arXiv:1205.2943v1 [hep-ph] 14 May 2012

Charm-strange baryon strong decays in a chiral quark model

Lei-Hua Liu, Li-Ye Xiao and Xian-Hui Zhong^∗ Department of Physics, Hunan Normal University, and Key Laboratory of Low-Dimensional Quantum Structures and Quantum Control of Ministry of Education, Changsha 410081, China

The strong decays of charm-strange baryons up to N = 2 shell are studied in a chiral quark model. The theoretical predictions for the well determined charm-strange baryons, Ξ^∗_c (2645), Ξ_c(2790) and Ξ_c(2815), are in good agreement with the experimental data. This model is also extended to analyze the strong decays of the other newly observed charm-strange baryons Ξ_c(2930), Ξ_c(2980), Ξ_c(3055), Ξ_c(3080) and Ξ_c(3123). Our predictions are given as follows. (i) Ξ_c(2930) might be the first P-wave excitation of Ξ^′_c with J^P = 1/2^−, favors the |Ξ^′_c^2 P_λ1/2^−⟩ or |Ξ^′_c^4 P_λ1/2^−⟩ state. (ii) Ξ_c(2980) might correspond to two overlapping P-wave states |Ξ^′_c^2 P_ρ1/2^−⟩ and |Ξ^′_c^2 P_ρ3/2^−⟩, respectively. The Ξ_c(2980) observed in the Λ^+_c K̄π final state is most likely to be the |Ξ^′_c^2 P_ρ1/2^−⟩ state, while the narrower resonance with a mass m ≃ 2.97 GeV observed in the Ξ^∗_c (2645)π channel favors to be assigned to the |Ξ^′_c^2 P_ρ3/2^−⟩ state. (iii) Ξ_c(3080) favors to be classified as the |Ξ_c S_{ρρ}1/2^+⟩ state, i.e., the first radial excitation (2S ) of Ξ_c. (iv) Ξ_c(3055) is most likely to be the first D-wave excitation of Ξ_c with J^P = 3/2^+, favors the |Ξ_c^2 D_{λλ}3/2^+⟩ state. (v) Ξ_c(3123) might be assigned to the |Ξ^′_c^4 D_{λλ}3/2^+⟩, |Ξ^′_c^4 D_{λλ}5/2^+⟩, or |Ξ_c^2 D_{ρρ}5/2^+⟩ state. As a by-product, we calculate the strong decays of the bottom baryons Σ^±_b , Σ^{∗±}_b and Ξ^∗_b, which are in good agreement with the recent observations as well.

PACS numbers: 12.39.Jh, 13.30.-a, 14.20.Lq, 14.20.Mr

I. INTRODUCTION

In recent years, several new charm-strange baryons, Ξ_c(2930), Ξ_c(2980), Ξ_c(3055), Ξ_c(3080) and Ξ_c(3123), have been observed. Their experimental information has been collected in Tab. I. Ξ_c(2980) and Ξ_c(3080) are relatively wellestablished in experiments. Both of their isospin states were observed by Belle Collaboration in the Λ^+_c K̄π channel [1], and confirmed by BaBar with high statistical significances [2]. Belle also observed a resonance structure around 2.97 GeV with a narrow width of ∼ 18 MeV in the Ξ^∗_c(2645)π decay channel in a separate study [3], which is often considered as the same resonance, Ξ_c(2980), observed in the Λ^+_c K̄π channel. Ξ_c(2930) was found by BaBar in the Λ^+_c K^− final state by analyzing the B^− → Λ^+_c Λ̄^−_c K^− process [4]. However, this structure is not yet confirmed by Belle. Ξ_c(3055)^+ and Ξ_c(3123)^+ were only observed by BaBar in the Λ^+_c K^−π^+ final state with statistical significances of 6.4σ and 3.0σ, respectively [2]. No further evidences of them were found when BaBar searched the inclusive Λ^+_c K̄ and Λ^+_c K̄π^+π^− invariant mass spectra for new narrow states. BaBar’s observations show that Ξ_c(3055)^+ and Ξ_c(3123)^+ mostly decay though the intermediate resonant modes Σ_c(2455)^{++}K^− and Σ_c(2520)^{++}K^−, respectively. A good review of the recent experimental results on charmed baryons can be found in [5].

Charmed baryon mass spectroscopy has been investigated in various models [7–17]. The masses of charm-strange baryons in the N ≤ 2 shell predicted within several quark models have been collected in Tabs. II and III. Comparing the experimental data with the quark model predictions, one finds that Ξ_c(2930) could be a candidate of the 2S excitation of Ξ_c with J^P = 1/2^+, or the 1P excitation of Ξ^′_c with J^P = 1/2^−, 3/2^− or 5/2^−. Ξ_c(2980) might be assigned to the 2S excitation

∗E-mail: zhongxh@hunnu.edu.cn

of Ξ_c or Ξ^′_c with J^P = 1/2^+. Ξ_c(3055) and Ξ_c(3080) are most likely to be the 1D excitations of Ξ_c with J^P = 3/2^+ or 5/2^+, or the 2S excitation of Ξ^′_c with J^P = 1/2^+. Ξ_c(3123) might be classified as 1D excitation of Ξ^′_c with J^P = 3/2^+, 5/2^+ or 7/2^+. Obviously, only depending on the mass analysis it is difficult to determine the quantum numbers of these newly observed charm-strange baryons. On the other hand, the strong decays of these newly observed charm-strange baryons have been studied in the framework of heavy hadron chiral perturbation theory [18] and^3P_0 model [19, 20], respectively. In [18], Cheng and Chua advocated that the J^P numbers of Ξ_c(2980) and Ξ_c(3080) could be 1/2^+ and 5/2^+, respectively. They claimed that under this J^P assignment, it is easy to understand why Ξ_c(2980) is broader than Ξ_c(3080). In [19, 20], Chen et al. have analyzed the strong decays of the N = 2 shell excited charm-strange baryons in the^3 P_0 model, they could only exclude some assignments according to the present experimental information. As a whole, although the new charmstrange baryons have been studied in several aspects, such as mass spectroscopy and strong decays, their quantum numbers are not clear so far. Thus, more investigations of these new heavy baryons are needed.

To further understand the nature of these newly observed charm-strange baryons, in this work, we make a systematic study of their strong decays in a chiral quark model, which has been developed and successfully used to deal with the strong decays of charmed baryons and heavy-light mesons [21–24]. It should be pointed out that very recently, some important progresses in the observation of the bottom baryons have been achieved in experiments as well: CDF Collaboration first measured the natural widths of the bottom baryons Σ^±_b and Σ^{∗±}_b , and improved the measurement masses [25], and CMS Collaboration observed a new neutral excited bottom baryon with a mass m = 5945.0 ± 0.7 ± 0.3 ± 2.7 MeV, which is most likely to be the Ξ^{∗0}_b [26]. As a by-product, in this work we also calculate the strong decays of these bottom baryons according to the new measurements.

This work is organized as follows. In the subsequent section, the charm-strange baryon in the quark model is outlined. Then a brief review of the chiral quark model approach is given in Sec. III. The numerical results are presented and discussed in Sec. IV. Finally, a summary is given in Sec. V.

TABLE I: Summary of the experimental results of the newly observed charm-strange baryons. Resonance Mass (MeV) Width (MeV) Observed decay channel Collaboration Status [6] Ξ_c(2930)^0 2931 ± 3 ± 5 36 ± 7 ± 11 Λ^+_c K^− BaBar [4] * Ξ_c(2980)^+ 2978.5 ± 2.1 ± 2.0 43.5 ± 7.5 ± 7.0 Λ^+_c K^−π^+ Belle [1] *** 2969.3 ± 2.2 ± 1.7 27 ± 8 ± 2 Λ^+_c K^−π^+, Σ_c(2455)^{++} K^− BaBar [2] 2967.7 ± 2.3^{+1.1}_{−1.2} 18 ± 6 ± 3 Ξ_c(2645)^0π^+ Belle [3] Ξ_c(2980)^0 2977.1 ± 8.8 ± 3.5 43.5 fixed Λ^+_c K̄^0π^− Belle [1] *** 2972.9 ± 4.4 ± 1.6 31 ± 7 ± 8 Λ^+_c K̄^0π^− BaBar [2] 2965.7 ± 2.4^{+1.1}_{−1.2} 15 ± 6 ± 3 Ξ_c(2645)^+π^− Belle [3] Ξ_c(3055)^+ 3054.2 ± 1.2 ± 0.5 17 ± 6 ± 11 Σ_c(2455)^{++} K^− BaBar [2] ** Ξ_c(3080)^+ 3076.7 ± 0.9 ± 0.5 6.2 ± 1.2 ± 0.8 Λ^+_c K^−π^+ Belle [1] *** 3077.0 ± 0.4 ± 0.2 5.5 ± 1.3 ± 0.6 Λ^+_c K^−π^+, Σ_c(2455, 2520)^{++} K^− BaBar [2] Ξ_c(3080)^0 3082.8 ± 1.8 ± 1.5 5.2 ± 3.1 ± 1.8 Λ^+_c K̄^0π^− Belle [1] *** 3079.3 ± 1.1 ± 0.2 5.9 ± 2.3 ± 1.5 Λ^+_c K̄^0π^−, Σ_c(2455, 2520)^0 K^0_S BaBar [2] Ξ_c(3123)^+ 3122.9 ± 1.3 ± 0.3 4.4 ± 3.4 ± 1.7 Σ_c(2520)^{++} K^− BaBar [2] *

II. CHARM-STRANGE BARYON IN THE QUARK MODEL

The charmed baryon contains a heavy charm quark, which violates SU(4) symmetry. However, the SU(3) symmetry between the other two light quarks (u, d, or s) is approximately kept. According to the symmetry, the charmed baryons can be classified two different SU(3) flavor representations: the symmetric 6 and antisymmetric antitriplet ¯3. For the charmstrange baryon, the antisymmetric flavor wave function (Ξ_ctype) can be written as

ϕ_{Ξc} = 1√ 2 (us − su)c for Ξ^+_c 1√ 2 (ds − sd)c for Ξ^0_c

, (1)

while the symmetric flavor wave function (Ξ^′_c-type) is given by ϕ_Ξ′_c = 1√ 2 (us + su)c for Ξ^{′+}_c 1√ 2 (ds + sd)c for Ξ^{′0}_c

. (2)

In the quark model, the typical SU(2) spin wave functions for the charm-strange baryons can be adopted [27, 28], which are χ^s_{3/2} = ↑↑↑, χ^s_{−3/2} =↓↓↓,

χ^s_{1/2} = 1 √ 3 (↑↑↓ + ↑↓↑ + ↓↑↑),

χ^s_{−1/2} = 1 √ 3 (↑↓↓ + ↓↓↑ + ↓↑↓), (3)

TABLE II: Masses (MeV) of the Ξ_c-type charm-strange baryons in the various quark models.

