much sense to generalize the QCD factorization (QCDF) and perturbative QCD (pQCD) approaches to charm decays as the 1/m_c power corrections are so large that the heavy quark expansion is beyond control.

It turns out that a more suitable framework for the analysis of hadronic charmed meson decays is the so-called topological diagram approach, a powerful tool for a model-independent analysis. In this approach, the topological diagrams are classified according to the topologies in the flavor flow of weak decay diagrams, with all strong interaction effects included implicitly. Based on flavor SU(3) symmetry, this model-independent analysis enables us to extract the topological amplitudes by fitting to available data, to probe the relative importance of different underlying decay mechanisms, and to relate one process to another at the topological amplitude level.

The salient point of the topological diagram approach is that the magnitude and the relative strong phase of each individual topological tree amplitude in charm decays can be extracted from the data. This allows us to calculate CP asymmetry at tree level in a reliable way, granting us an idea about the size of CP violation in charmed meson decays. Based on this approach, we have studied ΔA_{CP} in D → P P and D → V P decays and obtained Δa^{dir}_{CP} ≈ −0.14% and an upper bound around −0.25% in the SM [15]. A very similar result of Δa^{dir}_{CP} = −0.118% based on a variant of the diagrammatic approach was obtained recently in [22].

While many NP models [11–13, 17–20, 25] had been proposed to explain the measurement of large ΔA_{CP} , it was argued in [10, 14, 16, 21, 23, 24] that large CP asymmetries in singly

Cabibbo-suppressed (SCS) D decays were allowed in the SM and the measured Δa^{dir}_{CP} could be accommodated or marginally achieved. In particular, it was advocated by Brod et al. [24] the possibility of a large penguin amplitude in the SM. Denote d- and s-quark penguin contractions by P_d and P_s, respectively. Under the assumption of large enhancement in P_{d,s} relative to the tree amplitude, Brod et al. claimed that the sum of P_d and P_s could explain Δa^{dir}_{CP} , while the difference between P_d and P_s explains the large disparity in the rates of D^0 → K^+K^− and D^0 → π^+π^−. This would require that (P_d −P_s) be of the same order as the tree amplitude. Anyway, the interpretation of the seemingly large SU(3) breaking in the ratio R ≡ Γ(D^0 → K^+K^−)/Γ(D^0 → π^+π^−) in terms of the difference of penguin contractions (P_d − P_s) is at odds with the common wisdom that the overall large SU(3) symmetry violation arises from the accumulation of several small SU(3) breaking effects in the T and E amplitudes. In this work we shall carefully examine the large penguin interpretation of R.

As for the NP explanation of Δa^{dir}_{CP} , the authors in [18] argued that a large chromomagnetic dipole operator could be the best NP candidate to explain the data while satisfying most flavor physics constraints at the same time. In the present work we shall focus on the aforementioned pictures of large penguins and large chromomagnetic operator in SCS D → P P decays. In particular, we will investigate their phenomenological consequences in the CP asymmetries of these charmed meson decay modes, seeing if there are discernible differences in the two scenarios.

Based on the topological diagram approach, we have recently studied direct CP asymmetries in the SM for SCS D → P P and D → V P decays [15]. In this work we will improve the previous analysis by extracting the W -exchange amplitudes directly from the decays D^0 → K^+K^−, π^+π^−, π^0π^0 and K^0K^0 and considering explicitly all SU(3) breaking effects in SCS decay amplitudes.

The layout of the present paper is as follows. After a brief review of the diagrammatic approach, we study various mechanisms responsible for the large SU(3) violation in the branching fraction ratio of D^0 → K^+K^− to D^0 → π^+π^− and fix the weak annihilation amplitudes in Section II. Unlike the topological tree amplitudes which can be extracted from the data, penguin amplitudes in this work are evaluated in the framework of QCD factorization as illustrated in Section III. We then discuss direct CP violation in SCS D → P P decays in Section IV and possible explanations of the LHCb and CDF measurements in terms of new physics in Section V. Finally, Section VI comes to our conclusions.

II. DIAGRAMMATIC APPROACH

A. Topological amplitudes

It has been established sometime ago that a least model-dependent analysis of heavy meson decays can be carried out in the so-called quark diagram (or topological diagram) approach [27– 29]. In this diagrammatic scenario, the topological diagrams can be classified into three distinct groups (see Fig. 1 of [15]). For our purposes, it suffices to consider two of them (see [30] for details):

1. Tree and penguin amplitudes: color-allowed tree amplitude T ; color-suppressed tree amplitude C; QCD-penguin amplitude P ; singlet QCD-penguin amplitude S involving flavor SU(3)- singlet mesons; color-favored electroweak-penguin (EW-penguin) amplitude P_{EW}; color-suppressed EW-penguin amplitude P^C_{EW}.

2. Weak annihilation amplitudes: W -exchange amplitude E; W -annihilation amplitude A; QCD-penguin exchange amplitude PE; QCD-penguin annihilation amplitude PA; EW-penguin exchange amplitude PE_{EW}; EW-penguin annihilation amplitude PA_{EW}.

It should be stressed that these diagrams are classified purely according to the topologies of weak interactions and flavor flows with all strong interaction effects encoded, and hence they are not Feynman graphs. In other words, all quark graphs used in this approach are topological and meant to include strong interactions to all orders, with gluon lines and quark loops included implicitly in all possible ways. Therefore, analyses of topological graphs can provide information on final-state interactions (FSI’s).

The topological amplitudes T, C, E, A are extracted from the Cabibbo-favored (CF) D → P P decays to be (in units of 10^{−6} GeV) [31] (see also [32])

T = 3.14 ± 0.06, C = (2.61 ± 0.08) e^{−i(152±1)∘} , E = (1.53^{+0.07}_{−0.08}) e^{i(122±2)∘} , A = (0.39^{+0.13}_{−0.09}) e^{i(31+20−33 )∘} (4)

for ϕ = 40.4^∘ [33], where ϕ is the η − η^′ mixing angle defined in the flavor basis ( η η^′ ) = ( cos ϕ − sin ϕ sin ϕ cos ϕ ) ( η_q η_s ) , (5)

with η_q =^{1√}_2 (uū + dd̄) and η_s = ss̄. The fitted χ^2 value is 0.29 per degree of freedom.

The topological amplitudes C and E given in Eq. (4) extracted from the data are much larger than those expected from naive factorization. In the factorization approach, the color-suppressed tree amplitude C has the expression C = G_F √ 2 a_2(Kπ) f_K (m^2_D − m^2_π)F^{Dπ}_0 (m^2_K ). (6)

Using the form factor for D to π transition determined from measurements of semileptonic D meson decays to the π meson [34], we find a_2(Kπ) = (0.82±0.02)e^{−i(152±1)∘} [31], to be compared with a_2 = c_2 + c_1/3 ≈ −0.11 in naive factorization. Likewise, weak annihilation diagrams should be helicity suppressed, whereas data imply larger sizes for them. This is because they receive large 1/m_c power corrections from FSI’s and large nonfactorizable contributions for a_2. For example, the topological amplitude E receives contributions from the tree amplitude T via final-state rescattering with nearby resonance effects. The large magnitude and phase of weak annihilation can be quantitatively and qualitatively understood as elaborated on in Refs. [37, 38].

B. Flavor SU(3) symmetry breaking

Under the flavor SU(3) symmetry, one can use the topological amplitudes extracted from the CF modes to predict the rates for the SCS and doubly Cabibbo-suppressed (DCS) decays. It is known that while the agreement with experiment for the branching fractions of SCS D → P P decays is generally good (see the second column of Table II), there exist significant SU(3) breaking in some of the SCS modes in the flavor SU(3) symmetry limit. For example, the predicted rates for the π^+π^− and π^0π^0 modes are too large, while those for the K^+K^−, π^+η^{(′)} and K^+η^{(′)} modes are too small compared to data. The decay D^0 → K^0K^0 is almost prohibited in the SU(3) symmetry limit, but the measured rate is of the same order of magnitude as that of D^0 → π^0π^0.

The most noticeable example of SU(3) breaking lies in the decays D^0 → K^+K^− and D^0 → π^+π^−. Experimentally, the branching fraction of D^0 → K^+K^− is larger than that of D^0 → π^+π^− by a factor of 2.8 [35], while their rates should be the same in the SU(3) limit. This is a longstanding puzzle since SU(3) symmetry is expected to be broken merely at the level of 30%. Without the inclusion of SU(3) breaking effects in the topological amplitudes, we see from Table II that the predicted rate of K^+K^− is even smaller than that of π^+π^− due to less phase space available to the former.

The conventional wisdom for solving the above-mentioned long-standing puzzle is that the overall seemingly large SU(3) symmetry violation arises from the accumulation of several small and nominal SU(3) breaking effects in the tree amplitudes T and E (see e.g. [36]). From the recent measurement of ΔA_{CP} by LHCb and CDF, we learn that penguin diagrams in SCS decay channels do play a crucial role for CP violation. This leads some authors to conjecture that penguins may explain the rate disparity between D^0 → K^+K^− and D^0 → π^+π^−.

