arXiv:1305.4713v1 [hep-ph] 21 May 2013

Revisit Spectrum of Baryonium in Heavy Baryon Chiral Perturbation Theory

Yue-De Chen^{a∗}, Cong-Feng Qiao^{a†}, Peng-Nian Shen^{e,b,c‡}and Zhuo-Quan Zeng^{d§}

a) Department of Physics, University of the Chinese Academy of Sciences YuQuan Road 19A, 100049, Beijing, China b) Theoretical Physics Center for Science Facilities (TPCSF), CAS YuQuan Road 19B, 100049, Beijing, China c) Institute of High Energy Physics, CAS, Beijing, 100049, China d) College of Physics and Electronic Engineering, Hainan Normal University, Haikou, 571158, China e) College of Physics and Technology, Guangxi Normal University, Guilin 541004, China

Abstract

In the framework of the heavy baryon perturbation theory, in which the two-pion exchange is considered, the physical properties of heavy-baryon-anti-heavy-baryon systems are revisited. The potentials between heavy-baryon and anti-heavy-baryon are extracted in an improved manner. Based on the extracted potentials, the s-wave scattering phase shifts and scattering lengths of Λ_c-Λ̄_c and Σ_c-Σ̄_c are calculated. From these scattering features, it is found that the Λ_c-Λ̄_c system can only be bound while the value of the coupling constant g_2 is larger than that extracted from the decay data of the Σ_c(Σ^∗_c ) → Λ_cπ process. The binding condition for the Σ_c-Σ̄_c system is also examined. The binding possibilities of these systems deduced from the scattering calculations are also checked by the bound state calculation and the binding energies are obtained if the system can be really bound. The binding possibility of the Λ_b-Λ̄_b system is investigated as well.

∗Email: chenyuede@ucas.ac.cn †Email: qiaocf@ucas.ac.cn ‡Email: shenpn@ihep.ac.cn §Email: zengzhuoquan@hotmail.com

1 Introduction

Both charmonium and bottomonium are important objects in studying QCD. In past decades, a large amount of mesons, especially those with heavy flavors, have been observed in experiments and most mass spectra of these mesons can be well understood theoretically [1]. With the development of new experimental facilities and technology in recent years, more and more new states, like Y (4260), Y (4360), Y (4660), Z^±(4430) and etc., have been observed in both e^+e^− annihilation and B meson decay experiments at BABAR and Belle [2]. Due to their abnormal quantum numbers, masses, decay modes and corresponding branching ratios measured in experiments, these states are hard to be identified as conventional quarkonia with heavy flavors, such as the charmonium or its excited state. In order to explain the peculiar data, therefore, many attempts have been made on the ture structures of the states. For instance, Y (4260) was considered as a hybrid charmonium [3], or a χ_cρ^0 molecular state [4], or a conventional Ψ(4S) [5], or an ωχ_{c1} molecular state [6], or a Λ_cΛ̄_c baryonium state [7], or a D_1D or D_0D^∗ molecular state [8], or a P -wave tetraquark [cs][c̄s̄] state [9]. Y (4360) was interpreted as a candidate of a charmonium hybrid, or a D-wave charmonium 3^3D_1 state [10], or an excited state of baryonium [11]. And Y (4660) was suggested to be an excited S-wave charmonium 5^3S_1 state [10] or a 6^3S_1 state [12], or a baryonium state [11, 13], or a f_0(980)Ψ^′ bound state [14, 15], or a mixture of the charmonium 5^3S_1 and 4^3D_1 states [16], or a tetraquark state [17, 18]. However, up to now, no definite conclusions about their structures have been drawn.

Among above postulations, one of the striking pictures is the possible structure of heavy baryonium. As is known, in the extended heavy baryonium picture where the heavy flavor is involved [11], Λ_c and Σ^0_c can be taken as the basis vectors in the two-dimensional ”C-spin” representation, which is analogue to the isospin in the nucleon doublet case, and an approximate SU(2) symmetry between Λ_c and Σ^0_c is assumed. Apparently, these basis vectors can form a ”C-spin” triplet

B^+_1 ≡ |Λ^+_c Σ̄^0_c > B^0_1 ≡ 1 √ 2 (|Λ^+_c Λ̄^+_c > − |Σ^0_cΣ̄^0_c >) (1) B^−_1 ≡ |Λ̄^+_c Σ^0_c >

and a ”C-spin” singlet

B^0 ≡ 1 √ 2 (|Λ^+_c Λ̄^+_c > + |Σ^0_cΣ̄^0_c >) . (2)

The key point is to verify if a heavy baryon and a heavy antibaryon can really form a bound state, the baryonium, by the dynamical study. The basic theory of dynamics we based on is so-called heavy baryon chiral perturbation theory (HBCPT), because it can effectively provide a good description to the heavy baryon. Thus, the simplest way for such a study is that one can firstly extract the potential V (r) between heavy baryons with this theory, and then solves the Schrödinger equation (− 1 2μ ∇^2 + V (r))ψ(r) = Eψ(r) , (3)

where μ is the reduced mass of the two heavy baryons, to get the energy eigenvalue and consequently the mass spectrum.

In fact, in the framework of HBCPT, we have studied the possible heavy baryonium. The result shows that there may exist a bound state of a heavy baryon and a heavy antibaryon with properly selected parameters, although it is rather sensitive to the coupling between the baryon and Goldstone boson and the cutoff parameter Λ. The weak point of that paper is that the way of the expansion in the power of λ [19] and keeping the terms up to the order of r^{−5/2} [19, 21] are not good enough. The reason is as follows: The contribution from the two-pion-exchange potential is short ranged, but the expansion of the potential function in λ requires that the distance r must be relatively larger. Although the dominant contribution of the λ integral comes from small λ values, the convergence of the expansion is extremely slow. It induces the inaccurate result.

In this paper, we further study the baryonium predicted in our previous paper [19] in terms of a more accurate calculation on the binding behavior of the Λ_c − Λ̄_c system by solving the Schrödinger equation with the holonomic derived potential, namely unlike that in [19] expanded in power of λ, and confirm the result by the scattering phase shift study. We also study the spin splitting of the possible baryonium state by including the spin-spin interaction. The paper is organized as follows. In Section 2, the formalism of HBCPT is briefly recalled. The two body scattering kernels and the potentials in the Λ^+_c -Λ̄^+_c and Σ^0_c -Σ̄^0_c systems are given in Section 3. In Section 4, the numerical results for the mass spectra of possible heavy baryonia are presented. And the summary is given in Section 5.

