arXiv:1202.3840v1 [nucl-th] 17 Feb 2012

Vector- and Pseudoscalar-baryon coupled channel systems

K. P. Khemchandani^{1†}, A. Martínez Torres^2, H. Kaneko^1, H. Nagahiro^3, A. Hosaka^1

1Research Center for Nuclear Physics, Osaka University, Ibaraki 567-0047, Japan. 2 Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan. 3Department of Physics, Nara Women’s University, Nara 630-8506, Japan.

E-mail:^†kanchan@rcnp.osaka-u.ac.jp

Abstract. In this manuscript, I will report the details of our recent work on the vector meson-baryon (VB) interaction, which we studied with the motivation of finding dynamical generation of resonances in the corresponding systems. We started our study by building a formalism based on the hidden local symmetry and calculating the leading order contributions to the scattering equations by summing the diagrams with: (a) a vector meson exchange in the t-channel (b) an octet baryon exchange in the s-, u-channels and (c) a contact interaction arising from the part of the vector meson-baryon Lagrangian which is related to the anomalous magnetic moment of the baryons. We find the contribution from all these sources, except the s-channel, to be important. The amplitudes obtained by solving the coupled channel Bethe- Salpeter equations for the systems with total strangeness zero, show generation of one isospin 3/2, spin 1/2 resonance and three isospin 1/2 resonances: two with spin 3/2 and one with spin 1/2. We identify these resonances with Δ (1900) S31, N^∗(2080) D13 , N^∗(1700) D13, and N^∗(2090) S11, respectively.

We have further extended our study by including pseudoscalar meson-baryon (PB) as the coupled channels of VB systems. For this, we obtain the PB → VB amplitudes by using the Kroll-Ruddermann term where, considering the vector meson dominance phenomena, the photon is replaced by a vector meson. The calculations done within this formalism reveal a very strong coupling of the VB channels to the low-lying resonances like Λ(1405) and Λ(1670), which can have important implications on certain reactions producing them. In addition to this, we find that the effect of coupling the higher mass states to the lighter channels is not restricted to increasing the width of those states, it can be far more strong.

1. Introduction The vector mesons, which are understood as (qq̄)_{l=1} composite systems, have attracted a lot of attention historically, beginning from the observation of the universality of the ρ-meson couplings to the light hadrons, which can be understood in terms of the fluctuation of a photon to a vector meson that subsequently interact with the hadrons. Further findings, like the dominance of the the vector mesons in explaining the electromagnetic form factors of the hadrons [1] stimulated the formulation of a theory where the vector mesons are treated as the dynamical gauge bosons of the hidden local symmetry of the non-linear sigma model [2, 3, 4]. The resulting theory has been widely used in hadron physics involving the vector mesons (see Refs. [5, 6, 7, 8, 9, 10, 11] as examples).

Using this effective field theory based on the hidden local symmetry, we have focussed on understanding the low-energy interaction of vector mesons with baryons, with the idea of finding dynamical generation of baryon resonances, motivated by the large branching ratios of some of the excited baryons to the vector meson-baryon decay channels. Generation of resonances in vector meson-baryon systems has earlier been reported in several phenomenological studies also [12, 13, 14, 15, 16, 17]. We proceeded with our study by reminding ourselves that in case of the vector meson-baryon interaction, we cannot rely on the low energy theorems which have worked well in case of the pseudoscalar mesons (see, for example, Refs. [18, 19, 20, 21, 22, 23, 24] where several baryon resonances have been found to get generated in the pseudoscalar-baryon or even in two/three pseudoscalar-baryon systems). Keeping this in mind, we built a formalism [25] on the basis of the hidden local symmetry and calculated the four diagrams shown in Fig. 1, which correspond to: (a) a vector meson exchange in the t-channel, (b) a contact interaction demanded by the gauge invariance (corresponding to the hidden local symmetry (HLS)) of the vector meson-baryon interaction Lagrangian, which can be written for the SU(2) case as: L_{ρN} = −gN̄ { F_1γ_μρ^μ +

F_2 4M σ_{μν} ρ^{μν} } N, (1) and (c, d) the s- and u-channel octet baryon exchange.

Figure 1. Different diagrams contributing to the vector meson-baryon interactions (see details in the text).

