arXiv:0907.4567v2 [nucl-th] 5 Aug 2009

CPC(HEP & NP), 2009, 33(X): 1—7 Chinese Physics C Vol. 33, No. X, Xxx, 2009

Complementary studies on N^∗ from e^+e^−, pp and pp̄ collisions^*

B. S. Zou^{1,2;1)}

1 (Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China) 2 (Theoretical Physics Center for Science Facilities, Chinese Academy of Sciences, Beijing 100049, China)

Abstract Complementary to the conventional experimental studies on N^∗ from πN and γ^{(∗)}N reactions, the e^+e^−, pp and pp̄ collisions can give novel insights into these N^∗ resonances. While the e^+e^− collisions through production and decay of vector charmonium ψ provide a nice isospin filter for a simultaneously study of N^∗, Δ^∗, Λ^∗, Σ^∗ and Ξ^∗, the pp collisions should be the best place for producing those Δ^{∗++} with large coupling to ρ^+p though pp → nΔ^{∗++} reaction, and the pp̄ collisions should be the best place for looking for those N^∗ with large coupling to σN.

Key words N^∗ resonances, e^+e^− collision, pp collision, pp̄ collision

PACS 14.20.Gk, 13.66.Bc, 13.75.Cs

1 Introduction

There are two well-known problems for the classical 3q constituent quark models. The first one is the mass reverse problem for the lowest excited states. In the simple 3q constituent quark model, the lowest spatial excited baryon is expected to be a (uud) N^∗ state with one quark in orbital angular momentum L = 1 state, and hence should have negative parity. Experimentally^{[1]}, the lowest negative parity N^∗ resonance is found to be N^∗(1535), which is heavier than two other spatial excited baryons : Λ^∗(1405) and N^∗(1440). In the classical 3q constituent quark model, the Λ^∗(1405) with spin-parity 1/2^− is supposed to be a (uds) baryon with one quark in orbital angular momentum L = 1 state and about 130 MeV heavier than its N^∗ partner N^∗(1535); the N^∗(1440) with spin-parity 1/2^+ is supposed to be a (uud) state with one quark in radial n = 1 excited state and should be heavier than the L = 1 excited (uud) state N^∗(1535), noting the fact that for a simple harmonic oscillator potential the state energy is (2n + L + 3/2)ℏω. So for these three lowest spatial excited baryons, the classical quark model picture is already failed. The second problem is that in many of its forms it predicts a substantial number of ‘missing N^∗ states’ around 2 GeV/c^2, which have not so far been observed^{[2]}. Since the more number of effective degrees of freedom the more predicted number of excited states, the ‘missing N^∗ states’ problem is argued in favor of the diquark picture which has less degree of freedom and predicts less N^∗ states^{[3]}. For example, in diquark models, the two quarks forming the diquark are constrained to be in the relative Swave, and hence cannot combine the third quark to form (20,1^+_2 )-multiplet baryons. Experimentally, not a single (20,1^+_2 )-multiplet baryon has been identified yet^{[1]}. However, non-observation of these ‘missing N^∗ states’ does not necessarily mean that they do not exist. In the limit that the γ or π couples to one quark in the nucleon in the γN or πN reactions, the (20,1^+_2 )-multiplet baryon cannot be produced^{[4]}. Considering higher order effects, they may have weak coupling to πN and γN, but may be too weak to be observed by presently available πN and γN experiments^{[2, 4]}.

To solve the mass order reverse problem, it seems necessary to go beyond the simple quenched 3q quark models. In fact the spatial excitation energy of a quark in a baryon is already comparable to pull a qq̄ pair from the gluon field. Even for the proton, the well established d̄/ū asymmetry with the number of d̄ more than ū by an amount d̄ − ū ≈ 0.12^{[5]} demands its 5-quark components to be at least 12%.