2 Heavy Baryon Chiral perturbation Theory

Let us briefly recall the chiral perturbation theory (CPT). As is well known, in the lower energy region, CPT can well describe the hadron-hadron interaction through low energy pseudoscalar mesons, which are generated through spontaneous chiral symmetry breaking. If the quark flavors in hadron involve u, d and s, these generated mesons, called Goldstone bosons, are π, K and η. Usually, the nonlinear realization of the chiral symmetry is proceeded by a unitary matrix [22, 23]

Σ = e^{2iMfπ} = ξ^2 , (4)

where M = 1√ 2 π^0 +^{1√}_6 η π^+ K^+ π^− −^{1√}_2 π^0 +^{1√}_6 η K^0 K^− K̄^0 −^{2√}_6 η , (5) f_π denotes the decay constant of pion and ξ induces the interaction between hadron and Goldstone boson. With ξ, one can construct a vector field V_μ and an axial vector field A_μ with simple chiral transformation properties

V_μ = 1 2 (ξ^†∂_μξ + ξ∂_μξ^†) , (6)

A_μ = i 2 (ξ^†∂_μξ − ξ∂_μξ^†) . (7)

By expanding ξ in terms of f_π, one immediately obtains the leading order vector and axial vector fields V_μ = 1 f^2_π M∂_μM , (8) A_μ = − 1 f_π ∂_μM . (9)

On the other hand, we use a symbol q_1q_2Q, where q_1 and q_2 represent light quarks, and Q denotes the heavy quark, to describe a heavy baryon which contains a heavy quark and two light quarks. We assume that two light quarks form a diquark pair, then the three quarks can form a symmetric sextet and an antisymmetric triplet, i.e 3 ⊗ 3 = 6 ⊕ ¯3 in the flavor space. Because the hadron is an antisymmetric singlet in the color space, its wave function must be symmetric in the direct product space of the orbit, flavor and spin spaces. Since in the ground state, the orbit wave function is symmetric, so the wave function in the flavor and spin spaces should be symmetric. In the language of Young table, for two light quarks , we have 1 2^F_{q1,q2} and 1 2 F q_1,q_2 for a flavor symmetric sextet and

a flavor antisymmetric triplet, respectively, and 1 2^S_{q1,q2} and 1 2 S q_1,q_2 for a spin triplet and

a spin singlet, respectively. Then, by coupling the diquark to the heavy quark denoted by Q^F × Q^S , we have [ ( 1 2^F_{q1,q2} × 1 2^S_{q1,q2} ) ⊕ ( 1 2 F q_1,q_2 × 1 2 S q_1,q_2 )] × ( Q^F × Q^S )

= 1 2^F_{q1,q2} × Q^F × ( 1 2 Q^S_{q1,q2,Q} ⊕ 1 2Q^S_{q1,q2,Q} ) ⊕ ( 1 2 F q_1,q_2 × Q F × Q^S ) .(10)

Equation (10) suggests that the sextet (6) has spin-^1_2 and spin-^3_2 states, while the triplet (3) has only spin-^1_2 states. We can further write the matrix forms for such charmed heavy baryon multiples as

B_6 =

Σ^{++}_c^{1√}_2 Σ^+_c^{1√}_2 Ξ^{′+}_c 1√ 2 Σ^+_c Σ^0_c^{1√}_2 Ξ^{′0}_c 1√ 2 Ξ^{′+}_c^{1√}_2 Ξ^{′0}_c Ω^0_c , (11) and B¯_3 =

0 Λ_c Ξ^+_c −Λ_c 0 Ξ^−_c −Ξ^+_c −Ξ^−_c 0 , (12) and the same form as B_6 for the B^∗_6 multiples whose spin is^3_2 . These forms are also suitable for the same multiples with the bottom flavor, except c is replaced by b.

Then we can write a general chiral-invariant Lagrangian as [24] L = 1 2 tr[B̄¯_3(iD/ − M¯_3)B¯_3] + tr[B̄_6(iD/ − M_6)B_6] + tr[B̄^{∗μ}_6 [−g_{μν} (iD/ − M^∗_6 ) + i(γ_μD_ν + γ_ν D_μ) − γ_μ(iD/ + M^∗_6 )γ_ν ]B^{∗ν}_6 ] + g_1tr(B̄_6γ_μγ_5A^μB_6) + g_2tr(B̄_6γ_μγ_5A^μB¯_3) + h.c. + g_3tr(B̄^∗_{6μ}A^μB_6) + h.c. + g_4tr(B̄^∗_{6μ}A^μB¯_3) + h.c.

+ g_5tr(B̄^{ν∗}_6 γ_μγ_5A^μB^∗_{6ν} ) + g_6tr(B̄¯_3γ_μγ_5A^μB¯_3) . (13)

In the above expression, B^∗_{6ν} denotes a Rarita-Schwinger field, M¯_3, M_6 and M^∗_6 represent the mass matrices of heavy baryon multiples with ¯3, 6 and 6^∗ symmetries, respectively, and g_i, i = 1, 2, ..., 6 are coupling constants. D_μ is a chiral covariant derivative which satisfies D_μB_6 = ∂_μB_6 + V_μB_6 + B_6V^T_μ , (14) D_μB¯_3 = ∂_μB¯_3 + V_μB¯_3 + B¯_3V^T_μ , (15) where superscript T stands for the transpose. According to the heavy quark symmetry, six coupling constants approximately obey following relations:

g_1 = 2 √ 3 3 g_3 = − 2 3 g_5 , g_2 = − √ 3 3 g_4 , g_6 = 0 , (16)

so we can take g_1 and g_2 as free parameters in the numerical calculation [24].

3 Two Body Scattering Kernel and Potential

Now, we briefly introduce how to derive two body scattering kernel, which stands for the Green function of the interaction, and the potential. (For further details, please refer to Ref.[19].) In the center of mass system (CMS), p_a = −p_b = p and p^′_a = −p^′_b = p^′ are

Figure 1: Two body scattering kernel.

the four momenta of the initial and final states, respectively (see Fig.(1)). Define

P = p_a + p_b = (E_a + E_b , 0) = (E , 0) , P^′ = p^′_a + p^′_b = (E^′_a + E^′_b , 0) = (E^′ , 0) , p = 1 2 (p_a − p_b) = (0 , p) ,

p^′ = 1 2 (p^′_a − p^′_b) = (0 , p^′) , (17)

as the total momenta for the initial and final states, and the relative momenta for the initial and final states, respectively. For convenience, we further define

W(p) = E_a(p) + E_b(p) , (18) W(p^′) = E_a(p^′) + E_b(p^′) , (19) F_E (p, p_0) = 1 2 E + p_0 − E(p) + iδ , (20)

where δ is an infinitesimal quantity introduced in the so-called iδ prescription. We rewrite fermion propagator as p/ + M p^2 − M^2 + iδ = M E(p) ( Λ_+(p) p_0 − E(p) + iδ − Λ_−(−p) p_0 + E(p) − iδ ) , (21)

where Λ_+(p) and Λ_−(−p) are projection operators, defined by

Λ_+(p) = ∑ s u(p, s)ū(p, s) = p/ + M 2M , (22)

Λ_−(p) = − ∑ s v(p, s)v̄(p, s) = p/ − M 2M . (23)

The procedure for deriving potential V (r) is the following: We firstly write down the scattering amplitude to get the kernel of interaction. And then, we take the non-relativistic

Figure 2: Schematic Diagrams which contribute to the baryonium potential. The left and right diagrams are the box and crossed diagrams, respectively.

