arXiv:0910.2112v1 [hep-ph] 12 Oct 2009

Analysis of the vertexes Ξ^∗_QΞ^′_QV , Σ^∗_QΣ_QV and radiative decays Ξ^∗_Q → Ξ^′_Qγ, Σ^∗_Q → Σ_Qγ

Zhi-Gang Wang^1 Department of Physics, North China Electric Power University, Baoding 071003, P. R. China

Abstract

In this article, we study the vertexes Ξ^∗_QΞ^′_QV , Σ^∗_QΣ_QV with the light-cone QCD sum rules, then assume the vector meson dominance of the intermediate ϕ(1020), ρ(770) and ω(782), and calculate the radiative decays Ξ^∗_Q → Ξ^′_Qγ, Σ^∗_Q → Σ_Qγ.

PACS numbers: 11.55.Hx, 12.40.Vv, 13.30.Ce, 14.20.Lq, 14.20.Mr Key Words: Heavy baryons; Light-cone QCD sum rules

1 Introduction

The charm and bottom baryons which contain a heavy quark and two light quarks are particularly interesting for studying dynamics of the light quarks in the presence of a heavy quark. They behave as the QCD analogue of the familiar hydrogen bounded by the electromagnetic interaction, and serve as an excellent ground for testing predictions of the constituent quark models and heavy quark symmetry [1, 2]. The three light quarks form an SU(3) flavor triplet, 3 × 3 = ¯3 + 6, two light quarks can form diquarks of a symmetric sextet and an antisymmetric antitriplet. For the S-wave charm baryons, the^1_2^+ antitriplet states (Λ^+_c , Ξ^+_c , Ξ^0_c ), and the^1_2^+ and^3_2^+ sextet states (Ω_c, Σ_c, Ξ^′_c) and (Ω^∗_c , Σ^∗_c , Ξ^∗_c ) have been established; while the corresponding bottom baryons are far from complete, only the Λ_b, Σ_b, Σ^∗_b , Ξ_b, Ω_b have been observed [3].

In previous works, we have calculated the masses and the pole residues of the^1_2^+ heavy baryons Ω_Q and the^3_2^+ heavy baryons Ω^∗_Q with the QCD sum rules [4, 5]. In Ref.[6], we assume the charm mesons D_{s0}(2317) and D_{s1}(2460) with the spin-parity 0^+ and 1^+ respectively are the conventional cs̄ states, and calculate the strong coupling constants ⟨D^∗_s ϕ|D_{s0}⟩ and⟨D_sϕ|D_{s1}⟩ with the light-cone QCD sum rules, then take the vector meson dominance of the intermediate ϕ(1020), study the radiative decays D_{s0} → D^∗_s γ and D_{s1} → D_sγ. In Ref.[7], we study the vertexes Ω^∗_QΩ_Qϕ with the light-cone QCD sum rules, then assume the vector meson dominance of the intermediate ϕ(1020), and calculate the radiative decays Ω^∗_Q → Ω_Qγ.

In this article, we extend our previous works to study the vertexes Ξ^∗_QΞ^′_QV , Σ^∗_QΣ_QV with the light-cone QCD sum rules^2, then assume the vector meson dominance of the intermediate ϕ(1020), ρ(770) and ω(782), and calculate the radiative decays Ξ^∗_Q → Ξ^′_Qγ, Σ^∗_Q → Σ_Qγ to complete our works on radiative decays among the^1_2^+ and^3_2^+ sextet states (Ω_Q, Σ_Q, Ξ^′_Q) and (Ω^∗_Q, Σ^∗_Q, Ξ^∗_Q). In Ref.[8], Aliev et al study the electromagnetic decays Σ^∗_Q → Σ_Qγ, Ξ^∗_Q → Ξ_Qγ and Σ^∗_Q → Λ_Qγ with the light cone QCD sum rules, where the light-cone distribution amplitudes of the photon are used.

1E-mail,wangzgyiti@yahoo.com.cn.

2The results of the strong coupling constants among the nonet vector mesons, the octet baryons and the decuplet baryons will be presented elsewhere.

The strong coupling constants of the pseudoscalar (scalar) octet mesons and vector nonet mesons with the baryons are the fundamental parameters in analysis of the existing experimental data on the meson-baryon and baryon-baryon interactions. The ρNN, ρΣΣ, ρΞΞ and other strong coupling constants of the nonet vector mesons with the octet baryons have been calculated using the light cone QCD sum rules [9, 10, 11]. In Refs.[12, 13], Aliev et al study the strong coupling constants of the pseudoscalar octet mesons with the octet (decuplet) baryons comprehensively. In Refs.[14, 15], we study the strong decays Δ^{++} → pπ, Σ^∗ → Σπ Σ^∗ → Λπ using the light-cone QCD sum rules. Moreover, the coupling constants of the vector mesons ρ and ω with the baryons are studied with the external field QCD sum rules [16]. In Ref.[17], the strong coupling constants between the light vector mesons and the heavy baryons are calculated with the light-cone QCD sum rule in the leading order of heavy quark effective theory.

The light-cone QCD sum rules carry out the operator product expansion near the light-cone x^2 ≈ 0 instead of the short distance x ≈ 0 while the nonperturbative hadronic matrix elements are parameterized by the light-cone distribution amplitudes instead of the vacuum condensates [18, 19, 20]. The nonperturbative parameters in the light-cone distribution amplitudes are calculated with the conventional QCD sum rules and the values are universal.

The article is arranged as: in Section 2, we derive the strong coupling constants g_1, g_2 and g_3 of the vertexes B^∗_QB_QV with the light-cone QCD sum rules; in Section 3, the numerical result and discussion; and Section 4 is reserved for conclusion.

2 The vertexes B^∗_QB_QV with light-cone QCD sum rules

We parameterize the vertexes B^∗_QB_Qϕ, B^∗_QB_Qρ and B^∗_QB_Qω with three tensor structures due to Lorentz invariance and introduce three strong coupling constants g_1, g_2 and g_3 [21], ⟨B_Q(p + q)|B^∗_Q(p)ϕ(q)⟩ = U(p + q) [g_1(q_μ ϵ̸ − ϵ_μ q̸)γ_5 + g_2(P · ϵq_μ − P · qϵ_μ)γ_5 +g_3(q · ϵq_μ − q^2ϵ_μ)γ_5 ] U^μ(p) , (1) ⟨B_Q(p + q)|B^∗_Q(p)ρ_0/ω(q)⟩ = 1 √ 2 U(p + q) [g_1(q_μ ϵ̸ − ϵ_μ q̸)γ_5 + g_2(P · ϵq_μ − P · qϵ_μ)γ_5

+g_3(q · ϵq_μ − q^2ϵ_μ)γ_5 ] U^μ(p) , (2)

where the U(p) and U_μ(p) are the Dirac spinors of the heavy baryons B_Q (Ξ^′_Q, Σ_Q) and B^∗_Q (Ξ^∗_Q, Σ^∗_Q) respectively, the ϵ_μ is the polarization vector of the mesons ϕ(1020), ρ(770) and ω(782), and P =^{2p+q}_2 .

In the following, we write down the two-point correlation functions Π_μ(p, q), Π^{ϕ/ρ0}_μ (p, q) = i ∫ d^4x e^{−ip·x} ⟨0|T { J(0)J̄_μ(x) } |ϕ/ρ_0(q)⟩ , (3) J^Ξ(x) = ϵ^{ijk}q^T_i (x)Cγ_μs_j(x)γ_5γ^μQ_k(x) , J^Σ(x) = ϵ^{ijk}q^T_i (x)Cγ_μq^′_j(x)γ_5γ^μQ_k(x) , J^Ξ_μ (x) = ϵ^{ijk}q^T_i (x)Cγ_μs_j(x)Q_k(x) ,

J^Σ_μ (x) = ϵ^{ijk}q^T_i (x)Cγ_μq^′_j(x)Q_k(x) , (4) where Q = c, b and q, q^′ = u, d, the i, j, k are color indexes, the heavy baryon currents J(x) (J^Ξ(x), J^Σ(x)) and J_μ(x) (J^Ξ_μ (x), J^Σ_μ (x)) interpolate the^1_2^+ baryons Ξ^′_Q, Σ_Q and the^3_2^+ baryons Ξ^∗_Q, Σ^∗_Q, respectively, the external vector states ϕ(1020) and ρ(770) have the four momentum q_μ with q^2 = M^2_{ϕ/ρ}. The quark constituents of the vector mesons ρ_0 and ω are^{1√}_2 ( |ūu⟩ − |d̄d⟩ ) and^{1√}_2 ( |ūu⟩ + |d̄d⟩ ) respectively, the isospin triplet meson ρ_0 and isospin singlet meson ω have approximately degenerate masses, i.e.^{Mρ}_{Mω} ≈ 98.5%. We assume that the vector mesons ρ_0 and ω have similar light-cone distribution amplitudes, and obtain the corresponding strong coupling constants by symmetry considerations, as the ω-meson light-cone distribution amplitudes have not been explored yet, Basing on the quark-hadron duality [22, 23], we can insert a complete set of intermediate hadronic states with the same quantum numbers as the current operators J(x) and J_μ(x) into the correlation functions Π_μ(p, q) to obtain the hadronic representation. After isolating the ground state contributions from the pole terms of the heavy baryons Ξ^′_Q, Σ_Q and Ξ^∗_Q, Σ^∗_Q, we get the following results, Π^{ϕ/ρ0}_μ (p, q) = ⟨0|J(0)|B_Q(q + p)⟩⟨B_Q(q + p)|B^∗_Q(p)ϕ/ρ(q)⟩⟨B^∗_Q(p)|J̄_μ(0)|0⟩ [ M^2_{BQ} − (q + p)^2 ] [ M^2_B∗_Q − p^2 ] + · · ·

= λ_{BQ} λ_B∗_Q [ M^2_{BQ} − (q + p)^2 ] [ M^2_B∗_Q − p^2 ] { g_1 [ M_{BQ} + M_B∗_Q ] ϵ̸p̸γ_5q_μ

−g_1 [ M_{BQ} + M_B∗_Q ] q̸ p̸γ_5ϵ_μ + g_2 q̸ p̸γ_5p · ϵq_μ − g_2 q̸ p̸γ_5q · pϵ_μ − g_2 2 q̸ p̸γ_5q^2ϵ_μ − g_3 q̸ p̸γ_5q^2ϵ_μ + · · · } [ 1/ 1 √ 2 ] + · · · , (5)

where the following definitions have been used, ⟨0|J(0)|B_Q(p)⟩ = λ_{BQ} U(p, s) , ⟨0|J_μ(0)|B^∗_Q(p)⟩ = λ_B∗_Q U_μ(p, s) , ∑ s U(p, s)U(p, s) = p̸ + M_{BQ} , ∑ s U_μ(p, s)U_ν (p, s) = −(p̸ + M_B∗_Q ) ( g_{μν} − γ_μγ_ν 3 − 2p_μp_ν 3M^2_B∗_Q + p_μγ_ν − p_ν γ_μ 3M_B∗_Q ) , (6)

the factors 1 and^{1√}_2 correspond to the correlation functions Π^ϕ_μ(p, q) and Π^{ρ0}_μ (p, q) respectively.

