arXiv:0904.3375v2 [hep-ph] 10 Jun 2009

Study of scalar meson a_0(980) from B → a_0(980)π Decays

Zhi-Qing Zhang^{a,b∗} and Zhen-jun Xiao^{b †}

a Department of Physics, Henan University of Technology, Zhengzhou, Henan 450052, P.R.China;

b Department of Physics and Institute of Theoretical Physics, Nanjing Normal University, Nanjing, Jiangsu 210097, P.R.China

Abstract

In this paper, we calculate the branching ratios and the direct CP-violating asymmetries for decays B̄^0 → a^0(980)π^0, a^+_0 (980)π^−, a^−_0 (980)π^+ and B^− → a^0(980)π^−, a^−_0 (980)π^0 by employing the perturbative QCD factorization approach. Although the light scalar meson a_0(980) is widely perceived as primarily the four-quark bound states, the calculation shows that the 2-quark model supposition for a_0(980) can not be ruled out by the currently available experiment upper limits. In these considered decays, the branching ratio for the B^− → a^0(980)π^− is the largest, 2.8×10^{−6}, while its direct CP asymmetry is the smallest, ∼ 14%. Although the direct CP asymmetries for the decays B̄^0 → a^0(980)π^0, B^− → a^−_0 (980)π^0 are large, about (70 ∼ 80)%, it is still difficult to measure them, since their branching ratios are small, around (4 ∼ 5) × 10^{−7}.

PACS numbers: 13.25.Hw, 12.38.Bx, 14.40.Nd

∗ Electronic address: zhangzhiqing@zzu.edu.cn † Electronic address: xiaozhenjun@njnu.edu.cn

I. INTRODUCTION

The study about scalar meson is an interesting topic for both theory and experiment. In order to uncover their mysterious structure, intensive studies have been done for the B meson decays involving a scalar meson as one of the two final state mesons. Such kind of decays have been studied by employing various factorization approaches, such as the generalized factorization approach [1], the QCD factorization (QCDF) approach [2, 3], the perturbative QCD (pQCD) approach [4, 5, 6, 7, 8], and by using the QCD sum rule [9, 10, 11].

On the experimental side, from the first scalar meson f_0(980) observed in the decay mode B → f_0(980)K by Belle [12], and confirmed by BaBar [13] later, then many channels involving a scalar in the final state have been measured by Belle [14, 15] and BaBar [16, 17]. For example, the decays B → a_0(980)π were searched by BarBar five years ago [18], especially the decay B^− → a^−_0 (980)π^0, which has been considered as a best candidate to distinguish the nature of the scalar a_0(980) [19]. The authors of Ref.[19] argued that if the branching ratio of this channel can be measured accurately by the experiment, one can separate the four- and two-quark assignments, because the results of these two assignments have a difference of one order of magnitude. So in the past three years, BarBar have given this channel twice measurements [20, 21] and get two almost identical upper limits. For our considered decays, only the experimental upper limits are available now for some of them [22]:

Br(B̄^0 → a^+_0 (980)π^−) < 3.1 × 10^{−6}, Br(B^− → a^−_0 (980)π^0) < 1.4 × 10^{−6}, Br(B^− → a^0(980)π^−) < 5.8 × 10^{−6}. (1)

In this paper, we will study the branching ratios and CP asymmetries of B̄^0 → a^0(980)π^0, a^±_0 (980)π^∓ and B^− → a^−_0 (980)π^0, a^0(980)π^− within perturbative QCD approach based on k_T factorization. In the following, we use a_0 to denote a_0(980) in some places for convenience. It is organized as follows. In Sect.II, the status of the study on the physical properties of a_0, the relevant decay constants and light-cone distribution amplitudes are discussed. In Sec.III, we then analysis these decay channels using the pQCD approach. The numerical results and the discussions are given in the section IV. The conclusions are presented in the final part.

II. PHYSICAL PROPERTIES OF THE FINAL PARTICLES

Many scalar mesons below 2GeV have been found in experiments. We cann’t accommodate these scalar mensons into one nonet, but need at least two nonets below and above 1 GeV[23]. Among them, the scalar mesons below 1 GeV, including f_0(600)(σ), f_0(980), K^∗_0 (800)(κ) and a_0(980), are usually viewed to form an SU(3) nonet; while scalar mseons above 1 GeV, including f_0(1370), f_0(1500)/f_0(1700), K^∗(1430) and a_0(1450) form the other SU(3) nonet. There are several different scenarios to describe these mesons in the quark model [24, 25, 26, 27]. For example a_0(980) meson, which has been suggested as q̄q lowest lying state [24](called scenario I) or four-quark bound state [25](called scenario II). In the scenario I, the former SU(3) nonet mesons are treated as the q̄q ground stats, and the latter nonet ones are the first excited states; in the scenario II, the former nonet mesons are viewed as four-quark bound states, while the latter nonet ones are q̄q ground states. Some people also consider that it is not made of one simple component but might have a more complex nature such as having a KK̄ component[26, 27], even the superpositions of the two- and four- quark states. In order to make quantitative predictions, we identify a_0(980) as the two-quark state in the calculation.