Figure 3: The triangle (left) and two-pion loop (right) diagrams.

reduction and successively make Fourier transformation to obtain the potential in the configuration space. Finally, we complete the operation of the operators in the particular channel to obtain the expression of the potential for such a channel.

For the Λ_c − Λ̄_c interaction, the diagram of the lowest order is the one with the twopion-exchange, because of the conservation of the isospin in the strong interaction. In the fourth order perturbation diagrams, there are four diagrams, box and crossed diagrams shown in Fig.(2) and triangle and two-pion loop diagrams shown in Fig.(3), contributing to the potential. For the box diagram, one can write the kernel as K_{box} = − 1 (2π)^2

(E − W(p^′))(E − W(p)) ∫ dp^′_0dp_0dk_{20}dk_{10}d^3k_2d^3k_1 × i (2π)^4 δ^4(p − p^′ − k_1 − k_2) 1 k^2 − m^2 + iδ 1 F_E(p^′, p^′_0)F_E (−p^′, −p^′_0) × Γ_jΓ_iΓ_iΓ_j F_E (p − k, p_0 − k_{10})F_E (−p + k, −p_0 + k_{10}) 1 F_E (p, p_0)F_E (p, −p_0)) × 1 k^2_1 − m^2 + iδ

, (24)

where Γ_{i(j)} is the heavy baryon-pion interaction vertex. Integrating over p^′_0, p_0, k_{10} and k_{20} in Eq.(24), the kernel in momentum space reduces to K_{box} = − 1 (2π)^3 ∫ d^3k_2d^3k_1 4E_{k1} E_{k2}

Γ_jΓ_i E_{p−k1} + E_p − W + E_{k1} × Γ_iΓ_j E^′_p + E_{p−k1} − W + E_{k2} 1 E_p + E_p′ − W + E_{k1} + E_{k2}

. (25)

Expanding the energy in the powers of 1/M_H and keeping the leading term only, we have 1 E_{p−k1} + E_p − W + E_{k1} ≈ 1 M_Σ′_c + M_{Λc} − 2M_{Λc} + E_{k1} = 1 E_{k1} + Δ

(26)

with Δ = M_Σ′_c − M_{Λc} . As an intermediate state, in the Λ^+_c − Λ̄^+_c interaction, Σ^′_c can be either Σ^+_c or Σ^{+∗}_c . Further noticing that the product of the heavy baryon-pion interaction vertices usually is a function of k_1 and k_2, namely Γ_j Γ_iΓ_iΓ_j ∝ O(k_1, k_2), and applying the factorization technique to integral, used in the Appendix of Ref.[19], we obtain the potential in the configuration space through a double Fourier transformation

V_B (r_1, r_2) = − ( g^4 f^4_π ) ∫ ∫ d^3k_1d^3k_2

(2π)^6

O_1(k_1, k_2)e^{ik1r1} e^{ik2r2} f(k^2_1)f(k^2) 2E_{k1} E_{k2} (E_{k1} + Δ)(E_{k2} + Δ)(E_{k1} + E_{k2} )

.(27)

In this equation, we include form factors f(k^2_i ) to regulate the integral. Usually, the form factor takes a Gaussian form F (k^2_i ) = e^{−k2i /Λ2} . We will also give the specific form of O_1(k_1, k_2) for a particular channel shortly. Finally, for the two-pion-exchange box diagram, by using the integral factorization technique, we achieve an expression of the central potential in the configuration space like

V (r_1 , r_2) = − ( g^4 f^4_π ) 1 π O_1(k_1 , k_2) [∫_∞ 0 dλ Δ^2 + λ^2

F (λ, r_1)F (λ, r_2) − 2Δ π^2 ∫_∞ 0 dλ Δ^2 + λ^2

F (λ, r_1) ∫_∞ 0 dλ Δ^2 + λ^2

F (λ, r_2) ] , (28)

where the form of F (λ, r) is given in the Appendix of Ref.[19].

For the crossed diagram, one can write the kernel as K_{cross} = − 1 (2π)^2

(E − W(p^′))(E − W(p)) ∫ dp^′_0dp_0dk_{20}dk_{10}d^3k_2d^3k_1 × i (2π)^4 δ^4(p − p^′ − k_1 − k_2) 1 k^2 − m^2 + iδ 1 F_E (p^′, p^′_0)F_E(−p^′, −p^′_0) × Γ_jΓ_iΓ_j Γ_i F_E (p − k, p_0 − k_{10})F_E (−p^′ − k, −p^′_0 − k_{10}) 1 F_E(p, p_0)F_E(−p, −p_0) × 1 k^2_1 − m^2 + iδ

. (29)

With the same procedure, one achieves a potential in the configuration space like

V_C (r_1, r_2) = − ( g^4 f^4_π ) ∫ ∫ d^3k_1d^3k_2 (2π)^6

O_1(k_1, k_2)e^{ik1r1} e^{ik2r2} f(k^2_1)f(k^2)D , (30)

with D = 1 4E_{k1} E_{k2} [( 1 (E_{k1} + Δ)^2 + 1 (E_{k2} + Δ)^2 ) 1 E_{k1} + E_{k2} + ( 1 (E_{k1} + Δ)^2 + 1 (E_{k2} + Δ)^2 + 2 (E_{k1} + Δ)(E_{k2} + Δ) ) 1 E_{k1} + E_{k2} + 2Δ ]

= − d dΔ ( Δ 2E_{k1} E_{k2} (E_{k1} + Δ)(E_{k2} + Δ)(E_{k1} + E_{k2} ) + 1 2E_{k1} E_{k2} (E_{k1} + Δ)(E_{k2} + Δ) ) . (31)

Finally, for the two-pion-exchange crossed diagram, we get an expression of the potential as V_C (r_1 , r_2) = − ( g^4 f^4_π ) 1 π O_1(k_1 , k_2) ∫_∞ 0 dλ Δ^2 − λ^2 (Δ^2 + λ^2)^2

F (λ, r_1)F (λ, r_2). (32)

For the triangle diagram, we can write down the kernel as K_{triangle} = − 1 (2π)^2

(E − W(p^′))(E − W(p)) ∫ dp^′_0dp_0dk_{20}dk_{10}d^3k_2d^3k_1 × i (2π)^4 δ^4(p − p^′ − k_1 − k_2) 1 k^2 − m^2 + iδ 1 F_E (p^′, p^′_0)F_E (−p^′, −p^′_0) × ( Γ_{ji}Γ_j Γ_i F_E (−p − k, −p_0 + k_{10}) + Γ_jΓ_iΓ_{ji} F_E (p + k, p_0 + k_{10}) ) 1 F_E (p, p_0)F_E(−p, −p_0)) × 1 k^2_1 − m^2 + iδ

. (33)