The current J_μ(x) couples not only to the spin-parity J^P =^3_2^+ states, but also to the spin-parity J^P =^1_2^− states. For a generic^1_2^− resonance ~B^∗_Q , ⟨0|J_μ(0)| ~B^∗_Q(p)⟩ = λ_∗(γ_μ − 4 p_μ M_∗ )U^∗(p, s) , (7)

where λ^∗ is the pole residue and M_∗ is the mass. The spinor U^∗(p, s) satisfies the usual Dirac equation (p̸ − M_∗)U^∗(p) = 0. In this article, we choose the tensor structures ϵ̸p̸γ_5q_μ, q̸ p̸γ_5p · ϵq_μ, q̸ p̸γ_5ϵ_μ, the baryon state ~B^∗_Q has no contamination.

In the following, we briefly outline the operator product expansion for the correlation functions Π_μ(p, q) in perturbative QCD theory. The calculations are performed at the large space-like momentum regions (q + p)^2 ≪ 0 and p^2 ≪ 0, which correspond to the small light-cone distance x^2 ≈ 0 required by the validity of the operator product expansion approach. We write down the ”full” propagator of a massive quark in the presence of the quark and gluon condensates firstly [18, 23], S_{ij}(x) = iδ_{ij} x̸ 2π^2x^4 − δ_{ij} m_s 4π^2x^2 − δ_{ij} 12 ⟨s̄s⟩ + iδ_{ij} 48 m_s⟨s̄s⟩x̸ − δ_{ij} x^2 192 ⟨s̄g_sσGs⟩ + iδ_{ij} x^2 1152 m_s⟨s̄g_sσGs⟩x̸ − i 16π^2x^2

∫_1 0 dvG^{ij}_{μν} (vx) [(1 − v)x̸σ^{μν} + vσ^{μν} x̸] + · · · , S^{ij}_Q (x) = i (2π)^4 ∫ d^4ke^{−ik·x} { δ_{ij} k̸ − m_Q − g_sG^{αβ}_{ij} 4 σ_{αβ}(k̸ + m_Q) + (k̸ + m_Q)σ_{αβ} (k^2 − m^2_Q)^2 + π^2 3 ⟨ α_sGG π ⟩δ_{ij} m_Q k^2 + m_Q k̸ (k^2 − m^2_Q)^4 + · · · } , (8)

where ⟨s̄g_sσGs⟩ = ⟨s̄g_sσ_{αβ}G^{αβ} s⟩ and ⟨^{αsGG}_π ⟩ = ⟨^{αsGαβ Gαβ}_π ⟩ (the corresponding full propagators U_{ij}(x) and D_{ij} (x) of the quarks u and d respectively can be obtained with a simple replacement), then contract the quark fields in the correlation functions Π_μ(p, q) with Wick theorem, and obtain the following results: Π^{Ξ∗QΞQϕ} μ (p, q) = iϵ^{ijk}ϵ^{i′j′k′} ∫ d^4xe^{−ip·x} γ_5γ^αS^{kk′}_Q (−x)T r [ γ_α⟨0|s_j (0)s̄_j′ (x)|ϕ(q)⟩γ_μCU/D^T_{ii}′ (−x)C ] , (9)

Π^{Ξ∗QΞQρ} μ (p, q) = iϵ^{ijk}ϵ^{i′j′k′} ∫ d^4xe^{−ip·x} γ_5γ^αS^{kk′}_Q (−x)T r [ γ_αS_{jj}′ (−x)γ_μC⟨0|q_i(0)q̄_i′ (x)|ρ(q)⟩^T C ] , (10)

Π^{Σ∗QΣQρ−1} μ (p, q) = 2iϵ^{ijk}ϵ^{i′j′k′} ∫ d^4xe^{−ip·x} { γ_5γ^αS^{kk′}_Q (−x)T r [ γ_α⟨0|u_j (0)ū_j′ (x)|ρ(q)⟩γ_μCU^T_{ii}′ (−x)C ] +γ_5γ^αS^{kk′}_Q (−x)T r [ γ_αU_{jj}′ (−x)γ_μC⟨0|u_i(0)ū_i′ (x)|ρ(q)⟩^T C ]} ,(11)

Π^{Σ∗QΣQρ−2} μ (p, q) = iϵ^{ijk}ϵ^{i′j′k′} ∫ d^4xe^{−ip·x} { γ_5γ^αS^{kk′}_Q (−x)T r [ γ_α⟨0|d_j (0)d̄_j′ (x)|ρ(q)⟩γ_μCU^T_{ii}′ (−x)C ] +γ_5γ^αS^{kk′}_Q (−x)T r [ γ_αD_{jj}′ (−x)γ_μC⟨0|u_i(0)ū_i′ (x)|ρ(q)⟩^T C ]} ,(12)

Π^{Σ∗QΣQρ−3} μ (p, q) = 2iϵ^{ijk}ϵ^{i′j′k′} ∫ d^4xe^{−ip·x} { γ_5γ^αS^{kk′}_Q (−x)T r [ γ_α⟨0|d_j (0)d̄_j′ (x)|ρ(q)⟩γ_μCD^T_{ii}′ (−x)C ] +γ_5γ^αS^{kk′}_Q (−x)T r [ γ_αD_{jj}′ (−x)γ_μC⟨0|d_i(0)d̄_i′ (x)|ρ(q)⟩^T C ]} .(13)

Perform the following Fierz re-ordering to extract the contributions from the twoparticle and three-particle vector meson light-cone distribution amplitudes respectively,

q^a_α(0)q̄^b_β (x) = − 1 12 δ_{ab}δ_{αβ}q̄(x)q(0) − 1 12 δ_{ab}(γ^μ)_{αβ}q̄(x)γ_μq(0) − 1 24 δ_{ab}(σ^{μν} )_{αβ}q̄(x)σ_{μν} q(0) + 1 12 δ_{ab}(γ^μγ_5)_{αβ}q̄(x)γ_μγ_5q(0) + 1 12 δ_{ab}(iγ_5)_{αβ}q̄(x)iγ_5q(0) , (14)

q^a_α(0)q̄^b_β (x)G^{ba}_{λτ} (vx) = − 1 4 δ_{αβ}q̄(x)G_{λτ} (vx)q(0) − 1 4 (γ^μ)_{αβ}q̄(x)γ_μG_{λτ} (vx)q(0) − 1 8 (σ^{μν} )_{αβ}q̄(x)σ_{μν} G_{λτ} (vx)q(0) + 1 4 (γ^μγ_5)_{αβ}q̄(x)γ_μγ_5G_{λτ} (vx)q(0) + 1 4 (iγ_5)_{αβ}q̄(x)iγ_5G_{λτ} (vx)q(0) , (15)

and replace the hadronic matrix elements (such as the ⟨0|s̄(x)γ_μγ_5s(0)|ϕ(q)⟩, etc.) with the corresponding vector meson light-cone distribution amplitudes, then substitute the full q and Q quark propagators into the correlation functions in Eqs.(9-13) and complete the integral in the coordinate space, and integrate over the variable k, we can obtain the correlation functions Π_μ(p, q) at the level of quark-gluon degree of freedom. In calculation, the two-particle and three-particle vector meson light-cone distribution amplitudes have been used [24, 25, 26, 27], the explicit definitions are given in the appendix A. The parameters in the light-cone distribution amplitudes are scale dependent and are estimated with the QCD sum rules [26, 27]. In this article, the energy scale μ is chosen to be μ = 1 GeV.

Taking double Borel transform with respect to the variables Q^2_1 = −p^2 and Q^2 = −(p+ q)^2 respectively, then subtract the contributions from the high resonances and continuum states by introducing the threshold parameter s_0 (i.e. M^{2n} →^1_{Γ[n]} ∫_{s0} 0 dss^{n−1}e^{− s}M^2 ), finally we obtain 30 sum rules for the strong coupling constants g_1, g_2 and G3 = − ( M_{BQ} + M^∗_{BQ} ) g_1 −M^2_{ϕ/ρ0} (_{g2} 2 + g_3 ) respectively, the explicit expressions are presented in the appendix B.

3 Numerical result and discussion

The masses of the established hadrons are taken from the particle data group M_ϕ = 1.019455 GeV, M_ρ = 0.77549 GeV, M_ω = 0.78265 GeV, M_Ξ∗_c = 2.6459 GeV, M_Ξ′+_c =

2.5756 GeV, M_Ξ′0_c = 2.5779 GeV, M_Σ∗++_c = 2.5184 GeV, M_Σ∗+_c = 2.5175 GeV, M_Σ∗0_c = 2.5180 GeV, M_Σ+_b = 5.8078 GeV, M_Σ−_b = 5.8152 GeV, M_Σ∗+_b = 5.8290 GeV, M_Σ∗−_b = 5.8364 GeV [3].