In 2-quark model, the decay constants for scalar meson a_0 are defined by:

⟨a_0(p)|q̄_2γ_μq_1|0⟩ = f_{a0} p_μ, ⟨a_0(p)|q̄_2q_1|0⟩ = m_{a0}f̄_{a0} . (2)

For the neutral scalar meson a_0 cannot be produced via the vector current (restricted by the charge conjugation invariance or the G parity conservation), the vector decay constant f_{a0} = 0. As to the charged scalar mesons a^−_0 , from the equation of motion:

μ_a−_0 f_a−_0 = f̄_a−_0 , with μ_a−_0 = m_a−_0 m_d(μ) − m_u(μ) , (3)

its vector decay constant is proportional to the mass difference between the constituent u and d quarks. It is easy to see the vector decay constant is very small, and will equal to zero in the SU(3) limit. So we only need consider the scalar decay constant f̄_{a0} , which is scale dependent. Fixing the scale at 1 GeV, the value is f̄_{a0} = (365 ± 20)MeV, which is calculated in QCD sum rules[3].

The light-cone distribution amplitudes (LCDAs) for the scalar meson a_0 can be written as: ⟨a_0(p)|q̄_1(z)_lq_2(0)_j |0⟩ = 1 √ 2N_c ∫_1 0 dx e^{ixp·z} ×{p/Φ_{a0} (x) + m_{a0} Φ^S_{a0} (x) + m_{a0} (n/_+n/_− − 1)Φ^T_{a0} (x)}_{jl}, (4)

where n_+ and n_− are light-like vectors: n_+ = (1, 0, 0_T ), n_− = (0, 1, 0_T ), and n_+ is parallel with the moving direction of the scalar meson a_0. The normalization can be related to the decay constants: ∫_1 0 dxΦ_{a0} (x) =

∫_1 0 dxΦ^T_{a0} (x) = 0,

∫_1 0 dxΦ^S_{a0} (x) = f̄_{a0} 2 √ 2N_c . (5)

The twist-2 LCDA can be expanded in the Gegenbauer polynomials:

Φ_{a0} (x, μ) = 1 2 √ 2N_c f̄_{a0} (μ)6x(1 − x)^∞ ∑ m=1 B_m(μ)C^{3/2}_m (2x − 1), (6)

the values for Gegenbauer moments B_1, B_3 have been calculated in [3] as:

B_1 = −0.93 ± 0.10, B_3 = 0.14 ± 0.08. (7)

These vaues are taken at μ = 1 GeV and the even Gegenbauer moments vanish.

As for the twist-3 distribution amplitudes Φ^s_{a0} and Φ^T_{a0} , they have not been studied in the literature, so we adopt the asymptotic form [8]:

Φ^S_{a0} = 1 2 √ 2N_c f̄_{a0} , Φ^T_{a0} = 1 2 √ 2N_c f̄_{a0} (1 − 2x). (8)

III. THE PERTURBATIVE QCD CALCULATION

Under the two-quark model for the scalar meson a_0 supposition, we would like to use pQCD approach to study B decays into a_0 and π. The decay amplitude can be conceptually written as the convolution, A(B → πa_0) ∼ ∫ d^4k_1d^4k_2d^4k_3 Tr [C(t)Φ_B (k_1)Φ_π(k_2)Φ_{a0} (k_3)H(k_1, k_2, k_3, t)] , (9)

where k_i’s are momenta of light quarks included in each mesons, and Tr denotes the trace over Dirac and color indices. C(t) is the Wilson coefficient which results from the radiative corrections at short distance. In the above convolution, C(t) includes the harder dynamics at larger scale than M_B scale and describes the evolution of local 4-Fermi operators from m_W (the W boson mass) down to t ∼ O( √ Λ̄M_B ) scale, where Λ̄ ≡ M_B −m_b. The function H(k_1, k_2, k_3, t) describes the four quark operator and the spectator quark connected by a hard gluon whose q^2 is in the order of Λ̄M_B , and includes the O( √ Λ̄M_B ) hard dynamics.