Performing same procedure used above, for the triangle diagram, we have an expression of the potential in the configuration space as V_{triangle}(r_1, r_2) = g^2_4 2f^4_π ∫ ∫ d^3k_1d^3k_2

(2π)^6

O_2(k_1, k_2)(E_{k1} + E_{k2} )e^{ik1r1} e^{ik2r2} F (k^2_1)F (k^2) E_{k1} E_{k2} (E_{k1} + Δ)(E_{k2} + Δ)

. (34)

For the 2π-loop diagram, the kernel reads K_{2π−loop} = − 1 (2π)^2

(E − W(p^′))(E − W(p)) ∫ dp^′_0dp_0dk_{20}dk_{10}d^3k_2d^3k_1 × i (2π)^4 δ^4(p − p^′ − k_1 − k_2) 1 k^2 − m^2 + iδ 1 F_E(p^′, p^′_0)F_E (−p^′, −p^′_0)

× (Γ_{ji}Γ_{ji}) 1 F_E (p, p_0)F_E(−p, −p_0)) × 1 k^2_1 − m^2 + iδ

. (35)

Similarly, for the 2π-loop diagram, we get an expression of the potential in the configuration space like V_{2π−loop}(r_1, r_2) = 1 16f^4_π ∫ ∫ d^3k_1d^3k_2 (2π)^6 e^{ik1r1} e^{ik2r2} f(k^2_1)f(k^2)A , (36)

with A = −^1_{2Ek1} −^1_{2Ek2} +^2_{Ek1 +Ek2} .

Next, we work out the concrete form of O(k_1, k_2). As is well known, by making the non-relativistic reduction for spinors and vertex functions, one can get following approximate forms:

iū(p_2)u_μ(p_1)(p_2 − p_1)^μ = −iS^† · q , (37) and iū(p_2)γ_μγ_5u_(p_1)(p_2 − p_1)^μ = iσ_1 · q , (38) where u(p) and u^μ(p) are Dirac and Rarita-Schwinger spinors, respectively, q = p_2 − p^′_1, and S^† denotes the transition operator from the spin-^1_2 particle to the spin-^3_2 particle, which is a 2 × 4 matrix and satisfies the relation

S_iS^†_j = 1 3 (2δ_{ij} − iϵ_{ijk}σ_k). (39) Then, operator O(k_1, k_2) has a general form of

O_1(k_1, k_2) = c_1O_1(k_1, k_2) + c_2O_2(k_1, k_2) = c_1(k_1 · k_2)^2 + c_2(σ_1 · k_1 × k_2)(σ_2 · k_1 × k_2) , (40) O_2(k_1, k_2) = (k_1 · k_2) , (41)

where variables k_1 and k_2 will be replaced by gradient operators ∇_{r1} and ∇_{r2} , respectively, in the later r-space potential calculation. The coefficients c_1 and c_2 for different diagrams will be worked out in following sub-sections. Here, we tabulate results in Table 1 ahead of time.

Table 1: Coefficients c_1 and c_2 in Eq. (40). In the left sub-table, the spin of the intermediate state is 1/2, and in the right one the spin of the intermediate state is 3/2.

spin-1/2 c_1 c_2 box 1 1 cross 1 1 spin-3/2 c_1 c_2 box 4/9 −1/9 cross 4/9 1/9

Notice that in the right side of Eq.(40), the first term would generate a central potential and the second term might produce a spin-spin potential and a tensor potentials, which can be seen in the Appendix of Ref.[19]

Finally, from the box diagram, we have a central potential in the form of V_{BC} (r) = − [ 1 π ∫_∞ 0 dλ Δ^2 + λ^2 ( 2 r^2 F^′(λ, r)F^′(λ, r) + F^{′′}(λ, r)F^{′′}(λ, r) )

− 4Δ π^2r^2 (∫_∞ 0 dλ Δ^2 + λ^2 F^′(λ, r) )_2 − 2Δ π^2 (∫_∞ 0 dλ Δ^2 + λ^2 F^{′′}(λ, r) )_2] ,(42)

a spin-spin potential written as

V_{BS} (r)(σ_1 · σ_2) = − [ 2 3π ∫_∞ 0 dλ Δ^2 + λ^2 ( 1 r^2 F^′(λ, r)F^′(λ, r) + 2 r F^′(λ, r)F^{′′}(λ, r) )

− 4Δ 3π^2 ( 1 r^2 ∫_∞ 0 dλ Δ^2 + λ^2 F^′(λ, r) ∫_∞ 0 dβ Δ^2 + β^2 F^′(β, r) + 2 r ∫_∞ 0 dλ Δ^2 + λ^2 F^′(λ, r) ∫_∞ 0 dβ Δ^2 + β^2 F^{′′}(β, r) )] (σ_1 · σ_2),(43)

and a tensor potential expressed as

V_{BT} (r)S_{12} = − [ 2 3π ∫_∞ 0 dλ Δ^2 + λ^2 ( 1 r^2 F^′(λ, r)F^′(λ, r) − 1 r F^′(λ, r)F^{′′}(λ, r) )

− 4Δ 3π^2 ( 1 r^2 ∫_∞ 0 dλ Δ^2 + λ^2 F^′(λ, r) ∫_∞ 0 dβ Δ^2 + β^2 F^′(β, r) − 1 r ∫_∞ 0 dλ Δ^2 + λ^2 F^′(λ, r) ∫_∞ 0 dβ Δ^2 + β^2 F^{′′}(β, r) )] S_{12}. (44)

For the crossed diagram, the central, spin-spin and tensor potentials read V_{CC} (r) = − [ 1 π ∫_∞ 0 dλ Δ^2 − λ^2 (Δ^2 + λ^2)^2 ( 2 r^2 F^′(λ, r)F^′(λ, r) + F^{′′}(λ, r)F^{′′}(λ, r) )] , (45)

V_{CS} (r) = − [ 1 π ∫_∞ 0 dλ Δ^2 − λ^2 (Δ^2 + λ^2)^2 ( 1 r^2 F^′(λ, r)F^′(λ, r) + 2 r F^′(λ, r)F^{′′}(λ, r) )] (46) and V_{CT} (r) = − [ 1 π ∫_∞ 0 dλ Δ^2 − λ^2 (Δ^2 + λ^2)^2 ( 1 r^2 F^′(λ, r)F^′(λ, r) − 1 r F^′(λ, r)F^{′′}(λ, r) )] , (47)

respectively.