The parameters which determine the vector meson light-cone distribution amplitudes are f_ϕ = (0.215 ± 0.005) GeV, f^⊥_ϕ = (0.186 ± 0.009) GeV, a^‖_1 = 0.0, a^⊥_1 = 0.0, a^‖_2 = 0.18 ± 0.08, a^⊥_2 = 0.14 ± 0.07, ζ^‖_3 = 0.024 ± 0.008, ~λ^‖_3 = 0.0, ~ω^‖_3 = −0.045 ± 0.015, κ^‖_3 = 0.0, ω^‖_3 = 0.09 ± 0.03, λ^‖_3 = 0.0, κ^⊥_3 = 0.0, ω^⊥_3 = 0.20 ± 0.08, λ^⊥_3 = 0.0, ς^‖_4 = 0.00 ± 0.02, ~ω^‖_4 = −0.02 ± 0.01, ς^⊥_4 = −0.01 ± 0.03, ~ς^⊥_4 = −0.03 ± 0.04, κ^‖_4 = 0.0, κ^⊥_4 = 0.0 for the ϕ-meson and f_ρ = (0.216 ± 0.003) GeV, f^⊥_ρ = (0.165 ± 0.009) GeV, a^‖_1 = 0.0, a^⊥_1 = 0.0, a^‖_2 = 0.15 ± 0.07, a^⊥_2 = 0.14 ± 0.06, ζ^‖_3 = 0.030 ± 0.010, ~λ^‖_3 = 0.0, ~ω^‖_3 = −0.09 ± 0.03, κ^‖_3 = 0.0, ω^‖_3 = 0.15±0.05, λ^‖_3 = 0.0, κ^⊥_3 = 0.0, ω^⊥_3 = 0.55±0.25, λ^⊥_3 = 0.0, ς^‖_4 = 0.07±0.03, ~ω^‖_4 = −0.03 ± 0.01, ς^⊥_4 = −0.03 ± 0.05, ~ς^⊥_4 = −0.08 ± 0.05, κ^‖_4 = 0.0, κ^⊥_4 = 0.0 for the ρ-meson at the energy scale μ = 1 GeV [26, 27].

The QCD input parameters are taken to be the standard values m_s = (140 ± 10) MeV, m_c = (1.35 ± 0.10) GeV, m_b = (4.7 ± 0.1) GeV, ⟨q̄q⟩ = −(0.24 ± 0.01 GeV)^3, ⟨s̄s⟩ = (0.8 ± 0.2)⟨q̄q⟩, ⟨s̄g_sσGs⟩ = m^2_0⟨s̄s⟩, ⟨q̄g_sσGq⟩ = m^2_0⟨q̄q⟩, m^2_0 = (0.8 ± 0.2) GeV^2, and ⟨^{αsGG}_π ⟩ = (0.33 GeV)^4 at the energy scale μ = 1 GeV [22, 23, 28].

The bottom baryons Ξ^∗_b and Ξ^′_b have not been observed yet, we determine their masses with the conventional QCD sum rules. The masses M_{BQ} and M_B∗_Q and pole residues λ_{BQ} and λ_B∗_Q are determined by the following sum rules,

Π_{μν} (p) = i ∫ d^4x e^{ip·x} ⟨0|T { J_μ(x)J̄_ν (0) } |0⟩ , Π(p) = i ∫ d^4x e^{ip·x} ⟨0|T { J(x)J̄(0) } |0⟩ , (16)

J^Ξ(x) = ϵ^{ijk}u^T_i (x)Cγ_μs_j(x)γ_5γ^μQ_k(x) , J^Σ(x) = ϵ^{ijk}u^T_i (x)Cγ_μd_j (x)γ_5γ^μQ_k(x) , J^Ξ_μ (x) = ϵ^{ijk}u^T_i (x)Cγ_μs_j(x)Q_k(x) , J^Σ_μ (x) = ϵ^{ijk}u^T_i (x)Cγ_μd_j (x)Q_k(x) . (17)

In Refs.[29, 30], the masses of the heavy baryon states contain one heavy quark are studied using the QCD sum rules, the pole residues are not calculated. In this article, we take the simple Ioffe type interpolating currents which are constructed by considering the diquark theory and the heavy quark symmetry [31, 32]. We insert a complete set of intermediate baryon states with the same quantum numbers as the current operators J(x) and J_μ into the correlation functions Π(p) and Π_{μν} (p) to obtain the hadronic representation [22, 23]. After isolating the pole terms of the lowest states Ξ^∗_Q, Ξ^′_Q, Σ^∗_Q and Σ_Q, we obtain the following results:

Π_{μν} (p) = λ^2_B∗_Q M_B∗_Q +p̸ M^2_B∗_Q − p^2 [−g_{μν} + · · · ] + · · · ,

Π(p) = λ^2_{BQ} M_{BQ} +p̸ M^2_{BQ} − p^2

+ · · · , (18) we choose the tensor structures g_{μν} , ̸pg_{μν} , 1 and ̸p for analysis. After performing the standard procedure of the QCD sum rules, we obtain sixteen sum rules for the heavy baryons states B^∗_Q and B_Q,

λ^2_i e^{− M} 2 i M2 =

∫_s0_i

Δ_i dsρ^A_i (s)e^{− s}M^2 , λ^2_i M_ie^{− M} 2 i M2 =

∫_s0_i

Δ_i

dsρ^B_i (s)e^{− s}M^2 , (19)

where the i denote the Ξ^∗_Q, Ξ^′_Q, Σ^∗_Q and Σ_Q channels respectively; the s^0_i are the corresponding continuum threshold parameters and the M^2 is the Borel parameter. The thresholds Δ_i can be sorted into two sets, we introduce the qq̄, qs̄ to denote the light quark constituents in the heavy baryon states to simplify the notations, Δ_{qq̄} = m^2_Q, Δ_{qs̄} = (m_Q + m_s)^2. The explicit expressions of the spectral densities ρ^A_i (s) and ρ^B_i (s) are given in the appendix C.

Differentiate the Eq.(19) with respect to^1_{M 2} , then eliminate the pole residues λ_i, we can obtain the sixteen sum rules for the masses of the heavy baryon states B^∗_Q and B_Q,

M^2_i =

∫_s0_i Δ_i dssρ A/B i (s)e^{− s}M^2 ∫_s0_i Δ_i dsρ A/B i (s)e^{− s}M^2 . (20)

In the conventional QCD sum rules [22, 23], there are two criteria (pole dominance and convergence of the operator product expansion) for choosing the Borel parameter M^2 and threshold parameter s_0. We impose the two criteria on the heavy baryon states to choose the Borel parameter M^2 and threshold parameter s_0, the values are shown in Table 1. Finally we obtain the values of the masses and pole resides of the heavy baryon states B^∗_Q and B_Q, which are shown Table 2.

From Table 2, we can see that the average values of the masses with the tensor structures p̸g_{μν} (p̸) and g_{μν} (1) can reproduce the experimental data approximately for the established heavy baryon states. It is reasonable to take the average values M_Ξ∗_b = 5.98 GeV and M_Ξ′_b = 5.95 GeV for the un-established bottom baryon states Ξ^∗_b and Ξ^′_b in numerical analysis. The values of the pole residues from different tensor structures differ greatly from each other in some channels, for example, Ξ^′_b, Σ_b, Ξ^′_c, Σ_c. In this article, we take the average values and assume uniform uncertainties (about 20%) for the pole residues in all channels, the total uncertainties originate from the parameters other than the Borel parameters M^2 are about 20%, we subtract the uncertainties from the Borel parameters to avoid double counting. The values of the pole residues are λ_Ξ∗_b = (4.5 ± 0.8) GeV^3, λ_Ξ∗_c = (3.1 ± 0.5) GeV^3, λ_Ξ′_b = (7.5 ± 1.5) GeV^3, λ_Ξ′_c = (5.3 ± 1.0) GeV^3, λ_Σ∗_b = (3.8 ± 0.7) GeV^3, λ_Σ∗_c = (2.7 ± 0.5) GeV^3, λ_{Σb} = (6.5 ± 1.2) GeV^3, and λ_{Σc} = (4.5 ± 0.9) GeV^3. The threshold parameters in the Ξ^∗_c (Ξ^′_c), Σ^∗_c (Σ_c), Ξ^∗_b (Ξ^′_b) and Σ^∗_b (Σ_b) channels are taken as s_0 = (11.0 ± 1.0) GeV^2, (10.5 ± 1.0) GeV^2, (45.0 ± 1.0) GeV^2 and (46.0 ± 1.0) GeV^2 respectively. The values of the strong coupling constants g_1, g_2 and G3 are insensitive to threshold parameters s_0.

The main uncertainties come from the parameters λ_{BQ} , λ_B∗_Q (as the strong coupling constants g_1, g_2 and G3 ∝ 1/λ_{BQ} λ_B∗_Q ) and m_Q, the variations of those parameters can

M^2(GeV^2) s_0(GeV^2) Ξ^∗_b 5.0 − 6.0 46.0 ± 0.5 Ξ^′_b 4.8 − 5.6 44.5 ± 0.5 Σ^∗_b 5.0 − 6.0 45.0 ± 0.5 Σ_b 4.8 − 5.6 43.5 ± 0.5 Ξ^∗_c 2.0 − 3.0 11.0 ± 0.5 Ξ^′_c 2.0 − 2.8 10.5 ± 0.5 Σ^∗_c 2.0 − 3.0 10.5 ± 0.5 Σ_c 1.9 − 2.7 10.0 ± 0.5

Table 1: The Borel parameters M^2 and threshold parameters s_0 for the heavy baryon states.

p̸g_{μν} /p̸ (M) g_{μν} /1 (M) p̸g_{μν} /p̸ (λ) g_{μν} /1 (λ) Ξ^∗_b 6.04 ± 0.14 5.92 ± 0.20 4.8 ± 1.0 4.2 ± 1.3 Ξ^′_b 6.04 ± 0.10 5.85 ± 0.15 9.0 ± 1.8 6.0 ± 1.3 Σ^∗_b 5.95 ± 0.14 5.72 ± 0.25 4.2 ± 1.0 3.3 ± 1.3 Σ_b 5.96 ± 0.10 5.73 ± 0.16 8.0 ± 1.7 5.0 ± 1.2 Ξ^∗_c 2.60 ± 0.20 2.68 ± 0.18 3.1 ± 0.8 3.1 ± 0.7 Ξ^′_c 2.65 ± 0.14 2.54 ± 0.17 6.2 ± 1.5 4.4 ± 0.9 Σ^∗_c 2.50 ± 0.20 2.59 ± 0.19 2.7 ± 0.7 2.7 ± 0.7 Σ_c 2.54 ± 0.15 2.42 ± 0.20 5.4 ± 1.4 3.6 ± 1.0

Table 2: The masses and pole residues of the heavy baryon states from the sum rules with different tensor structures. The masses M are in unit of GeV and the pole residues λ are in unit of 10^{−2}GeV^3.