N J^P State [13] [16] [15] [12] [17] 0^1_2^+ 1S 2471 2476 2467 2466 2481 1^1_2^− 1P 2799 2792 2792 2773 2801 1^3_2^− 1P ... 2819 2792 2783 2820 2^1_2^+ 2S 3137 2959 2992 ... 2923 2^3_2^+ 1D 3071 3059 3057 3012 3030 2^5_2^+ 1D 3049 3076 3057 3004 3042

for the spin-3/2 states with a symmetric spin wave function,

χ^ρ_{1/2} = 1 √ 2 (↑↓↑ − ↓↑↑),

χ^ρ_{−1/2} = 1 √ 2 (↑↓↓ − ↓↑↓), (4)

for the spin-1/2 states with a mixed antisymmetric spin wave function, and

χ^λ_{1/2} = − 1 √ 6 (↑↓↑ + ↓↑↑ −2 ↑↑↓),

χ^λ_{−1/2} = 1 √ 6 (↑↓↓ + ↓↑↓ −2 ↓↓↑), (5)

for the spin-1/2 states with a mixed symmetric spin wave function.

The spatial wave function of a charm-strange baryon is adopted the harmonic oscillator form in the constituent quark

TABLE III: Masses (MeV) of the Ξ^′_c-type charm-strange baryons in the various quark models.

N J^P State [13] [16] [15] [12] [17] 0^1_2^+ 1S 2574 2579 2567 2594 2578 0^3_2^+ 1S 2642 2649 2647 2649 2654 1^1_2^− 1P 2902 2936 2897 2855 2934 1^3_2^− 1P ... 2935 2910 2866 2931 1^5_2^− 1P ... 2929 3050 2895 2921 2^1_2^+ 2S 3212 2983 3087 ... 2984 2^1_2^+ 1D ... 3163 ... ... 3132 2^3_2^+ 1D ... 3160 3127 ... 3127 2^5_2^+ 1D 3132 3166 3167 3080 3123 2^7_2^+ 1D ... 3147 ... 3094 3136 model. The details of the spatial wave functions can be found in our previous work [21].

The spin-flavor and spatial wave functions of baryons must be symmetric since the color wave function is antisymmetric. The flavor wave functions of the Ξ_c-type charm-strange baryons, ϕ_{Ξc} , are antisymmetric under the interchange of the u (d) and s quarks, thus, their spin-space wave functions must be symmetric. In contrast, the spin-spatial wave functions of Ξ^′_c-type charm-strange baryons are required to be antisymmetric due to their symmetric flavor wave functions under the interchange of the two light quarks. The notations, wave functions, and quantum numbers of the Ξ_c-type and Ξ^′_c-type charm-strange baryons up to N = 2 shell classified in the quark model are listed in Tabs. IV and V, respectively.

TABLE IV: The Ξ_c-type charm-strange baryons classified in the quark model and their possible two body strong decay channels. The notation of the Ξ_c-type charmed baryon is denoted by |Ξ_c^{2S +1} L_σ J^P⟩ as used in Ref. [27]. The Clebsch-Gordan series for the spin and angular-momentum addition |Ξ_c^{2S +1} L_σ J^P⟩ =

∑_{Lz+S z =Jz} ⟨LL_z, S S_z|JJ_z⟩^N Ψ^σ_{LLz} χ_{S z} ϕ_{Ξc} has been omitted.

Notation N l_λ l_ρ L S J^P Wave function Strong decay channel |Ξ_c^2S^1_2^+⟩ 0 0 0 0^1_2^1_2^{+ 0}Ψ^S_{00}χ^ρ_{S z} ϕ_{Ξc} ... |Ξ_c^2 P_λ^1_2^−⟩ 1 1 0 1^1_2^1_2^{− 1}Ψ^λ_{1Lz} χ^ρ_{S z} ϕ_{Ξc} Ξ^′_cπ, Ξ^∗_c π |Ξ_c^2 P_λ^3_2^−⟩ 1 1 0 1^1_2^3_2^− |Ξ_c^2 P_ρ^1_2^−⟩ 1 0 1 1^1_2^1_2^{− 1}Ψ^ρ_{1Lz} χ^λ_{S z} ϕ_{Ξc} Ξ_cπ, Ξ^′_cπ, Ξ^∗_c π |Ξ_c^2 P_ρ^3_2^−⟩ 1 0 1 1^1_2^3_2^− |Ξ_c^4 P_ρ^1_2^−⟩ 1 0 1 1^3_2^1_2^− |Ξ_c^4 P_ρ^3_2^−⟩ 1 0 1 1^3_2^3_2^{− 1}Ψ^ρ_{1Lz} χ^S_z ϕ_{Ξc} Ξ_cπ, Ξ^′_cπ, Ξ^∗_c π |Ξ_c^4 P_ρ^5_2^−⟩ 1 0 1 1^3_2^5_2^− |Ξ_c^2S_A^1_2^+⟩ 2 1 1 0^1_2^1_2^{+ 2}Ψ^A_{00}χ^λ_{S z} ϕ_{Ξc} Ξ_cπ,Ξ_cη,Λ_c K, Ξ^′_cπ,Σ_c K, Ξ^∗_c π,Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ_c^4S_A^3_2^+⟩ 2 1 1 0^3_2^3_2^{+ 2}Ψ^A_{00}χ^s_{S z} ϕ_{Ξc} Ξ_cπ, Ξ_cη,Λ_c K, Ξ^′_cπ,Σ_c K, Ξ^∗_c π,Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ_c^2 P_A^1_2^+⟩ 2 1 1 1^1_2^1_2^{+ 2}Ψ^A_{1Lz} χ^λ_{S z} ϕ_{Ξc} Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ,Σ_c K, Ξ^∗_c π,Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ_c^2 P_A^3_2^+⟩ 2 1 1 1^1_2^3_2^+ |Ξ_c^4 P_A^1_2^+⟩ 2 1 1 1^3_2^1_2^+ Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ,Σ_c K, Ξ^∗_c π,Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ_c^4 P_A^3_2^+⟩ 2 1 1 1^3_2^3_2^{+ 2}Ψ^A_{1Lz} χ^S_z ϕ_{Ξc} Ξ_cπ,Ξ_cη,Λ_c K, Ξ^′_cπ,Σ_c K, Ξ^∗_c π,Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ_c^4 P_A^5_2^+⟩ 2 1 1 1^3_2^5_2^+ Ξ_cπ, Ξ_cη,Λ_c K, Ξ^∗_c π,Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ_c^2 D_A^3_2^+⟩ 2 1 1 2^1_2^3_2^+ Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ,Σ_c K,Ξ^∗_cπ,Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ_c^2 D_A^5_2^+⟩ 2 1 1 2^1_2^5_2^{+ 2}Ψ^A_{2Lz} χ^λ_{S z} ϕ_{Ξc} |Ξ_c^4 D_A^1_2^+⟩ 2 1 1 2^3_2^1_2^+ Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ,Σ_c K,Ξ^∗_cπ,Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ_c^4 D_A^3_2^+⟩ 2 1 1 2^3_2^3_2^+ |Ξ_c^4 D_A^5_2^+⟩ 2 1 1 2^3_2^5_2^{+ 2}Ψ^A_{2Lz} χ^S_z ϕ_{Ξc} |Ξ_c^4 D_A^7_2^+⟩ 2 1 1 2^3_2^7_2^+ |Ξ_c^2 D_{ρρ}^3_2^+⟩ 2 0 2 2^1_2^3_2^+ Ξ^′_cπ,Σ_c K,Ξ^∗_cπ,Σ^∗_c K |Ξ_c^2 D_{ρρ}^5_2^+⟩ 2 0 2 2^1_2^5_2^{+ 2}Ψ^{ρρ}_{2Lz} χ^ρ_{S z} ϕ_{Ξc} |Ξ_c^2 D_{λλ}^3_2^+⟩ 2 2 0 2^1_2^3_2^+ Ξ^′_cπ,Σ_c K,Ξ^∗_cπ,Σ^∗_c K,DΛ |Ξ_c^2 D_{λλ}^5_2^+⟩ 2 2 0 2^1_2^5_2^{+ 2}Ψ^{λλ}_{2Lz} χ^ρ_{S z} ϕ_{Ξc} |Ξ_c^2S_{ρρ}^1_2^+⟩ 2 0 0 0^1_2^1_2^{+ 2}Ψ^{ρρ}_{00}χ^ρ_{S z} ϕ_{Ξc} Ξ^′_cπ,Σ_c K,Ξ^∗_cπ,Σ^∗_c K |Ξ_c^2S_{λλ}^1_2^+⟩ 2 0 0 0^1_2^1_2^{+ 2}Ψ^{λλ}_{00} χ^ρ_{S z} ϕ_{Ξc} Ξ^′_cπ,Σ_c K,Ξ^∗_cπ,Σ^∗_c K,DΛ

TABLE V: The Ξ^′_c-type charm-strange baryons classified in the quark model and their possible two body strong decay channels. The notation of the Ξ^′_c-type charmed baryon is denoted by |Ξ^′_c^{2S +1} L_σ J^P⟩ as used in Ref. [27]. The Clebsch-Gordan series for the spin and angular-momentum addition |Ξ^′_c^{2S +1} L_σ J^P⟩ =

∑_{Lz+S z =Jz}

⟨LL_z, S S_z|JJ_z⟩^N Ψ^σ_{LLz} χ_{S z} ϕ_Ξ′_c has been omitted.