To begin with, we write

A(D^0 → π^+π^−) = λ_d(T + E + P_d + PE_d + PA_d)_{ππ} + λ_s(P_s + PE_s + PA_s)_{ππ} = 1 2 (λ_d − λ_s)(T + E + ΔP )_{ππ} − 1 2 λ_b(T + E + ΣP )_{ππ} , (7)

where λ_p ≡ V^∗_{cp}V_{up} (p = d, s, b) and

ΔP ≡ (P_d + PE_d + PA_d) − (P_s + PE_s + PA_s) , ΣP ≡ (P_d + PE_d + PA_d) + (P_s + PE_s + PA_s) . (8)

Likewise,

A(D^0 → K^+K^−) = λ_d(P_d + PE_d + PA_d)_{KK} + λ_s(T + E + P_s + PE_s + PA_s)_{KK} = 1 2 (λ_s − λ_d)(T + E − ΔP )_{KK} − 1 2 λ_b(T + E + ΣP )_{KK} . (9)

The quantities ΔP and ΣP are denoted by P^t_f and 2P^p_f , respectively, in [24]. Recently, an interesting picture has been proposed in [24] that ΔP dominated by the difference of d- and s-quark penguin contractions of 4-quark tree operators can explain the large rate difference between D^0 → π^+π^− and D^0 → K^+K^−, while^1_2 ΣP , the average of d- and s-quark penguin contractions, can account for the large direct CP violation Δa^{dir}_{CP} . Here we would like to examine the quantity ΔP .

First, assuming SU(3) symmetry for the amplitudes T and E for the moment, a fit to the measured branching fractions B(D^0 → π^+π^−) = (1.400 ± 0.026) × 10^{−3} and B(D^0 → K^+K^−) = (3.96 ± 0.08) × 10^{−3} [35] yields (in units of 10^{−6} GeV)

ΔP = 1.54 e^{−i202∘} . (10)

Therefore, |ΔP/T | ∼ 0.5 . Since the real part of ΔP is negative, it is clear that ΔP contributes constructively to K^+K^− and destructively to π^+π^−. Next, assume that U-symmetry breaking in the amplitudes T + E follows the pattern [24]

(T + E)_{ππ} = (T + E)(1 + 1 2 ϵ_T ), (T + E)_{KK} = (T + E)(1 − 1 2 ϵ_T ), (11)

where ϵ_T is a complex parameter with |ϵ_T | ∈ (0, 0.3). It was shown in [24] that the relation |ΔP/T | ∼ 0.5 still holds roughly. Hence, the large rate disparity between D^0 → π^+π^− and D^0 → K^+K^− is ascribed to the difference of d- and s-quark penguin contractions. In doing so, ΔP needs to be of the same order of magnitude as T .

However, SU(3) breaking in reality does not necessarily follow the pattern exhibited in Eq. (11). In the factorization approach, various topological T amplitudes have the expressions T_{Kπ} = G_F √ 2 a_1(Kπ) f_π(m^2_D − m^2_K )F^{DK}_0 (m^2_π), T_{KK} = G_F √ 2 a_1(KK) f_K (m^2_D − m^2_K )F^{DK}_0 (m^2_K ), (12) T_{ππ} = G_F √ 2 a_1(ππ) f_π(m^2_D − m^2_π)F^{Dπ}_0 (m^2_π),

for CF D^0 → K^−π^+, SCS D^0 → K^+K^− and D^0 → π^+π^− decays, respectively. Hence, T_{KK} T_{ππ} = a_1(KK) a_1(ππ) f_K f_π F^{DK}_0 (m^2_K ) F^{Dπ}_0 (m^2_π) m^2_D − m^2_K m^2_D − m^2_π

= 1.32 a_1(KK) a_1(ππ)

, (13)

where we have used the form-factor q^2 dependence determined experimentally from Ref. [34]. The parameter a_1 has the general expression (see e.g. [48])

a_1(P_1P_2) = ( c_1 + c_2 N_c ) + c_2 N_c C_F α_s 4π [V_1(P_2) +

4π^2 N_c H_1(P_1P_2)] + O(1/m_c) corrections , (14)

where V_1 and H_1 are vertex corrections and hard spectator interactions, respectively. In the diagrammatic approach, the parameter a_1 can be extracted to be |a_1(Kπ)| = 1.22 ± 0.02 [31] from the data of CF D → Kπ decays. Recall that c_1 +^{c2}_3 ≈ 1.274 at the scale μ = m_c ≈ 1.3 GeV. Therefore, it is evident that nonfactorizable contributions and 1/m_c corrections to a_1 are rather small. It is thus reasonable to take the ratio a_1(KK)/a_1(ππ) to be in the vicinity of unity. Neglecting SU(3) breaking in the W -exchange amplitudes for the moment (i.e., E_{KK} = E_{ππ}), we get^1

ΔP = 0.49 e^{−i129∘} . (15)

Therefore, |ΔP/T | = O(0.15) rather than O(1) in the presence of SU(3) violation in T amplitudes suggested by the factorization approach.

Furthermore, SU(3) symmetry should be also broken in the W -exchange and penguin annihilation amplitudes. This can be seen from the observation of the decay D^0 → K^0K^0 whose decay amplitude is given by

A(D^0 → K^0K^0) = λ_d(E_d + 2PA_d) + λ_s(E_s + 2PA_s) , (16)

1 In the same spirit, Bhattacharya et al. [16] found “P ” ≡ λ_d(P + PA)_d + λ_s(P + PA)_s = (0.044 ± 0.023) + i(0.141 ± 0.036) after a fit to the rates of D^0 → K^+K^−, π^+π^− and π^0π^0. Then ΔP is obtained through the approximation ΔP ≈ “P ”/λ_d ≈ −“P ”/ sin θ_C .

where E_q refers to the W -exchange amplitude associated with cū → qq̄ (q = d, s). In the SU(3) limit, the decay amplitude is proportional to λ_b and hence its rate is negligibly small, while experimentally B(D^0 → K^0K^0) = (0.346 ± 0.058) × 10^{−3} [35]. This implies sizable SU(3) symmetry violation in the W -exchange and QCD-penguin annihilation amplitudes. Since the theoretical estimate of ΔP is small [see Eq. (40) below], we shall neglect ΔP and assume that the T and E amplitudes are responsible for the SU(3) symmetry breaking. Noting that E_{ππ} = E_d and E_{KK} = E_s in our notation, we can fix the W -exchange amplitudes from the following four modes: K^+K^−, π^+π^−, π^0π^0 and K^0K^0.^2 Neglecting ΔP and λ_b terms (see Table I for the topological amplitudes of the above four decay modes), a fit to the data yields two possible solutions

(I) E_d = 1.19 e^{i15.0∘} E, E_s = 0.58 e^{−i14.7∘} E , (II) E_d = 1.19 e^{i15.0∘} E, E_s = 1.62 e^{−i9.8∘} E . (17)

The corresponding χ^2 vanishes as these two solutions can be obtained exactly. It has been noticed that a significant phase difference between E_d and E_s is needed in order to fit the data of D^0 → K^0K^0 [39] and to account for the large rate difference between D^0 → K^+K^− and D^0 → π^+π^− [31]. When comparing the predicted branching fractions of D^0 → ηη and D^0 → ηη^′ (see Table II), it appears that Solution I is slightly more preferable, but Solution II is equally acceptable.

We have argued in Ref. [31] that the long-distance resonant contribution through the nearby state f_0(1710) could account for SU(3)-breaking effects in the W -exchange topology. This has to do with the dominance of the scalar glueball content of f_0(1710) and the chiral suppression effect in the ratio Γ(f_0(1710) → ππ̄)/Γ(f_0(1710) → KK).

To summarize, if SU(3) symmetry in T and E amplitudes holds or is broken in the manner depicted by Eq. (11), then a sizable ΔP of the same order of magnitude as T is needed to explain the data. If SU(3) violation due to decay constants, meson masses and form factors is taken into account in T amplitudes so that T_{KK} /T_{ππ} ≈ 1.32 , it leads to |ΔP/T | ∼ 0.15 . Finally, if the large rate difference between D^0 → K^+K^− and D^0 → π^+π^− is entirely accounted for by SU(3) violation in T and E amplitudes, ΔP will be negligibly small. Owing to the observation of D^0 → K^0K^0 through W -exchange and penguin annihilation diagrams and the smallness of ΔP theoretically, we shall argue in this work that the last scenario is preferred.

To estimate the effects of SU(3) symmetry violation in T and C amplitudes, we shall rely on the factorization ansatz. In this approach, the topological amplitudes T and C extracted from CF D → K̄π decays have the expressions T = G_F √ 2 a_1(Kπ) f_π(m^2_D − m^2_K )F^{DK}_0 (m^2_π), (18)

and Eq. (6) for the amplitude C. In [31] we have illustrated SU(3) breaking effects in some selective SCS modes. For example, the relevant factorizable amplitudes for D^+ → π^+η^{(′)} decays are T_{πηq} = G_F √ 2 a_1f_π(m^2_D − m^2_{ηq} )F^{Dηq}_0 (m^2_π),

2 However, the W -exchange contribution is missing in the topological amplitude expression of the D^0 → K^0K^0 decay in [16] as SU(3) symmetry is assumed for W -exchange but not for the penguin annihilation diagram PA.

TABLE I: Topological amplitudes for singly Cabibbo-suppressed decays of charmed mesons to two pseudoscalar mesons where flavor SU(3) symmetry breaking effects are included. Summation over p = d, s is understood. For simplicity, flavor-singlet QCD penguin, flavor-singlet weak annihilation and electroweak penguin annihilation amplitudes have been neglected.