Writing the HLS gauge invariant Lagrangian given by Eq. (1), explicitly, we get [25] L = −gN̄ ( γ^μρ_μ + κ_ρ 4M [∂_μρ_ν − ∂_ν ρ_μ + ig (ρ_μρ_ν − ρ_ν ρ_μ)] σ^{μν} ) N, (2) where the nucleon field transforms as N → h(x)N with h(x) being an element of the hidden local symmetry, F_1(q^2 = 0) = 1, F_2(q^2 = 0) = κ_ρ ∼ 3.22 is the anomalous magnetic coupling for the ρNN vertex, M is the mass of the nucleon and

ρ_μ = 1 2 ⃗τ · ⃗ρ_μ = 1 2 ( ρ^0_μ √ 2ρ^+_μ √ 2ρ^−_μ −ρ^0_μ ) . (3)

Using Eq. (2), we can write Lagrangians for the vertices involving one and two meson fields, respectively, as L_{ρNN} = −gN̄ ( γ^μρ_μ + κ_ρ 4M (∂_μρ_ν − ∂_ν ρ_μ) σ^{μν} ) N (4) L_{ρρNN} = −ig^2N̄ (ρ_μρ_ν − ρ_ν ρ_μ) σ^{μν} N, (5) where the former is used to obtain the amplitudes for the s- and u-channel diagrams [25]

V^s_{ρN} = g^2 4 [ 1 − κ_ρm 2M ]_2 1 m + 2M ( 1 − 2⃗t_ρ · ⃗t_N ) (1 − 2 ⃗s_ρ · ⃗s_N ) , (6)

V^u_{ρN} = g^2 4 [ 1 + κ_ρm 2M ]_2 1 m − 2M ( 1 + 2⃗t_ρ · ⃗t_N ) (1 + 2 ⃗s_ρ · ⃗s_N ) , (7)

and latter one gives a contact interaction with the amplitude given by V^{CT}_{ρN} = g^2κ_ρ M ⃗t_ρ · ⃗t_N ⃗s_ρ · ⃗s_N . (8) It should be emphasized here that this contact interaction arises from the [ρ_μ, ρ_ν ] term of the vector tensor, which is essentially required to obtain the HLS gauge invariance of the Lagrangian given by Eq. (2).

To calculate the t-channel diagrams, together with Eq. (4), we also need

L_{3ρ} = −2igT r (∂_μV_ν V^μV^ν − ∂_μV_ν V^ν V^μ) , (9)

which comes from the non-Abelian kinetic term of the ρ-meson. The resulting t-channel amplitude has the form [25] V^t_{ρN} = − 1 2f^2_π ( K^0_1 + K^0_2 ) ⃗ϵ_1 · ⃗ϵ_2 for I = 1/2 (10) = 1 4f^2_π ( K^0_1 + K^0_2 ) ⃗ϵ_1 · ⃗ϵ_2 for I = 3/2, (11)

which is spin independent in nature. However the contact, s- and u-channel interactions lead to spin dependent amplitudes. A comparison of Eqs. (6), (7), (8), (10) and (11) shows that the contribution from all the four diagrams is equally important (it can be easily seen by using the KSRF relation: g = m_ρ/ √ 2f_π). We have calculated the amplitudes for other VB channels using a more general Lagrangian [25], which we will give in the next section. In the subsequent section, we will review the results of the full coupled channel scattering equations for the total strangeness zero VB systems.

Having built a reliable formalism for the vector-meson baryon interactions, we extended our study by including pseudoscalar-baryon systems as coupled channels [26]. Since several resonances decay with large branching ratios to both PB and VB channels, it is possible, then, that a coupled PB-VB dynamics can play important role in explanation of the properties of some of such resonances. However, since most PB and VB channels lie well separated on the energy scale, we did not know if we were going to get important information by coupling them. Hence, we decided to concentrate on studying the low-lying resonances alone since those are better understood. This also allowed us to rely on the t-channel calculations of PB → PB and VB → VB vertices, which simplified the formalism. However, as we will discuss in Section 3, it turned out that the coupling between the PB and VB channels can result in very useful and significant findings, implying the requirement of a more detailed calculations.