Notation N l_λ l_ρ L S J^P Wave function Strong decay channel |Ξ^′_c^2S^1_2^+⟩ 0 0 0 0^1_2^1_2^{+ 0}Ψ^S_{00}χ^λ_{S z} ϕ_Ξ′_c ... |Ξ^′_c^4S^3_2^+⟩ 0 0 0 0^3_2^3_2^{+ 0}Ψ^S_{00}χ^s_{S z} ϕ_Ξ′_c Ξ_cπ |Ξ^′_c^2 P_λ^1_2^−⟩ 1 1 0 1^1_2^1_2^{− 1}Ψ^λ_{1Lz} χ^λ_{S z} ϕ_Ξ′_c Ξ_cπ, Λ_c K, Ξ^′_cπ, Σ_c K,Ξ^∗_c π, Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ^′_c^2 P_λ^3_2^−⟩ 1 1 0 1^1_2^3_2^− |Ξ^′_c^4 P_λ^1_2^−⟩ 1 1 0 1^3_2^1_2^− Ξ_cπ, Λ_c K, Ξ^′_cπ, Σ_c K,Ξ^∗_c π, Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ^′_c^4 P_λ^3_2^−⟩ 1 1 0 1^3_2^3_2^{− 1}Ψ^λ_{1Lz} χ^s_{S z} ϕ_Ξ′_c |Ξ^′_c^4 P_λ^5_2^−⟩ 1 1 0 1^3_2^5_2^− |Ξ^′_c^2 P_ρ^1_2^−⟩ 1 0 1 1^1_2^1_2^{− 1}Ψ^ρ_{1Lz} χ^ρ_{S z} ϕ_Ξ′_c Ξ^′_cπ, Σ_c K,Ξ^∗_cπ, Σ^∗_c K |Ξ^′_c^2 P_ρ^3_2^−⟩ 1 0 1 1^1_2^3_2^− |Ξ^′_c^2S_A^1_2^+⟩ 2 1 1 0^1_2^1_2^{+ 2}Ψ^A_{00}χ^ρ_{S z} ϕ_Ξ′_c Ξ^′_cπ, Σ_c K,Ξ^∗_cπ, Σ^∗_c K |Ξ^′_c^2 P_A^1_2^+⟩ 2 1 1 1^1_2^1_2^{+ 2}Ψ^A_{1Lz} χ^ρ_{S z} ϕ_Ξ′_c Ξ^′_cπ, Σ_c K,Ξ^∗_cπ, Σ^∗_c K |Ξ^′_c^2 P_A^3_2^+⟩ 2 1 1 1^1_2^3_2^+ |Ξ^′_c^2 D_A^3_2^+⟩ 2 1 1 2^1_2^3_2^+ Ξ^′_cπ, Σ_c K,Ξ^∗_cπ, Σ^∗_c K |Ξ^′_c^2 D_A^5_2^+⟩ 2 1 1 2^1_2^5_2^{+ 2}Ψ^A_{2Lz} χ^ρ_{S z} ϕ_Ξ′_c |Ξ^′_c^2 D_{ρρ}^3_2^+⟩ 2 0 2 2^1_2^3_2^+ Ξ_cπ, Ξ_cη, Λ_c K, Ξ^′_cπ, Σ_c K,Ξ^∗_cπ, Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ^′_c^2 D_{ρρ}^5_2^+⟩ 2 0 2 2^1_2^5_2^{+ 2}Ψ^{ρρ}_{2Lz} χ^λ_{S z} ϕ_Ξ′_c |Ξ^′_c^4 D_{ρρ}^1_2^+⟩ 2 0 2 2^3_2^1_2^+ Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ, Σ_c K,Ξ^∗_c π, Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ^′_c^4 D_{ρρ}^3_2^+⟩ 2 0 2 2^3_2^3_2^{+ 2}Ψ^{ρρ}_{2Lz} χ^s_{S z} ϕ_Ξ′_c |Ξ^′_c^4 D_{ρρ}^5_2^+⟩ 2 0 2 2^3_2^5_2^+ |Ξ^′_c^4 D_{ρρ}^7_2^+⟩ 2 0 2 2^3_2^7_2^+ |Ξ^′_c^2 D_{λλ}^3_2^+⟩ 2 2 0 2^1_2^3_2^+ Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ, Σ_c K,Ξ^∗_cπ, Σ^∗_c K,Ξ_c(2790, 2815)π,DΛ |Ξ^′_c^2 D_{λλ}^5_2^+⟩ 2 2 0 2^1_2^5_2^{+ 2}Ψ^{λλ}_{2Lz} χ^λ_{S z} ϕ_Ξ′_c |Ξ^′_c^4 D_{λλ}^1_2^+⟩ 2 2 0 2^3_2^1_2^+ Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ, Σ_c K,Ξ^∗_cπ, Σ^∗_c K,Ξ_c(2790, 2815)π,DΛ |Ξ^′_c^4 D_{λλ}^3_2^+⟩ 2 2 0 2^3_2^3_2^{+ 2}Ψ^{λλ}_{2Lz} χ^s_{S z} ϕ_Ξ′_c |Ξ^′_c^4 D_{λλ}^5_2^+⟩ 2 2 0 2^3_2^5_2^+ |Ξ^′_c^4 D_{λλ}^7_2^+⟩ 2 2 0 2^3_2^7_2^+ |Ξ^′_c^2S_{ρρ}^1_2^+⟩ 2 0 0 0^1_2^1_2^{+ 2}Ψ^{ρρ}_{00}χ^λ_{S z} ϕ_Ξ′_c Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ, Σ_c K,Ξ^∗_c π, Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ^′_c^4S_{ρρ}^3_2^+⟩ 2 0 0 0^3_2^3_2^{+ 2}Ψ^{ρρ}_{00}χ^s_{S z} ϕ_Ξ′_c Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ, Σ_c K,Ξ^∗_c π, Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ^′_c^2S_{λλ}^1_2^+⟩ 2 0 0 0^1_2^1_2^{+ 2}Ψ^{λλ}_{00} χ^λ_{S z} ϕ_Ξ′_c Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ, Σ_c K,Ξ^∗_c π, Σ^∗_c K,Ξ_c(2790, 2815)π |Ξ^′_c^4S_{λλ}^3_2^+⟩ 2 0 0 0^3_2^3_2^{+ 2}Ψ^{λλ}_{00} χ^s_{S z} ϕ_Ξ′_c Ξ_cπ,Ξ_cη, Λ_c K, Ξ^′_cπ, Σ_c K,Ξ^∗_c π, Σ^∗_c K,Ξ_c(2790, 2815)π

III. THE CHIRAL QUARK MODEL

In the chiral quark model, the effective low energy quarkmeson pseudoscalar coupling at tree-level is given by[29–33]

H_m = ∑ j 1 f_m ψ̄_jγ^j_μγ^j_5ψ_j⃗τ · ∂^μ⃗ϕ_m. (6)

where ψ_j represents the j-th quark field in a baryon and f_m is the meson’s decay constant. The pseudoscalar-meson octet ϕ_m is expressed as

ϕ_m = 1√ 2 π^0 +^1√_6 η π^+ K^+ π^− −^1√_2 π^0 +^1√_6 η K^0

K^− K̄^0 −

√_2 3 η . (7)

To match non-relativistic harmonic oscillator spatial wave function^N Ψ_{LLz} in the quark model, we adopt the nonrelativistic form of Eq. (6) in the calculations, which is given by [29–33]

H^{nr}_m = ∑ j { ω_m E_f + M_f σ_j · P_f + ω_m E_i + M_i σ_j · P_i

5 −σ_j · q + ω_m 2μ_q σ_j · p^′_j } I_jφ_m, (8)

where σ_j and μ_q correspond to the Pauli spin vector and the reduced mass of the j-th quark in the initial and final baryons, respectively. For emitting a meson, we have φ_m = e^{−i}q^·r^j , and for absorbing a meson we have φ_m = e^iq^·r^j . In the above nonrelativistic expansions, p^′_j = p_j − m_j/MP_{c.m.} is the internal coordinate for the j-th quark in the baryon rest frame. ω_m and q are the energy and three-vector momentum of the meson, respectively. P_i and P_f stand for the momenta of the initial final baryons, respectively. The isospin operator I_j in Eq. (8) is expressed as

I_j = a^†_j (u)a_j(s) for K^+, a^†_j (s)a_j(u) for K^−, a^†_j (d)a_j(s) for K^0, a^†_j (s)a_j(d) for K̄^0, a^†_j (u)a_j(d) for π^−, a^†_j (d)a_j(u) for π^+, 1√ 2 [a^†_j (u)a_j(u) − a^†_j (d)a_j(d)] for π^0, 1√ 2 [a^†_j (u)a_j(u) + a^†_j (d)a_j(d)] cos ϕ_P

−a^†_j (s)a_j(s) sin ϕ_P for η,

(9)

where a^†_j (u, d, s) and a_j(u, d, s) are the creation and annihilation operators for the u, d and s quarks, and ϕ_P is the mixing angle of η meson in the flavor basis [6, 34].