Received 28 July 2009 ∗ Supported by National Natural Science Foundation of China (10875133,10821063), Chinese Academy of Sciences (KJCX3- SYW-N2) and Ministry of Science and Technology of China (2009CB825200)

1) E-mail: zoubs@ihep.ac.cn © 2009 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd

The 5-quark components can be either in the form of meson cloud, such as n(udd)π^+(ud̄), or in other forms of quark correlation, such as penta-quark configuration [ud][ud]d̄ with [ud]-diquark correlation. In either meson cloud model or penta-quark model, the mass order reverse problem of N^∗(1535) and Λ^∗(1405) can be easily explained. In the meson cloud models^{[6, 7]}, the N^∗(1535) is explained as a KΛ-KΣ quasi-bound state while Λ^∗(1405) is a dynamically generated state of coupled KN-Σπ channels. In the penta-quark models^{[8, 9, 10]}, the N^∗(1535) is mainly a [ud][us]s̄ state while Λ^∗(1405) is mainly a [ud][sq]q̄ state with qq̄ = (uū+dd̄)/ √ 2. These unquenched models give interesting predictions for the SU(3) partners of the Λ^∗(1405) and N^∗(1535). For example, the penta-quark models^{[9]} predict a Σ^∗(1/2^−) resonance with a mass around Σ^∗(1385) − 3/2^+ and a Ξ^∗(1/2^−) around Ξ^∗(1530) − 3/2^+. These predicted states are still ‘missing’ from PDG list^{[1]}. However, possible evidence for their existence in J/ψ decays^{[11]} and K^−p → Λπ^+π^− reaction^{[12]} has recently been pointed out.

To look for these ‘missing’ baryon resonances to establish correct picture for the baryon structure, the scheduled high statistics γp and Kp experiments are necessary. Here we want to show that the e^+e^−, pp and pp̄ collisions could also play unique complementary role and should be explored.

2 N^∗ from e^+e^− → ψ → N̄N^∗

The J/ψ and ψ^′ experiments at BES provide an excellent place for studying excited nucleons and hyperons – N^∗, Λ^∗, Σ^∗ and Ξ^∗ resonances^{[13]}. Comparing with other facilities, the BES baryon program has advantages in at least three obvious aspects:

(1) For the cc̄ → N̄Nπ and N̄Nππ processes, the πN and ππN systems are expected to be dominantly isospin 1/2 due to that the isospin-conserving threegluon annihilation of the constituent c-quarks dominates over the isospin violating decays via intermediate photon for the baryonic final states, while πN and ππN systems from πN and γN experiments are mixture of isospin 1/2 and 3/2 with similar strengths, and hence suffer difficulty on the isospin decomposition;

(2) ψ mesons decay to baryon-antibaryon pairs through three or more gluons. It is a favorable place for producing hybrid (qqqg) baryons, and for looking for some “missing” N^∗ resonances, such as members of possible (20,1^+_2 )-multiplet baryons, which have weak coupling to both πN and γN, but stronger coupling to g^3N;

(3) Not only N^∗, Λ^∗, Σ^∗ baryons, but also Ξ^∗ baryons with two strange quarks can be studied. Many QCD-inspired models^{[2]} are expected to be more reliable for baryons with two strange quarks due to their heavier quark mass. More than thirty Ξ^∗ resonances are predicted where only two such states are well established by experiments. The theory is totally not challenged due to lack of data.

Fig. 1. Data divided by MC phase space vs pπ invariant mass for J/ψ → p̄π^−n̄ (solid circle) and p̄π^+n (open square) from Ref.[14].