For the triangle diagram, at the order of O(^1_{MH} ), the triangle diagram gives only a central potential

V_{T C} (r) = 4Δ π^2 ∫_∞ 0 dλ λ^2 Δ^2 + λ^2 F^′(λ, r) ∫_∞ 0 dλ Δ^2 + λ^2

F^′(λ, r). (48)

Similarly, for the 2π-loop diagram, only a central potential contributes V_{2π−loop}(r) = − 2 π [∫_∞ 0 dλF (λ , r) ( Λ^3 8π^{3/2} exp(− 1 4 Λ^2r^2) − 2λ^2F (λ , r) )] . (49)

Summing up all the potentials, we eventually obtain the two-pion-exchange potential for the heavy baryon-anti heavy baryon interaction

V (r) = V_C (r) + V_S(r)σ_1 · σ_2 + V_T (r)S_{12} , (50)

where V_C (r), V_S (r) and V_T (r) are the radial parts of the central, spin-spin and tensor potentials, respectively. In addition, we would point out that because the kernels in different channel are the same except the coefficients, for simplicity, we only show the pure kernel here and add the coefficient later in the particular channel.

Now, we go to specific channels.

3.1 Λ^+_c -Λ̄^+_c potential

In this case, we assume both Σ^+_c and Σ^{+∗}_c being the intermediate states. The Lagrangian for spin-^1_2 Σ_cs’ reads L_{Σc−π−Λc} = − g_2 f_π Σ̄^{++, +, 0} c γ^μγ_5 ∂_μπ^{+, 0, −} Λ^+_c + h.c. (51)

The strong coupling g_2 can be extracted from Σ^{++}_c → Λ^+_c + π^+ decay process (see Fig.4) by Γ = g^2 |k| 8f^2_π M^2_{Σ++c}

(M^2_Σ++_c + M^2_Λ+_c ) [ (M_Σ++_c − M_Λ+_c )^2 − m^2_π ] , (52)

where |k| = 94MeV is the momentum of pion in the rest frame of Σ^{++}_c , f_π = 0.132GeV, M_Σ++_C = 0.245GeV, M_Λ+_c = 0.229GeV, and Γ = 2.23 ± 0.30MeV [33]. From Eq.(52), we get g_2 = 0.5 ± 0.07.

= iA =^{g2}_{fπ} ū(p)iγ^μγ_5k_μu(q)

Figure 4: Vertex of the Σ^∗_c − π − Λ_c interaction for extracting g_2.

Then, one can explicitly write the operator O(k_1, k_2) for both the box and crossed diagram in the Σ_c case by using Eqs. (37)-(38) and spinors given in the Appendix of Ref.[19] as

O_1(k_1, k_2) = ū(−p)γ_μγ_5k^μ_2 u(p − k_1)ū(p − k_1)γ_ν γ_5k^ν_1 u(p) ×

v̄(p)γ_αγ_5(−k^α_1 )v(−p + k_1)v̄(−p + k_1)γ_βγ_5k^β_2 v(−p)

= (k_1 · k_2)^2 + (σ_1 · k_1 × k_2)(σ_2 · k_1 × k_2) , (53)

and finally expresses the intermediate Σ_c caused Λ^+_c -Λ̄^+_c potential as

V_{1Λ}+_c¯_Λ+_c (r) = [ g^4_2 f^4_π

V_{BC} (r) + g^4_2 f^4_π

V_{CC} (r) + g^2 f^4_π

V_{T C} (r) + 1 f^4_π V_{2π−loop}(r) ]

+ [ g^4_2 f^4_π

V_{BS} (r) + g^4_2 f^4_π V_{CS} (r) ] (σ_1 · σ_2) + [ g^4_2 f^4_π

V_{BT} (r) + g^4_2 f^4_π V_{CT} (r) ] S_{12}.(54)

The Lagrangian for spin-^3_2 Σ^∗_c s’ has a form of L_Σ∗_{c −π−Λc} = − g_4 f_π (Σ̄^{++, +, 0} c )^{∗μ} ∂_μπ^{+, 0, −} Λ^+_c + h.c. (55)

Similarly, the coupling g_4 can be extracted from the Σ^∗_c → Λ_c + π decay process by Γ = g^2_4 |k|M^2_Σ∗_c 96f^2_π [ (1 − M_{Λc} M_Σ∗_c

)^2 − m^2_π M^2_Σ∗_c ] [ (1 + M_{Λc} M_Σ∗_c

)^2 − m^2_π M^2_Σ∗_c

]_2

, (56) where |k| = 180MeV is the momentum of pion in the rest frame of Σ^{++∗}_c , M_Σ++∗_C = 0.252GeV, M_Λ0∗_c = 0.229GeV, and Γ = 14.9 ± 1.9MeV [33]. From Eq.(56), we get g_4 = 0.57 ± 0.07. Apparently, resultant g_4 and g_2 are not agreed with the relation from the symmetry consideration shown in Eq.(16). This implies that the heavy quark symmetry is broken.

= iA =^{g4}_{fπ} ū(p)ik^μu_μ(q)

Figure 5: Vertex of the Σ^∗_c − π − Λ_c interaction for extracting g_4.

Analog to the Σ_c case, one can approximately write the operator O(k_1, k_2) for the box diagram in the Σ^∗_c case as

O_1(k_1, k_2) = ū(−p)k^μ_2 u_μ(p − k_1)ū_ν(p − k_1)k^ν_1 u(p) × v̄(p)(−k^α_1 )v_α(−p + k_1)v̄_β(−p + k_1)k^β_2 v(−p) = 4 9 (k_1 · k_2)^2 − 1 9 (σ_1 · k_1 × k_2)(σ_2 · k_1 × k_2) , (57)

and for the crossed diagram in the Σ^∗_c case as

ū(−p)k^μ_2 u_μ(p − k_1)ū_ν(p − k_1)k^ν_1 u(p) × v̄(p)(−k^α_1 )v_α(−p + k_1)v̄_β(−p + k_1)k^β_2 v(−p) = 4 9 (k_1 · k_2)^2 + 1 9 (σ_1 · k_1 × k_2)(σ_2 · k_1 × k_2) . (58)

Then, we write the intermediate Σ^∗_c caused Λ^+_c -Λ̄^+_c potential in the form of

V_{2Λ}+_c¯_Λ+_c (r) = [ 4g_4 9f^4_π

V_{BC} (r) +

4g^4 9f^4_π

V_{CC} (r) +

2g^2_4 3f^2_π V_{T C} (r) ]

+ g^4 9f^4_π

[−V_{BS} (r) + V_{CS} (r)] (σ_1 · σ_2) + g^4 9f^4_π

[−V_{BT} (r) + V_{CT} (r)] S_{12}. (59)

Summing up the contributions from these two intermediate state cases, we finally obtain the Λ^+_c Λ̄^+_c potential V_Λ+_c¯_Λ+_c (r) = V_{1Λ}+_c¯_Λ+_c (r) + V_{2Λ}+_c¯_Λ+_c (r). (60)

3.2 Σ^0_c-Σ̄^0_c potential

In this channel, both one-pion-exchange and two-pion-exchange are allowed. In the one-pion-exchange case, the Lagrangian is expressed as

L_Σ0_{c −π−Σ}0_c = − g_1 √ 2f_π Σ̄_c^0 γ^μγ_5 ∂_μπ^{0, −} Σ^{0, +}_c . (61)