For a light pseudoscalar meson emission in a baryon strong decays, the partial decay amplitudes can be worked out according to the non-relativistic operator of quark-meson coupling. The details of how to work out the decay amplitudes can be seen in our previous work [21]. The quark model permitted two body strong decay channels of each charm-strange baryon have been listed in Tabs. IV and V as well. With the partial decay amplitudes derived from the chiral quark model, we can calculate the strong decay width by Γ = ( δ f_m

)_2 (E_f + M_f )|q| 4πM_i(2J_i + 1) ∑ J_{iz},J_{f z}

|M_{Jiz,J f z} |^2, (10) where M_{Jiz,J f z} is the transition amplitude, J_{iz} and J_{f z} stand for the third components of the total angular momenta of the initial and final baryons, respectively. δ as a global parameter accounts for the strength of the quark-meson couplings. It has been determined in our previous study of the strong decays of the charmed baryons and heavy-light mesons [21, 22]. Here, we fix its value the same as that in Refs. [21, 22], i.e. δ = 0.557.

In the calculation, the standard quark model parameters are adopted. Namely, we set m_u = m_d = 330 MeV, m_s = 450 MeV, m_c = 1700 MeV and m_b = 5000 MeV for the constituent quark masses. The harmonic oscillator parameter α in the wave function^N Ψ_{LLz} is taken as α = 0.40 GeV. The decay constants for π, K and η mesons are taken as f_π = 132 MeV, f_K = f_η = 160 MeV, respectively. The masses of the mesons and baryons used in the calculations are adopted from the Particle Data Group [6]. With these parameters, the strong decay properties of the well known heavy-light mesons and charmed baryons have been described reasonably [21–24].

IV. RESULTS AND DISCUSSIONS

A. Ξ^∗_c (2645)

Ξ^∗_c(2645) and Ξ^′_c are the two lowest states in the Ξ^′_c-type charm-strange baryons. They are assigned to the two S -wave states, |Ξ^′_c^2S^1_2^+⟩ and |Ξ^′_c^4S^3_2^+⟩, respectively. The decay widths of Ξ^∗_c(2645) → Ξ_cπ are calculated. The results are listed in Tab. VI, from which we find that our predictions are in good agreement with the experimental data [6], and compatible with other theoretical predictions [18, 19, 35–38].

Σ_b and Σ^∗_b (Ξ^′_b and Ξ^∗_b) are counterparts of Ξ^′_c and Ξ^∗_c(2645), respectively. Recently, the improved measurements of the masses and first measurements of natural widths of the bottom baryon states Σ^±_b and Σ^{∗±}_b were reported by CDF Collaboration [25], and a new neutral excited bottom-strange baryon with a mass m = 5945.0 ± 0.7 ± 0.3 ± 2.7 MeV was observed by CMS Collaboration [26]. Given the measured mass and decay mode of the newly observed bottom-strange baryon, this state most likely corresponds to Ξ^{∗0}_b with J^P = 3/2^+. As a by-product, we have calculated the strong decays of the bottom baryons Σ^±_b , Σ^{∗±}_b and Ξ^{∗0}_b . Our results together with other model predictions and experimental data have been listed in Tab. VII. From the table, it is seen that our predictions are in good agreement with the measurements [25, 26] and the other model predictions [19, 39–42]. It should be pointed out that the strong decay properties of Ξ^∗_b were studied in [19, 42], where a little large mass m ≃ 5960 MeV was adopted. With the recent measured mass of Ξ^{∗0}_b , the predicted decay widths in [19, 42] should be a little smaller than their previous predictions.

TABLE VI: The decay widths (MeV) of the well-established charm-strange baryons Ξ^∗_c (2645), Ξ_c(2790) and Ξ_c(2815).

Notation Channel Γ(ours) Γ_{total}(ours) Γ_{total}[19] Γ_{total}[36] Γ_{total}[38] Γ_{total}[37] Γ_{total}[35] Γ_{total}[18] Γ^{exp}_{total} Ξ^∗_c (2645)^0 |Ξ^′_c^4S^3_2^+⟩ Ξ^+_c π^− 1.55 2.34 1.08 3.12 ± 0.44 4.2 ± 1.3 3.03 ± 0.1 1.88 2.8 ± 0.2 < 5.5 Ξ^0_c π^0 0.79 Ξ^∗_c (2645)^+ |Ξ^′_c^4S^3_2^+⟩ Ξ^+_c π^0 0.89 2.44 1.13 3.04 ± 0.50 4.2 ± 1.3 3.18 ± 0.1 1.81 2.7 ± 0.2 < 3.1 Ξ^0_c π^+ 1.55 Ξ_c(2790)^+ |Ξ_c^2 P_λ^1_2^−⟩ Ξ^{′+}_c π^0 0.92 2.72 9.9 8.0^{+4.7}_{−3.3} < 15 Ξ^{′0}_c π^+ 1.80 Ξ^∗_c (2645)^0π^+ 4 × 10^{−5} Ξ^∗_c (2645)^+π^0 2 × 10^{−5} Ξ_c(2790)^0 |Ξ_c^2 P_λ^1_2^−⟩ Ξ^{′ +}_c π^− 1.84 2.77 10.3 8.5^{+5.0}_{−3.5} < 12 Ξ^{′ 0}_c π^0 0.93 Ξ^∗_c (2645)^+π^− 4 × 10^{−5} Ξ^∗_c(2645)^0 π^0 2 × 10^{−5} Ξ_c(2815)^+ |Ξ_c^2 P_λ^3_2^−⟩ Ξ^{′0}_c π^+ 0.15 1.50 5.3 1.26 ± 0.13 7.67 3.4^{+2.0}_{−1.4} < 3.5 Ξ^{′+}_c π^0 0.08 Ξ^∗_c (2645)^0π^+ 0.83 Ξ^∗_c (2645)^+π^0 0.44 Ξ_c(2815)^0 |Ξ_c^2 P_λ^3_2^−⟩ Ξ^{′ +}_c π^− 0.17 1.64 5.5 3.6^{+2.1}_{−1.5} < 6.5 Ξ^{′ 0}_c π^0 0.09 Ξ^∗_c (2645)^+π^− 0.87 Ξ^∗_c(2645)^0 π^0 0.51

TABLE VII: The decay widths (MeV) of the ground S -wave bottom baryons Σ^±_b , Σ^{∗±}_b and newly observed Ξ^∗_b(5945)^0.

Notation Channel Γ(ours) Γ[19] Γ[40] Γ[39] Γ[41] Γ[42] Γ_{exp} Σ_b(5811)^+ |Σ_b^2S^1_2^+⟩ Λ^0_bπ^+ 5.9 3.5 6.0 4.35 6.73–13.45 4.82,4.94 9.7^{+5.0}_{−3.9} [25] Σ_b(5816)^− |Σ_b^2S^1_2^+⟩ Λ^0_bπ^− 6.7 4.7 7.7 5.77 6.73–13.45 6.31,6.49 4.9^{+4.2}_{−3.2} [25] Σ^∗_b(5832)^+ |Σ_b^4S^3_2^+⟩ Λ^0_bπ^+ 10.2 7.5 11.0 8.50 10.00–17.74 9.68,10.06 11.5^{+3.7}_{−3.7} [25] Σ^∗_b(5835)^− |Σ_b^4S^3_2^+⟩ Λ^0_bπ^− 11.0 9.2 13.2 10.44 10.00–17.74 11.81,12.34 7.5^{+3.1}_{−3.2} [25] Ξ^∗_b(5945)^0 |Ξ^′_b^4S^3_2^+⟩ Ξ_bπ 0.6 0.85 ... ... ... 1.83,1.85 2.1 ± 1.7 [26]

B. Ξ_c(2790) and Ξ_c(2815)

Ξ_c(2790) and Ξ_c(2815) are two relatively well-determined P-wave charm-strange baryons with quantum numbers J^P = 1/2^− and 3/2^−, respectively. They were observed in the Ξ^′_cπ and Ξ_cππ channels, respectively. The Particle Dada Group suggests they belong to the same SU(4) multiplet as Λ_c(2593) and Λ_c(2625), respectively [6]. According to our previous study, Λ_c(2593) and Λ_c(2625) can be well explained with the |Λ_c^2P_λ^1_2^−⟩ and |Λ_c^2P_λ^3_2^−⟩ assignments [21]. Thus, Ξ_c(2790) and Ξ_c(2815) should correspond to the Ξ_c-type excited states |Ξ_c^2P_λ^1_2^−⟩ and |Ξ_c^2P_λ^3_2^−⟩, respectively. With these assignments we have calculated the strong decay properties of Ξ_c(2790) and Ξ_c(2815), which are listed in Tab VI. Our predicted widths are in the range of observations [6] and compatible with other theoretical predictions [18, 19]. On the other hand, Ξ_c(2790) as a dynamically generated resonance having J^P = 1/2^− was also discussed in [43].

Finally it should be pointed out that Ξ_c(2790) and Ξ_c(2815) can not be P_ρ-mode excited states |Ξ_c^2P_ρ^1_2^−⟩ and |Ξ_c^2 P_ρ^3_2^−⟩, because these excitations have large partial decay widths into Ξ_cπ and Λ^+_c K̄ channels (see Fig. 1), which disagrees with the observations. The strong decay properties of the P_ρ-mode excited states have been shown in Fig. 1. We advise experimentalists to search these missing P-wave states in Ξ_cπ, Λ^+_c K̄ and Ξ^∗_c(2645)π invariant mass distributions around the energy region (2.8 ∼ 2.9) GeV.

C. Ξ_c(2930)

Ξ_c(2930) is not well-established. It was only seen by BaBar in the Λ^+_c K̄ invariant mass distribution in an analysis of B^− → Λ^+_c Λ̄^−_c K^−. The mass analysis of the charm-strange baryon spectrum indicates that Ξ_c(2930) can be assigned to the first orbital (1P) excitation of Ξ^′_c or the first radial (2S ) excitation of Ξ_c (see Tab. III) [16, 17].

FIG. 1: (Color online) The strong decay properties of the P_ρ-mode excitations of Ξ_c.