2. Formalism 2.1. Vector-baryon interaction To calculate the VB transition amplitudes, we generalized the SU(2) vector meson-baryon Lagrangian of Eq. (2) to SU(3) to get L_{V BB} = −g { ⟨B̄γ_μ [V^μ_8 , B]⟩ + 1 4M ( F ⟨B̄σ_{μν} [∂^μV^ν_8 − ∂^ν V^μ_8 , B]⟩ + D⟨B̄σ_{μν} {∂^μV^ν_8 − ∂^ν V^μ_8 , B}⟩ ) + ⟨B̄γ_μB⟩⟨V^μ_0 ⟩ + C_0 4M ⟨B̄σ_{μν} V^{μν}_0 B⟩ } , (12)

where the constants D = 2.4 and F = 0.82. These values were found to well reproduce the magnetic moments of the baryons in Ref. [27]. Further, in our normalization scheme,

V = 1 2 ρ^0 + ω √ 2ρ^+ √ 2K^{∗+} √ 2ρ^− −ρ^0 + ω √ 2K^{∗0} √ 2K^{∗−} √ 2K̄^{∗0} √ 2ϕ (13)

and

B =

1√ 6 Λ +^{1√}_2 Σ^0 Σ^+ p

Σ^{− 1√}_6 Λ −^{1√}_2 Σ^0 n

Ξ^− Ξ^0 −

√_2 3 Λ , (14)

which give the octet (V_8), and the singlet (V_0) fields of the vector mesons by considering the ω − ϕ mixing into account. For this, we write the wave functions of the ω- and the ϕ-meson, under the ideal mixing assumption, as ω = √ 1 3 ω_8 + √ 2 3 ω_0 ϕ = − √ 2 3 ϕ_8 + √ 1 3 ϕ_0. (15)

With these inputs, we obtained the amplitudes for different processes involving all the VB channels. All these amplitudes are listed in all details in Ref. [25].

2.2. Coupling pseudoscalar- and vector meson-baryon systems The new information required to carry out a coupled channel study of the PB-VB systems is to write the PB ↔ VB vertex consistently. This is done by using the Kroll-Ruderman (KR) theorem to write the Lagrangian for the γN → πN process and by replacing the γ by a vector meson via the notion of the vector meson dominance. More concretely, we write the πN Lagrangian from the Gell-Mann-Levi’s linear sigma model, L_{πN} = ψ̄ [iγ^μ∂_μ − g_{πNN} (σ + i⃗τ.⃗πγ_5)] ψ, (16) and introduce a vector meson field as a gauge boson of the hidden local symmetry i/∂ −→ i/∂ − g/ρ, (17) to obtain the Lagrangian for the ρN → πN vertex (see Ref [26] for more details) L_{πNρN} = −i g 2f_π N̄ [π, ρ^μ] γ_μγ_5N → −i gg_A 2f_π N̄ [π, ρ^μ] γ_μγ_5N, (18)

where π = ⃗τ · ⃗π, ρ = ⃗τ · ⃗ρ 2 and f_π = 93 MeV is the pion decay constant.

The SU(3) Lagrangian corresponding to Eq. (18) can be written as L_{P BV B} = −ig 2f_π ( F̃ ⟨B̄γ_μγ_5 [[P, V_μ] , B]⟩ + D̃⟨B̄γ_μγ_5 {[P, V_μ] , B}⟩ ) , (19)

where the trace ⟨...⟩ has to be calculated in the flavor space and F̃ = 0.46, D̃ = 0.8 such that F̃ + D̃ ≃ g_A = 1.26. The ratio D̃/(F̃ + D̃) ∼ 0.63 here is close to the quark model value of 0.6, and the empirical values of F̃ and D̃ can be found, for example, in Ref. [28]. Using Eq. (19), amplitudes for all the processes within SU(3) have been obtained and are given in Ref. [26].

In the next section, we will discuss some of the most important results of our work on this topic.

3. Results and discussions 3.1. Strangeness 0 resonances found in the VB systems Having calculated the amplitudes for different VB coupled channels with total strangeness 0, which are ρN, ωN, ϕN, K^∗Σ and K^∗Λ, we solve the Bethe-Salpeter equation T = V + V GT, (20) where the kernels V (= V^t +V^{CT} +V^u +V^s) are effectively treated as contact interactions, which, in turn, can be factorized out of the loop integral involved in Eq. (20). Such a treatment, which is suitable for studies involving low-energy interactions, reduces solving of integral Eq. (20) to an algebraic one.