The axial current interaction (one-pion-exchange) causes a spin-spin potential

V_{OP S}(r)(σ_1 · σ_2) = − g^2_1 3f^2_π [ I^{′′}(m , r) + 1 r I^′(m , r) ] (σ_1 · σ_2) , (62)

and a tensor potential

V_{OP T} (r)S_{12} = − g^2_1 3f^2_π [ I^{′′}(m , r) − 1 r I^′(m , r) ] S_{12} , (63)

where the function I(m , r) is given in the Appendix of Ref.[19]. Then we have one-pion-exchange caused potential

V_{1Σ}0_c¯_Σ0_c (r) = V_{OP S}(r)(σ_1 · σ_2) + V_{OP T} (r)S_{12} (64)

In the two-pion-exchange case, both spin-^1_2 Σ^0_c and Λ^+_c can be the intermediate state. So, we have the spin-^1_2 intermediate state caused potential

V_{2Σ}0_c¯_Σ0_c (r) = [( g^4_1 4f^4_π + g^4_2 f^4_π ) (V_{BC} (r) + V_{CC} (r)) + ( g^2_1 2f^4_π + g^2 f^4_π ) V_{T C} (r) + 1 f^4_π V_{2π−loop}(r) ]

+ [( g^4_1 4f^4_π + g^4_2 f^4_π ) (V_{BS} (r) + V_{CS} )(r) ] (σ_1 · σ_2) + [( g^4_1 4f^4_π + g^4_2 f^4_π ) (V_{BT} (r) + V_{CT} (r)) ] S_{12}, (65)

where g_1 stands for the coupling constant in the case where the intermediate state is spin- 1 2 Σ^0_c . Moreover, in the case where the intermediate state is spin-^3_2 Σ^∗_c , the Lagrangian can be expressed by

L_Σ0∗_{c −π−Σ}0_c = − g_3 √ 2f_π Σ̄^{0∗μ}∂_μπ^0Σ^0 , (66) with g_3 being the coupling constant. In the same way, we have the spin-^3_2 intermediate state caused potential

V_{3Σ}0_c¯_Σ0_c (r) = g^4_3 9f^4_π

(V_{BC} (r) + V_{CC} (r)) + g^2_3 3f^4_π

V_{T C} + [ g^4_3 36f^4_π

(−V_{BS} (r) + V_{CS} (r)) ] (σ_1 · σ_2) + [ g^4_3 36f^4_π

(−V_{BT} (r) + V_{CT} (r)) ] S_{12} (67)

Finally, we obtain a Σ^0_c -Σ̄^0_c potential as

V_Σ0_{c −}¯_Σ0_c (r) = V_{1Σ}0_c¯_Σ0_c (r) + V_{2Σ}0_c¯_Σ0_c (r) + V_{3Σ}0_c¯_Σ0_c (r) (68)

3.3 Λ^0_b -Λ̄^0_b potential

The same formulas can also be used for the Λ^0_b -Λ̄^0_b interaction by replacing the c-flavor heavy baryon (antibaryon) with the b-flavor heavy baryon (antibaryon).

4 Numerical Result and Discussion

In the numerical calculation, we adopt the mass of pion m_π = 0.135GeV, the pion decay constant f_π = 0.132GeV. The cutoff could reasonably be taken as Λ = 0.6 − 1 GeV, because in the chiral perturbation theory, the momentum transfer is usually less than 1GeV.

In the Λ^+_c -Λ̄^+_c system, the averaged mass difference between Σ^∗_c and Λ_c is about Δ = 0.234GeV. The resultant potentials for the spin-singlet and spin-triplet Λ_c-Λ̄_c states are plotted in Fig.(6) and (7), respectively. From these figures, we see that in comparison with our previous result [19], no matter in which states, the singular behavior of the potential around origin is greatly reduced. This indicates that the contribution from large λ values is also important in the two-pion exchange precess. Moreover, the potentials become more attractive with increasing values of g_2 and Λ. This is reasonable, because the larger value g_2 provides stronger coupling and consequently stronger potential. And the value of the cut-off Λ largely affect the depth of the potential, the smaller value of Λ makes the shorter distance interaction even more suppressed, which partly prevents Λ_c

Figure 6: The Λ_c-Λ̄_c potential in the singlet state with different g_2 but fixed Λ (left figure) and different Λ but g_2 fixed (right figure).

Figure 7: The Λ_c-Λ̄_c potential in the triplet state with different g_2 but fixed Λ (left figure) and different Λ but g_2 fixed (right figure).

and Λ̄_c getting too closed, thus matches our treatment of omitting s-channel interaction. The line shape of these potentials also tell us that the interaction between Λ_c and Λ̄_c are attractive and might make these particles to be bound together.

With these potentials, one has the the partial wave Schrödinger equation that the Λ_c-Λ̄_c scattering obeys, d^2u_l(r) dr^2 + [ k^2 − l(l + 1) r^2 − U(r) ] u_l(r) = 0, (69) with boundary condition u_l(r) ∼ r^{l+1}, r → 0 ∼ kr[j_l(kr) − tan δ_l(k)n_l(kr)], r → ∞ (70) where U(r) = 2μV (r), j_l(kr) and n_l(kr) are the spherical Bessel function and the spherical Neumann function, respectively, or alternatively the integral equation [38] u_l(r) = krj_l(kr) + ∫_∞ 0 G_l(r, r^′)U(r^′)u_l(r^′)dr^′ (71) with G_l(r, r^′) being the Green function taking the form of G_l(r, r^′) = krr^′j_l(kr)n_l(kr^′), r ≤ r^′ = krr^′j_l(kr^′)n_l(kr). r ≥ r^′ (72) Then, the scattering phase shift δ_l(k) and the potential V (r) has the relation tan δ_l(k) = − ∫_∞ 0 r^′j_l(kr^′)U(r^′)u_l(r^′)dr^′. (73) Solving above equations numerically, we obtain scattering phase shifts and plot them in Fig.8. From this figure, one sees that although all the potentials are attractive, in some cases, the potential does not support a binding behavior (solid curves), especially in the case where the value of g_2 is extracted from the Σ_c(Σ^∗_c ) → Λ_cπ decay data(thick solid curve). This means that the Λ_c − Λ̄_c could only be bound while the coupling constant g_2 takes a bigger value than the phenomenological fitting, or in this case the cut-off Λ is bigger than that in light baryon sector. Moreover, we can also calculate the scattering length for the concerned states by a = − lim_{k→0} tan δ_0(k) k . (74) The results are tabulated in Table 2.

Figure 8: Phase shifts of the Λ_c-Λ̄_c system in the spin-singlet (left figure) and the spintriplet (right figure) states.

Table 2: Scattering length for the spin-singlet and spin-triplet states in the Λ_c-Λ̄_c and Σ_c- Σ̄_csystems.