Vertexes −g_1(GeV^{−1}) −g_2(GeV^{−2}) G3 Ξ^{∗+}_c Ξ^{′+}_c ϕ, Ξ^{∗0}_c Ξ^{′0}_c ϕ 2.98^{+1.18}_{−0.81} 0.62^{+0.63}_{−0.31} 9.75^{+3.87}_{−2.68} Ξ^{∗+}_c Ξ^{′+}_c ρ, Ξ^{∗+}_c Ξ^{′+}_c ω, Ξ^{∗0}_c Ξ^{′0}_c ω 3.54^{+1.39}_{−0.97} 0.47^{+0.46}_{−0.24} 13.61^{+5.42}_{−3.76} Ξ^{∗0}_c Ξ^{′0}_c ρ_0 −(3.54^{+1.39}_{−0.97}) −(0.47^{+0.46}_{−0.24}) −(13.61^{+5.42}_{−3.76}) Σ^{∗++}_c Σ^{++}_c ρ_0, Σ^{∗++}_c Σ^{++}_c ω, Σ^{∗0}_c Σ^0_c ω, Σ^{∗+}_c Σ^+_c ω 7.07^{+3.09}_{−2.17} 0.97^{+0.87}_{−0.49} 25.00^{+10.54}_{−7.53} Σ^{∗+}_c Σ^+_c ρ_0 0 0 0 Σ^{∗0}_c Σ^0_c ρ_0 −(7.07^{+3.09}_{−2.17}) −(0.97^{+0.87}_{−0.49}) −(25.00^{+10.54}_{−7.53} ) Ξ^{∗0}_b Ξ^{′0}_b ϕ, Ξ^{∗−}_b Ξ^{′−}_b ϕ 2.25^{+0.93}_{−0.69} 0.11^{+0.16}_{−0.11} 20.14^{+8.54}_{−6.12} Ξ^{∗0}_b Ξ^{′0}_b ρ, Ξ^{∗0}_b Ξ^{′0}_b ω, Ξ^{∗−}_b Ξ^{′−}_b ω 2.73^{+1.14}_{−0.84} 0.07^{+0.14}_{−0.05} 26.68^{+11.04}_{−8.25} Ξ^{∗−}_b Ξ^{′−}_b ρ −(2.73^{+1.14}_{−0.84}) −(0.07^{+0.14}_{−0.05}) −(26.68^{+11.04}_{−8.25} ) Σ^{∗+}_b Σ^+_b ρ_0, Σ^{∗+}_b Σ^+_b ω, Σ^{∗0}_b Σ^0_b ω, Σ^{∗−}_b Σ^−_b ω 5.05^{+2.17}_{−1.59} 0.13^{+0.27}_{−0.10} 47.05^{+19.72}_{−14.71} Σ^{∗0}_b Σ^0_b ρ_0 0 0 0 Σ^{∗−}_b Σ^−_b ρ_0 −(5.05^{+2.17}_{−1.59}) −(0.13^{+0.27}_{−0.10}) −(47.05^{+19.72}_{−14.71})

Table 3: The values of the strong coupling constants g_1, g_2 and G3.

lead to relatively large changes for the numerical values, refining those parameters are of great importance. Although there are many parameters in the light-cone distributions amplitudes [26, 27], the uncertainties originate from those parameters are rather small.

Taking into account all the uncertainties of the input parameters, finally we obtain the numerical results of the strong coupling constants g_1, g_2 and G3, which are shown in the Figs.1-3 and Table 3.

In this article, we calculate the uncertainties δ with the formula

δ = ∑ i ( ∂f ∂x_i )_2

|_{xi=x̄i} (x_i − x̄_i)^2 , (21)

where the f denote strong coupling constants g_1, g_2 and G3, the x_i denote the input parameters m_Q, ⟨q̄q⟩, ⟨s̄s⟩, · · · . As the partial derivatives^{∂f}_{∂xi} are difficult to carry out

analytically, we take the approximation (_{∂f} ∂x_i )_2

(x_i − x̄_i)^2 ≈ [f(x̄_i ± Δx_i) − f(x̄_i)]^2 in the numerical calculations.

The radiative decays B^∗_Q → B_Qγ can be described by the following electromagnetic lagrangian L, L = −eQ_bb̄γ_μbA^μ − eQ_cc̄γ_μcA^μ − eQ_ss̄γ_μsA^μ − eQ_uūγ_μuA^μ − eQ_dd̄γ_μdA^μ , (22) where the A_μ is the electromagnetic field. From the lagrangian L, we can obtain the decay amplitude with the assumption of the vector meson dominance, eT = ⟨B_Q(p)γ(q)|L|B^∗_Q(p+

Figure 1: The strong coupling constants g_1, g_2 and G3 in the vertexes Ξ^∗_QΞ^′_Qϕ with variation of the Borel parameter M^2; the (I) and (II) correspond to the charm and bottom channels respectively.

Figure 2: The strong coupling constants g_1, g_2 and G3 in the vertexes Ξ^{∗+}_c Ξ^{′+}_c ρ_0 and Ξ^{∗0}_b Ξ^{′0}_b ρ_0 with variation of the Borel parameter M^2; the (I) and (II) correspond to the charm and bottom channels respectively.

Figure 3: The strong coupling constants g_1, g_2 and G3 in the vertexes Σ^{∗++}_c Σ^{++}_c ρ_0 and Σ^{∗+}_b Σ^+_b ρ_0 with variation of the Borel parameter M^2; the (I) and (II) correspond to the charm and bottom channels respectively.

Channels Γ (KeV) Ξ^{∗+}_c → Ξ^{′+}_c γ 0.96^{+1.47}_{−0.67} Ξ^{∗0}_c → Ξ^{′0}_c γ 1.26^{+0.80}_{−0.46} Σ^{∗++}_c → Σ^{++}_c γ 6.36^{+6.79}_{−3.31} Σ^{∗+}_c → Σ^+_c γ 0.40^{+0.43}_{−0.21} Σ^{∗0}_c → Σ^0_c γ 1.58^{+1.68}_{−0.82} Ξ^{∗0}_b → Ξ^{′0}_b γ 0.047^{+0.077}_{−0.036} Ξ^{∗−}_b → Ξ^{′−}_b γ 0.066^{+0.045}_{−0.027} Σ^{∗+}_b → Σ^+_b γ 0.12^{+0.13}_{−0.06} Σ^{∗0}_b → Σ^0_b γ 0.0076^{+0.0079}_{−0.0040} Σ^{∗−}_b → Σ^−_b γ 0.030^{+0.032}_{−0.016}

Table 4: The widths of the radiative decays B^∗_Q → B_Qγ. q)⟩, eT = −eQ_sη^∗_μ⟨B_Q(p)|s̄γ^μs|B^∗_Q(p + q)⟩ − eQ_uη^∗_μ⟨B_Q(p)|ūγ^μu|B^∗_Q(p + q)⟩ −eQ_dη^∗_μ⟨B_Q(p)|d̄γ^μd|B^∗_Q(p + q)⟩ + · · · = −eQ_sη^∗_μf_ϕM_ϕϵ_μ i q^2 − M^2_ϕ ⟨ϕ(q)B_Q(p)|B^∗_Q(p + q)⟩ −eQ_uη^∗_μ 1 √ 2 f_ρM_ρϵ_μ i q^2 − M^2_ρ ⟨ρ(q)B_Q(p)|B^∗_Q(p + q)⟩ +eQ_dη^∗_μ 1 √ 2 f_ρM_ρϵ_μ i q^2 − M^2_ρ ⟨ρ(q)B_Q(p)|B^∗_Q(p + q)⟩ −eQ_uη^∗_μ 1 √ 2 f_ωM_ωϵ_μ i q^2 − M^2_ω ⟨ω(q)B_Q(p)|B^∗_Q(p + q)⟩ −eQ_dη^∗_μ 1 √ 2 f_ωM_ωϵ_μ i q^2 − M^2_ω ⟨ω(q)B_Q(p)|B^∗_Q(p + q)⟩ + · · · , (23) where the η_μ is the polarization vector of the photon. In the heavy quark limit, the matrix elements ⟨B_Q(p)|Q̄γ_μQ|B^∗_Q(p + q)⟩ ∝ M^{− 32}_{J/ψ(Υ)} and can be neglected, so we consider only the contribution of the intermediate ϕ(1020), ρ_0(770) and ω(782).

From the strong coupling constants g_1 and g_2, we can obtain the decay widths Γ_B∗_{Q→BQγ} ,

Γ_B∗_{Q→BQγ} = α ( M^2_B∗_Q − M^2_{BQ} ) 16M^3_B∗_Q ∑ ss^′ | T |^2 , (24)

the numerical values are shown in Table 4.

4 Conclusion

In this article, we parameterize the vertexes B^∗_QB_QV with three tensor structures due to Lorentz invariance, study the corresponding three strong coupling constants with the light-cone QCD sum rules, then assume the vector meson dominance of the intermediate ϕ(1020), ρ_0(770) and ω(782) as the contributions from the J/ψ and Υ are negligible in the heavy quark limit, and calculate the radiative decay widths Γ_B∗_{Q→BQγ} . The predictions can be compared with the experimental data in the future.

Acknowledgment

This work is supported by National Natural Science Foundation, Grant Number 10775051, and Program for New Century Excellent Talents in University, Grant Number NCET-07- 0282.