A typical example showing the isospin and spin filter effect is given by the study of J/ψ → pn̄π^− +c.c. channel^{[14]}. The data vs pπ invariant mass divided by Monte Carlo phase space including the detection efficiency are shown in Fig. 1. At low pπ invariant mass, the tail from nucleon pole term, expected from theoretical considerations^{[15, 16]}, is clearly seen. There are clearly four peaks around 1360 MeV, 1500 MeV, 1670 MeV and 2065 MeV. Note that the well known first resonance peak (Δ(1232)) in πN and γN scattering data does not show up here due to the isospin filter effect of the J/ψ decays. While the two peaks around 1500 MeV and 1670 MeV correspond to the well known second and third resonance peaks observed in πN and γN scattering data, the two peaks around 1360 MeV and 2065 MeV have never been observed in πN invariant mass spectra before. The one around 1360 MeV should be from N^∗(1440) which has a pole around 1360 MeV^{[1, 17, 18]} and which is usually buried by the strong Δ peak in πN and γN experiments; the other one around 2065 MeV may be due to the long sought “missing” N^∗ resonance(s).

For the decay J/ψ → N̄N^∗(2065), the orbital angular momentum of L = 0 is much preferred due to the suppression of the centrifugal barrier factor for L ≥ 1. For L = 0, the spin-parity of N^∗(2065) is limited to be 1/2+ and 3/2+. This may be the reason that the N^∗(2065) shows up as a peak in J/ψ decays while only much broader structures show up for πN invariant mass spectra above 2 GeV in πN and γN production processes^{[19]} which allow all 1/2±, 3/2±, 5/2± and 7/2± N^∗ resonances around 2.05 GeV to overlap and interfere with each other there. A simple Breit-Wigner fit^{[14]} gives the mass and width for the N^∗(1440) peak as 1358±6±16 MeV and 179±26±50 MeV, consistent perfectly with the PDG pole value for the N^∗(1440), i.e., 1365 ± 15 MeV and 190 ± 30 MeV, respectively. For the new N^∗ peak above 2 GeV the fitted mass and width are 2068 ± 3^{+15}_{−40} MeV and 165±14±40 MeV, respectively. A partial wave analysis indicates that the N^∗(2065) peak contains both spinparity 1/2+ and 3/2+ components^{[14]}. Very recently, a detailed partial wave analysis of the J/ψ → pp̄π^0 channel concludes besides a 1/2^+ N^∗(2100) a 3/2^+ N^∗ around 2040 MeV is needed to fit the data^{[20]}.

The pn̄π^−+c.c. channel has also been studied from ψ^′ decays^{[21]}. The N^∗(1440) becomes the largest signal and there are obvious structures for M_{Nπ} > 2 GeV in the Nπ invariant mass spectra as shown in Fig. 2. But due to low statistics at BESII, no conclusive information can be drawn for the N^∗ resonances with mass above 2 GeV.

Fig. 2. Data divided by efficiency and phase space vs n̄π^− (or nπ^+) invariant mass for ψ^′ → pn̄π^− + c.c. from Ref.[21].

Another very interesting result comes from the study of J/ψ → p̄pη and J/ψ → pK^−Λ̄ + c.c. channels on the N^∗(1535) resonance. In J/ψ → p̄pη, as expected, the N^∗(1535) gives the largest contribution^{[22]}. In J/ψ → pK^−Λ̄ + c.c., a strong nearthreshold enhancement is observed for KΛ invariant mass spectrum^{[23]} as duplicated in Fig. 3. The KΛ threshold is 1609 MeV. The near-threshold enhancement is confirmed by J/ψ → nK_SΛ̄ + c.c.^{[24]}. Since the mass spectrum divided by efficiency and phase space peaks at threshold, it is natural to assume it comes from the sub-threshold nearby N^∗(1535) resonance. Then from BES measured branching ratios of J/ψ → p̄pη^{[22]} and ψ → pK^−Λ̄ + c.c.^{[23]}, the ratio between effective coupling constants of N^∗(1535) to KΛ and Nη is deduced to be around 1^{[25]}. Recently, by treating the peak as dynamically generated with unitary chiral theory, then the peak is a coherent effect of N^∗(1535) pole and background, and the ratio between effective coupling constants of N^∗(1535) to KΛ and Nη is deduced to be around 0.6^{[26]}.