S = 0 state for Λ_c-Λ̄_c S = 1 state for Λ_c-Λ̄_c g_2 = 0.95, Λ = 0.9GeV a = 3.5fm g_2 = 0.85, Λ = 0.85GeV a = 2.1fm g_2 = 0.8, Λ = 0.7GeV a = −2.7fm g_2 = 0.7, Λ = 0.7GeV a = −0.6fm S = 0 state for Σ_c-Σ̄_c S = 1 state Σ-Σ̄_c g_1 = 0.85, Λ = 1.1GeV a = 3.5fm g_1 = 0.95, Λ = 1.1GeV a = 5.7fm g_1 = 0.8, Λ = 0.8GeV a = −1.7fm g_1 = 0.8, Λ = 0.8GeV a = −0.8fm

The scattering lengths in this table also tell us that only those g_2 and Λ values, with which the attractive potential is much stronger (denoted by dashed curve in Figs.6-7), can produce a reasonable positive scattering length, which indicates Λ_c-Λ̄_c is bound, otherwise the system is unbound.

Based on the enlightenment from the scattering study, we further perform the bound state calculation to check the condition for forming a Λ_c-Λ̄_c bound state. Substituting the Λ_c-Λ̄_c potential Eq.(60) into the Schrödinger equation Eq.(3) and solving the equation numerically, we get the binding energy for the S = 0 and S = 1 states, respectively. The results are tabulated in Table 3.

Table 3: Binding energies (BE), as well as the masses of heavy baryonium (M_{Λc}¯_{Λc} ), in the Λ_c-Λ̄_c system in various parameter cases.

S = 0 state S = 1 state |g_2| Λ(GeV) BE(MeV) M_{Λc}¯_{Λc} (GeV) |g_2| Λ(GeV) BE(MeV) M_{Λc}¯_{Λc} (GeV) <0.8 <0.8 —– —– < 0.7 < 0.7 —– —– 0.9 0.9 34 4.538 0.9 0.85 75 4.497 0.9 1.0 118 4.45 0.9 0.95 285 4.287 0.8 0.9 3.25 4.568 0.8 0.85 14 4.558 1.1 0.9 166.2 4.406 1.0 0.85 199 4.373

From this table, we see that with the extracted g_2 value of 0.5 ∼ 0.57 from the decay data, the Λ_c-Λ̄_c system would not be bound. If we wish that Λ_c and Λ̄_c could be bound together, no matter in the spin singlet state or the spin triplet state, the coupling constant should be much larger than the value extracted phenomenologically, namely g_2 > 0.8 for the spin-singlet state and g_2 > 0.78 for the spin-triplet state. This is in coincidence with the those learned from above scattering study.

Same calculations can be performed for the Σ_c-Σ̄_c system as well. The potentials for the spin-singlet and spin-triplet states are plotted in Fig.9 and Fig.10, respectively.

Figure 9: Σ_c-Σ̄_c potential in spin-singlet state.

Figure 10: Σ_c-Σ̄_c potential in spin-triplet state.

From these figures, it is shown that the potentials between Σ_c and Σ̄_c are different from those between Λ_c and Λ̄_c, especially in the spin-triplet state where the potential has a repulsive core in the short distance. This is due to the existence of the one-pion exchange contribution, which gives the spin-spin interaction, in the Σ_c-Σ̄_c interaction. The phase shifts of the Σ_c-Σ̄_c system are plotted in Fig.11. Again, the system in some cases could be

Figure 11: Phase shifts of the Σ_c-Σ̄_c system in the spin-singlet (left figure) and the spintriplet (right figure) states.

bound (dashed curve) and in the other cases would be unbound (solid curve). However, due to lack of experimental data to fix the g_1 value, it is necessary to examine the marginal condition for binding.

Same as before, substituting the obtained Σ_c-Σ̄_c potential, Eq.(68), into the Schrödinger equation Eq.(3) and solving it numerically, we have the binding behavior for the Σ_c-Σ̄_c system. The resultant binding energies for the S = 0 and S = 1 states are tabulated in Table4.

From this table, we find that as long as g_1 > 0.8 and Λ > 1.0GeV in the spin-singlet state and g_1 > 0.9 and Λ > 1.0GeV in the spin-triplet state, the Σ_c-Σ̄_c system could be bound. And also the spin-triplet state is slightly easier to be bound than the spin-triplet state.

The similar study can be applied to the systems with the bottom flavor. In the Λ^+_b - Λ̄^+_b system, the averaged mass difference between Σ∗_b and Λ_b is about Δ = 0.114GeV.

Table 4: Binding energies (BE), as well as the masses of heavy baryonium (M_{Σc}¯_{Σc} ), for the Σ_c-Σ̄_c system.

S = 0 state S = 1 state |g_1| Λ(GeV) BE(MeV) M_{Σc}¯_{Σc} (GeV) |g_1| Λ(GeV) BE(MeV) M_{Σc}¯_{Σc} (GeV) <0.8 <0.95 —– —– < 0.8 < 0.95 —– —– 0.85 1 14 4.896 0.9 1 4.5 4.9 0.8 1.1 21.7 4.89 0.8 1.1 12.7 4.897 0.85 1.1 29 4.88 0.85 1.1 39.9 4.87

Same reason as in the charm flavor sector, due to lack of experimental data to fix the g_b value, we have only to examine the marginal condition for binding. Performing the same procedure, we obtain the binding properties of the Λ_b-Λ̄_b system. The resultant binding energies in the S = 0 and S = 1 states are tabulated in Table5. The results shows that

Table 5: Binding energies (BE), as well as the masses of heavy baryonium (M_{Λb}¯_{Λb} ), in the Λ_b-Λ̄_b system.

S = 0 state S = 1 state |g_b| Λ(GeV) BE(MeV) M_{Λb}¯_{Λb} (GeV) |g_b| Λ(GeV) BE(MeV) M_{Λb}¯_{Λb} (GeV) <0.65 <0.8 —– —– < 0.55 < 0.85 —– —– 0.8 0.85 25.5 11.21 0.6 0.85 4.1 11.23 0.68 0.8 7.5 11.23 0.55 0.9 8 11.23 0.7 0.9 15.6 11.22 0.6 0.9 38.5 11.2

for the Λ_b-Λ̄_b system, a relatively smaller g_b value can make the spin-triplet state bound. When future decay data of b-flavored baryon become available, one can extract a physical value of g_b. If the extracted g_b is consistent with the marginal g_b value for binding in this calculation, one might find a heavy-baryonium.