Appendix

Appendix A The light-cone distribution amplitudes of the ϕ(1020) meson are defined by [24, 25, 26, 27], ⟨0|s̄(x)γ_μs(0)|ϕ(q)⟩ = q_μ ϵ · x q · x f_ϕM_ϕ ∫_1 0 due^{−iūq·x} [ ϕ_‖(u) +

M^2_ϕ x^2 16 A(u) ]

+ [ ϵ_μ − q_μ ϵ · x q · x ] f_ϕM_ϕ ∫_1 0 due^{−iūq·x}g^{(v)}_⊥ (u) − 1 2 x_μ ϵ · x (q · x)^2 f_ϕM^3_ϕ

∫_1 0 due^{−iūq·x}C(u) , ⟨0|s̄(x)σ_{μν} s(0)|ϕ(q)⟩ = [ϵ_μq_ν − ϵ_ν q_μ] if^⊥_ϕ ∫_1 0 due^{−iūq·x} [ ϕ_⊥(u) +

M^2_ϕ x^2 16 A_⊥(u) ]

+ [q_μx_ν − q_ν x_μ] ϵ · x (q · x)^2 if^⊥_ϕ M^2_ϕ

∫_1 0 due^{−iūq·x}B_⊥(u) + ϵ_μx_ν − ϵ_ν x_μ 2q · x if^⊥_ϕ M^2_ϕ

∫_1 0 due^{−iūq·x}C_⊥(u) , ⟨0|s̄(x)γ_μγ_5s(0)|ϕ(q)⟩ = − 1 4 ϵ_{μναβ} ϵ^ν q^αx^β ~f_ϕM_ϕ ∫_1 0 due^{−iūq·x}g^{(a)}_⊥ (u) , ⟨0|s̄(x)s(0)|ϕ(q)⟩ = − i 2 ϵ · x ~f^⊥_ϕ M^2_ϕ ∫_1 0 due^{−iūq·x}h^{(s)}_‖ (u) , (25)

⟨0|s̄(x)γ_αγ_5 ~G_{μν} (vx)s(0)|ϕ(q)⟩ = q_α [ϵ_μq_ν − ϵ_ν q_μ] f_ϕM_ϕ ∫ Dαe^{−i(αs̄ +vαg )q·x}A(α_i) , ⟨0|s̄(x)iγ_αG_{μν} (vx)s(0)|ϕ(q)⟩ = q_α [ϵ_μq_ν − ϵ_ν q_μ] f_ϕM_ϕ ∫ Dαe^{−i(αs̄ +vαg )q·x}V(α_i) , ⟨0|s̄(x)iγ_5 ~G_{μν} (vx)s(0)|ϕ(q)⟩ = [ϵ_μq_ν − ϵ_ν q_μ] if^⊥_ϕ M^2_ϕ ∫ Dαe^{−i(αs̄ +vαg )q·x} ~S(α_i) , ⟨0|s̄(x)G_{μν} (vx)s(0)|ϕ(q)⟩ = [ϵ_μq_ν − ϵ_ν q_μ] if^⊥_ϕ M^2_ϕ ∫ Dαe^{−i(αs̄ +vαg )q·x}S(α_i) , ⟨0|s̄(x)σ_{αβ} G_{μν} (vx)s(0)|ϕ(q)⟩ = [q_αq_μg_{βν} − q_βq_μg_{αν} − q_αq_νg_{βμ} + q_βq_ν g_{αμ}] f^⊥_ϕ M^2_ϕ ϵ · x 2q · x ∫ Dαe^{−i(αs̄ +vαg )q·x}T (α_i) , (26) where

C(u) = g_3(u) + ϕ_‖(u) − 2g^{(v)}_⊥ B_⊥(u) = h^{(t)}_‖ (u) − 1 2 ϕ_⊥(u) − 1 2 h_3(u) C_⊥(u) = h_3(u) − ϕ_⊥(u) ∫ Dα = ∫_1 0 dα_{s̄}dα_sdα_gδ(α_{s̄} + α_s + α_g − 1) , (27)

ū = 1 − u, ~f_ϕ = f_ϕ − f^⊥_ϕ^{2ms}_{Mϕ} , ~f^⊥_ϕ = f^⊥_ϕ − f_ϕ^{2ms}_{Mϕ} , the lengthy expressions of the light-cone distribution amplitudes ϕ_‖(u), ϕ_⊥(u), A(u), A_⊥(u), g^{(v)}_⊥ (u), g^{(a)}_⊥ (u), h^{(s)}_‖ (u), h^{(t)}_‖ (u), h_3(u), g_3(u), A(α_i), S(α_i), ~S(α_i), T (α_i), V(α_i) can be found in Refs.[26, 27]. The ρ_0-meson lightcone distribution amplitudes are defined analogously.

Appendix B The 30 sum rules for the strong coupling constants g_1, g_2 and G3 in different channels,

g^{Ξ∗QΞ′Qϕ} 1 = 1 λ_Ξ′_Q λ_Ξ∗_Q ( M_Ξ′_Q + M_Ξ∗_Q

) exp

M^2_Ξ′_Q + M^2_Ξ∗_Q − 2u_0(1 − u_0)M^2_ϕ 2M^2 { − u_0f_ϕM_ϕg^{(v)}_⊥ (1 − u_0) 8π^2

M^4E_1(x)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

+ u_0m^2_Qf_ϕM_ϕg^{(v)}_⊥ (1 − u_0) 144M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − u_0 ~f_ϕM_ϕ 32π^2

M^4E_1(x) d du_0 g^{(a)}_⊥ (1 − u_0)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

+ u_0m^2_Q ~f_ϕM_ϕ

576M^2 ⟨ α_sGG π ⟩ d du_0 g^{(a)}_⊥ (1 − u_0)

∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − ~f_ϕM_ϕg^{(a)}_⊥ (1 − u_0) 16π^2

M^4E_1(x)

∫_1 0 dtte^− ~m2Q M2

+ m^2_Q ~f_ϕM_ϕg^{(a)}_⊥ (1 − u_0) 288M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 + u_0f_ϕM^3_ϕ

16π^2

M^2E_0(x)

∫_1 0 dtt ∫_{u0} 0 dα_{s̄} ∫_{1−αs̄} u_0−α_{s̄} dα_g (1 − 2v)A(α_i) + V(α_i) α_g e^− ~m2Q M2

+ f_ϕM_ϕ 16π^2

M^4E_1(x)

∫_1 0 dtt d du_0 ∫_{u0} 0 dα_{s̄} ∫_{1−αs̄} u_0−α_{s̄} dα_g(1 − v) A(α_i) + V(α_i) α_g e^− ~m2Q M2 }

+ 1 λ_Ξ′_Q λ_Ξ∗_Q ( M_Ξ′_Q + M_Ξ∗_Q

) exp

M^2_Ξ′_Q + M^2_Ξ∗_Q − 2m^2_Q − 2u_0(1 − u_0)M^2_ϕ 2M^2 { − ⟨q̄q⟩f^⊥_ϕ M^2_ϕ ~C_⊥(1 − u_0) 6 + ⟨q̄q⟩f^⊥_ϕ ϕ_⊥(1 − u_0) 6 M^2E_0(x)

− ⟨q̄g_sσGq⟩f^⊥_ϕ ϕ_⊥(1 − u_0) 24 ( 1 + m^2_Q M^2 ) + m^4_Qf^⊥_ϕ M^2_ϕ⟨q̄g_sσGq⟩A_⊥(1 − u_0) 96M^6 − ⟨q̄q⟩f^⊥_ϕ M^2_ϕA_⊥(1 − u_0) 24 ( 1 + m^2_Q M^2 ) + u_0⟨q̄g_sσGq⟩f^⊥_ϕ M^2_ϕ ~C_⊥(1 − u_0) 24M^2 ( 1 + m^2_Q M^2 )} , (28) g^{Ξ∗QΞ′Qϕ} 2 = 1 λ_Ξ′_Q λ_Ξ∗_Q exp M^2_Ξ′_Q + M^2_Ξ∗_Q − 2u_0(1 − u_0)M^2_ϕ 2M^2

u_0f_ϕM_ϕ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 4π^2

M^2E_0(x)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

− u_0m^2_Qf_ϕM_ϕ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 72M^4 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − u_0f_ϕM^3_ϕ ~A(1 − u_0) 16π^2

∫_1 0 dtte^− ~m2Q M2 + u_0m^2_Qf_ϕM^3_ϕ ~A(1 − u_0) 288M^6 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 − u_0 ~f_ϕM_ϕ 16π^2

M^2E_0(x)g^{(a)}_⊥ (1 − u_0)

∫_1 0 dtt(1 − t)e^− ~m2Q M2 + u_0m^2_Q ~f_ϕM_ϕ

288M^4 ⟨ α_sGG π ⟩g^{(a)}_⊥ (1 − u_0)

∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 + f_ϕM_ϕ 8π^2

M^2E_0(x)

∫_1 0 dtt ∫_{u0} 0 dα_{s̄} ∫_{1−αs̄} u_0−α_{s̄} dα_g A(α_i) + (1 − 2v)V(α_i) α_g e^− ~m2Q M2 }

+ 1 λ_Ξ′_Q λ_Ξ∗_Q exp M^2_Ξ′_Q + M^2_Ξ∗_Q − 2m^2_Q − 2u_0(1 − u_0)M^2_ϕ 2M^2

2u_0⟨q̄q⟩f^⊥_ϕ M^2_ϕ ~~B_⊥(1 − u_0) 3M^2 − u_0⟨q̄g_sσGq⟩f^⊥_ϕ M^2_ϕ ~~B_⊥(1 − u_0) 6M^4 ( 1 + m^2_Q M^2 ) ,(29)

G3_Ξ∗_{QΞ}′_{Qϕ} = 1 λ_Ξ′_Q λ_Ξ∗_Q exp M^2_Ξ′_Q + M^2_Ξ∗_Q − 2u_0(1 − u_0)M^2_ϕ 2M^2 f_ϕM_ϕ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 8π^2

M^4E_1(x)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

− m^2_Qf_ϕM_ϕ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 144M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − f_ϕM^3_ϕ ~A(1 − u_0) 32π^2

M^2E_0(x)

∫_1 0 dtte^− ~m2Q M2 + m^2_Qf_ϕM^3_ϕ ~A(1 − u_0) 576M^4 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 + ~f_ϕM_ϕ 32π^2

M^4E_1(x)g^{(a)}_⊥ (1 − u_0)

∫_1 0 dtt(1 + t)e^− ~m2Q M2

− m^2_Q ~f_ϕM_ϕ 576M^2 ⟨ α_sGG π ⟩g^{(a)}_⊥ (1 − u_0)

∫_1 0 dt 1 + t t^2 e^− ~m2Q M2 − u_0f_ϕM^3_ϕ

8π^2

M^2E_0(x)

∫_1 0 dtt ∫_{u0} 0 dα_{s̄} ∫_{1−αs̄} u_0−α_{s̄} dα_gv A(α_i) − V(α_i) α_g e^− ~m2Q M2 }

+ 1 λ_Ξ′_Q λ_Ξ∗_Q exp M^2_Ξ′_Q + M^2_Ξ∗_Q − 2m^2_Q − 2u_0(1 − u_0)M^2_ϕ 2M^2 { − ⟨q̄q⟩f^⊥_ϕ ϕ_⊥(1 − u_0) 6 M^2E_0(x) + ⟨q̄g_sσGq⟩f^⊥_ϕ ϕ_⊥(1 − u_0) 24 ( 1 + m^2_Q M^2 )