Mode Representation D^0 π^+π^− λ_d(0.96T + E_d) + λ_p(P_p + PE_p + PA_p) π^0π^{0 1√}_2 λ_d(−0.79C + E_d) +^{1√}_2 λ_p(P_p + PE_p + PA_p) π^0η −λ_d(E_d) cos ϕ −^{1√}_2 λ_s(1.25C) sin ϕ + λ_p(P_p + PE_p) cos ϕ π^0η^′ −λ_d(E_d) sin ϕ +^{1√}_2 λ_s(1.25C) cos ϕ + λ_p(P_p + PE_p) sin ϕ ηη^{1√}_2 λ_d(0.79C + E_d) cos^2 ϕ + λ_s(−^1_2 1.06C sin 2ϕ + √ 2 E_s sin^2 ϕ)+^{1√}_2 λ_p(P_p + PE_p + PA_p) cos^2 ϕ ηη^{′ 1}_2 λ_d(0.79C + E_d) sin 2ϕ + λ_s(^{1√}_2 1.06C cos 2ϕ − E_s sin 2ϕ) +^1_2 λ_p(P_p + PE_p + PA_p) sin 2ϕ K^+K^− λ_s(1.27T + E_s) + λ_p(P_p + PE_p + PA_p) K^0K^0 λ_d(E_d) + λ_s(E_s) + 2λ_p(PA_p) D^+ π^+π^{0 1√}_2 λ_d(0.96T + 0.79C)

π^+η^{1√}_2 λ_d(0.82T + 0.93C + 1.15A) cos ϕ − λ_s(1.29C) sin ϕ + √ 2λ_p(P_p + PE_p) cos ϕ π^+η^{′ 1√}_2 λ_d(0.82T + 0.93C + 1.56A) sin ϕ + λ_s(1.29C) cos ϕ + √ 2λ_p(P_p + PE_p) sin ϕ K^+K^0 λ_d(0.86A) + λ_s(1.27T ) + λ_p(P_p + PE_p) D^+_s π^+K^0 λ_d(1.12T ) + λ_s(A) + λ_p(P_p + PE_p) π^0K^{+ 1√}_2 [−λ_d(0.91C) + λ_s(A) + λ_p(P_p + PE_p)] K^+η^{1√}_2 λ_p[0.94Cδ_{pd} + Aδ_{ps} + P_p + PE_p] cos ϕ − λ_p[(1.28T + 1.24C + A)δ_{ps} + P_p + PE_p] sin ϕ K^+η^{′ 1√}_2 λ_p[0.94Cδ_{pd} + Aδ_{ps} + P_p + PE_p] sin ϕ + λ_p[(1.28T + 1.24C + A)δ_{ps} + P_p + PE_p] cos ϕ

C_{πηq} = G_F √ 2 a_2f_q(m^2_D − m^2_π)F^{Dπ}_0 (m^2_{ηq} ), C_{πηs} = G_F √ 2 a_2f_s(m^2_D − m^2_π)F^{Dπ}_0 (m^2_{ηs} ), (19)

where f_q, f_s are the decay constants of η_q and η_s, respectively. We shall use the parameters f_q = f_π, f_s = 1.325f_π , m_{ηq} = 741 MeV and m_{ηs} = 783 MeV [40], and assume the form factor F^{Dηq}_0 to be the same as F^{Dπ}_0 . As pointed out in [31], one needs SU(3) violation in weak annihilation to get a better agreement with experiment. For this purpose, we rely on the decay constants involved in the processes to estimate the SU(3) breaking effects in the W -annihilation amplitude A. In CF D → P P decays, the topological amplitude A is extracted from D^+_s → K^+K^0 which involves the decay constants f_{Ds} and f_K . For D^+ → π^+η, we thus have A_{πη} = (f_D/f_{Ds} )(f_πf_q/f^2_K )A = 1.15A and, likewise, A_{πη}′ = (f_D/f_{Ds} )(f_πf_s/f^2_K )A = 1.56A, where use of world averages f_D = 213 MeV and f_{Ds} = 248 MeV [41] has been made. Finally, the decay amplitudes read (see also Table I)

A(D^+ → π^+η) = 1 √ 2 V^∗_{cd}V_{ud}(0.816 T + 0.930 C + 1.15A) cos ϕ − V^∗_{cs}V_{us}1.285 C sin ϕ,

A(D^+ → π^+η^′) = 1 √ 2 V^∗_{cd}V_{ud}(0.816 T + 0.930 C + 1.56A) sin ϕ + V^∗_{cs}V_{us}1.285 C cos ϕ. (20)

From Table II we see that the discrepancy between theory and experiment for B(D^+ → π^+η^{(′)}) is

TABLE II: Branching fractions (in units of 10^{−3}) of singly Cabibbo-suppressed D → P P decays. The column denoted by B_{SU(3)} shows the predictions based on our best-fitted results in Eq. (4) with exact flavor SU(3) symmetry, while SU(3) symmetry breaking effects are taken into account in the column denoted by B_{SU(3)−breaking} . The first (second) entry in D^0 → ηη, ηη^′, K^+K^− and K^0K^0 modes is for Solution I (II) of E_d and E_s in Eq. (17). Experimental results of branching fractions are taken from Ref. [35].

Decay Mode B_{SU(3)} B_{SU(3)−breaking} B_{expt} D^0 → π^+π^− 2.26 ± 0.13 1.40 ± 0.11 1.400 ± 0.026 D^0 → π^0π^0 1.35 ± 0.09 0.78 ± 0.06 0.80 ± 0.05 D^0 → π^0η 0.75 ± 0.05 0.83 ± 0.06 0.68 ± 0.07 D^0 → π^0η^′ 0.75 ± 0.05 1.42 ± 0.08 0.89 ± 0.14 D^0 → ηη 1.43 ± 0.09 1.68 ± 0.09 1.67 ± 0.20 1.43 ± 0.09 1.89 ± 0.10 D^0 → ηη^′ 1.20 ± 0.10 0.68 ± 0.06 1.05 ± 0.26 1.20 ± 0.10 2.11 ± 0.20 D^0 → K^+K^− 1.89 ± 0.11 3.89 ± 0.16 3.96 ± 0.08 1.89 ± 0.11 3.90 ± 0.22 D^0 → K^0K^0 0 0.346 ± 0.034 0.346 ± 0.058 0 0.345 ± 0.034 D^+ → π^+π^0 0.88 ± 0.06 0.97 ± 0.07 1.19 ± 0.06 D^+ → π^+η 1.59 ± 0.35 3.35 ± 0.39 3.53 ± 0.21 D^+ → π^+η^′ 3.68 ± 0.33 4.62 ± 0.31 4.67 ± 0.29 D^+ → K^+K^0 5.46 ± 0.55 8.93 ± 0.85 5.66 ± 0.32 D^+_s → π^+K^0 2.85 ± 0.28 3.65 ± 0.33 2.42 ± 0.16 D^+_s → π^0K^+ 0.73 ± 0.09 0.73 ± 0.09 0.62 ± 0.21 D^+_s → K^+η 0.79 ± 0.08 0.84 ± 0.08 1.75 ± 0.35 D^+_s → K^+η^′ 1.02 ± 0.17 1.25 ± 0.20 1.8 ± 0.6

greatly improved.

SU(3) breaking effects in the topological amplitudes for SCS D → P P decays are summarized in Table I. Theory predicted and measured branching fractions are given in Table II.^3 While the agreement with experiment is improved for most of the SCS modes after taking into account SU(3) breaking effects in decay amplitudes, there are a few exceptions. For example, the predicted rate for D^+ → K^+K^0 becomes even worse compared to the prediction based on SU(3) symmetry. It is possible that the effective parameter a_1(D^+ → K^+K^0) is smaller than a_1(D^0 → Kπ). Finally, we note in passing that the central values of the predicted branching fraction in the SU(3) limit given in Table II are sometimes slightly different from those given in Table II of Ref. [31]. This is

3 Our previous result of a^{(tot)}_{dir} (D^+_s → K^+η) is erroneous and it has been corrected in the erratum of [15].

because the current work adds penguin contributions into the analysis. The errors associated with these branching fractions are larger than before because a Monte Carlo sampling method is used here for error estimation, instead of the simple error propagation method used in Ref. [31]. The same Monte Carlo method is used throughout this paper for error estimation.

III. PENGUIN AMPLITUDES IN QCD FACTORIZATION

Although the topological tree amplitudes T, C, E and A for hadronic D decays can be extracted from the data, we still need information on penguin amplitudes (QCD penguin, penguin exchange and penguin annihilation) in order to estimate CP violation in the SCS decays. Unlike the tree amplitudes, it is more difficult to extract the topological penguin amplitudes reliably from the data. This is because the use of the topological approach relies heavily on SU(3) symmetry which leads to negligible penguin amplitudes in D decays. Consequently, the extraction of penguin amplitudes depends on SU(3) breaking effects in tree amplitudes. Indeed, we have shown in Sec. II B that the difference in penguin contractions ΔP is sensitive to how SU(3) symmetry breaking is treated in the tree amplitudes T and E. Therefore, we shall rely on theory to estimate the penguin contribution.