We have analyze the strong decay properties of all the first P-wave excitations of Ξ^′_c and the first radial (2S ) excitations of Ξ_c, which have been shown in Fig. 2 and 3.

Firstly, we can exclude the first radial (2S ) excitations of Ξ_c as assignments to Ξ_c(2930) for the decay channel Λ^+_c K̄ of these states is forbidden (see Fig. 3).

In the first P-wave excitations of Ξ^′_c, we have noted that the decay modes Λ^+_c K̄ and Ξ_cπ for the P_ρ-mode excited states, 2P_ρ(1/2^−) and^2P_ρ(3/2^−), are forbidden, thus, these states as assignments to Ξ_c(2930) should be excluded. Furthermore, it is found that the strong decays of^2P_λ(3/2^−) and^4P_λ(5/2^−) are governed by the Ξ_cπ channel, and the Ξ^∗_c(2645)π decay mode dominates the decay of^4P_λ(3/2^−). They might be hard observed by BaBar for their small Λ^+_c K̄ branching ratios. Given the decay modes and decay widths, two J^P = 1/2^− states 4P_λ(1/2^−) and^2P_λ(1/2^−) seem to be the possible assignments to Ξ_c(2930). Considering Ξ_c(2930) as the^2P_λ(1/2^−), from the figure we find that its decays are dominated by Λ^+_c K̄ and Ξ^′_cπ, and the other partial decay widths are negligibly small. Its total width and the partial decay width ratio between Λ^+_c K̄ and Ξ^′_cπ are

Γ = 10.6MeV,

Γ(Λ^+_c K̄) Γ(Ξ^′_cπ)

≈ 1.1. (11)

And considering Ξ_c(2930) as the^4 P_λ(1/2^−), we see that the Λ^+_c K̄ governs the decays of Ξ_c(2930), and the other two decay channels Ξ_cπ and Ξ^′_cπ have sizeable widths. The calculated total width and partial decay width ratios are

Γ = 16.7MeV,

Γ(Λ^+_c K̄) Γ(Ξ_cπ)

≈ 2.8,

Γ(Λ^+_c K̄) Γ(Ξ^′_cπ)

≈ 4.6. (12)

As a whole, Ξ_c(2930) is most likely to be the first orbital (1P) excitation of Ξ^′_c with J^P = 1/2^−, favors |Ξ^′_c^4 P_λ1/2^−⟩ or |Ξ^′_c^2P_λ1/2^−⟩. To confirm Ξ_c(2930) and finally classify it, further observations in the Ξ^′_cπ, Ξ_cπ, Λ^+_c K̄ invariant mass distributions and measurements of these partial decay ratios are very crucial in experiments.

D. Ξ_c(2980)

Ξ_c(2980) with a width of ∼ 40 MeV was first found by Belle Collaboration in the Λ^+_c K̄π channel, and then confirmed by BaBar with large significances in the intermediate-resonant Σ_c(2455)K̄ and nonresonant Λ^+_c K̄π decay channels. Belle also observed a resonance structure around 2.97 GeV with a smaller width of ∼ 18 MeV in the Ξ^∗_c(2645)π decay channel in a separate study [3], which is often considered as the same state of Ξ_c(2980). It should be pointed out that BaBar and Belle had analyzed the Λ^+_c K̄ and Ξ_cπ invariant mass distributions, respectively, but they did not find any structures around 2.98 GeV, which indicates that these partial decay width are too small to be observed or these decay modes are forbidden. Although Ξ_c(2980) is well-established in experiments, its quantum numbers are still unknown. Recently, Ebert et al. calculated the mass spectra of heavy baryons in the heavyquark-light-diquark picture in the framework of the QCDmotivated relativistic quark model, they suggested Ξ_c(2980) could be assigned to the first radial (2S ) excitation of Ξ^′_c with J^P = 1/2^+ [16], which also consists with their early mass analysis [17]. Cheng et al. also discussed the possible classification of Ξ_c(2980). They considered that Ξ_c(2980) might be the first radial (2S ) excitation of Ξ_c with J^P = 1/2^+ [18].

We have analyzed the strong decay properties of the first radial (2S ) excitations of both Ξ_c and Ξ^′_c, which have been shown in Figs. 3 and 4, respectively. From the figures, it is seen that the 2S excitations of both Ξ_c and Ξ^′_c have narrow decay widths (< 2 MeV), which are at least an order smaller than those of Ξ_c(2980). Furthermore, the decay modes of these first radial excitations are in disagreement with the observations of Ξ_c(2980). Thus, the 2S excitations of both Ξ_c and Ξ^′_c are excluded as assignments to Ξ_c(2980) in present work. Our conclusion is in agreement with that of^3P_0 calculations [19].

Ξ_c(2980) might be one of the N = 2 shell orbital excitations of Ξ_c since the masses of these states are close to

FIG. 2: (Color online) The strong decay properties of the first orbital (1P) excitations of Ξ^′_c.

2980 MeV. Their calculated partial decay widths and total widths have been shown in Figs. 5 and 6. It is seen that the P_A(1/2^+, 3/2^+, 5/2^+), D_A(5/2^+, 7/2^+), D_{ρρ}(3/2^+, 5/2^+) and D_{λλ}(3/2^+, 5/2^+) states have too narrow decay widths to compare with the observations of Ξ_c(2980). Furthermore, although the decay widths of D_A(1/2^+, 3/2^+) are compatible with the measurement, their decay modes are dominated by Λ^+_c K̄ and Ξ_cπ, which disagrees with the observations as well. As a whole, all the states shown in Figs. 5 and 6 are not good assignments to Ξ_c(2980) either their decay widths are too narrow to compare with the observations or their decay modes disagree with the observations.

The P_ρ-mode states,^2 P_ρ(1/2^−) and^2P_ρ(3/2^−), in the first P-wave excitations of Ξ^′_c could be candidates of Ξ_c(2980) (see Fig. 2). We have noted that excitation of the λ variable unlike excitation in ρ involves the excitation of the “odd” heavy quark. The P_ρ-mode excitation of charm-strange baryon is ∼ 70 MeV heavier than the P_λ-mode [44, 45]. According to our analysis in IV C, Ξ_c(2930) might be assigned to a P_λ-mode excitation of Ξ^′_c. Thus, the expected mass of the P_ρ-mode excitation is ∼ 3.0 GeV, which is comparable with that of Ξ_c(2980). As the^2P_ρ(1/2^−) and^2P_ρ(3/2^−) candidates, respectively, the partial decay widths and total width of Ξ_c(2980) have been listed in Tab. VIII.

If the resonance structure around 2.97 GeV in the

Ξ^∗_c(2645)π decay channel is the same state, Ξ_c(2980), observed in Λ^+_c K̄π decay channel, Ξ_c(2980) is most likely to be the J^P = 1/2^− excited state^2 P_ρ(1/2^−). The reasons are as follows. (i) The decay modes of^2P_ρ(1/2^−) are in agreement with the observations. From Tab. VIII, we see that the strong decays of^2P_ρ(1/2^−) are dominated by Σ_cK̄, and the partial decay width of Ξ^∗_c(2645)π is sizeable as well. The Λ^+_c K̄π final state mainly comes from a intermediate process in Ξ_c(2980) → Σ_cK̄ → Λ^+_c K̄π. (ii) The total decay width

Γ ≃ 44 MeV, (13)

is in good agreement with the data. (iii) The decay channels Ξ_cπ, Λ^+_c K̄ and Σ^∗_c(2520)K̄ of^2P_ρ(1/2^−) are forbidden, which can naturally explain why these decay channels were not observed by Belle and BaBar. It should be mentioned that the same J^P quantum number (i.e. J^P=1/2^−) for Ξ_c(2980) is also suggested in [43], where the Ξ_c(2980) is considered as a dynamically generated resonance.

We have noted that the total width of Ξ_c(2980) measured by Belle and BaBar in the Λ^+_c K̄π channel is about two times larger than that measured by Belle in the Ξ^∗_c(2645)π decay channel in a separate study. Thus, the resonance with a mass m ≃ 2970 MeV [denoted by Ξ_c(2970) in this work] observed in the Ξ^∗_c(2645)π decay channel might be a different resonance from the Ξ_c(2980) observed in the Λ^+_c K̄π channel, al-

FIG. 3: (Color online) The strong decay properties of the L = 0 excitations of Ξ_c.

though they have comparable masses. According to our analysis, the Ξ_c(2970) observed in the Ξ^∗_c(2645)π channel and Ξ_c(2980) observed in the Λ^+_c K̄π channel might be assigned to the^2 P_ρ(1/2^−) and^2P_ρ(3/2^−) excitations, respectively. If the^2P_ρ(3/2^−) is considered as the Ξ_c(2970) observed in the Ξ^∗_c(2645)π channel, its total decay width

Γ ≃ 16 MeV, (14)

and dominant decay channel Ξ^∗_c(2645)π are in good agreement with the observations (see Tab. VIII). Furthermore, it is interestedly found that when the^2 P_ρ(1/2^−) and^2P_ρ(3/2^−) excitations are considered as the resonances observed in the Λ^+_c K̄π and Ξ^∗_c(2645)π, respectively, we can naturally explain why the width measured in the Ξ_c(2645)^∗π channel is about a factor 2 smaller than that measured in the Λ^+_c K̄π channel.