− m^4_Qf^⊥_ϕ M^2_ϕ ⟨q̄g_sσGq⟩A_⊥(1 − u_0) 96M^6 + ⟨q̄q⟩f^⊥_ϕ M^2_ϕA_⊥(1 − u_0) 24 ( 1 + m^2_Q M^2 )

+ ⟨q̄q⟩f^⊥_ϕ M^2_ϕ ~~B_⊥(1 − u_0) 3 − ⟨q̄g_sσGq⟩f^⊥_ϕ M^2_ϕ ~B_⊥(1 − u_0) 12M^2 ( 1 + m^2_Q M^2 ) , (30) g^{Ξ∗QΞ′Qρ0} 1 = ± 1 λ_Ξ′_Q λ_Ξ∗_Q ( M_Ξ′_Q + M_Ξ∗_Q

) exp

M^2_Ξ′_Q + M^2_Ξ∗_Q − 2u_0(1 − u_0)M^2_ρ 2M^2 { − u_0f_ρM_ρg^{(v)}_⊥ (1 − u_0)

8π^2

M^4E_1(x)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

+ u_0m^2_Qf_ρM_ρg^{(v)}_⊥ (1 − u_0) 144M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − m_sf^⊥_ρ ϕ_⊥(1 − u_0)

8π^2

M^4E_1(x)

∫_1 0 dtte^− ~m2Q M2 + m_sm^2_Qf^⊥_ρ ϕ_⊥(1 − u_0)

144M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 + u_0m_sf^⊥_ρ M^2_ρ ~C_⊥(1 − u_0) 8π^2

M^2E_0(x)

∫_1 0 dtte^− ~m2Q M2 − u_0m_sm^2_Qf^⊥_ρ M^2_ρ ~C_⊥(1 − u_0) 144M^4 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 − u_0 ~f_ρM_ρ 32π^2

M^4E_1(x) d du_0 g^{(a)}_⊥ (1 − u_0)

∫_1 0 dtt(1 − t)e^− ~m2Q M2 + u_0m^2_Q ~f_ρM_ρ

576M^2 ⟨ α_sGG π ⟩ d du_0 g^{(a)}_⊥ (1 − u_0)

∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − ~f_ρM_ρg^{(a)}_⊥ (1 − u_0)

16π^2

M^4E_1(x)

∫_1 0 dtte^− ~m2Q M2

+ m^2_Q ~f_ρM_ρg^{(a)}_⊥ (1 − u_0)

144M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 + u_0f_ρM^3_ρ

16π^2

M^2E_0(x)

∫_1 0 dtt ∫_{u0} 0 dα_ū ∫_{1−αū} u_0−α_ū dα_g (1 − 2v)A(α_i) + V(α_i) α_g e^− ~m2Q M2

+ f_ρM_ρ 16π^2

M^4E_1(x)

∫_1 0 dtt d du_0 ∫_{u0} 0 dα_ū ∫_{1−αū} u_0−α_ū dα_g(1 − v) A(α_i) + V(α_i) α_g e^− ~m2Q M2 }

± 1 λ_Ξ′_Q λ_Ξ∗_Q ( M_Ξ′_Q + M_Ξ∗_Q

) exp

M^2_Ξ′_Q + M^2_Ξ∗_Q − 2m^2_Q − 2u_0(1 − u_0)M^2_ρ 2M^2 { − u_0m_s⟨s̄s⟩f_ρM_ρg^{(v)}_⊥ (1 − u_0) 12 − ⟨s̄s⟩f^⊥_ρ M^2_ρ ~C_⊥(1 − u_0) 6 + u_0m_s⟨s̄g_sσGs⟩f_ρM_ρg^{(v)}_⊥ (1 − u_0) 72M^2 ( 1 + m^2_Q M^2 )

+ ⟨s̄s⟩f^⊥_ρ ϕ_⊥(1 − u_0) 6 M^2E_0(x) − ⟨s̄g_sσGs⟩f^⊥_ρ ϕ_⊥(1 − u_0) 24 ( 1 + m^2_Q M^2 )

+ m^4_Qf^⊥_ρ M^2_ρ ⟨s̄g_sσGs⟩A_⊥(1 − u_0) 96M^6 + m_sf^⊥_ρ M^2_ρ A_⊥(1 − u_0) 32π^2

M^2E_0(x) − ⟨s̄s⟩f^⊥_ρ M^2_ρ A_⊥(1 − u_0) 24 ( 1 + m^2_Q M^2 ) + u_0⟨s̄g_sσGs⟩f^⊥_ρ M^2_ρ ~C_⊥(1 − u_0) 24M^2 ( 1 + m^2_Q M^2 )

− m_s⟨s̄s⟩ ~f_ρM_ρg^{(a)}_⊥ (1 − u_0) 24 ( 1 + m^2_Q M^2 ) − u_0m_s⟨s̄s⟩ ~f_ρM_ρ 48 d du_0 g^{(a)}_⊥ (1 − u_0) } , (31)

g^{Ξ∗QΞ′Qρ0} 2 = ± 1 λ_Ξ′_Q λ_Ξ∗_Q exp M^2_Ξ′_Q + M^2_Ξ∗_Q − 2u_0(1 − u_0)M^2_ρ 2M^2

u_0f_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 4π^2

M^2E_0(x)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

− u_0m^2_Qf_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 72M^4 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − u_0f_ρM^3_ρ ~A(1 − u_0)

16π^2

∫_1 0 dtte^− ~m2Q M2 + u_0m^2_Qf_ρM^3_ρ ~A(1 − u_0) 288M^6 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2

− u_0m_sf^⊥_ρ M^2_ρ ~B_⊥(1 − u_0) 2π^2

∫_1 0 dtte^− ~m2Q M2

+ u_0m_sm^2_Qf^⊥_ρ M^2_ρ ~~B_⊥(1 − u_0) 36M^6 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 − u_0 ~f_ρM_ρ 16π^2

M^2E_0(x)g^{(a)}_⊥ (1 − u_0)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

+ u_0m^2_Q ~f_ρM_ρ

288M^4 ⟨ α_sGG π ⟩g^{(a)}_⊥ (1 − u_0)

∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 + f_ρM_ρ 8π^2

M^2E_0(x)

∫_1 0 dtt ∫_{u0} 0 dα_ū ∫_{1−αū} u_0−α_ū dα_g A(α_i) + (1 − 2v)V(α_i) α_g e^− ~m2Q M2 }

± 1 λ_Ξ′_Q λ_Ξ∗_Q exp M^2_Ξ′_Q + M^2_Ξ∗_Q − 2m^2_Q − 2u_0(1 − u_0)M^2_ρ 2M^2 u_0m_s⟨s̄s⟩f_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 6M^2 − u_0m_s⟨s̄s⟩f_ρM^3_ρ ~A(1 − u_0) 24M^4 ( 1 + m^2_Q M^2 )

− u_0m_s⟨s̄g_sσGs⟩f_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 36M^4 ( 1 + m^2_Q M^2 )

+ 2u_0⟨s̄s⟩f^⊥_ρ M^2_ρ ~~B_⊥(1 − u_0) 3M^2 − u_0⟨s̄g_sσGs⟩f^⊥_ρ M^2_ρ ~~B_⊥(1 − u_0) 6M^4 ( 1 + m^2_Q M^2 )

− u_0m_s⟨s̄s⟩ ~f_ρM_ρg^{(a)}_⊥ (1 − u_0) 24M^2 } , (32)

G3_Ξ∗_{QΞ}′_{Qρ0} = ± 1 λ_Ξ′_Q λ_Ξ∗_Q exp M^2_Ξ′_Q + M^2_Ξ∗_Q − 2u_0(1 − u_0)M^2_ρ 2M^2 f_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 8π^2

M^4E_1(x)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

− m^2_Qf_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 144M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − f_ρM^3_ρ ~A(1 − u_0)

32π^2

M^2E_0(x)

∫_1 0 dtte^− ~m2Q M2 + m^2_Qf_ρM^3_ρ ~A(1 − u_0)

576M^4 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 + m_sf^⊥_ρ ϕ_⊥(1 − u_0)

8π^2

M^4E_1(x)

∫_1 0 dtte^− ~m2Q M2 − m_sm^2_Qf^⊥_ρ ϕ_⊥(1 − u_0) 144M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2

− m_sf^⊥_ρ M^2_ρ ~B_⊥(1 − u_0) 4π^2

M^2E_0(x)

∫_1 0 dtte^− ~m2Q M2

+ m_sm^2_Qf^⊥_ρ M^2_ρ ~~B_⊥(1 − u_0) 72M^4 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 + ~f_ρM_ρ 32π^2

M^4E_1(x)g^{(a)}_⊥ (1 − u_0)

∫_1 0 dtt(1 + t)e^− ~m2Q M2

− m^2_Q ~f_ρM_ρ 576M^2 ⟨ α_sGG π ⟩g^{(a)}_⊥ (1 − u_0)

∫_1 0 dt 1 + t t^2 e^− ~m2Q M2 − u_0f_ρM^3_ρ

8π^2

M^2E_0(x)

∫_1 0 dtt ∫_{u0} 0 dα_ū ∫_{1−αū} u_0−α_ū dα_gv A(α_i) − V(α_i) α_g e^− ~m2Q M2 }

± 1 λ_Ξ′_Q λ_Ξ∗_Q exp M^2_Ξ′_Q + M^2_Ξ∗_Q − 2m^2_Q − 2u_0(1 − u_0)M^2_ρ 2M^2 m_s⟨s̄s⟩f_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 12 − m_s⟨s̄s⟩f_ρM^3_ρ ~A(1 − u_0) 48M^2 ( 1 + m^2_Q M^2 )

− m_s⟨s̄g_sσGs⟩f_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 72M^2 ( 1 + m^2_Q M^2 )

− ⟨s̄s⟩f^⊥_ρ ϕ_⊥(1 − u_0) 6 M^2E_0(x) + ⟨s̄g_sσGs⟩f^⊥_ρ ϕ_⊥(1 − u_0) 24 ( 1 + m^2_Q M^2 )