With the advent of heavy quark effective theory, it is known that nonleptonic B decays can be analyzed systematically within the QCD framework. There are three popular approaches available in this regard: QCD factorization (QCDF) [42], perturbative QCD (pQCD) [43] and soft-collinear effective theory (SCET) [44]. QCDF is phenomenologically quite successful in describing charmless hadronic B decays (see Ref. [45] for the QCDF predictions of B_{u,d,s} → P P, V P and V V decays and the comparison with experiment and the theory predictions of pQCD and SCET). This indicates that the dynamics of the penguin mechanism in penguin-dominated B decays is well described by QCDF.

As noted in Sec. I, since the charmed quark is not heavy enough and 1/m_c power corrections are so large, a sensible heavy quark expansion in 1/m_c is no longer applicable to aforementioned QCD-inspired approaches. This means that the less sophisticated approaches such as the naive factorization or the improved version of factorization such as the generalized factorization [46, 47] can serve as a reasonable starting point. However, none of the existing theoretical frameworks work well for hadronic D decays as the large 1/m_c power corrections are nonperturbative in nature and cannot be tackled using the factorization approach. Nevertheless, in this work we shall apply QCDF to the zeroth order in the power expansion of Λ_{QCD}/m_c (except for chirally enhanced power corrections characterized by the chiral factor r_χ given in Eq. (24) which are formally 1/m_c suppressed but numerically very important) to estimate penguin amplitudes in charm decays for the following reasons: (i) the expressions of penguin contractions in different approaches are similar except that the penguin loop function G(s, x) to be defined below is convoluted with the light-cone distribution amplitude of the light meson in QCDF, while it is replaced by G(s, k^2) where k^2 is the squared momentum carried by the virtual gluon; and (ii) vertex corrections can provide a strong phase which is absent in the generalized factorization approach. Hence, we shall work in QCDF [42, 48] to evaluate perturbative penguin amplitudes, but keep in mind that we employ this approach simply for a crude estimate of the penguin contractions. As for power corrections to QCD-penguin exchange amplitude PE and QCD-penguin annihilation amplitude PA, we shall adopt a different strategy to deal with long-distance effects due to FSI’s, as will be elaborated in Sec. IV B.

To calculate the penguin contributions, we start from the short-distance effective Hamiltonian

H_{eff} = G_F √ 2 ∑ p=d,s λ_p(c_1O^p_1 + c_2O^p_2 + c_{8g}O_{8g}) − λ_b 6∑ i=3 c_iO_i , (21) where

O^p_1 = (p̄c)_{V −A} (ūp)_{V −A} , O^p_2 = (p̄_αc_β)_{V −A} (ū_β p_α)_{V −A} , O_{3(5)} = (ūc)_{V −A} ∑ q (q̄q)_{V ∓A} , O_{4(6)} = (ū_αc_β)_{V −A} ∑ q (q̄_β q_α)_{V ∓A} ,

O_{8g} = − g_s 8π^2 m_c ūσ_{μν} (1 + γ_5)G^{μν} c , (22)

with O_3–O_6 being the QCD penguin operators and (q̄_1q_2)_{V ±A} ≡ q̄_1γ_μ(1 ± γ_5)q_2. The electroweak penguin operators are not included in the Hamiltonian as they can be neglected in practice. For the Wilson coefficients, we follow [22] to take c_1 = 1.22, c_2 = −0.43, c_3 = 0.018, c_4 = −0.046, c_5 = 0.013, c_6 = −0.044 and c_{8g} = −0.11 evaluated at the scale μ = m_c.

Let us first consider the penguin amplitudes in D → P_1P_2 decays

S_{P1P2} = G_F √ 2 [a_3(P_1P_2) − a_5(P_1P_2)]X^{(DP1 ,P2)} ,

P^p_{P1P2} = G_F √ 2 [a^p_4(P_1P_2) + r^{P2}_χ a^p_6(P_1P_2)]X^{(DP1 ,P2)} , PE^p_{P1P2} = G_F √ 2 (if_Df_{P1} f_{P2} ) [b^p_3]_{P1P2} , (23) PA^p_{P1P2} = G_F √ 2 (if_Df_{P1} f_{P2} ) [b^p_4]_{P1P2} ,

where C_F ≡ (N^2_c − 1)/(2N_c) with N_c = 3,

r^P_χ (μ) =

2m^2_P m_c(μ)(m_2 + m_1)(μ)

(24)

is a chiral factor and

X^{(DP1,P2)} ≡ ⟨P_2|J^μ|0⟩⟨P_1|J^′_μ|D⟩ = if_{P2} (m^2_D − m^2_{P1} ) F^{DP1}_0 (m^2_{P2} ) , (25)

with p_c being the center-of-mass momentum of either final state particle. Here we have followed the conventional Bauer-Stech-Wirbel definition for the form factor F^{DP}_0 [50]. The flavor operators a^p_i are basically the Wilson coefficients in conjunction with short-distance nonfactorizable corrections such as vertex corrections V_i, penguin contractions P_i and hard spectator interactions H_i:

a_3(P_1P_2) = ( c_3 + c_4 N_c ) + c_4 N_c C_F α_s 4π [V_3(P_2) +

4π^2 N_c H_3(P_1P_2)],

a^p_4(P_1P_2) = ( c_4 + c_3 N_c ) + c_3 N_c C_F α_s 4π [V_4(P_2) +

4π^2 N_c H_4(P_1P_2)] + P^p_4 (P_2),

a_5(P_1P_2) = ( c_5 + c_6 N_c ) + c_6 N_c C_F α_s 4π [V_5(P_2) +

4π^2 N_c H_5(P_1P_2)],

a^p_6(P_1P_2) = ( c_6 + c_5 N_c ) + c_5 N_c C_F α_s 4π [V_6(P_2) +

4π^2 N_c H_6(P_1P_2)] + P^p_6 (P_2), (26) where the explicit expressions of V_i and H_i can be found in [48]. The strong phase of the QCD penguin amplitude arises from vertex corrections and penguin contractions. The order α_s corrections from penguin contraction read [48]

P^p_4 = C_F α_s 4πN_c { c_1 [ 4 3 ln m_c μ + 2 3 − G_{M2} (s_p) ] + c_3 [ 8 3 ln m_c μ + 4 3 − G_{M2} (s_u) − G_{M2} (1) ]

+(c_4 + c_6) [ 16 3 ln m_c μ − G_{M2} (s_u) − G_{M2} (s_d) − G_{M2} (s_s) − G_{M2} (1) ] − 2c^{eff}_{8g}

∫_1 0 dx 1 − x Φ_{M2} (x) } , P^p_6 = C_F α_s 4πN_c { c_1 [ 4 3 ln m_c μ + 2 3 − Ĝ_{M2} (s_p) ] + c_3 [ 8 3 ln m_c μ + 4 3 − Ĝ_{M2} (s_u) − Ĝ_{M2} (1) ] (27)

+(c_4 + c_6) [ 16 3 ln m_c μ − Ĝ_{M2} (s_u) − Ĝ_{M2} (s_d) − Ĝ_{M2} (s_s) − Ĝ_{M2} (1) ] − 2c^{eff}_{8g} } , where c^{eff}_{8g} = c_{8g} + c_5, s_i = m^2_i /m^2_c , and

G_{M2} (s) =

∫_1 0 dx G(s, 1 − x)Φ_{M2} (x), Ĝ_{M2} (s) =

∫_1 0 dx G(s, 1 − x)Φ_{m2} (x), (28)

with G(s, x) = −4 ∫_1 0 du u(1 − u)ln[s − u(1 − u)x]. (29) Here Φ_{M2} (Φ_{m2} ) is the twist-2 (-3) light-cone distribution amplitude for the meson M_2. In the generalized factorization approach, the perturbative loop functions G_{M2} (s) and Ĝ_{M2} (s) are replaced by G(s, k^2) = −4

∫_1 0 du u(1 − u)ln [ s − u(1 − u) k^2 m^2_c ] , (30)

where k^2 is the virtual gluon’s momentum squared.

The annihilation operators b^p_{3,4} in Eq. (23) are given by

b^p_3 = C_F N^2_c [ c_3A^i_1 + c_5(A^i_3 + A^f_3 ) + N_cc_6A^f_3 ] , b^p_4 = C_F N^2_c [ c_4A^i_1 + c_6A^i_2 ] , (31)

where the annihilation amplitudes A^{i,f}_{1,2,3} are defined in Ref. [48]. As stressed in [10], contributions to penguin weak annihilation amplitudes PE and PA from penguin contractions should be included in order to ensure renormalization scheme and scale independence. This amounts to the effective penguin Wilson coefficients [46, 47]

c^{p,eff}_{4,6} = c_{4,6}(μ) + N_c 2C_F P^p_{4,6}(μ), c^{p,eff}_{3,5} = c_{3,5}(μ) − 1 2C_F P^p_{4,6}(μ). (32)

Hence, the penguin Wilson coefficients in Eq. (31) should be replaced by the effective ones.

In practical calculations of QCDF, the superscript ‘p’ can be omitted for a_3 and a_5. For a^p_{4,6} and c^{p,eff}_{3−6} , their ‘p’ dependence is dictated by the terms G_{M2} (s_p) and Ĝ_{M2} (s_p) defined in Eq. (28). Also as explained in [15], we shall not consider the spectator contributions to a_i because the relevant scale μ_h ≈ 0.8 GeV is beyond the regime where perturbative QCD is applicable.