Since we are looking for dynamical generation of resonances, which implies working with low-energy dynamics, we calculate all the amplitudes in the s-wave. This means that the states found in our work can have J^π = 1/2^−, 3/2^−. Further, the total isospin of the VB system can be 1/2 or 3/2. Let us first discuss the results obtained for the total isospin 1/2 case. In Fig. 2, we show the squared amplitude for the ρN → ρN process. We find it very illustrative to show the results obtained by considering the t-channel exchange only for the VB interaction and compare them with those obtained by considering all the four diagrams of Fig. 1.

From Fig. 2, one can clearly see that the ρN amplitudes obtained from the t-channel are identical for spin 1/2 and 3/2 (upper-left and right panel), as expected from a spin independent interaction. However, a drastic change is seen when the amplitudes are obtained by solving Eq. (20) with the sum of the s-, t-, u-channels and the contact interaction as the kernel. In this case no peak is seen for the spin 1/2 configuration (see the lower left panel) while a more pronounced peak is found for spin 3/2 (shown in the lower right panel). Thus the spin degeneracy of the t-channel amplitude gets lifted by adding the spin dependent contact interaction and the s-, u-channel diagrams. To identify the peak seen in the spin 3/2 amplitude with a known resonance, we go to the complex plane and find a pole at 1637 − i35 MeV. We find it to couple strongly to the ρN and K^∗Λ channel. These properties are very similar to those of the N^∗(1700) D_{13} resonance listed by the particle data group (PDG) [29]. Our findings are also in good agreement with other independent phenomenological studies [15, 30, 31].

Figure 2. Squared amplitudes for the ρN → ρN process in the isospin 1/2 configuration. The upper panels show the results obtained by considering the t-channel diagram for VB interactions whereas the lower panels show the effect of taking all the four diagrams of Fig. 1 into account.

We find similar changes in all the coupled channels. In Fig. 3, we show the square amplitude for another channel: K^∗Σ. In this case, once again, the upper-left and -right panels of Fig. 3 depict the same amplitudes for both spin 1/2 and 3/2, which show a peak near 2 GeV. We found that these peaks corresponded to a double pole structure in the complex plane [25]. The lower panels show the results obtained by considering all four diagrams of Fig. 1. In this case, both the states in spin 1/2 and 3/2 survive, although the peak positions differ by about 100 MeV. We find that the peak in the spin 3/2 amplitude corresponds to a pole in the complex plane at 2071 − i70 MeV. This pole is found to couple strongly to the ωN, ϕN and K^∗Λ channels and can be related to the N^∗(2080) D_{13}. In the spin 1/2 case, we find a pole at 1977 − i22 MeV. There is no known J^π = 1/2^− state in Ref. [29] with a mass very close to this pole, however, an enhancement of the cross section is seen near 2 GeV region in the photo-production of the ϕ-meson on a nucleon studied by the LEPS group [32]. This enhancement could possibly be explained in terms of the spin 1/2^− resonance found in our work. In fact, a phenomenological analysis of the γN → ϕN reaction showed that a better fit to the LEPS data [32] was found when a J^π = 1/2^− resonance was included in their study as compared to the one obtained by including a 1/2^+ resonance [33].

We have not discussed the results for total isospin 3/2 so far, where we also find very important contribution from all the diagrams shown in Fig. 1. The t-channel interaction in isospin 3/2 is repulsive (for spin 1/2 as well as 3/2) and, thus, does not give rise to formation of any states. However, the vector meson-baryon contact interaction is strongly attractive for isospin 3/2 and

Figure 3. Same as Fig. 2 but for the K^∗Σ → K^∗Σ process.

spin 1/2, which leads to the formation of a resonance near 2 GeV. In Fig. 4 we show the squared amplitude for the isospin 3/2 VB channels, to which only ρN and K^∗Σ contribute. The left panel of this figure shows the amplitudes obtained by considering the t-channel interaction only while the right panel shows the results obtained by summing the s-, t-, u- channel exchanges, and the contact interaction. A pole was found at 2006 − i112 MeV corresponding to the peak shown in the right panel. This state can be related with Δ(1900) S_{31}.

Figure 4. Squared amplitude for VB channels with total strangeness zero in the isospin 3/2 configuration.