− m^4_Qf^⊥_ρ M^2_ρ ⟨s̄g_sσGs⟩A_⊥(1 − u_0) 96M^6 − m_sf^⊥_ρ M^2_ρ A_⊥(1 − u_0) 32π^2

M^2E_0(x) + ⟨s̄s⟩f^⊥_ρ M^2_ρ A_⊥(1 − u_0) 24 ( 1 + m^2_Q M^2 ) + ⟨s̄s⟩f^⊥_ρ M^2_ρ ~B_⊥(1 − u_0) 3 − ⟨s̄g_sσGs⟩f^⊥_ρ M^2_ρ ~B_⊥(1 − u_0) 12M^2 ( 1 + m^2_Q M^2 )

+ m_s⟨s̄s⟩ ~f_ρM_ρg^{(a)}_⊥ (1 − u_0) 48 ( 1 + 2m^2_Q M^2 )} , (33) g^{Σ∗QΣQρ0} 1 = ± 1 λ_{ΣQ} λ_Σ∗_Q ( M_{ΣQ} + M_Σ∗_Q

) exp

M^2_{ΣQ} + M^2_Σ∗_Q − 2u_0(1 − u_0)M^2_ρ 2M^2 { − u_0f_ρM_ρg^{(v)}_⊥ (1 − u_0) 2π^2

M^4E_1(x)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

+ u_0m^2_Qf_ρM_ρg^{(v)}_⊥ (1 − u_0) 36M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − u_0 ~f_ρM_ρ 8π^2

M^4E_1(x) d du_0 g^{(a)}_⊥ (1 − u_0)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

+ u_0m^2_Q ~f_ρM_ρ

144M^2 ⟨ α_sGG π ⟩ d du_0 g^{(a)}_⊥ (1 − u_0)

∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − ~f_ρM_ρg^{(a)}_⊥ (1 − u_0)

4π^2

M^4E_1(x)

∫_1 0 dtte^− ~m2Q M2

+ m^2_Q ~f_ρM_ρg^{(a)}_⊥ (1 − u_0) 72M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 + u_0f_ρM^3_ρ

4π^2

M^2E_0(x)

∫_1 0 dtt ∫_{u0} 0 dα_ū ∫_{1−αū} u_0−α_ū dα_g (1 − 2v)A(α_i) + V(α_i) α_g e^− ~m2Q M2

+ f_ρM_ρ 4π^2

M^4E_1(x)

∫_1 0 dtt d du_0 ∫_{u0} 0 dα_ū ∫_{1−αū} u_0−α_ū dα_g(1 − v) A(α_i) + V(α_i) α_g e^− ~m2Q M2 }

± 1 λ_{ΣQ} λ_Σ∗_Q ( M_{ΣQ} + M_Σ∗_Q

) exp

M^2_{ΣQ} + M^2_Σ∗_Q − 2m^2_Q − 2u_0(1 − u_0)M^2_ρ 2M^2 { − 2⟨q̄q⟩f^⊥_ρ M^2_ρ ~C_⊥(1 − u_0) 3 + 2⟨q̄q⟩f^⊥_ρ ϕ_⊥(1 − u_0) 3 M^2E_0(x)

− ⟨q̄g_sσGq⟩f^⊥_ρ ϕ_⊥(1 − u_0) 6 ( 1 + m^2_Q M^2 ) + m^4_Qf^⊥_ρ M^2_ρ ⟨q̄g_sσGq⟩A_⊥(1 − u_0) 24M^6 − ⟨q̄q⟩f^⊥_ρ M^2_ρ A_⊥(1 − u_0) 6 ( 1 + m^2_Q M^2 ) + u_0⟨q̄g_sσGq⟩f^⊥_ρ M^2_ρ ~C_⊥(1 − u_0) 6M^2 ( 1 + m^2_Q M^2 )} , (34) g^{Σ∗QΣQρ0} 2 = ± 1 λ_{ΣQ} λ_Σ∗_Q exp M^2_{ΣQ} + M^2_Σ∗_Q − 2u_0(1 − u_0)M^2_ρ 2M^2

u_0f_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] π^2

M^2E_0(x)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

− u_0m^2_Qf_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 18M^4 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − u_0f_ρM^3_ρ ~A(1 − u_0) 4π^2

∫_1 0 dtte^− ~m2Q M2 + u_0m^2_Qf_ρM^3_ρ ~A(1 − u_0) 72M^6 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 − u_0 ~f_ρM_ρ 4π^2

M^2E_0(x)g^{(a)}_⊥ (1 − u_0)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

+ u_0m^2_Q ~f_ρM_ρ

72M^4 ⟨ α_sGG π ⟩g^{(a)}_⊥ (1 − u_0)

∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 + f_ρM_ρ 2π^2

M^2E_0(x)

∫_1 0 dtt ∫_{u0} 0 dα_ū ∫_{1−αū} u_0−α_ū dα_g A(α_i) + (1 − 2v)V(α_i) α_g e^− ~m2Q M2 }

± 1 λ_{ΣQ} λ_Σ∗_Q exp M^2_{ΣQ} + M^2_Σ∗_Q − 2m^2_Q − 2u_0(1 − u_0)M^2_ρ 2M^2

8u_0⟨q̄q⟩f^⊥_ρ M^2_ρ ~B_⊥(1 − u_0) 3M^2 − 2u_0⟨q̄g_sσGq⟩f^⊥_ρ M^2_ρ ~~B_⊥(1 − u_0) 3M^4 ( 1 + m^2_Q M^2 ) ,(35)

G3_Σ∗_{QΣQρ0} = ± 1 λ_{ΣQ} λ_Σ∗_Q exp M^2_{ΣQ} + M^2_Σ∗_Q − 2u_0(1 − u_0)M^2_ρ 2M^2 f_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 2π^2

M^4E_1(x)

∫_1 0 dtt(1 − t)e^− ~m2Q M2

− m^2_Qf_ρM_ρ [ ~ϕ_‖(1 − u_0) − ~g^{(v)}_⊥ (1 − u_0) ] 36M^2 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 − t t^2 e^− ~m2Q M2 − f_ρM^3_ρ ~A(1 − u_0) 8π^2

M^2E_0(x)

∫_1 0 dtte^− ~m2Q M2 + m^2_Qf_ρM^3_ρ ~A(1 − u_0) 144M^4 ⟨ α_sGG π ⟩ ∫_1 0 dt 1 t^2 e^− ~m2Q M2 + ~f_ρM_ρ 8π^2

M^4E_1(x)g^{(a)}_⊥ (1 − u_0)

∫_1 0 dtt(1 + t)e^− ~m2Q M2

− m^2_Q ~f_ρM_ρ 144M^2 ⟨ α_sGG π ⟩g^{(a)}_⊥ (1 − u_0)

∫_1 0 dt 1 + t t^2 e^− ~m2Q M2 − u_0f_ρM^3_ρ

2π^2

M^2E_0(x)

∫_1 0 dtt ∫_{u0} 0 dα_ū ∫_{1−αū} u_0−α_ū dα_gv A(α_i) − V(α_i) α_g e^− ~m2Q M2 }

± 1 λ_{ΣQ} λ_Σ∗_Q exp M^2_{ΣQ} + M^2_Σ∗_Q − 2m^2_Q − 2u_0(1 − u_0)M^2_ρ 2M^2 { − 2⟨q̄q⟩f^⊥_ρ ϕ_⊥(1 − u_0) 3 M^2E_0(x) + ⟨q̄g_sσGq⟩f^⊥_ρ ϕ_⊥(1 − u_0) 6 ( 1 + m^2_Q M^2 )

− m^4_Qf^⊥_ρ M^2_ρ ⟨q̄g_sσGq⟩A_⊥(1 − u_0) 24M^6 + ⟨q̄q⟩f^⊥_ρ M^2_ρ A_⊥(1 − u_0) 6 ( 1 + m^2_Q M^2 )

+ 4⟨q̄q⟩f^⊥_ρ M^2_ρ ~B_⊥(1 − u_0) 3 − ⟨q̄g_sσGq⟩f^⊥_ρ M^2_ρ ~~B_⊥(1 − u_0) 3M^2 ( 1 + m^2_Q M^2 ) , (36)

where M^2_1 = M^2_2 = 2M^2 and u_0 =^{M 21}_{M 21 +M 22} =^1_2 as M^2_{B∗Q} M^2_{B∗Q} +M^2_{BQ} ≈ 1 2 , v =^{u0−αs̄}_{αg} (^{u0−αū}_{αg} ),

~m^2_Q =^{m2Q}_t , E_n(x) = 1−(1+x+^{x2}_{2!} +· · ·+^{xn}_{n!} )e^{−x}, x =^{s0}_{M 2} , and ~~f(1−u_0) = ∫_{u0} 0 du ∫_u 0 dtf(1− t), ~f(1 − u_0) = ∫_{u0} 0 duf(1 − u), the f(u) denote the light-cone distribution amplitudes, the denotation ± correspond to the vertexes Ξ^{∗+}_c Ξ^{′+}_c ρ_0, Ξ^{∗0}_b Ξ^{′0}_b ρ_0, Σ^{∗++}_c Σ^{++}_c ρ_0, Σ^{∗+}_b Σ^+_b ρ_0 and Ξ^{∗0}_c Ξ^{′0}_c ρ_0, Ξ^{∗−}_b Ξ^{′−}_b ρ_0, Σ^{∗0}_c Σ^0_c ρ_0, Σ^{∗−}_b Σ^−_b ρ_0 respectively. The strong coupling constants g_1, g_2 and G3 in the vertexes Σ^{∗+}_c Σ^+_c ρ_0 and Σ^{∗0}_b Σ^0_b ρ_0 vanish in the isospin symmetry limit. For some technical details concerning the three particle vector-mesons (ϕ and ρ_0) light-cone distribution amplitudes, one can consult Ref.[33]. The quark constituents of the vector mesons ρ_0 and ω are^{1√}_2 ( |ūu⟩ − |d̄d⟩ ) and^{1√}_2 ( |ūu⟩ + |d̄d⟩ ) respectively, the isospin triplet meson ρ_0 and isospin singlet meson ω have approximately degenerate masses, i.e. M_ρ M_ω ≈ 98.5%. The ω-meson light-cone distribution amplitudes have not been explored yet,

we assume that the vector mesons ρ_0 and ω have similar light-cone distribution amplitudes, and take the approximation M_ω = M_ρ, f_ω = f_ρ, · · · and obtain the strong coupling constants concerning the vector meson ω by symmetry considerations, which are shown in Table 3.