Therefore, this hard part H can be perturbatively calculated. The function Φ_{(π,a0)} are the wave functions of π and a_0, respectively.

Since the b quark is rather heavy we consider the B meson at rest for simplicity. It is convenient to use light-cone coordinate (p^+, p^−, p_T ) to describe the meson’s momenta,

p^± = 1 √ 2 (p^0 ± p^3), and p_T = (p^1, p^2). (10)

Using these coordinates the B meson and the two final state meson momenta can be written as

P_B = M_B √ 2 (1, 1, 0_T ), P_2 = M_B √ 2 (1, 0, 0_T ), P_3 = M_B √ 2 (0, 1, 0_T ), (11)

respectively. The meson masses have been neglected. Putting the anti- quark momenta in B, P and S mesons as k_1, k_2, and k_3, respectively, we can choose

k_1 = (x_1P^+_1 , 0, k_{1T} ), k_2 = (x_2P^+_2 , 0, k_{2T} ), k_3 = (0, x_3P^−_3 , k_{3T} ). (12)

For these considered decay channels, the integration over k^−_1 , k^−_2 , and k^+_3 in eq.(9) will lead to A(B → πa_0) ∼ ∫ dx_1dx_2dx_3b_1db_1b_2db_2b_3db_3 ·Tr [ C(t)Φ_B (x_1, b_1)Φ_π(x_2, b_2)Φ_{a0} (x_3, b_3)H(x_i, b_i, t)S_t(x_i) e^{−S(t)} ] , (13)

where b_i is the conjugate space coordinate of k_{iT} , and t is the largest energy scale in function H(x_i, b_i, t). In order to smear the end-point singularity on x_i, the jet function S_t(x) [28], which comes from the resummation of the double logarithms ln^2 x_i, is used

S_t(x) =

2^{1+2c}Γ(3/2 + c) √ πΓ(1 + c)

[x(1 − x)]^c, (14) where the parameter c = 0.4. The last term e^{−S(t)} in Eq.(13) is the Sudakov form factor which suppresses the soft dynamics effectively [29].

For the considered decays, the related weak effective Hamiltonian H_{eff} can be written as [30] H_{eff} = G_F √ 2 ∑ q=u,c V_{qb}V^∗_{qd} [ (C_1(μ)O^q_1(μ) + C_2(μ)O^q_2(μ)) 10∑ i=3 C_i(μ) O_i(μ) ] , (15)

with the Fermi constant G_F = 1.16639 × 10^{−5}GeV^{−2}, and the CKM matrix elements V. We specify below the operators in H_{eff} for b → d transition:

O^u_1 = d̄_αγ^μLu_β · ū_βγ_μLb_α , O^u_2 = d̄_αγ^μLu_α · ū_βγ_μLb_β , O_3 = d̄_αγ^μLb_α · ∑ q^′ q̄ ′ βγ_μLq^′_β , O_4 = d̄_αγ^μLb_β · ∑ q^′ q̄ ′ βγ_μLq^′_α , O_5 = d̄_αγ^μLb_α · ∑ q^′ q̄ ′ βγ_μRq^′_β , O_6 = d̄_αγ^μLb_β · ∑ q^′ q̄ ′ βγ_μRq^′_α , O_7 =^3_2d̄_αγ^μLb_α · ∑ q^′ eq^′q̄ ′ βγ_μRq^′_β , O_8 =^3_2d̄_αγ^μLb_β · ∑ q^′ eq^′q̄ ′ βγ_μRq^′_α , O_9 =^3_2d̄_αγ^μLb_α · ∑ q^′ eq^′q̄ ′ βγ_μLq^′_β , O_{10} =^3_2d̄_αγ^μLb_β · ∑ q^′ eq^′q̄ ′ βγ_μLq^′_α , (16)

where α and β are the SU(3) color indices; L and R are the left- and right-handed projection operators with L = (1 − γ_5), R = (1 + γ_5). The sum over q^′ runs over the quark fields that are active at the scale μ = O(m_b), i.e., (q^′ϵ{u, d, s, c, b}).