3.2. Strangeness −1 PB-VB coupled systems Strangeness −1 is probably the most explored sector when it comes to discussing the dynamically generated resonances. Starting from the work of Dalitz [34] to more recent studies reported in Refs. [19, 20, 21, 35, 36, 37], strangeness −1 systems have been the center of attention when looking for resonances. There are at least two low-lying resonances which are good candidates for qualifying as the dynamically generated resonances in PB systems. However, these resonances have not been coupled to the vector meson-baryon systems. We made such a study within the formalism explained in the previous section (see Ref. [26] for more details). We found that the known properties of these resonances, i.e., the corresponding pole positions, their coupling to different PB channels and the PB amplitudes on the real axis, did not change much by coupling the VB channels. However, we found that the low-lying resonances couple very strongly to the heavy, closed VB channels. It is important to mention here that the large couplings of the low-lying Λ’s to the VB channels found in our work do not imply the presence of a large fraction of the VB component in the wave function of these resonances since the large mass difference between the two would suppress it. Therefore, the interpretation of the low-lying Λ’s as PB molecular states does not change. However, our findings could have some implications on, for example, the photoproduction of the Λ resonances where the production mechanism proceeding through the exchange of a vector meson could become important [38]. This should be verified in future.

We show the pole positions for the low-lying resonances and their couplings to the different PB and VB channels for both uncoupled as well as coupled case (which corresponds to the KR coupling 6 between the PB and VB channels [26]) in Table 1. As can be seen from this table, the couplings of the poles to the VB channels is null when the latter ones are not coupled to PB, while a very large coupling gets developed on coupling both systems. The larger couplings of the poles to various VB channels have been highlighted by boldfacing them in Table 1.

Table 1. g^i couplings of low-lying resonances to the PB and VB channels for different strengths of the coupling between PB-VB systems: 0 indicates no coupling between the two and 6 indicates fully coupled PB-VB systems (see [26] for more details). Λ(1405) Λ(1670) Pole1 Pole2 PB-VB 0 6 0 6 0 6 coupling M_R − iΓ/2 → 1377 − i63 1357 − i53 1430 − i15 1412 − i11 1767 − i25 1744 − i28 (MeV) Channels ↓ Couplings (g^i) of the poles to the different channels K̄N 1.4 − i1.6 1.1 − i1.4 2.4 + i1.1 2.8 + i0.5 0.2 − i0.5 0.3 − i0.6 πΣ −2.3 + i1.4 −2.2 + i1.4 −0.2 − i1.4 −0.2 − i1.1 0.1 + i0.2 0.1 + i0.3 ηΛ 0.2 − i0.7 0.1 − i0.6 1.3 + i0.3 1.5 + i0.1 −1.0 + i0.3 −1.0 + i0.3 KΞ −0.4 + i0.4 −0.6 + i0.4 0.0 − i0.3 0.0 − i0.3 3.2 + i0.3 3.4 + i0.2 K̄∗N 0.0 + i0.0 −1.7 + i0.7 0.0 + i0.0 − 0.1 − i5.3 0.0 + i0.0 −0.3 + i1.1 ωΛ 0.0 + i0.0 −0.7 − i0.3 0.0 + i0.0 0.2 − i1.8 0.0 + i0.0 0.1 − i0.1 ρΣ 0.0 + i0.0 1.3 + i6.8 0.0 + i0.0 −2.4 − i1.6 0.0 + i0.0 0.3 − i3.5 ϕΛ 0.0 + i0.0 1.0 + i0.5 0.0 + i0.0 −0.3 + i2.6 0.0 + i0.0 −0.2 + i0.1 K^∗Ξ 0.0 + i0.0 1.3 + i5.7 0.0 + i0.0 −2.0 − i0.5 0.0 + i0.0 0.5 − i1.2

Further, although our purpose was to study low-lying resonances first, for which we relied on the t-channel exchange to calculate PB → PB and VB → VB amplitudes, to draw any concrete conclusion about higher mass resonances, we should take into account a more complete VB →

VB interactions as shown in Ref. [25]. Still, within the present formalism, we could test if the widths of the resonances in the 1800-2100 MeV region increased a lot by coupling the lower mass (PB) open channels. We found that the higher mass resonance poles did not always attain larger widths when coupling them to PB channels, sometimes poles disappeared and other times new poles appeared by coupling VB to the light PB channels [26]. For instance, we found that a new pole gets generated near 1440 MeV in total isospin 1 case when PB and VB are coupled. This pole can be related to Σ(1480) [29, 39, 40]. However, to make stronger claims on the properties of the resonances found in 1800-2100 MeV, we must carry out a more detailed calculations by obtaining the VB amplitudes from the different diagrams shown to be important in Ref. [25]. Such a study is being carried out at this moment and we expect it to finalize soon.