IV. DIRECT CP VIOLATION

A. Tree-level CP violation

Direct CP asymmetry in hadronic charm decays defined by

a^{dir}_{CP} (f) = Γ(D → f) − Γ(D → f̄) Γ(D → f) + Γ(D → f̄)

(33)

can occur even at the tree level [51]. As emphasized in [15], the great merit of the topological approach is that the magnitude and the relative strong phase of each individual topological tree amplitude in charm decays can be extracted from the data. Hence, the estimate of a^{(tree)}_{dir} should be trustworthy. Larger CP asymmetries can be achieved in those decay modes with interference between T and C or C and E. For example, a^{(tree)}_{dir} is of order (0.7 − 0.8) × 10^{−3} for D^0 → π^0η and D^+_s → K^+η (see Table III). Direct CP violation in D^0 → K^0K^0 is given by

a^{(tree)}_{dir} (D^0 → K^0K^0) =

2Im(λ_dλ^∗_s) |λ_d|^2 Im(E^∗_d E_s) |E_d − E_s|^2 = 1.2 × 10^{−3} |E_dE_s| |E_d − E_s|^2 sin δ_{ds} , (34)

where δ_{ds} is the strong phase of E_s relative to E_d. Substituting the two solutions for E_d and E_s given in Eq. (17) in the above equation yields

a^{(tree)}_{dir} (D^0 → K^0K^0) = { −0.7 × 10^{−3} Solution I , −1.7 × 10^{−3} Solution II .

(35)

For comparison, a^{(tree)}_{dir} (D^0 → K^0K^0) = 0.69 × 10^{−3} is predicted in [22].

From Table III we see that almost all the predicted tree-level CP asymmetries in [22] are of opposite signs to ours. This can be traced back to the phase of the W -exchange amplitude. For CF D → P P decays, its phase is (122 ± 2)^∘ with χ^2 = 0.29 per degree of freedom [Eq. (4)]. For SCS decays, the phases of E_d and E_s [see Eq. (17)] lie in the range of 107^∘ ∼ 137^∘. Therefore, the W -exchange amplitude in this work is always in the second quadrant, while the E amplitude in [22] lies in the third quadrant because a global fit to all the data of 28 CF and SCS D → P P branching fractions has been performed there with χ^2 = 7.3 per degree of freedom. As a result, the imaginary part of E in [22] has a sign opposite to ours, and this explains the sign difference between this work and [22] for a^{(tree)}_{dir} .

B. Penguin-induced CP violation

Direct CP violation does not occur at the tree level in some of the SCS decays, such as D^0 → K^+K^− and D^0 → π^+π^−. In these two decays, CP asymmetry can only arise from the interference between tree and penguin amplitudes denoted by a^{(t+p)}_{dir} . From Eq. (7) we obtain

a^{(t+p)}_{dir} (π^+π^−) =

4Im[(λ_d − λ_s)λ^∗_b ] |λ_d − λ_s|^2 Im[(T^∗ + E^∗ + ΔP^∗)(T + E + ΔP + ΣP − ΔP )]_{ππ} |T + E + ΔP |^2_{ππ} ≈ 1.2 × 10^{−3} | | | P^s + PE^s + PA^s T + E + ΔP | | | ππ sin δ_{ππ} , (36)

TABLE III: Direct CP asymmetries (in units of 10^{−3}) of D → P P decays, where a^{(tree)}_{dir} denotes CP asymmetry arising from purely tree amplitudes and a^{(tot)}_{dir} from the total amplitude. The first (second) entry in D^0 → ηη, ηη^′, K^+K^− and K^0K^0 is for Solution I (II) of E_d and E_s [Eq. (17)]. For QCD-penguin exchange PE, we assume that it is similar to the topological E amplitude [see Eq. (45)]. World averages of experimental measurements are taken from Ref. [3]. For comparison, the predicted results of a^{(tree)}_{dir} and a^{(tot)}_{dir} in [22] are also presented.

Decay Mode a^{(tree)}_{dir} (this work) a^{(tree)}_{dir} [22] a^{(tot)}_{dir} (this work) a^{(tot)}_{dir} [22] Expt. D^0 → π^+π^− 0 0 0.95 ± 0.04 0.68 2.0 ± 2.2 D^0 → π^0π^0 0 0 0.80 ± 0.04 0.20 1 ± 48 D^0 → π^0η 0.82 ± 0.03 −0.33 0.08 ± 0.04 −0.55 D^0 → π^0η^′ −0.39 ± 0.02 0.54 0.01 ± 0.02 1.99 D^0 → ηη −0.28 ± 0.01 0.28 −0.58 ± 0.02 0.08 −0.42 ± 0.02 0.28 −0.74 ± 0.02 0.08 D^0 → ηη^′ 0.49 ± 0.02 −0.30 0.54 ± 0.02 −0.98 0.38 ± 0.02 −0.30 0.34 ± 0.02 −0.98 D^0 → K^+K^− 0 0 −0.42 ± 0.01 −0.50 −2.3 ± 1.7 0 0 −0.53 ± 0.02 −0.50 D^0 → K^0K^0 −0.73 1.11 −0.63 ± 0.01 1.37 −1.73 1.11 −1.81 ± 0.01 1.37 D^+ → π^+π^0 0 0 0 0 29 ± 29 D^+ → π^+η 0.35 ± 0.06 −0.54 −0.74 ± 0.06 −0.52 17.4 ± 11.5^a D^+ → π^+η^′ −0.21 ± 0.04 0.39 0.33 ± 0.07 1.52 −1.2 ± 11.3^a D^+ → K^+K^0 −0.07 ± 0.06 −0.14 −0.39 ± 0.04 −1.00 −1.0 ± 5.9 D^+_s → π^+K^0 0.07 ± 0.06 0.14 0.45 ± 0.03 1.00 66 ± 24 D^+_s → π^0K^+ 0.01 ± 0.11 0.33 0.94 ± 0.10 0.72 266 ± 228 D^+_s → K^+η −0.71 ± 0.05 −0.19 −0.61 ± 0.05 0.83 93 ± 152 D^+_s → K^+η^′ 0.36 ± 0.04 −0.41 −0.28 ± 0.12 −1.78 60 ± 189

aData from [54].

where δ_{ππ} is the strong phase of (P_s + PE_s + PA_s)_{ππ} relative to (T + E + ΔP )_{ππ}. Likewise,

a^{(t+p)}_{dir} (K^+K^−) ≈ −1.2 × 10^{−3} | | | | P_d + PE_d + PA_d T + E − ΔP | | | |_{KK} sin δKK , (37)

with δ_{KK} being the strong phase of (P_d + PE_d + PA_d)_{KK} relative to (T + E − ΔP )_{KK} . Therefore, we have the relation a^{(t+p)}_{dir} (K^+K^−) = −a^{(t+p)}_{dir} (π^+π^−) in SU(3) limit. (38) Note that the expression of a^{(t+p)}_{dir} (π^+π^−) given in [15]

a^{(t+p)}_{dir} (π^+π^−) =

2Im(λ_dλ^∗_s) |λ_d|^2 Im[(T^∗ + E^∗ + P^∗_d + PE^∗_d + PA^∗_d)(P_s + PE_s + PA_s)]_{ππ} |T + E|^2_{ππ} ≈ 1.2 × 10^{−3} | | | P^s + PE^s + PA^s T + E | | | ππ sin δ_{ππ}, (39) is a special case of Eq. (36) with negligible ΔP and similarly for a^{(t+p)}_{dir} (K^+K^−).

Using the input parameters for the light-cone distribution amplitudes of light mesons, quark masses and decay constants from Refs. [41, 52] and form factors from Refs. [31, 53], we find to the leading order expansion in Λ_{QCD}/m_b in QCDF that ( P_d T ) ππ = 0.239 e^{−i152∘} , ( P_s T ) ππ = 0.244 e^{−i154∘} , ( ΔP T ) ππ = 0.010 e^{−i35∘} , ( P_d T ) KK = 0.235 e^{−i152∘} , ( P_s T ) KK = 0.240 e^{−i154∘} , ( ΔP T ) KK = 0.009 e^{−i35∘} . (40)

Therefore, ΔP = P_d − P_s arising from the difference in the d- and s-loop penguin contractions [see Eq. (26)] is very small compared to the tree amplitude. More precisely, it comes from the differences between G_{π,K} (s_d) and G_{π,K} (s_s) and between Ĝ_{π,K} (s_d) and Ĝ_{π,K} (s_s) defined in Eq. (28). Because of the smallness of ΔP , we need to rely on SU(3) violation in both T and E amplitudes to explain the large disparity in the rates of D^0 → K^+K^− and π^+π^−. It is straightforward to find ( P_s T + E ) ππ = 0.35 e^{i170∘} , ( P_d T + E ) KK = 0.24 e^{i170∘} . (41)

Hence, δ_{ππ} ≈ δ_{KK} = 170^∘. From Eqs. (36) and (37), we derive a^{(t+p)}_{dir} (π^+π^−) = 6.7 × 10^{−5} and a^{(t+p)}_{dir} (K^+K^−) = −4.9 × 10^{−5}. Therefore, QCD-penguin induced CP asymmetries in D^0 → π^+π^−, K^+K^− are small mainly due to the almost trivial strong phases δ_{ππ} and δ_{KK} .