In the following, we take the B̄^0 → π^0a^0 decay channel as an example to expound. There are 8 type diagrams contributing to this decay, as illustrated in Fig.1. For the factorizable emission diagrams (a) and (b), operators O_{1−4,9,10} are (V −A)(V −A) currents, and the operators O_{5−8} have a structure of (V −A)(V +A), the sum of the their amplitudes are written as F_{eπ} and F^{P 1}_{eπ} . In some other cases, we need to do Fierz transformation for the (V − A)(V + A) operators and get (S − P )(S + P ) ones which hold right flavor and color structure for factorization to work. The contribution from the operator (S − P )(S + P ) type is written as F^{P 2}_{eπ} . Similarly, for the factorizable annihilation diagrams (g) and (h), the contributions from (V − A)(V − A), (V − A)(V + A), (S − P )(S + P ) currents are F_{aπ}, F^{P 1}_{aπ} and F^{P 2}_{aπ} . For the nonfactorizable spectator diagrams (c, d) and the nonfactorizable annihilation diagrams (e, f), these three kinds of contributions can be written as M_{eπ}, M^{P 1}_{eπ} , M^{P 2}_{eπ} and M_{aπ}, M^{P 1}_{aπ} , M^{P 2}_{aπ} , respectively. Since these amplitudes are similar to those B → f_0(980)K(π, η^{(′)}) [6, 7] or B → a_0(980)K [8], we just need to replace some corresponding wave functions and parameters.

Combining the contributions from different diagrams, the total decay amplitudes for these decays can be written as:

2M(B̄^0 → a^0π^0) = ξ_u [(−M_{eπ} + M_{aπ} + M_{ea0} + M_{aa0} )C_2 + (F_{aπ} + F_{ea0} + F_{aa0} )a_2] −ξ_t { (M^{P 1}_{eπ} + M^{P 1}_{aπ} + M^{P 1}_{ea0} + M^{P 1}_{aa0} )(C_5 − 1 2 C_7)

+ (M_{eπ} + M_{aπ} + M_{ea0} + M_{aa0} ) (C_3 + 2C_4 − 1 2 C_9 + 1 2 C_{10}) + ( M^{P 2}_{eπ} + M^{P 2}_{aπ} + M^{P 2}_{ea0} + M^{P 2}_{aa0} )(2C_6 + 1 2 C_8) + (F_{aπ} + F_{ea0}

+F_{aa0} ) (2a_3 + a_4 − 2a_5 − 1 2 a_7 + 1 2 a_9 − 1 2 a_{10}) + ( F^{P 2}_{eπ} + F^{P 2}_{aπ} + F^{P 2}_{ea0} + F^{P 2}_{aa0} ) (a_6 − 1 2 a_8) } , (17)

FIG. 1: Diagrams contributing to the decay B̄^0 → π^0a^0 .

M(B̄^0 → a^−_0 π^+) = ξ_u [F_{aa0} a_2 + M_{eπ}C_1 + M_{aa0} C_2] − ξ_t { M^{P 1}_{aπ} ( C_5 − 1 2 C_7 )

+M^{P 1}_{eπ} (C_5 + C_7) + M_{aπ}(C_3 + C_4 − 1 2 C_9 − 1 2 C_{10}) + M_{aa0} (C_4 + C_{10})

M_{eπ} (C_3 + C_9) + M^{P 2}_{aπ} (C_6 − 1 2 C_8) + M^{P 2}_{aa0} (C_6 + C_8)

+F_{aπ}(a_3 + a_4 − a_5 + 1 2 a_7 − 1 2 a_9 − 1 2 a_{10})

+F_{aa0} (a_3 + a_9 − a_5 − a_7) + F^{P 2}_{eπ} (a_6 + a_8) + F^{P 2}_{aπ} ( a_6 − 1 2 a_8 )} , (18)

M(B̄^0 → a^+_0 π^−) = ξ_u [F_{ea0} a_1 + F_{aπ}a_2 + M_{ea0} C_1 + M_{aπ}C_2] − ξ_t { M^{P 1}_{aa0} ( C_5 − 1 2 C_7 )

+M^{P 1}_{ea0} (C_5 + C_7) + M_{aa0} (C_3 + C_4 − 1 2 C_9 − 1 2 C_{10}) + M_{aπ}(C_4 + C_{10})

M_{ea0} (C_3 + C_9) + M^{P 2}_{aa0} (C_6 − 1 2 C_8) + M^{P 2}_{aπ} (C_6 + C_8)

+F_{aa0} (a_3 + a_4 − a_5 + 1 2 a_7 − 1 2 a_9 − 1 2 a_{10}) + F_{ea0} (a_4 + a_{10})

+F_{aπ}(a_3 + a_9 − a_5 − a_7) + F^{P 2}_{ea0} (a_6 + a_8) + F^{P 2}_{aa0} ( a_6 − 1 2 a_8 )} , (19)

TABLE I: Input parameters used in the numerical calculation[22].