4. Summary and outlook We can summarize our study on the baryon resonances coupled to vector meson-baryon systems as follows:

• A gauge invariant Lagrangian under the hidden local symmetry gives rise to significantly important tree-level contributions from the s-, t- and u- channel exchange diagrams and a contact term. Our findings show that none of these contributions should be assumed to be negligible a priori.

• The resulting vector meson-baryon interaction is very spin-isospin dependent. This is something which should be expected when two particles with similar mass and non-zero spin interact.

• Many low-lying resonances like Λ(1405) couple strongly to VB channels, which is a very useful information, for instance, to study photoproduction of Λ(1405).

• When heavier VB resonance poles are allowed to couple to PB channels, they do not always get wider. Sometimes they can disappear. Also new poles can appear sometimes. For example, a new isospin 1 resonance is found to arise due to the PB-VB coupled dynamics near 1430 MeV Finally, as an outlook we would like to say that a PB-VB coupled channel calculation should be made with a more detailed VB interaction. Further, it is important to use these amplitudes to study relevant reactions, which have been studied experimentally.

5. Acknowledgments This work is partly supported by the Grant-in-Aid for Scientific Research on Priority Areas titled Elucidation of New Hadrons with a Variety of Flavors” (E01: 21105006 for K.P.K and A.H) and (22105510 for H. N) and the authors acknowledge the same. A. M. T is thankful to the support from the Grant-in-Aid for the Global COE Program The Next Generation of Physics, Spun from Universality and Emergence from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan.

References

[1] J. J. Sakurai, Currents and Mesons (Univ. Chicago Press, Chicago, 1969). [2] M. Bando, T. Kugo and K. Yamawaki, Phys. Rept. 164, 217 (1988).

[3] M. Bando, T. Kugo, S. Uehara, K. Yamawaki and T. Yanagida, Phys. Rev. Lett. 54, 1215 (1985). [4] M. Bando, T. Kugo and K. Yamawaki, Nucl. Phys. B 259, 493 (1985). [5] H. Kaneko, A. Hosaka and O. Scholten, arXiv:1112.4776 [hep-ph].

[6] Y. Yamaguchi, S. Ohkoda, S. Yasui and A. Hosaka, Phys. Rev. D 84, 014032 (2011) [arXiv:1105.0734 [hep-ph]].

[7] R. Molina, H. Nagahiro, A. Hosaka and E. Oset, Phys. Rev. D 83, 094030 (2011) [arXiv:1009.4881 [hep-ph]].

[8] J. Yamagata-Sekihara and E. Oset, Phys. Lett. B 690, 376 (2010) [arXiv:1001.1816 [hep-ph]].

[9] A. Martinez Torres, K. P. Khemchandani, D. Gamermann and E. Oset, Phys. Rev. D 80, 094012 (2009) [arXiv:0906.5333 [nucl-th]].

[10] R. Molina, H. Nagahiro, A. Hosaka and E. Oset, Phys. Rev. D 80, 014025 (2009) [arXiv:0903.3823 [hep-ph]].

[11] K. Nawa, A. Hosaka and H. Suganuma, Phys. Rev. D 79, 126005 (2009) [arXiv:0901.3080 [hep-th]]. [12] O. Krehl, C. Hanhart, S. Krewald and J. Speth, Phys. Rev. C 62, 025207 (2000) [arXiv:nucl-th/9911080].

[13] M. F. M. Lutz, G. Wolf and B. Friman, Nucl. Phys. A 706, 431 (2002) [Erratum-ibid. A 765, 431 (2006)] [arXiv:nucl-th/0112052].

[14] P. Gonzalez, E. Oset, J. Vijande, Phys. Rev. C 79, 025209 (2009).

[15] M. Doring, C. Hanhart, F. Huang, S. Krewald and U. G. Meissner, Nucl. Phys. A 829, 170 (2009) [arXiv:0903.4337 [nucl-th]].