For QCD penguin power corrections, we shall consider weak penguin annihilation, namely, QCD-penguin exchange PE and QCD-penguin annihilation PA. At the short-distance level, weak penguin annihilation contributions are found to be smaller than QCD penguin with the hierarchy P > PE > PA. For example, (PE/T )_{ππ} ∼ 0.04 and (PA/T )_{ππ} ∼ −0.02. In the QCDF approach, it can be shown that the short-distance weak annihilation and weak penguin annihilation terms are related to each other via (see Eq. (55) of [48])

A^{SD} = c_2 c_1

E^{SD} , PA^{SD} = c_4 + c_6

c_2

A^{SD} ,

PE^{SD} = c_3 c_1

E^{SD} + G_F √ 2 (if_Df_{M1} f_{M2} ) [ c_5A^i_3 + (c_5 + N_cc_6)A^f_3 ] , (42)

where A^{i,f}_3 denote annihilation amplitudes induced from (−2)(S−P )⊗(S+P ) 4-quark operator and the superscripts ‘i’ and ‘f’ refer to gluon emission from the initial and final-state quarks, respectively. For example, the amplitude A_3 has the expression A_3 ∝ −2⟨M_1M_2|(ūq)_{S+P} ⊗ (q̄c)_{S−P} |D⟩ with (q̄_1q_2)_{S±P} ≡ q̄_1(1 ± γ_5)q_2. Now A^f_3 corresponds to the factorizable contribution A^f_3 ∝ −2⟨M_1M_2|(ūq)_{S+P} |0⟩⟨0|(q̄c)_{S−P} |D⟩ , (43) where A^i_3 to the nonfactorizable contribution of A_3. The factorizable term A^f_3 was evaluated in [22] by assuming its dominance by lowest scalar resonances. In [10], the large-N_c counting ⟨M_1M_2|(ūu)_{S+P} ⊗ (ūc)_{S−P} |D⟩ ⟨M_1M_2|(s̄_αs_β − d̄_αd_β)_{V −A} ⊗ (ū_β c_α)_{V −A} |D⟩

= O(N_c) (44)

was employed to get the relation PE ∼ (2N_cc^{eff}_6 /c_1)E. (The amplitude PE was denoted by P_{f,1} in [10].) However, the major contributions to weak annihilation and weak penguin annihilation from

FSI’s were not considered in [10, 22].^4 We would like to stress again that the relations given in Eq. (42) are valid only for short-distance ones. One cannot replace E^{SD} and A^{SD} by the topological amplitudes E and A, respectively, extracted from the data. Moreover, annihilation terms at short-distance level are small due to helicity suppression. Typically, QCDF yields E^{SD} ∼ 0.5 and A^{SD} ∼ −0.2 in units of 10^{−6} GeV. Comparing with the topological amplitudes extracted in Eq. (4), it is evident that weak annihilation amplitudes are dominated by long-distance contributions.

As pointed out in [15], long-distance contributions to SCS decays, for example, D^0 → π^+π^−, can proceed through the weak decay D^0 → K^+K^− followed by a resonant-like final-state rescattering as depicted in Fig. 2 of [15]. It has the same topology as the QCD-penguin exchange topological graph PE. Just as the weak annihilation topologies E and A, it is expected that weak penguin annihilation will receive sizable long-distance contributions from FSI’s as well. Recall that soft corrections due to penguin annihilation have been proposed to resolve some problems in hadronic B decays, such as the rate deficit problem for penguin-dominated decays and the CP puzzle for B̄0 → K−π+ [48]. Hence, it is plausible to assume that PE is of the same order of magnitude as E. For concreteness, we shall take (in units of 10^{−6} GeV)

PE = 1.6 e^{i115∘} . (45)

As shown in Table III, we see that the predicted CP violation denoted by a^{(tot)}_{dir} or a^{(tree)}_{dir} is at most of order 10^{−3} in the SM. For Δa^{dir}_{CP} , the CP asymmetry difference between D^0 → K^+K^− and D^0 → π^+π^−, we obtain −(0.139 ± 0.004)% and −(0.151 ± 0.004)% for Solutions I and II, respectively. It is of interest to notice that the prediction of −0.118% obtained in [22] based on a different approach is in agreement with our result. Since in the SM, Δa^{dir}_{CP} arises mainly from weak penguin annihilation, we can vary the amplitude PE to see how much enhancement we can gain. Even with the maximal magnitude |PE| ∼ T and a maximal strong phase relative to T , we get Δa^{dir}_{CP} = −0.27%. This is more than 2σ away from the current world average. Hence, if the LHCb result for Δa^{dir}_{CP} is confirmed by further data analysis, it will imply new physics in the charm sector.

C. D^+ → π^+π^0

It is known that the D^+ → π^+π^0 decay does not receive QCD penguin contributions and its direct CP violation vanishes. Nevertheless, it does receive additional contributions from isospin violation and electroweak penguin effects. For example, the u-d quark mass difference will induce π-η-η^′ mixing. Hence, the decay D^+ → π^+η (D^+ → π^+η^′) followed by the η-π (η^′-π) mixing will contribute to the direct CP asymmetry in D^+ → π^+π^0. Consider the contribution from π^0-η_8 mixing

A(D^+ → π^+π^0) = 1 √ 2 λ_d(T + C)_{ππ} + ⟨π^0|H_{mass}|η_8⟩ 1 m^2_π − m^2_η

A(D^+ → π^+η) , (46)

4 Contributions from final-state interactions have the general expression ∑ n⟨M_1M_2|L_S |n⟩⟨n|L_W |D⟩, where L_S and L_W are strong- and weak-interaction Lagrangians, respectively, and n denotes the physical intermediate states.

where (see e.g., [49])

⟨π^0|H_{mass}|η_8⟩ = − √ 3 4 m_d − m_u m_s − m̂ (m^2_η − m^2_π) (47)

with m̂ = (m_u + m_d)/2. It follows that

A(D^+ → π^+π^0) = 1 √ 2 λ_d(T + C)_{ππ} + √ 3 4 m_d − m_u m_s − m̂ A(D^+ → π^+η) . (48)

There will be also a correction from the η^′ meson. Consequently, isospin breaking induced by u and d quark mass difference will generate CP asymmetries at tree and loop levels for D^+ → π^+π^0. However, it is suppressed by a factor of (m_d − m_u)/m_s ≈ 0.025. Therefore, CP asymmetry in D^+ → π^+π^0 induced by isospin breaking and electroweak penguins are negligible. Recently, it was argued in [26] that a measurement of nonzero a^{dir}_{CP} (π^+π^0) would be a signal for ΔI = 3/2 new physics.

V. NEW PHYSICS EFFECTS

Whether the first evidence of CP violation in the charm sector observed by LHCb is consistent with the SM or implies NP will require a further analysis of more data and improved theoretical understanding. If the improved theoretical estimate of Δa^{dir}_{CP} remains to be a few per mille and the experimental measurement continues to be large with more statistics in the future or if the direct CP asymmetry of any of the discussed modes is significantly larger than 10^{−3}, it will be clear evidence of physics beyond the SM in the charm sector. Then it will be important to explore possible NP scenarios responsible for such large direct CP asymmetries.

A. Large penguins

In the wake of the LHCb and CDF measurements of Δa^{dir}_{CP} , several groups of people have assumed enhanced hadronic matrix elements through SU(3) breaking [14] or U-spin breaking [21] or enhanced penguins via unforeseen QCD or NP effects [16, 19, 24]. Let us examine the phenomenological implications of large penguins irrespective of the origin of enhancement. It turns out that the penguin 1 2 ΣP ≡ 1 2 (P_d + PE_d + PA_d + P_s + PE_s + PA_s) ≈ { 2.9 T e^{i85∘} for Solution I , 3.2 T e^{i85∘} for Solution II ,

(49)

with maximal strong phase can accommodate the measurement of direct CP asymmetry difference between D^0 → K^+K^− and π^+π^− (see Table IV). Indeed, it has been noticed in [16, 24] that a large penguin of order 3T can explain the observed Δa^{dir}_{CP} .^5 Some authors argued that penguin

5 Authors of [16] have introduced an additional phenomenological penguin amplitude P_b in order to accommodate the measured Δa^{dir}_{CP} . However, there is no need to make this assumption as the penguin amplitudes can be recast to λ_dP_d + λ_sP_s =^1_2 (λ_d − λ_s)(P_d − P_s) −^1_2 λ_b(P_d + P_s). The last term on the right-hand side of the above relation is the so-called P_b in [16].