Masses m_{a0} = 0.9847 GeV, m^π_0 = 1.3 GeV, M_B = 5.28 GeV, m_π = 0.14 GeV, Decay constants f_B = 0.19 GeV, f_π = 0.13 GeV, Lifetimes τ_B± = 1.671 × 10^{−12} s, τ_B0 = 1.530 × 10^{−12} s, CKM V_{tb} = 0.9997, V_{td} = 0.0081e^{−i21.6∘} , V_{ud} = 0.974, V_{ub} = 0.00393e^{−i60∘} .

√ 2M(B^− → a^0π^−) = ξ_u [M_{eπ}C_2 + (−M_{aπ} + M_{ea0} + M_{aa0} )C_1 + (−F_{aπ} + F_{ea0} + F_{aa0} )a_1] −ξ_t { −M^{P 1}_{eπ} (C_5 − 1 2 C_7) + (−M^{P 1}_{aπ} + M^{P 1}_{ea0} + M^{P 1}_{aa0} )(C_5 + C_7)

+M_{eπ}(−C_3 + 1 2 C_9 + 3 2 C_{10}) + (−M_{aπ} + M_{ea0} + M_{aa0} ) (C_3 + C_9) + 3 2 C_8M^{P 2}_{eπ} + (−F_{aπ} + F_{ea0} + F_{aa0} ) (a_4 + a_{10}) − F^{P 2}_{eπ} (a_6 − 1 2 a_8) +(−F^{P 2}_{aπ} + F^{P 2}_{ea0} + F^{P 2}_{aa0} )(a_6 + a_8) } , (20) √ 2M(B^− → a^−_0 π^0) = ξ_u [M_{ea0} C_2 + (−M_{aa0} + M_{eπ} + M_{aπ})C_1 + F_{ea0} a_2 + (−F_{aa0} + F_{eπ} + F_{aπ})a_1] −ξ_t { −M^{P 1}_{ea0} (C_5 − 1 2 C_7) + (−M^{P 1}_{aa0} + M^{P 1}_{eπ} + M^{P 1}_{aπ} )(C_5 + C_7)

+M_{ea0} (−C_3 + 1 2 C_9 + 3 2 C_{10}) + (−M_{aa0} + M_{eπ} + M_{aπ}) (C_3 + C_9) + 3 2 C_8M^{P 2}_{ea0} + (−F_{aa0} + F_{eπ} + F_{aπ}) (a_4 + a_{10}) − F^{P 2}_{ea0} (a_6 − 1 2 a_8)

+F_{ea0} (−a_4 − 3 2 a_7 + 3 2 a_9 + 1 2 a_{10}) + (−F^{P 2}_{aa0} + F^{P 2}_{ea0} + F^{P 2}_{aπ} )(a_6 + a_8) } , (21)

where ξ_u = V_{ub}V^∗_{ud}, ξ_t = V_{tb}V^∗_{td}. The combinations of the Wilson coefficients are defined as usual [31]:

a_1(μ) = C_2(μ) +

C_1(μ) 3 , a_2(μ) = C_1(μ) +

C_2(μ) 3 , a_i(μ) = C_i(μ) +

C_{i+1}(μ) 3 , i = 3, 5, 7, 9, a_i(μ) = C_i(μ) + C_{i−1}(μ) 3 , i = 4, 6, 8, 10. (22)

IV. NUMERICAL RESULTS AND DISCUSSIONS

In the numerical calculation, we will use the input parameters as listed in Table I.

TABLE II: Branching ratios (×10^{−6}) for the decays B̄^0 → a^0π^0, a^±_0 π^∓ and B^− → a^−_0 π^0, a^0π^−. The first theoretical error is from the the scalar meson decay constant, the second and the third one are Gengebauer moments B_1 and B_3 for twist-2 LCDAs of a(980).