In brief, the Ξ_c(2970) observed in the Ξ^∗_c(2645)π final state is most likely a different state from the Ξ_c(2980) observed in the Λ^+_c K̄π final state. The Ξ_c(2980) and Ξ_c(2970), as two largely overlapping resonances, favor to be classified as the |Ξ^′_c^2P_ρ1/2^−⟩ and |Ξ^′_c^2P_ρ3/2^−⟩, respectively. Of course, for the uncertainties of the data we can not exclude the Ξ_c(2970) and Ξ_c(2980) as the same resonance, which favors to be assigned to the |Ξ^′_c^2 P_ρ1/2^−⟩. To finally clarify whether the Ξ_c(2970) observed in Ξ^∗_c(2645)π is the same resonance observed in the Λ^+_c K̄π channel or not, we expect to measure the partial width ratio Γ[Ξ^∗_c(2645)π] : Γ(Σ_cK̄) further. If there is only one resonance assigned to |Ξ^′_c^2 P_ρ1/2^−⟩, the ra-

FIG. 4: (Color online) The strong decay properties of the first radial (2S ) excitations of Ξ^′_c.

tio Γ[Ξ^∗_c(2645)π] : Γ(Σ_cK̄) might be ∼ 0.08. Otherwise, if the Ξ_c(2980) and Ξ_c(2970) corresponds two overlapping resonances |Ξ^′_c^2 P_ρ1/2^−⟩ and |Ξ^′_c^2 P_ρ3/2^−⟩, respectively, the ratio might be Γ[Ξ^∗_c(2645)π] : Γ(Σ_cK̄) ≃ 0.41.

TABLE VIII: The partial decay widths and total width (MeV) for Ξ_c(2980) as the^2 P_ρ(1/2^−) and^2 P_ρ(3/2^−) excitations of Ξ^′_c, respectively.

Σ_cK̄ Ξ^∗_c (2645)π Ξ^′_cπ total 2 P_ρ(1/2^−) 37 3 4 44 2 P_ρ(3/2^−) 0.1 12 4 16

E. Ξ_c(3080)

Ξ_c(3080)^+ and its isospin partner state Ξ_c(3080)^0 were first observed by Belle in the Λ^+_c K^−π^+ and Λ^+_c K^0π^− final state, respectively. The existence of Ξ_c(3080)^{+,0} has been confirmed by BaBar Collaboration. Furthermore, BaBar’s analysis shows that most of the decay of Ξ_c(3080)^+ proceeds through the intermediate resonant modes Σ_c(2455)^{++}K^− and Σ_c(2520)^{++}K^− with roughly equal branching fractions.

Although Ξ_c(3080) has been established in experiments, its quantum is still unclear. Recently, Ebert et al. suggested

FIG. 5: (Color online) The strong decay properties of the P_A-mode excitations of Ξ_c.

Ξ_c(3080) might be classified as the second orbital (1D) excitations of Ξ_c with J^P = 5/2^+ according to their mass calculations in the QCD-motivated relativistic quark model. Cheng et al. discussed the possible classification of Ξ_c(3080) as well. They suggested that Ξ_c(3080) might be the second orbital (1D) excitation of Ξ_c with J^P = 3/2^+ or J^P = 5/2^+. More possible assignments to the Ξ_c(3080) were suggested by Chen et al. in their^3P_0 strong decay analysis [19].

BaBar’s observations provide us two very important constraints on the assignments to Ξ_c(3080): (i) the strong decay is governed by both Σ_c(2455)K̄ and Σ_c(2520)K̄, (ii) and the partial width ratio Γ(Σ_c(2455)K̄)/Γ(Σ_c(2520)K̄) ≃ 1. We analyzed the strong decay properties of all the N = 2 shell excitations of both Ξ_c and Ξ^′_c, which were shown in Figs. 3–8. From the figures we find that only the |Ξ_c^2S_{ρρ}1/2^+⟩ (i.e., the first radial (2S ) excitation of Ξ_c) satisfies the two constraints of BaBar’s observations at the same time: (i) at m ≃ 3.08 GeV the strong decays of |Ξ_c^2S_{ρρ}1/2^+⟩ are dominated by Σ_c(2455)K̄ and Σ_c(2520)K̄, the partial other two decay modes Ξ^∗_c(2645)π and Ξ^′_cπ only contribute a very small partial width to the decay, (ii) and the predicted partial width ratio between Σ_c(2455)K̄ and Σ_c(2520)K̄ is

Γ[Σ_c(2455)K̄] Γ[Σ_c(2520)K̄]

≃ 0.8. (15)

Furthermore, if the |Ξ_c^2S_{ρρ}1/2^+⟩ is considered as an assignment to Ξ_c(3080), the predicted total width

Γ ≃ 4 MeV (16) is also in good agreement with the measurements.

Finally, it should be point out that as a candidate of Ξ_c(3080), the mass of |Ξ_c^2S_{ρρ}1/2^+⟩ consists with the quark model expectations as well. According to our analysis in Sec. VIII, the Ξ_c(2980) (observed in the Λ^+_c K̄π final state) and Ξ_c(2930) could be assigned to P_ρ and P_λ-mode excitations of Ξ^′_c, respectively. The estimated mass splitting between P_ρ and P_λ-mode excitation in the N = 1 shell is

ΔM ≃ ℏω_ρ − ℏω_λ ≃ (2980 − 2930) MeV = 50 MeV. (17)

With the above relation, we can estimate the mass splitting between S_{ρρ} and S_{λλ} excitations in the N = 2 shell, which is

M(S_{ρρ}) − M(S_{λλ}) ≃ 2ℏω_ρ − 2ℏω_λ ≃ 100 MeV. (18)

In most of the quark models, the predicted masses for the S_{λλ} excitation of Ξ_c are in the range of (2.92 ∼ 2.99) GeV (see Tab. II), thus, the mass of Ξ_cS_{ρρ} excitation should be in the range of (3.02 ∼ 3.09) GeV, which is comparable with the mass of Ξ_c(3080).

As a whole, the mass, decay modes, partial width ratio Γ(Σ_c(2455)K̄) : Γ(Σ_c(2520)K̄) and total decay width of |Ξ_c^2S_{ρρ}1/2^+⟩ strongly support it is assigned to Ξ_c(3080).

F. Ξ_c(3055)^+

The Ξ_c(3055)^+ as a new structure was found by BaBar in the Λ^+_c K̄π mass distribution with a statistical significance of 6.4σ. It decays through the intermediate resonant mode Σ_c(2455)^{++}K^−. BaBar also searched the inclusive Λ^+_c K̄ and Λ^+_c K̄ππ invariant mass spectra for evidence of Ξ_c(3055)^+, but no significant structure was found. This state has not yet been confirmed by Belle. According to the calculations of the charm-strange baryon spectrum in various quark models, Ξ_c(3055) might be assigned to the second orbital (1D) excitation of Ξ_c (see Tab. II).

We have analyzed the strong decay properties of the second orbital excitations of Ξ_c, which have been shown in Figs. 5 and 6. From Fig. 5, we find that the P_A(1/2^+, 3/2, 5/2^+) excitations can be firstly excluded as the candidates of Ξ_c(3055)^+ for neither their decay modes nor their decay widths consist with the observations. Furthermore, from Fig. 6 it is seen that the Λ^+_c K̄ is one of the main decay modes of^4D_A(1/2^+, 3/2, 7/2^+) and^2D_A(3/2^+, 5/2^+), if the Σ_c(2455)^{++}K^− decay mode for these states is observed in experiments, the Λ^+_c K̄ decay mode should be observed as well, which disagrees with the observations of BaBar. Thus, these states as assignments to Ξ_c(3055)^+ should be excluded. The strong decays of^4D_A(5/2^+),^2D_{λλ}(5/2^+) and^2D_{ρρ}(5/2^+) are dominated by Ξ^∗_c(2645)π and Σ_c(2520)K̄, the partial width of Σ_c(2455)K̄ is negligibly small, thus, these states can not be considered as candidates of Ξ_c(3055)^+ as well.

FIG. 6: (Color online) The strong decay properties of the second orbital (1D) excitations of Ξ_c. Some decay channels, such as Ξ_cη, Ξ_c(2790, 2815)π are not shown in the figure for their small partial decay widths.

Finally, we find that only two J^P = 3/2^+ states |Ξ_c^2D_{λλ}3/2^+⟩ and |Ξ_c^2D_{ρρ}3/2^+⟩, might be candidates of the Ξ_c(3055). The partial decay widths and total width of Ξ_c(3055) as the |Ξ_c^2D_{λλ}3/2^+⟩ and |Ξ_c^2D_{ρρ}3/2^+⟩ candidates have been listed in Tab. IX, respectively. From the table it is seen that the total widths of both states are compatible with the observations of Ξ_c(3055) within its uncertainties. The strong decays of both states are dominated by Σ_c(2455)K̄ and the partial width of Σ_c(2520)K̄ is negligibly small, which can explain why BaBar only observed the intermediate resonant decay mode Σ_c(2455)^{++}K^− for Ξ_c(3055). The Λ^+_c K̄ decay mode is forbidden for both |Ξ_c^2D_{λλ}3/2^+⟩ and |Ξ_c^2D_{ρρ}3/2^+⟩, which agrees with the observation that no structures were found around M(Λ^+_c K̄) ≃ 3.05 GeV. As a whole, Ξ_c(3055) could be assigned to the second orbital (1D) excitations of Ξ_c with J^P = 3/2^+, our conclusion is in agreement with that of Ebert et al. according to their mass analysis. However, it is difficult to determine which one can be assigned to Ξ_c(3055)^+ in the |Ξ_c^2D_{λλ}3/2^+⟩ and |Ξ_c^2D_{ρρ}3/2^+⟩ candidates only according to the strong decay properties. We have noted that Ξ_c(3080) is most likely to be the Ξ_cS_{ρρ} assignment. According to various quark model predictions, the mass of the second orbital excitation Ξ_cD_{ρρ} should be larger than that of the first radial excitation Ξ_cS_{ρρ}, which indicates that the mass of Ξ_cD_{ρρ} might be larger than 3.08 GeV. From this point of view, the |Ξ_c^2D_{ρρ}3/2^+⟩ as an assignments to Ξ_c(3055)^+ should be excluded. Thus, the Ξ_c(3055) is most likely to be classified as the |Ξ_c^2D_{λλ}3/2^+⟩ excitation.

FIG. 7: (Color online) The strong decay properties of the l_λ = l_ρ = 1 excitations of Ξ^′_c.