Appendix C The spectral densities of the heavy baryon states Ξ^∗_Q, Ξ^′_Q, Σ^∗_Q and Σ_Q at the level of quark-gluon degrees of freedom,

ρ^A_Ξ∗_Q (s) = 1 128π^4

∫_1 t_i dtt(t + 2)(1 − t)^2(s − ~m^2_Q)^2 + m_s⟨s̄s⟩ 16π^2

∫_1 t_i dtt^2 − m_s⟨q̄q⟩ 8π^2

∫_1 t_i dtt + m_s⟨s̄g_sσGs⟩ 96π^2

∫_1 0 dttδ(s − ~m^2_Q) + m_s [3⟨q̄g_sσGq⟩ − ⟨s̄g_sσGs⟩] 96π^2 δ(s − m^2_Q) − m^2_Q 1152π^2 ⟨ α_sGG π ⟩ ∫_1 0 dt (t + 2)(1 − t)^2

t^2 δ(s − ~m^2_Q) + ⟨q̄q⟩⟨s̄s⟩ 6 δ(s − m^2_Q) − 1 384π^2 ⟨ α_sGG π ⟩ ∫_1 t_i dtt(2 − t) , (37)

ρ^B_Ξ∗_Q (s) = m_Q 128π^4

∫_1 t_i dt(t + 2)(1 − t)^2(s − ~m^2_Q)^2 + m_sm_Q⟨s̄s⟩ 16π^2

∫_1 t_i dtt − m_sm_Q⟨q̄q⟩ 8π^2

∫_1 t_i dt + m_sm_Q⟨s̄g_sσGs⟩ 96π^2

∫_1 0 dtδ(s − ~m^2_Q) + m_sm_Q [3⟨q̄g_sσGq⟩ − ⟨s̄g_sσGs⟩] 96π^2 δ(s − m^2_Q) − m_Q 1152π^2 ⟨ α_sGG π ⟩ ∫_1 t_i dt 3t^4 − 8t^3 + 3t^2 + 9t − 4 t^2 + m_Q⟨q̄q⟩⟨s̄s⟩ 6 δ(s − m^2_Q) − m_Q 1152π^2 ⟨ α_sGG π ⟩ ∫_1 0 dt t^3 − 3t + 2 t ~m^2_Qδ(s − ~m^2_Q) , (38)

ρ^A_Σ∗_Q (s) = 1 128π^4

∫_1 t_i dtt(t + 2)(1 − t)^2(s − ~m^2_Q)^2 + ⟨q̄q⟩⟨s̄s⟩ 6 δ(s − m^2_Q) − m^2_Q 1152π^2 ⟨ α_sGG π ⟩ ∫_1 0 dt (t + 2)(1 − t)^2 t^2 δ(s − ~m^2_Q) − 1 384π^2 ⟨ α_sGG π ⟩ ∫_1 t_i dtt(2 − t) , (39) ρ^B_Σ∗_Q (s) = m_Q 128π^4

∫_1 t_i dt(t + 2)(1 − t)^2(s − ~m^2_Q)^2 + m_Q⟨q̄q⟩⟨s̄s⟩ 6 δ(s − m^2_Q) − m_Q 1152π^2 ⟨ α_sGG π ⟩ ∫_1 t_i dt 3t^4 − 8t^3 + 3t^2 + 9t − 4 t^2 − m_Q 1152π^2 ⟨ α_sGG π ⟩ ∫_1 0 dt t^3 − 3t + 2 t ~m^2_Qδ(s − ~m^2_Q) , (40)

ρ^A_Ξ′_Q (s) = 1 32π^4

∫_1 t_i dtt(1 − t)^3(s − ~m^2_Q)(5s − 3 ~m^2_Q) − m_s⟨q̄q⟩ 4π^2

∫_1 t_i dtt + m_s⟨s̄s⟩ 4π^2

∫_1 t_i dtt(1 − t) [ 3 + sδ(s − ~m^2_Q) ]

− m_s⟨s̄g_sσGs⟩ 24π^2

∫_1 0 dtt [ 2 + s M^2 ] δ(s − ~m^2_Q) + m_s⟨q̄g_sσGq⟩ 16π^2 δ(s − m^2_Q) + ⟨q̄q⟩⟨s̄s⟩ 3 δ(s − m^2_Q) + 1 96π^2 ⟨ α_sGG π ⟩ ∫_1 t_i dt(4 − 5t) + 1 96π^2 ⟨ α_sGG π ⟩ ∫_1 t_i dt(1 − t) ~m^2_Qδ(s − ~m^2_Q) − m^2_Q 288π^2 ⟨ α_sGG π ⟩ ∫_1 0 dt (1 − t)^3 t^2 [ 2 + s M^2 ] δ(s − ~m^2_Q) , (41)

ρ^B_Ξ′_Q (s) = 3m_Q 64π^4

∫_1 t_i dt(1 − t)^2(s − ~m^2_Q)^2 − m_sm_Q⟨q̄q⟩ 2π^2

∫_1 t_i dt + m_sm_Q⟨s̄s⟩ 8π^2

∫_1 t_i dt + m_sm_Q [6⟨q̄g_sσGq⟩ − ⟨s̄g_sσGs⟩] 48π^2 δ(s − m^2_Q) + 2m_Q⟨q̄q⟩⟨s̄s⟩ 3 δ(s − m^2_Q) + m_Q 192π^2 ⟨ α_sGG π ⟩ ∫_1 t_i dt [ −3 − 2t + 2 t^2 ]

− m_Q 192π^2 ⟨ α_sGG π ⟩ ∫_1 0 dt (1 − t)^2 t ~m^2_Qδ(s − ~m^2_Q) , (42)

ρ^A_{ΣQ} (s) = 1 32π^4

∫_1 t_i dtt(1 − t)^3(s − ~m^2_Q)(5s − 3 ~m^2_Q) + ⟨q̄q⟩⟨s̄s⟩ 3 δ(s − m^2_Q) + 1 96π^2 ⟨ α_sGG π ⟩ ∫_1 t_i dt(4 − 5t) + 1 96π^2 ⟨ α_sGG π ⟩ ∫_1 t_i dt(1 − t) ~m^2_Qδ(s − ~m^2_Q) − m^2_Q 288π^2 ⟨ α_sGG π ⟩ ∫_1 0 dt (1 − t)^3 t^2 [ 2 + s M^2 ] δ(s − ~m^2_Q) , (43) ρ^B_{ΣQ} (s) = 3m_Q 64π^4

∫_1 t_i dt(1 − t)^2(s − ~m^2_Q)^2 + 2m_Q⟨q̄q⟩⟨s̄s⟩ 3 δ(s − m^2_Q) + m_Q 192π^2 ⟨ α_sGG π ⟩ ∫_1 t_i dt [ −3 − 2t + 2 t^2 ]

− m_Q 192π^2 ⟨ α_sGG π ⟩ ∫_1 0 dt (1 − t)^2 t ~m^2_Qδ(s − ~m^2_Q) , (44)

where ~m^2_Q =^{m2Q}_t , t_i =^{m2Q}_s .

References

[1] J. G. Koerner, D. Pirjol and M. Kraemer, Prog. Part. Nucl. Phys. 33 (1994) 787. [2] F. Hussain, G. Thompson and J. G. Koerner, hep-ph/9311309. [3] C. Amsler et al, Phys. Lett. B667 (2008) 1. [4] Z. G. Wang, Eur. Phys. J. C61 (2009) 321. [5] Z. G. Wang, Eur. Phys. J. C54 (2008) 231. [6] Z. G. Wang, Phys. Rev. D75 (2007) 034013. [7] Z. G. Wang, arXiv:0909.4144.

[8] T. M. Aliev, K. Azizi and A. Ozpineci, Phys. Rev. D79 (2009) 056005. [9] S. L. Zhu, Phys. Rev. C59 (1999) 435. [10] Z. G. Wang, Phys. Rev. D75 (2007) 054020.

[11] T. M. Aliev, A. Ozpineci, M. Savci and V. S. Zamiralov, Phys. Rev. D80 (2009) 016010.

[12] T. M. Aliev, A. Ozpineci, S. B. Yakovlev and V. Zamiralov, Phys. Rev. D74 (2006) 116001.

[13] T. M. Aliev, K. Azizi, A. Ozpineci and M. Savci, arXiv:0908.0259. [14] Z. G. Wang, Eur. Phys. J. C57 (2008) 711. [15] Z. G. Wang, Eur. Phys. J. C61 (2009) 299.

[16] G. Erkol, R. G. E. Timmermans and T. A. Rijken, Phys. Rev. C74 (2006) 045201. [17] P. Z. Huang, H. X Chen and S. L. Zhu, arXiv:0909.5551.

[18] I. I. Balitsky, V. M. Braun and A. V. Kolesnichenko, Nucl. Phys. B312 (1989) 509. [19] V. L. Chernyak and A. R. Zhitnitsky, Phys. Rept. 112 (1984) 173.

[20] P. Colangelo and A. Khodjamirian, hep-ph/0010175. [21] H. F. Jones and M. D. Scadron, Ann. Phys. 81 (1973) 1.

[22] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B147 (1979) 385, 448.

[23] L. J. Reinders, H. Rubinstein and S. Yazaki, Phys. Rept. 127 (1985) 1. [24] P. Ball, V. M. Braun, Y. Koike and K. Tanaka, Nucl. Phys. B529 (1998) 323. [25] P. Ball and V. M. Braun, Nucl. Phys. B543 (1999) 201. [26] P. Ball and M. Boglione, Phys. Rev. D68 (2003) 094006. [27] P. Ball, V. M. Braun and A. Lenz, JHEP 0708 (2007) 090. [28] B. L. Ioffe, Prog. Part. Nucl. Phys. 56 (2006) 232. [29] J. R. Zhang and M. Q. Huang, Phys. Rev. D78 (2008) 094015. [30] M. Albuquerque, S. Narison and M. Nielsen, arXiv:0904.3717. [31] R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91 (2003) 232003. [32] R. L. Jaffe, Phys. Rept. 409 (2005) 1. [33] Z. G. Wang, J. Phys. G34 (2007) 753.