Channel This work Data QCDF [3] B̄0 → a0π0 0.51^{+0.08+0.09+0.00}

−0.07−0.09−0.00 – 0.2

B̄0 → a^+_0 π− 0.86^{+0.10+0.14+0.01}

−0.09−0.14−0.00 – 7.6

B̄0 → a^−_0 π+ 0.51^{+0.05+0.09+0.07}

−0.06−0.09−0.06 – 0.6

B̄0 → a^+_0 π− + a^−_0 π+ 0.93^{+0.10+0.15+0.02} −0.10−0.14−0.00 < 3.1 – B^− → a^−_0 π^0 0.41^{+0.00+0.00+0.00}

−0.13−0.14−0.12 < 1.4 0.2

B^− → a^0π^− 2.8^{+0.00+0.00+0.00}

−0.79−0.85−0.58 < 5.8 3.4

In the B-rest frame, the decay rates of B → a_0(980)π can be written as: Γ = G^2_F 32πm_B |M|^2(1 − r^2_{a0} ) (23)

where r_{a0} = m_{a0} /m_B and M is the total decay amplitude of B → a_0(980)π, which has been given in section III.

Using the wave functions as specified in previous section and the input parameters listed in Table I, it is straightforward to calculate the CP-averaged branching ratios for the considered decays, which are listed in Table II. In this table, we have included theoretical errors arising from the uncertainties in the scalar meson decay constant f̄_{a0} and the Gengebauaer moments B_1 and B_3 for twist-2 LCDAs of a_0(980).

From the numerical results, one can find that: Firstly, the branching ratio of B̄^0 → a^0π^0 is larger than that of B̄^0 → f_0(980)π^0 [7], for the small uū and dd̄ component in the f_0(980), but much smaller than the branching ratio Br(B̄^0 → π^0π^0) = (1.62±0.31)×10^{−6}. Since the scalar meson a_0(980) has vanishing decay constants in the isospin limit, the a^−_0 π^+ rate is smaller than that of its conjugated channel. Secondly, the ratio of these two rates is about 1/2. If one includes the interference between these two decay modes, the branching ratio of B̄^0 → a^−_0 π^+ + a^+_0 π^− is close to 1 × 10^{−6}. Thirdly, for the two charged decays, it is the same reason with the previous two neutral ones, and the a^−_0 π^0 rate is much smaller than that of a^0π^−. Lastly, the 2-quark model supposition of a_0(980) can not be ruled out by the current experimental data, and this point is different from the QCDF prediction [3]. Since only the upper limits for these channels are available now and the daughter branching fraction has been taken to be 100%, so the further accurate data are needed to clarify this discrepancy.

In Fig. 2, we plot the branching ratios of B̄^0 → a^0π^0, a^−_0 π^+ + a^+_0 π^− and B^− → a^0π^−, a^−_0 π^0 as functions of the CKM angle α = arg[−^{V ∗tdVtb}_V ∗_{udVub} ]. From these figures, it is found that the branching ratio of B̄^0 → a^−_0 π^+ + a^+_0 π^− is more sensitive to the angle α than those of other three decay channels. It has been claimed in Ref.[3] that the B^0 − B̄^0 interference plays no role in the a^±_0 π^∓ channels. We disagree and we argue that though the B^0 − B̄^0 interference in the a^±_0 π^∓ channels may be not as strong as that in some other channels, such as a_1(1260)^∓π^± modes. There must exist certain interference among them,

FIG. 2: Branching ratios (in units of 10^{−6}) of (a) B̄^0 → a^0π^0 (solid curve), B̄^0 → a^−_0 π^+ + a^+_0 π^− (dashed curve) and (b) B^− → a^−_0 π^0 (solid curve), B^− → a^0π^− (dashed curve) decays as a function of the CKM angle α.

as can be seen easily in the numerical values in Table II, so it may be unreasonable to regard the decays B̄^0 → a^∓_0 π^± as the self-tagging decays in the experiment.

Now we turn to the evaluations of the CP-violating asymmetries of B^− → a^−_0 π^0, a^0π^− and B̄ → a^0π^0, a^±_0 π^∓ decays in pQCD approach. For the charged decay channels, the direct CP-violating asymmetry can be defined as: A^{dir}_{CP} = |A|^2 − |A|^2 |A|^2 + |A|^2 . (24)

For the neutral decays B̄^0 → a^0π^0, there are both direct CP asymmetry A^{dir}_{CP} and mixing-induced CP asymmetry A^{mix}_{CP} . The time dependent CP asymmetry of B decay into a CP eigenstate f (a^0π^0) is defined as:

A_{CP} (t) = A^{dir}_{CP} (B_d → f) cos(ΔMt) + A^{mix}_{CP} (B_d → f) sin(ΔMt), (25)

with A^{dir}_{CP} (B_d → f) = |λ|^2 − 1 1 + |λ|^2 , A^{mix}_{CP} (B_d → f) = 2Imλ 1 + |λ|^2

, (26) λ = ηe^{−2iβ} A(B̄_d → f) A(B_d → f) , (27)

where η = ±1 depends on the CP eigenvalue of f, ΔM is the mass difference of the two neutral B meson eigenstates.