TABLE IV: Direct CP asymmetries (in units of 10^{−3}) of SCS D → P P decays estimated in the scenarios with large penguin contributions and large chromomagnetic dipole operator. The parameters ΣP and c^{NP}_{8g} are chosen to fit the data of Δa^{dir}_{CP} :^1_2 ΣP = 2.9 T e^{i85∘} and c^{NP}_{8g} = 0.017e^{i14∘} for Solution I,^1_2 ΣP = 3.2 T e^{i85∘} and c^{NP}_{8g} = 0.012e^{i14∘} for Solution II. The number in parentheses is for Solution II of E_d and E_s [Eq. (17)]. Decay Mode Large penguins Large c.d.o. D^0 → π^+π^− 3.96 (4.40) 5.18 (3.70) D^0 → π^0π^0 0.93 (1.01) 8.63 (6.19) D^0 → π^0η 0.09 (0.03) −6.12 (−4.15) D^0 → π^0η^′ 2.36 (2.67) −0.44 (−0.44) D^0 → ηη −1.79 (−1.64) −1.63 (−2.00) D^0 → ηη^′ 2.65 (1.49) −2.30 (−1.08) D^0 → K^+K^− −2.63 (−2.36) −1.46 (−2.88) D^+ → π^+π^0 0 (0) 0 (0) D^+ → π^+η −3.24 (−3.62) −5.35 (−3.67) D^+ → π^+η^′ 2.97 (3.34) 0.93 (0.59) D^+ → K^+K^0 −2.95 (−3.28) 0.37 (0.29) D^+_s → π^+K^0 3.29 (3.66) −0.47 (−0.35) D^+_s → π^0K^+ 4.57 (5.08) 4.40 (3.14) D^+_s → K^+η −0.58 (−0.57) 1.59 (0.94) D^+_s → K^+η^′ −5.16 (−5.79) 1.76 (1.39)

matrix elements (or more pertinently “penguin amplitudes”) could be substantially enhanced in the SM just like the enhancement of the W -exchange amplitude relative to the naive expectation. However, this conjecture needs to be clarified. The topological amplitudes C and E extracted from the data are much larger than what expected from naive factorization. This is because they receive large 1/m_c power corrections from FSI’s. For example, the topological amplitude E receives contributions from the tree amplitude T via final-state rescattering. As shown in Refs. [37, 38], the effects of final-state rescattering via nearby resonances can be quantified. As for the QCD penguin, an estimate to the leading-order expansion of Λ_{QCD}/m_b in QCDF is given in Eq. (40). The 1/m_c corrections manifested as weak penguin annihilation are even smaller. Nevertheless, weak penguin annihilation does receive long-distance contributions from the color-allowed tree amplitude followed by final-state rescattering. Since this FSI originates from the tree amplitude, one cannot have PE > T . Hence, we believe that a penguin amplitude larger than the tree amplitude in size is only possible through the enhancement of new physics.

Using the above large penguin^1_2 ΣP as input, the predicted direct CP asymmetries for other charm decays are summarized in the second column of Table IV. We see that many modes, such as D^+_s → π^+K^0, π^0K^+, K^+η^′, are expected to yield direct CP asymmetries of a similar magnitude, at a few per mille level.

B. Large chromomagnetic dipole operator

Even before the LHCb experiment, the impact of NP on Δa^{dir}_{CP} had already been investigated in [8, 55]. The unexpected LHCb measurement has inspired many analyses based on a variety of NP models. Models for NP effects at tree level include flavor-changing coupling of a SM Z boson [18, 19], flavor-changing neutral currents induced by a leptophobic massive Z^′ boson [11, 19], two Higgs-doublet model [19], color-singlet scalar model [13], color-sextet scalar (i.e., diquark scalar) model [19, 20], color-octet scalar model [19] and fourth generation model [12, 21]. Models with NP in QCD penguins at the loop level have been constructed as well, including new fermion and scalar fields [19] and the chirally enhanced chromomagnetic dipole operator [18].

The NP models are highly constrained by D^0-D^0 mixing, K^0-K^0 mixing and CP violation in the kaon system characterized by the parameter ϵ^′/ϵ [9]. Many of the tree-level NP models are either ruled out or in tension with experiments [19]. As stressed in [18], a large NP contribution to the ΔC = 1 chromomagnetic dipole operator is the best candidate to explain the LHCb and CDF results as it is least constrained by all current data in flavor physics. Although the chromomagnetic dipole operator O_{8g} is suppressed by the charm Yukawa coupling, the hadronic matrix element reads ⟨M_1M_2|O_{8g}|D⟩ = − α_s π m_c k^2

⟨M_1M_2|ū_αγ_μ/k(1 + γ_5) λ_{αβ} 2 c_β q̄_γ γ^μ λ_{γδ} 2 q_δ|D⟩ (50) where k^2 is the square of momentum transfer of the gluon and is of order m^2_c . After applying the equation of motion, we see that the matrix element ⟨M_1M_2|O_{8g}|D⟩ is independent of m_c; that is, it is enhanced by a factor of v/m_c, where v is the vacuum expectation value of the Higgs field arising from the structure of the gauge-invariant dimension-six operator [18]. On the other hand, the D^0-D^0 mixing induced by O_{8g} is suppressed by a factor of m^2_c /v^2. Of course, we need NP to enhance the Wilson coefficient c_{8g} and to induce a sizable imaginary part. This can be realized in the supersymmetric models where the gluino-squark loop contributes a major part of c_{8g} [10], the disoriented A terms and split families are the sources of flavor violation [18], or the flavor structure of the trilinear scalar couplings is related to the structure of the Yukawa couplings via approximate flavor symmetries [25].

To demonstrate the NP effects, we consider the NP penguin amplitude P^{NP} induced by the chromomagnetic operator which has the expression

P^{NP}_{P1P2} = G_F √ 2 [a^{NP}_4 (P_1P_2) + r^{P2}_χ a^{NP}_6 (P_1P_2)]X^{(DP1 ,P2)} , (51)

with

a^{NP}_4 (P_1P_2) = P^{NP}_4 (P_2) = −2c^{NP}_{8g} C_F α_s 4πN_c ∫_1 0 dx 1 − x Φ_{P2} (x),

a^{NP}_6 (P_1P_2) = P^{NP}_6 (P_2) = −2c^{NP}_{8g} C_F α_s 4πN_c . (52)

See Eqs. (26) and (27) for a derivation. Then we add the NP amplitude P^{NP} to the penguin amplitudes λ_pP_p in Table I where summation over p = d, s is understood; that is, the penguin amplitudes λ_pP_p are replaced by λ_pP_p + P^{NP}. As an example of illustration, we shall take c^{NP}_{8g} ≈ 0.012e^{i14∘} which fits to the data of Δa^{dir}_{CP} . The calculated CP asymmetries for the other modes are listed in the last column of Table IV. Since the decay D^0 → K^0K^0 does not receive QCD penguin contribution, it is not affected by the chromomagnetic dipole operator in NP. It is interesting to notice that while a large chromomagnetic dipole operator leads to a large direct CP asymmetry for D^0 → π^0π^0, π^0η, the predicted CP violation for D^0 → π^0η^′, D^+ → π^+η^′, K^+K^0 and D^+_s → π^+K^0, K^+η^′ is much smaller than that in the large penguin scenario. Therefore, measurements of the CP asymmetries of the above-mentioned modes will enable us to discriminate between the two different NP scenarios.

VI. DISCUSSIONS AND CONCLUSIONS

In this work we have examined various sources responsible for the seemingly large SU(3) breaking effects in the D^0 → K^+K^− and D^0 → π^+π^− decays. We considered three cases: (i) SU(3) symmetry holds for T and E amplitudes. Then a sizable ΔP (the difference of s- and d-quark penguin contractions) of the same order of magnitude as T is needed to explain the data. This is also true if the symmetry breaking of T and E amplitudes follows the pattern given by by Eq. (11). (ii) SU(3) symmetry holds for E amplitudes, but SU(3) violation due to decay constants, meson masses and form factors is taken into account in T amplitudes so that T_{KK} /T_{ππ} ≈ 1.32 as inferred from the factorization approach. This leads to |ΔP/T | ∼ 0.15 . (iii) The large rate difference between D^0 → K^+K^− and D^0 → π^+π^− is entirely accounted for by SU(3) violation in T and E amplitudes and hence ΔP can be neglected. Owing to the observation of D^0 → K^0K^0 through W -exchange and penguin annihilation diagrams and the smallness of ΔP theoretically, we have argued in this work that the last scenario is preferred and fixed the SU(3) breaking in the W -exchange amplitudes from the following four modes: K^+K^−, π^+π^−, π^0π^0 and K^0K^0. Our results are summarized in Table II, where we have shown branching fractions of SCS D → P P decays and elaborated on SU(3) breaking effects for each mode.

Since the magnitude and the phase of topological color-suppressed tree amplitude and weak annihilation amplitudes which arise mainly from final-state rescattering can be extracted from the data in the diagrammatic approach, direct CP asymmetry a^{(tree)}_{dir} at tree level can be reliably estimated. We predict that a^{(tree)}_{dir} (D^0 → K^0K^0) ranges from −0.73 × 10^{−3} to −1.73 × 10^{−3}, depending on the solution for E amplitudes. A recent similar study in [22] found opposite signs of a^{(tree)}_{dir} to ours for most of the SCS D → P P decays. This is ascribed to the phase of E amplitudes: It is in the second quadrant in our work while in the third quadrant in [22]. As for the decay D^+ → π^+π^0, it does receive corrections from isospin violation due to the u-d quark mass difference and electroweak penguins. However, the induced CP asymmetry is negligible because, for example, the isospin-violating effect is suppressed by a factor of (m_d − m_u)/m_s.

Using QCD factorization as a guideline, the direct CP asymmetries of both D^0 → K^+K^− and D^0 → π^+π^− are at a few ×10^{−4} level. This is seen to be largely due to the trivial relative strong phase between the QCD penguin amplitude and the tree-level amplitudes. For QCD penguin power corrections, the short-distance contributions to weak penguin annihilation diagrams PE and PA are small, but PE receives long-distance final-state contributions from rescattering through nearby resonances which have the same topology as the W -exchange diagram. It is thus natural to assume that PE is of the same order of magnitude as E. We conclude that the CP asymmetry difference

Δa^{dir}_{CP} between D^0 → K^+K^− and D^0 → π^+π^− is about −(0.139 ± 0.004)% and −(0.151 ± 0.004)% for the two solutions of E amplitudes, respectively. A similar prediction was also obtained in [22].