TABLE IX: The partial decay widths and total width (MeV) for Ξ_c(3055) as the^2 D_{λλ}(3/2^+) and^2 D_{ρρ}(3/2^+) excitations of Ξ_c, respectively.

Σ_cK̄ Ξ^∗_c(2645)π Ξ^′_cπ Σ^∗_cK̄ DΛ total 2 D_{λλ}(3/2^+) 2.3 0.5 1.0 0.1 0.1 4.0 2 D_{ρρ}(3/2^+) 5.6 0.8 3.3 0.3 – 10.0

G. Ξ_c(3123)^+

Ξ_c(3123)^+ is another new narrow structure was observed by BaBar in the Λ^+_c K̄π final state only with week statistical significance 3.0σ. It decays through a intermediate resonant process in Ξ_c(3123)^+ → Σ_c(2520)^{++}K^− → Λ^+_c K^−π^+. BaBar also searched Ξ_c(3123)^+ in the Λ^+_c K̄ and Λ^+_c K̄ππ final states further, however, they did not find any evidence in these channels. Ξ_c(3123)^+ has not yet been confirmed by Belle.

From Tab. II, it is seen that the predicted masses of the second orbital (1D) excitations of Ξ^′_c in various quark models are (3.12 ∼ 3.17) GeV. Thus, the 1D excitations of Ξ^′_c might be candidates of Ξ_c(3123)^+. We have analyzed the strong decay properties of these excitations, which have been shown in Fig. 8.

In these D-wave states, we can first excluded the 2D_{ρρ}(3/2^+),^4D_{ρρ}(1/2^+),^2D_{λλ}(3/2^+),^2 D_{λλ}(5/2^+),^4D_{λλ}(1/2^+) and^4D_{λλ}(7/2^+) as assignments to Ξ_c(3123)^+ for their partial width of Σ_c(2520)K̄ is negligibly small compared with that of Σ_c(2455)K̄ or Λ^+_c K̄. Furthermore, we do not consider the 2D_{ρρ}(5/2^+),^4 D_{ρρ}(3/2^+) and^4D_{ρρ}(7/2^+) as good candidates of Ξ_c(3123)^+ although the Σ_c(2520)K̄ is their dominant decay channel. The reason is that the Λ^+_c K̄ has a large partial width which should be observed by BaBar, however, this decay mode was not observed yet.

Finally, only three excitations^4D_{λλ}(3/2^+),^4D_{λλ}(5/2^+) and 4D_{ρρ}(5/2^+) might be candidates of Ξ_c(3123)^+. They decay mainly through Σ_c(2520)K̄ with a narrow decay width, which is consistent with the observations of Ξ_c(3123)^+. To clearly see the decay properties of^4 D_{λλ}(3/2^+),^4D_{λλ}(5/2^+) and^4D_{ρρ}(5/2^+), as candidates of Ξ_c(3123)^+ their partial decay widths and total width have been listed in Tab. X.

According to our analysis in Sec. IX, Ξ_c(3055) is most likely to be the |Ξ_c^2 D_{λλ}3/2^+⟩ excitation. We have noted that the quark model predicted mass of Ξ^′_c D_{λλ} is typically ∼ 100 MeV heavier than that of Ξ_cD_{λλ}. Thus, when the |Ξ^′_c^4D_{λλ}3/2^+⟩ or |Ξ^′_c^4 D_{λλ}5/2^+⟩ excitation is assigned to the Ξ_c(3123), the quark model predicted mass ∼ 3.15 GeV is compatible with the observation. With the relation of (ℏω_ρ −ℏω_λ) ≃ 50 MeV in Eq.(17), we can further estimate the mass splitting between D_{ρρ} and D_{λλ} excitations in the N = 2 shell, which is

M(D_{ρρ}) − M(D_{λλ}) ≃ 2ℏω_ρ − 2ℏω_λ ≃ 100 MeV. (19)

Thus, the estimated mass of |Ξ^′_c^4D_{ρρ}5/2^+⟩ is ∼ 3.25 GeV. Obviously, the |Ξ^′_c^4D_{ρρ}5/2^+⟩ could not be considered as a good assignment to Ξ_c(3123) for its mass is too heavy to compare with the measurement.

It should be pointed out that in second orbital (1D) excitations of Ξ_c, the D_{ρρ} excitation |Ξ_c^2D_{ρρ}5/2^+⟩ is also a good assignment to Ξ_c(3123). According to Eq. (19) the mass of the ρ variable excitation D_{ρρ} is 100 MeV heavier than the D_{λλ} excitation. In Sec. IX, we predicted that Ξ_c(3055) is most likely to be the |Ξ_c^2D_{λλ}3/2^+⟩ excitation, thus, the estimated masses for |Ξ_c^2 D_{ρρ}5/2^+⟩ might be ∼ 3.15 GeV, which are close to the mass of Ξ_c(3123). Its partial decay widths and total width have been listed in Tab. X. From the table it is seen that both the decay modes and total width of |Ξ_c^2D_{ρρ}5/2^+⟩ are compatible with the observations of Ξ_c(3123).

As a conclusion, for the scare experimental information, we can not determine the J^P of Ξ_c(3123). Given the mass, decay mode and total width observed in experiment, Ξ_c(3123) could be assigned to the excitation |Ξ^′_c^4 D_{λλ}3/2^+⟩, |Ξ^′_c^4D_{λλ}5/2^+⟩ or |Ξ_c^2D_{ρρ}5/2^+⟩. Since the |Ξ^′_c^4D_{λλ}3/2^+⟩, |Ξ^′_c^4D_{λλ}5/2^+⟩, and |Ξ_c^2D_{ρρ}5/2^+⟩ have a comparable mass, the Ξ_c(3123) structure might correspond to several highly overlapping states around

FIG. 8: (Color online) The strong decay properties of the second orbital (1D) excitations of Ξ^′_c. Some decay channels, such as Ξ_cη, Ξ_c(2790, 2815)π are not shown in the figure for their too narrow partial decay widths to compare with the others’.

3.1 GeV. From Tab. X, it is seen that the partial decay width ratios Γ(Σ_cK̄) : Γ(Σ^∗_cK̄), Γ(Ξ^∗_c2645π) : Γ(Σ^∗_cK̄) and Γ(Ξ_cπ) : Γ(Σ^∗_cK̄) for these possible assignments to Ξ_c(3123) are very different, thus, the measurements of these ratios are important to understand the nature of Ξ_c(3123).

TABLE X: The partial decay widths and total width (MeV) for Ξ_c(3123) as the Ξ^′_c^4 D_{λλ}(3/2^+), Ξ^′_c^4 D_{λλ}(5/2^+), Ξ^′_c^4 D_{ρρ}(5/2^+) and Ξ_c^2 D_{ρρ}(5/2^+) excitations, respectively.

Σ_cK̄ Ξ^∗_c (2645)π Ξ_cπ Σ^∗_cK̄ Λ_cK̄ Ξ^′_cπ Ξ_c(2815)π Ξ_c(2790)π DΛ total^{Γ(ΣcK̄)}_{Γ(Σ∗c K̄)}^{Γ(Ξ∗c (2645)π)}_{Γ(Σ∗c K̄)}^{Γ(Ξcπ)}_{Γ(Σ∗c K̄)}

Ξ^′_c^4 D_{λλ}(3/2^+) 1.2 1.0 0.9 2.6 0.9 0.4 0.9 0.4 1.2 10.5 0.46 0.38 0.35 Ξ^′_c^4 D_{λλ}(5/2^+) 0.07 2.6 1.1 2.9 0.6 0.1 0.1 0.05 0.09 7.8 0.02 0.90 0.38 Ξ^′_c^4 D_{ρρ}(5/2^+) 0.1 4.3 1.5 6.3 0.7 0.2 0 0 0 13.0 0.01 0.68 0.24 Ξ_c^2 D_{ρρ}(5/2^+) 0.8 4.5 0 4.8 0 1.5 0 0 0 11.6 0.17 0.94 0

V. SUMMARY

In the chiral quark model framework, the strong decays of charm-strange baryons are studied. As a by-product we also calculate the strong decays of the S -wave bottom baryons Σ^±_b , Σ^{∗±}_b , Ξ^′_b and Ξ^∗_b. We obtain good descriptions of the strong decay properties of the well-determined charm-strange baryons Ξ^∗(2645), Ξ(2790) and Ξ(2815). Furthermore, the calculated strong decay widths of Σ^±_b , Σ^{∗±}_b , and Ξ^∗_b are in good agreement with the recent measurements.

Ξ_c(2930), if it could be confirmed in experiments, might be the first P-wave excitations of Ξ^′_c with J^P = 1/2^−. |Ξ^′_c^2P_λ1/2^−⟩ and |Ξ^′_c^4P_λ1/2^−⟩ could be candidates of Ξ_c(2930) according to the present data. Further observations in the Ξ^′_cπ, Ξ_cπ, Λ^+_c K̄ invariant mass distributions and measurements of these partial decay ratios are very crucial to confirm Ξ_c(2930) and classify it finally.

Ξ_c(2980) might correspond to two different P_ρ-mode excitations of Ξ^′_c: one resonance is the broader (Γ ≃ 44 MeV) excitation |Ξ^′_c^2P_ρ1/2^−⟩, which was observed in the Λ^+_c K̄π final state by BaBar and Belle, and the other resonance is the narrower (Γ ≃ 16 MeV) excitation |Ξ^′_c^2P_ρ3/2^−⟩, which was observed in the Ξ^∗_c(2645)π channel by Belle in a separate study. If the structures were observed in the Λ^+_c K̄π and Ξ^∗_c(2645)π final states correspond to the same state Ξ_c(2980), which could only be assigned to the |Ξ^′_c^2P_ρ1/2^−⟩ excitation. To finally clarify whether the Ξ_c(2970) observed in Ξ^∗_c(2645)π is the same state observed in the Λ^+_c K̄π channel or not, we expect to measure the partial width ratio Γ[Ξ^∗_c(2645)π] : Γ(Σ_cK̄) further.