As to the decays B̄ → a^±_0 π^∓, since both B^0 and B̄^0 can decay into the final state a^+_0 π^− and a^−_0 π^+, the four time-dependent decay widths for B^0(t) → a^+_0 π^−, B̄^0(t) → a^−_0 π^+, B^0(t) → a^−_0 π^+ and B̄^0(t) → a^+_0 π^− can be expressed by four basic matrix elements: g = ⟨a^+_0 π^−|H_{eff} |B^0⟩, h = ⟨a^+_0 π^−|H_{eff} |B̄^0⟩, ḡ = ⟨a^−_0 π^+|H_{eff} |B̄^0⟩, h̄ = ⟨a^−_0 π^+|H_{eff} |B^0⟩. (28)

FIG. 3: The direct CP asymmetries (a) of the decays B̄^0 → a^0π^0 (solid curve), B^− → a^−_0 π^0 (dashed curve), B^− → a^+_0 π^− (dotted cureve) and the CP asymmetry parameters (b) of the decay B̄^0 → a^+_0 π^− + a^−_0 π^+: a_ϵ′ (dash-dotted curve) , a_ϵ′ (dotted cureve), a_{ϵ+ϵ}′ (dashed cureve) and a_{ϵ+ϵ}′ (solid curve) as functions of the CKM angle α.

Following the notation of Ref.[32, 33], the four CP violating parameters are given by the following formulae: a_ϵ′ = |g|^2 − |h|^2 |g|^2 + |h|^2 , a_{ϵ+ϵ}′ = −2Im(^q_p^h_g ) 1 + |h/g|^2 a_{ϵ̄}′ = |h̄|^2 − |ḡ|^2 |h̄|^2 + |ḡ|^2 , a_{ϵ+ϵ̄}′ = −2Im(^q_p^ḡ_{h̄} ) 1 + |ḡ/h̄|^2 , (29)

where q/p = e^{−2iβ} is defined via

B_1 = p|B^0⟩ + q|B^0⟩, B_2 = p|B^0⟩ − q|B^0⟩, (30)

with |p|^2 + |q|^2 = 1 and β being a CKM angle.

From the Fig.3(b), one can find the central values of the CP-violation parameters:

a_ϵ′ = 0.31, a_{ϵ+ϵ}′ = 0.94, a_{ϵ̄}′ = 0.93, a_{ϵ+ϵ̄}′ = 0.32; (31)

for α = 100^∘.

The direct CP asymmetries are shown in Fig.3(a). The branching ratio of decay B^− → a^0π^− is the largest one among the considered channels, while its direct CP asymmetry is the smallest, 14%. Although the CP asymmetries for the decays B̄^0 → a^0(980)π^0, B^− → a^−_0 (980)π^0 are large, about (70 ∼ 80)%, it is still difficult to measure them, since their branching ratios are small, around (4 ∼ 5) × 10^{−7}.

V. CONCLUSION

In this paper, we calculate the branching ratios and CP-violating asymmetries of B̄^0 → a^0π^0, B̄^0 → a^+_0 π^−, B̄^0 → a^−_0 π^+, B^− → a^0π^− and B^− → a^−_0 π^0 decays in the pQCD factorization approach by identifying a_0(980) as the 2-quark content. Using the decay constants and light-cone distribution amplitudes derived from QCD sum-rule method, we find that:

• Since the scalar meson a_0(980) has vanishing decay constant in the isospin limit, one can find Br(B̄^0 → a^+_0 π^−) > Br(B̄^0 → a^−_0 π^+) and Br(B^− → a^0π^−) > Br(B^− → a^−_0 π^0).

• If one includes the B^0 − B̄^0 interference in the a^±_0 π^∓ channels, Br(B̄^0 → a^+_0 π^− + a^−_0 π^+) = 0.93 × 10^{−6}, which is close to Br(B̄^0 → a^+_0 π^−) = 0.86 × 10^{−6}. There must exist certain interference in these two neutral channels.

• Although the CP asymmetries of B̄^0 → a^0(980)π^0, B^− → a^−_0 (980)π^0 are large, about (70 ∼ 80)%, it is still difficult to measure them, since their branching ratios are small.

• For our predictions agree well with the currently available experimental upper limits, the 2-quark model supposition for a_0(980) can not be ruled out. This point of view is different from the conclusion obtained by using the QCDF approach.