If Δa^{dir}_{CP} continues to be large with more statistics in the future, it will be clear evidence of physics beyond the standard model in the charm sector. Considering two possibilities of new physics effects, namely, large penguins and large chromomagnetic dipole operator, we have studied their phenomenological implications in the SCS charmed meson decays. We point out that the CP asymmetries several modes, such as D^0 → π^0π^0, π^0η^{(′)}, D^+ → π^+η^′, K^+K^0 and D^+_s → π^+K^0, K^+η^′, allow us to discriminate between different new physics scenarios.

Acknowledgments

We are grateful to Alexander Kagan, Hsiang-nan Li and Fu-Sheng Yu for useful discussions. This research was supported in part by the National Science Council of Taiwan, R. O. C. under Grant Nos. NSC-100-2112-M-001-009-MY3 and NSC-100-2628-M-008-003-MY4.

[1] R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 108, 111602 (2012) [arXiv:1112.0938 [hep-ex]].

[2] A. Di Canto, talk at XXVI Rencontres de Physique de la Vallee dAoste February 26-March 3, 2012, La Thuile, Italy; CDF Note 10784.

[3] D. Asner et al. [Heavy Flavor Averaging Group], arXiv:1010.1589 [hep-ex] (2010) and online update at http://www.slac.stanford.edu/xorg/hfag.

[4] C. Quigg, Z. Phys. C 4, 55 (1980).

[5] M. Golden and B. Grinstein, Phys. Lett. B 222, 501 (1989). [6] I. Hinchliffe and T. A. Kaeding, Phys. Rev. D 54, 914 (1996) [hep-ph/9502275]. [7] I. I. Bigi and A. Paul, JHEP 1203, 021 (2012) [arXiv:1110.2862 [hep-ph]]. [8] I. I. Bigi, A. Paul and S. Recksiegel, JHEP 1106, 089 (2011) [arXiv:1103.5785 [hep-ph]]. [9] G. Isidori, J. F. Kamenik, Z. Ligeti and G. Perez, Phys. Lett. B 711, 46 (2012) [arXiv:1111.4987 [hep-ph]].

[10] J. Brod, A. L. Kagan and J. Zupan, arXiv:1111.5000 [hep-ph]. [11] K. Wang and G. Zhu, Phys. Lett. B 709, 362 (2012) [arXiv:1111.5196 [hep-ph]]. [12] A. N. Rozanov and M. I. Vysotsky, JETP Lett. 95, 443 (2012) [arXiv:1111.6949 [hep-ph]]. [13] Y. Hochberg and Y. Nir, arXiv:1112.5268 [hep-ph].

[14] D. Pirktskhalava and P. Uttayarat, D. Pirtskhalava and P. Uttayarat, Phys. Lett. B 712, 81 (2012) [arXiv:1112.5451 [hep-ph]].

[15] H. Y. Cheng and C. W. Chiang, Phys. Rev. D 85, 034036 (2012) [arXiv:1201.0785 [hep-ph]];

85, 079903(E) (2012) [16] B. Bhattacharya, M. Gronau and J. L. Rosner, Phys. Rev. D 85, 054014 (2012) [arXiv:1201.2351 [hep-ph]].

[17] X. Chang, M. K. Du, C. Liu, J. S. Lu and S. Yang, arXiv:1201.2565 [hep-ph].

[18] G. F. Giudice, G. Isidori and P. Paradisi, JHEP 1204, 060 (2012) [arXiv:1201.6204 [hep-ph]]. [19] W. Altmannshofer, R. Primulando, C. T. Yu and F. Yu, JHEP 1204, 049 (2012) [arXiv:1202.2866 [hep-ph]].

[20] C. H. Chen, C. Q. Geng and W. Wang, Phys. Rev. D 85, 077702 (2012) [arXiv:1202.3300 [hep-ph]].

[21] T. Feldmann, S. Nandi and A. Soni, arXiv:1202.3795 [hep-ph]. [22] H. -n. Li, C. D. Lu and F. S. Yu, arXiv:1203.3120 [hep-ph]. [23] E. Franco, S. Mishima and L. Silvestrini, arXiv:1203.3131 [hep-ph]. [24] J. Brod, Y. Grossman, A. L. Kagan and J. Zupan, arXiv:1203.6659 [hep-ph]. [25] G. Hiller, Y. Hochberg and Y. Nir, arXiv:1204.1046 [hep-ph]. [26] Y. Grossman, A. L. Kagan and J. Zupan, arXiv:1204.3557 [hep-ph].

[27] L. L. Chau Wang, p. 419-431 in AIP Conference Proceedings 72 (1980), Weak Interactions as Probes of Unification (edited by G.B. Collins, L.N. Chang and J.R. Ficenec), and p.1218-1232 in Proceedings of the 1980 Guangzhou Conference on Theoretical Particle Physics (Science Press, Beijing, China, 1980, distributed by Van Nostrand Reinhold company); L. L. Chau, Phys. Rept. 95, 1 (1983).

[28] L. L. Chau and H. Y. Cheng, Phys. Rev. Lett. 56, 1655 (1986).

[29] L. L. Chau and H. Y. Cheng, Phys. Rev. D 36, 137 (1987); Phys. Lett. B 222, 285 (1989). [30] H. Y. Cheng and S. Oh, JHEP 1109, 024 (2011) [arXiv:1104.4144 [hep-ph]]. [31] H. Y. Cheng and C. W. Chiang, Phys. Rev. D 81, 074021 (2010) [arXiv:1001.0987 [hep-ph]]. [32] B. Bhattacharya and J. L. Rosner, Phys. Rev. D 77, 114020 (2008) [arXiv:0803.2385 [hep-ph]]. [33] F. Ambrosino et al., JHEP 0907, 105 (2009) [arXiv:0906.3819 [hep-ph]]. [34] D. Besson et al. [CLEO Collaboration], Phys. Rev. D 80, 032005 (2009) [arXiv:0906.2983 [hep-ex]].

[35] K. Nakamura et al. [Particle Data Group], J. Phys. G 37, 075021 (2010). [36] L. L. Chau and H. Y. Cheng, Phys. Lett. B 333, 514 (1994) [hep-ph/9404207]. [37] P. Żenczykowski, Acta Phys. Polon. B 28, 1605 (1997). [38] H. Y. Cheng, Eur. Phys. J. C 26, 551 (2003).

[39] Y. L. Wu, M. Zhong and Y. F. Zhou, Eur. Phys. J. C 42, 391 (2005) [hep-ph/0405080]. [40] T. Feldmann, P. Kroll, and B. Stech, Phys. Rev. D 58, 114006 (1998); Phys. Lett. B449, 339 (1999).

[41] J. Laiho, E. Lunghi and R. S. Van de Water, Phys. Rev. D 81, 034503 (2010) [arXiv:0910.2928 [hep-ph]]; 2+1 Flavor QCD Averages: http://mypage.iu.edu/∼elunghi/webpage/LatAves/index.html.

[42] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Phys. Rev. Lett. 83, 1914 (1999) [arXiv:hep-ph/9905312]; Nucl. Phys. B 591, 313 (2000) [arXiv:hep-ph/0006124].

[43] Y.Y. Keum, H.-n. Li, and A.I. Sanda, Phys. Rev. D 63, 054008 (2001). [44] C.W. Bauer, D. Pirjol, I.Z. Rothstein, and I.W. Stewart, Phys. Rev. D 70, 054015 (2004). [45] H. -Y. Cheng and C. -K. Chua, Phys. Rev. D 80, 114008 (2009) [arXiv:0909.5229 [hep-ph]];

Phys. Rev. D 80, 114026 (2009) [arXiv:0910.5237 [hep-ph]]. [46] A. Ali and C. Greub, Phys. Rev. D 57, 2996 (1998).

[47] Y. H. Chen, H. Y. Cheng, B. Tseng and K. C. Yang, Phys. Rev. D 60, 094014 (1999) [hep-ph/9903453].

[48] M. Beneke and M. Neubert, Nucl. Phys. B 675, 333 (2003).

[49] J.F. Donoghue, E. Golowich and H.R. Holstein, Dynamics of the Standard Model (Cambridge, 1994).

[50] M. Wirbel, B. Stech, and M. Bauer, Z. Phys. C 29, 637 (1985); M. Bauer, B. Stech, and M.

Wirbel, ibid. C 34, 103 (1987).

[51] L. L. Chau and H. Y. Cheng, Phys. Rev. Lett. 53, 1037 (1984).

[52] H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009); Phys. Rev. D 80, 074031 (2009).

[53] Y. L. Wu, M. Zhong and Y. B. Zuo, Int. J. Mod. Phys. A 21, 6125 (2006) [hep-ph/0604007]. [54] E. Won et al. [Belle Collaboration], Phys. Rev. Lett. 107, 221801 (2011) [arXiv:1107.0553 [hep-ex]].

[55] Y. Grossman, A. L. Kagan and Y. Nir, Phys. Rev. D 75, 036008 (2007) [hep-ph/0609178].