FIG. 9: (Color online) The charm-strange baryon spectrum up to N = 2 shell according to our predictions. In 1P, 2S and 1D excitations, there are two lines for each J^P value, which correspond to the masses of the excitations of ρ variable (upper line) and λ variable (lower line), respectively. The mass gap between the λ variable excitation and the ρ variable excitation is assumed to be 50 MeV for the 1P states, and 100 MeV for the 2S and 1D states. The thin lines stand for the states unobserved in experiments. In the 1P (1D) excitations, the fist two J^P values are for the excitations of Ξ_c, while the last two J^P values are for the excitations of Ξ^′_c. In 2S excitations, the fist J^P value is for the excitations of Ξ_c, while the second J^P value is for the excitations of Ξ^′_c.

Ξ_c(3080) favors to be identified as the first radial excitation |Ξ_c^2S_{ρρ}1/2^+⟩. The width, decay modes and ratio Γ(Σ_c(2455)K̄)/Γ(Σ_c(2520)K̄) ≃ 0.8 are in good agreement with the observations. As a assignment to Ξ_c(3080), the mass of |Ξ_c^2S_{ρρ}1/2^+⟩ is also consistent with the quark model expectations.

Given the mass, decay modes and decay width, Ξ_c(3055) is most likely to be classified as the second orbital Ξ_c excitation |Ξ_c^2D_{λλ}3/2^+⟩. To confirm it in experiments, more observations in the Σ_cK̄, Ξ^′_cπ and Ξ^∗_c(2645)π channels are needed.

Ξ_c(3123) is most likely to be the second orbital (1D) excitations of the charm-strange baryon with J^P = 3/2^+ or 5/2^+. It could be assigned to the Ξ^′_c excitation |Ξ^′_c^4D_{λλ}3/2^+⟩ or |Ξ^′_c^4D_{λλ}5/2^+⟩. For the scare experiment information about Ξ_c(3123), we can not exclude it as the assignment to the Ξ_c excitation |Ξ_c^2 D_{ρρ}5/2^+⟩. Since the |Ξ^′_c^4D_{λλ}3/2^+⟩, |Ξ^′_c^4D_{λλ}5/2^+⟩ and |Ξ_c^2D_{ρρ}5/2^+⟩ have a comparable mass, the Ξ_c(3123) structure might correspond to several largely overlapping resonances. To good understand Ξ_c(3123) structure, further observations in the Ξ^∗_c(2645)π, Σ^∗_cK̄ and Ξ_cπ channels are expected.

Finally, according to our predictions we establish a spectroscopy for the observed charm-strange baryons, which is shown in Fig. 9. We also estimate the masses of the charmstrange baryons with different variable (λ or ρ) excitation from these newly observed states in experiments, which are given in Fig. 9. These missing states might be found in future experiments. To provide helpful information for search for the missing charm-strange baryons, in Figs. 1–8 our predictions of their strong decay properties have been shown as well.

Acknowledgements

This work is supported, in part, by the National Natural Science Foundation of China (11075051), Program for Changjiang Scholars and Innovative Research Team in University (IRT0964), the Program Excellent Talent Hunan Normal University, and the Hunan Provincial Natural Science Foundation (11JJ7001).

[1] R. Chistov et al. [BELLE Collaboration], Phys. Rev. Lett. 97, 162001 (2006) [arXiv:hep-ex/0606051].

[2] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 77, 012002 (2008) [arXiv:0710.5763 [hep-ex]].

[3] T. Lesiak et al. [Belle Collaboration], Phys. Lett. B 665, 9 (2008) [arXiv:0802.3968 [hep-ex]].

[4] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 77, 031101 (2008) [arXiv:0710.5775 [hep-ex]].

[5] M. J. Charles, arXiv:0909.3152 [hep-ex].

[6] K. Nakamura et al. [Particle Data Group], J. Phys. G 37, 075021 (2010).

[7] S. Migura, D. Merten, B. Metsch and H. -R. Petry, Eur. Phys. J.

A 28, 41 (2006) [hep-ph/0602153].

[8] B. Patel, A. Majethiya and P. C. Vinodkumar, Pramana 72, 679 (2009) [arXiv:0808.2880 [hep-ph]].

[9] X. H. Guo, K. -W. Wei and X. -H. Wu, Phys. Rev. D 78, 056005 (2008) [arXiv:0809.1702 [hep-ph]].

[10] O. Romanets, L. Tolos, C. Garcia-Recio, J. Nieves, L. L. Salcedo and R. G. E. Timmermans, arXiv:1202.2239 [hep-ph].

[11] H. Garcilazo, J. Vijande and A. Valcarce, J. Phys. G G 34, 961 (2007) [hep-ph/0703257].

[12] W. Roberts and M. Pervin, Int. J. Mod. Phys. A 23, 2817 (2008) [arXiv:0711.2492 [nucl-th]].

[13] A. Valcarce, H. Garcilazo and J. Vijande, Eur. Phys. J. A 37, 217 (2008) [arXiv:0807.2973 [hep-ph]].

[14] J. R. Zhang and M. -Q. Huang, Phys. Rev. D 78, 094015 (2008) [arXiv:0811.3266 [hep-ph]].

[15] B. Silvestre-Brac, Few Body Syst. 20, 1 (1996). [16] D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Rev. D 84, 014025 (2011) [arXiv:1105.0583 [hep-ph]].

[17] D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Lett. B 659, 612 (2008) [arXiv:0705.2957 [hep-ph]].

[18] H. Y. Cheng and C. K. Chua, Phys. Rev. D 75, 014006 (2007) [hep-ph/0610283].

[19] C. Chen, X. L. Chen, X. Liu, W. Z. Deng and S. L. Zhu, Phys.

Rev. D 75, 094017 (2007) [arXiv:0704.0075 [hep-ph]]. [20] X. Liu, C. Chen, W. Z. Deng and X. L. Chen, arXiv:0710.0187 [hep-ph].

[21] X. H. Zhong and Q. Zhao, Phys. Rev. D 77, 074008 (2008) [arXiv:0711.4645 [hep-ph]].

[22] X. H. Zhong and Q. Zhao, Phys. Rev. D 78, 014029 (2008) [arXiv:0803.2102 [hep-ph]].

[23] X. H. Zhong, Phys. Rev. D 82, 114014 (2010) [arXiv:1009.0359 [hep-ph]].

[24] X. H. Zhong and Q. Zhao, Phys. Rev. D 81, 014031 (2010) [arXiv:0911.1856 [hep-ph]].

[25] T. Aaltonen et al. [CDF Collaboration], arXiv:1112.2808 [hepex].

[26] S. Chatrchyan et al. [CMS Collaboration], arXiv:1204.5955 [hep-ex].

[27] L. A. Copley, N. Isgur and G. Karl, Phys. Rev. D 20, 768 (1979) [Erratum-ibid. D 23, 817 (1981)].

[28] R. Koniuk and N. Isgur, Phys. Rev. D 21, 1868 (1980) [Erratumibid. D 23, 818 (1981)].

[29] Z. P. Li, Phys. Rev. C 52, 1648 (1995) [hep-ph/9502218]. [30] Z. P. Li, H. X. Ye and M. H. Lu, Phys. Rev. C 56, 1099 (1997) [arXiv:nucl-th/9706010].

[31] Q. Zhao, J. S. Al-Khalili, Z. P. Li and R. L. Workman, Phys.

Rev. C 65, 065204 (2002) [arXiv:nucl-th/0202067]. [32] X. H. Zhong, Q. Zhao, J. He and B. Saghai, arXiv:0706.3543 [nucl-th].

[33] X. H. Zhong and Q. Zhao, Phys. Rev. C 84, 045207 (2011) [arXiv:1106.2892 [nucl-th]].

[34] X. H. Zhong and Q. Zhao, Phys. Rev. C 84, 065204 (2011) [arXiv:1110.5466 [nucl-th]].

[35] S. Tawfiq, P. J. O’Donnell and J. G. Korner, Phys. Rev. D 58, 054010 (1998) [arXiv:hep-ph/9803246].

[36] M. A. Ivanov, J. G. Korner, V. E. Lyubovitskij and A. G. Rusetsky, Phys. Rev. D 60, 094002 (1999) [arXiv:hep-ph/9904421].

[37] C. Albertus, E. Hernandez, J. Nieves and J. M. Verde-Velasco, Phys. Rev. D 72, 094022 (2005) [arXiv:hep-ph/0507256].

[38] T. M. Aliev, K. Azizi and M. Savci, Eur. Phys. J. C 71, 1675 (2011) [arXiv:1012.5935 [hep-ph]].

[39] C. W. Hwang, Eur. Phys. J. C 50, 793 (2007) [arXiv:hep-ph/0611221].

[40] E. Hernandez and J. Nieves, Phys. Rev. D 84, 057902 (2011) [arXiv:1108.0259 [hep-ph]].

[41] X. H. Guo, K. W. Wei and X. H. Wu, Phys. Rev. D 77, 036003 (2008) [arXiv:0710.1474 [hep-ph]].

[42] A. Limphirat, C. Kobdaj, P. Suebka and Y. Yan, Phys. Rev. C 82, 055201 (2010).

[43] C. E. Jimenez-Tejero, A. Ramos and I. Vidana, Phys. Rev. C 80, 055206 (2009) [arXiv:0907.5316 [hep-ph]].

[44] I. M. Narodetskii, M. A. Trusov and A. I. Veselov, Phys. Atom.

Nucl. 72, 536 (2009) [arXiv:0801.1980 [hep-ph]].

[45] I. L. Grach, I. M. Narodetskii, M. A. Trusov and A. I. Veselov, arXiv:0811.2184 [hep-ph].