Acknowledgment

Z.Q. Zhang would like to thank H.Y. Cheng and W. Wang for helpful discussions. This work is partly supported by the National Natural Science Foundation of China under Grant No.10575052 and 10735080.

[1] A.K. Giri , B. Mawlong , R. Mohanta Phys. Rev. D 74, 114001 (2006). [2] H.Y. Cheng ,K.C. Yang, Phys. Rev. D 71, 054020 (2005). [3] H.Y. Cheng , C.K. Chua , K.C. Yang Phys. Rev. D 73, 014017 (2006). [4] C.H. Cheng, Phys. Rev. D 67, 014012 (2003). [5] C.H. Cheng, Phys. Rev. D 67, 094011 (2003).

[6] W. Wang , Y.L. Shen , Y. Li , C.D. Lü Phys. Rev. D 74, 114010 (2006). [7] Z.Q. Zhang and Z.J. Xiao, Chin. Phys. C33 (2009) in press; arXiv: 0812.2314 [hep-ph]. [8] Y.L. Shen, W. Wang, J. Zhu, C.D. Lu Eur. Phys. J. C 50:877-887, (2007). [9] D.S. Du, J.W. Li and M.Z. Yang, Phys. Lett. B 619, 105 (2005). [10] M.Z. Yang, Phys. Rev. D 73, 034027 (2006). [11] M.Z. Yang, Mod.Phys.Lett.A21, 1625 (2006).

[12] Belle Collaboration, A. Garmash et al., Phys. Rev. D 65, 092005 (2002). [13] BaBar Collaboration, B.Aubert et al., Phys. Rev. D 70, 092001 (2004). [14] Belle Collaboration, A. Garmash et al., Phys. Rev. D 71, 092003 (2005). [15] J. Dragic , talk presented at the HEP2005 Europhysics Conference in Lisboa, Portugal, July 21-27, 2005.

[16] BaBar Collaboration, B. Aubert, et al., Phys. Rev. D 73, 031101 (2006) ; Phys. Rev.

Lett. 94, 041802 (2005).

[17] BaBar Collaboration, B. Aubert et al., Phys. Rev. D 72 072003 (2005). [18] BaBar Collaboration, B. Aubert et al., Phys. Rev. D 70 111102(2004); Phys. Rev. D 75 111102(2007).

[19] D. Delepine, J.L. Lucio M., and C.A. Ramirez, Eur. Phys. J. C 45:693-700(2006). [20] BaBar Collaboration, B. Aubert, et al., Submitted to the 33^{rd} International Conference on High-Energy Physics, ICHEP 06, 26 July - 2 August 2006, Moscow, Russia, hep-ex/0607064.

[21] BaBar Collaboration, B. Aubert, et al., Phys. Rev. D 77, 011101(2008); Erratum-ibid.77, 039903 (2008); Erratum-ibid.77, 019904 (2008).

[22] Particle Data Group, C. Amsler et al., Phys. Lett. B 667,1(2008). [23] F.E. Close, N.A. Törnqvist et al., J. Phys. G 28, R249 (2002). [24] N.A. Tornqvist, Phys. Rev. Lett. 49, 624 (1982);

[25] G.L. Jaffe Phys. Rev. D 15, 267 (1977); Erratum-ibid.Phys. Rev. D 15 281 (1977);

A.L. Kataev, Phys. Atom. Nucl. 68, 567 (2005), Yad. Fiz. 68, 597(2005); A. Vijande, A. Valcarce, F. Fernandez and B. Silvestre-Brac, Phys. Rev. D72, 034025 (2005).

[26] J. Weinstein , N. Isgur , Phys. Rev. Lett. 48, 659 (1982); Phys. Rev. D 27, 588 (1983);

41, 2236 (1990); M.P. Locher et al., Eur. Phys. J. C 4, 317 (1998). [27] V. Baru et al., Phys. Lett. B586, 53 (2004). [28] H.N. Li, Phys. Rev. D 66, 094010 (2002). [29] H.N. Li and B. Tseng, Phys. Rev. D 57, 443 (1998).

[30] G. Buchalla , A.J. Buras , M.E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996). [31] A. Ali, G. Kramer, C.D. Lü , Phys. Rev. D 58, 094009 (1998). [32] C.D. Lü , M.Z. Yang, Eur. Phys. J. C 23, 275 (2002). [33] Z.Q. Zhang and Z.J. Xiao, Eur. Phys. J. C 59, 49 (2009).