5 Conclusion

The heavy-baryon-anti-heavy-baryon systems are studied in the framework of heavy baryon chiral perturbation theory. The potentials for the Λ_c-Λ̄_c, Σ_c-Σ̄_c and Λ_b-Λ̄_b interactions are derived by Nijmegen two-pion exchange model. Unlike our previous work, we applied the complete potential to investigate the scattering process and bounding state in this paper. The scattering properties of these systems are calculated by solving the partial Schrödinger equation. From the obtained phase shifts and the scattering lengths, one notices that the Λ_c-Λ̄_c system could be bound with a g_2 value larger than that extracted from the charmed baryon decay data or estimated by [24]. For the Σ_c-Σ̄_c system, since we do not have the decay data to fix g_1, whether the system could be bound depends on the choice of the g_1 value. To confirm these results, the bound state calculations are further performed. It is shown that marginal binding requires a larger g_2 value of about 0.8 than the physical value of about 0.5 ∼ 0.57. The g_1 value for marginal binding in the Σ_c-Σ̄_c system is also estimated. The minimum g_1 value is about 0.85. This value should be compared with that extracted from the future data to identify whether the Σ_c-Σ̄_c system could be bound. The Λ_b-Λ̄_b system is also studied. It is found that the minimum g_b value for binding is much smaller than that of the Λ_c-Λ̄_c system. If the g_b value extracted from the future data of the b-flavored baryon decay can meet this value, one might find a Λ_b-Λ̄_b heavy baryonium.

Note that the above conclusions are made under the condition of usual energy cutoff employed in light hadron sector in chiral perturbation theory. A similar situation appears in Ref.[39], where a relative large cutoff is also necessary for the existence of a possible Λ_c-Λ_c molecule state in the one-pion-exchange potential model. Furthermore, it is worth emphasizing that to finally conclude whether the heavy baryon-antibaryon could be bound or not, the difficult annihilation channel and couple channel effects on the heavy baryonium potential should also be taken into account.

Acknowledgments

This work was supported in part by the National Natural Science Foundation of China(NSFC) under the grants 10935012, 10821063, 11175249, 11035006 and 11165005.

References

[1] Wolfgang Lucha, Franz F. Schöberl and Dieter Gromes, Phys. Rept. 200, 127 (1991);

C. Quigg and Jonathan L. Rosner, Phys. Rept. 56, 167 (1979).

[2] S. K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 91, 262001 (2003); B. Aubert et al. (BaBar Collaboration), Phys, Rev D 77,111101 (2008).

[3] S. L. Zhu, Phys. Lett. B 625, 212 (2005); E. Kou and O. Pene, Phys. Lett. B 631, 164 (2005); F. E. Close and P. R. Page, Phys. Lett. B 628, 215 (2005); X. Q. Luo and Y. Liu, Phys. Rev. D 74, 034502 (2006); S. L. Zhu, Nucl. Phys. A 805, 221c (2008); S. L. Zhu, Int. J. Mod. Phys. E 17, 283 (2008).

[4] X. Liu, X.Q. Zeng, and X.Q. Li, Phys. Rev. D 72, 054023 (2005). [5] F.J. Llanes-Estrada, Phys. Rev. D 72, 031503 (2005). [6] C.-Z. Yuan, P. Wang, and X.H. Mo, Phys. Lett. B 634, 399 (2006). [7] C.-F. Qiao, Phys. Lett. B 639, 263 (2006). [8] G.-J. Ding, Phys. Rev. D 79, 014001 (2009).

[9] L. Maiani, V. Riquer, F. Piccinini, and A. D. Polosa, Phys. Rev. D 72, 031502(R) (2005).

[10] G.-J. Ding, J.-J. Zhu, and M.-L. Yan, Phys. Rev. D 77, 014033 (2008). [11] C.-F. Qiao, J. Phys. G: Nucl. Part. Phys. 35, 075008 (2008). [12] B.-Q. Li and K.-T. Chao, Phys. Rev. D 79, 094004 (2009). [13] D.V. Bugg, J. Phys. G: Nucl. Part. Phys. 36, 075002 (2009). [14] F.-K. Guo, C. Hanhart, and U.-G. Meißner, Phys. Lett. B 665, 26 (2008). [15] Z.-G. Wang and X.-H. Zhang, arXiv:0905.3784 [hep-ph].

[16] A.M. Badalian, B.L.G. Bakker, and I.V. Danilkin, Phys. Atom. Nucl. 72, 638 (2009).

[17] R.M. Albuquerque and M. Nielsen, Nucl. Phys. A 815, 53 (2009). [18] D. Ebert, R.N. Faustov, and V.O. Galkin, Eur. Phys. J. C 58, 399 (2008). [19] Y.-D. Chen and C.-F. Qiao, Phys, Rev D 85, 034034 (2012). [20] M. S. Stern, Comput.Phys.Commun. 17, 365 (1979).

[21] K. G. Richardson, Chiral Symmetry and the Nucleon-Nucleon Interaction, arXiv :0008118 [hep-ph].

[22] A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984). [23] Mark B. Wise, Phys. Rev. D 45, R2188 (1992) [24] Tung-Mow Yan, Y. C. Lin and Hoi-Lai Yu, Phys. Rev D46, 1148 (1992); Hai-Yang Cheng, Tung-Mow Yan et al. Phys. Rev D47, 1030 (1993).

[25] V.A. Novikov, L.B. Okun, M.A. Shifman, A.I. Vainshtein, M.B. Voloshin and V.I.

Zakharov, Phys. Rept. 41, 1 (1978).

[26] B. Aubert et al. (BarBar Collaboration), Phys, Rev Lett 98, 212001 (2007); X. L.

Wang et al Belle Collaboration), Phys. Rev. Lett. 99, 142002 (2007); S. K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 100, 142001 (2008); R. Mizuk et al. (Belle Collaboration), Phys. Rev. D80, 031104 (2009).

[27] N.Brambilla, et al. Heavy quarkonium: progress, puzzles, and opportunities, arXiv:hep-ph/1010.5827.

[28] N. Dernska, et al. New Hadronic Spectroscopy, eprint, arXiv:hep-ph/1006.2741. [29] Th. A. Rijken and V. G. J. Stoks, Phys. Rev. C46, 73 (1992); Th.A. Rijken and V.

G. J. Stoks, Phys. Rev. C46, 102 (1992); [30] Th.A. Rijken, Ann. Phys. 208, 253 (1991).

[31] D. Arndt, S. R. Beane and M. J. Savage, Nucl. Phys. A726 339, (2003); S. R. Beane and M. J. Savage, Phys. Lett. B 556, 142 (2003).

[32] http://users.ugent.be/∼vledoux/ .

[33] K. Nakamura, et al.(Particle Date Group), J. Phys. G: Nucl. Part. Phys. 37, 1 (2010). [34] Th. A. Rijken, V. G. Stoks, Phys. Rev. C54, 2869 (1996).

[35] V. G. J. Stoks, R. A. M. Klomp, C. P. F. Terheggen and J. J. de Swart, Phys. Rev.

C49, 2950 (1994).

[36] Charles J. Joachain, Quantum Collision Theory P.78-79, North-Holland Publishing Company, 1975.

[37] Qing Xu, Gang Liu and Hong-Ying Jin, eprint, arXiv:hep-ph/1012.5949. [38] M. S. Stern, Comput.Phys.Commun. 17, 365 (1979).

[39] Wakafumi Meguro, Yan-Rui Liu and Makoto Oka, Phys. Lett B704, 547 (2011).