[16] S. Sarkar, B. -X. Sun, E. Oset, M. J. Vicente Vacas, Eur. Phys. J. A 44, 431–443 (2010). [17] E. Oset and A. Ramos, Eur. Phys. J. A 44, 445 (2010) [arXiv:0905.0973 [hep-ph]]. [18] P. C. Bruns, M. Mai, U. -G. Meissner, Phys. Lett. B697, 254-259 (2011). [arXiv:1012.2233 [nucl-th]]. [19] N. Kaiser, P. B. Siegel, W. Weise, Nucl. Phys. A594, 325-345 (1995). [nucl-th/9505043]. [20] E. Oset and A. Ramos, Nucl. Phys. A635, 99–120 (1998).

[21] D. Jido, T. Sekihara, Y. Ikeda, T. Hyodo, Y. Kanada-En’yo, E. Oset, Nucl. Phys. A835, 59-66 (2010) [arXiv:1003.4560 [nucl-th].

[22] A. Martinez Torres, D. Jido, Phys. Rev. C82, 038202 (2010) [arXiv:1008.0457 [nucl-th]]; A. Martinez Torres, K. P. Khemchandani, E. Oset, Phys. Rev. C79, 065207 (2009) [arXiv:0812.2235 [nucl-th]].

[23] A. Martinez Torres, K. P. Khemchandani and E. Oset, Phys. Rev. C 77, 042203 (2008) [arXiv:0706.2330 [nucl-th]]; K. P. Khemchandani, A. Martinez Torres, E. Oset, Eur. Phys. J. A37, 233-243 (2008) [arXiv:0804.4670 [nucl-th]]; K. P. Khemchandani, A. Martinez Torres, E. Oset, AIP Conf. Proc. 1322, 379-383 (2010).

[24] A. Martinez Torres, K. P. Khemchandani, D. Jido and A. Hosaka, Phys. Rev. D 84, 074027 (2011) [arXiv:1106.6101 [nucl-th]].

[25] K. P. Khemchandani, H. Kaneko, H. Nagahiro and A. Hosaka, Phys. Rev. D 83, 114041 (2011) [arXiv:1104.0307 [hep-ph]].

[26] K. P. Khemchandani, A. Martinez Torres, H. Kaneko, H. Nagahiro and A. Hosaka, Phys. Rev. D 84, 094018 (2011) [arXiv:1107.0574 [nucl-th]].

[27] D. Jido, A. Hosaka, J. C. Nacher, E. Oset, A. Ramos, Phys. Rev. C66, 025203 (2002). [hep-ph/0203248]. [28] T. Yamanishi, Phys. Rev. D 76, 014006 (2007).

[29] K. Nakamura et al. (Particle Data Group), J. Phys. G37, 075021 (2010). [30] Yang, S. N., Kiswandhi, A., Xie, J. -J., [arXiv:1108.1677 [nucl-th]] [31] Kiswandhi, A., Yang, S. N., [arXiv:1108.1657 [nucl-th]] [32] T. Mibe et al. [ LEPS Collaboration ], Phys. Rev. Lett. 95, 182001 (2005). [nucl-ex/0506015]. [33] S. Ozaki, A. Hosaka, H. Nagahiro, O. Scholten, Phys. Rev. C80, 035201 (2009). [arXiv:0905.3028 [hep-ph]].

[34] R. H. Dalitz and S. F. Tuan, Phys. Rev. Lett. 2, 425 (1959).

[35] D. Jido, J. A. Oller, E. Oset, A. Ramos and U. G. Meissner, Nucl. Phys. A 725, 181 (2003) [nucl-th/0303062].

[36] Y. Ikeda, T. Hyodo and W. Weise, Phys. Lett. B 706, 63 (2011) [arXiv:1109.3005 [nucl-th]] [37] T. Hyodo and D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012) [arXiv:1104.4474 [nucl-th]]. [38] S. -i. Nam, J. -H. Park, A. Hosaka, H. -C. Kim, arXiv:0806.4029 [hep-ph].

[39] I. Zychor, V. Koptev, M. Buscher, A. Dzyuba, I. Keshelashvili, V. Kleber, H. R. Koch, S. Krewald et al., Phys. Rev. Lett. 96, 012002 (2006).

[40] J. -J. Wu, S. Dulat, B. S. Zou, Phys. Rev. C81, 045210 (2010); J. -J. Wu, S. Dulat, B. S. Zou, Phys.

Rev. D80, 017503 (2009).