With previous known value of g_N ∗_{(1535)Nη} , the obtained new value of g_N ∗_{(1535)KΛ} is shown to reproduce recent pp → pK^+Λ near-threshold cross section data^{[27]} as well. There are also indications for the large g_N ∗_{(1535)KΛ} from partial wave analysis of γp → KΛ reactions^{[28]}, the large g_N ∗_{(1535)Nη}′ coupling from γp → pη^′ reaction at CLAS^{[29]} and from pp → ppη^′ reaction^{[30]}, and large g_N ∗_{(1535)Nϕ} cou- pling from π^−p → nϕ, pp → ppϕ and pn → dϕ reac- tions^{[31, 32]}, but smaller coupling of g_N ∗_{(1535)KΣ} from comparison of pp → pK^+Λ to pp → pK^+Σ^{0 [33]}.

Fig. 3. Invariant mass spectrum divided by efficiency and phase space vs MKΛ −MK −MΛ for J/ψ → pK^−Λ̄ + c.c. from Ref.[23].

The observed decay pattern of the N^∗(1535) supports the picture that there is a large mixture of the |[ud][us]s̄ > pentaquark component in the N^∗(1535). It not only gives a natural explanation of the mass reverse problem of the lowest excited states but also explains naturally its large couplings to the Nη, Nη^′ and KΛ meanwhile small couplings to the Nπ and

KΣ. In the decay of the |[ud][us]s̄ > pentaquark component, the [ud] diquark with isospin I = 0 is stable and keeps unchanged while the [us] diquark is broken to combine with the s̄ to form either K^+(us̄)Λ([ud]s) or η(ss̄)p([ud]u). If this picture of large 5-quark mixture is correct, there should also exist the SU(3) nonet partners of the N^∗(1535) and Λ^∗(1405), i.e., an additional Λ^∗ 1/2^− around 1570 MeV, a triplet Σ^∗ 1/2^− around 1360 MeV and a doublet Ξ^∗ 1/2^− around 1520 MeV^{[9]}. There is no hint for these baryon resonances in the PDG tables^{[1]}. However, as pointed out in Ref.^{[11]}, there is in fact evidence for all of them in the data of J/ψ decays. According to PDG^{[1]}, the branching ratios for J/ψ → Σ̄^−Σ^∗(1385)^+ and J/ψ → Ξ̄+Ξ∗(1530)− are (3.1±0.5)×10−4 and (5.9±1.5)×10−4, respectively. These two processes are SU(3) breaking decays since Σ and Ξ belong to SU(3) 1/2^+ octet while Σ^∗(1385) and Ξ^∗(1530) belong to SU(3) 3/2^+ decuplet. Comparing with the similar SU(3) breaking decay J/ψ → p̄Δ^+ with branching ratio of less than 1×10^{−4} and the SU(3) conserved decay J/ψ → p̄N^∗(1535)^+ with branching ratio of (10 ± 3) × 10^{−4}, the branching ratios for J/ψ → Σ̄^−Σ^∗(1385)^+ and J/ψ → Ξ̄^+Ξ^∗(1530)^− are puzzling too high. A possible explanation for this puzzling phenomena is that there were substantial components of 1/2^− under the 3/2^+ peaks but the two branching ratios were obtained by assuming pure 3/2^+ contribution. In fact, a recent re-examination of some old data of the K^−p → Λπ^+π^− reaction reveals that besides the well established Σ^∗(1385) with J^P = 3/2^+, there is indeed some evidence for the possible existence of a new Σ^∗ resonance with J^P = 1/2^− around the same mass but with broader decay width. This possibility could also be easily checked with the high statistics BESIII data in near future.

With 10^9 ψ^′(3686) and 10^{10} J/ψ events at BESIII, the N^∗, Δ^∗, Λ^∗, Σ^∗ and Ξ^∗ can be well explored for masses up to 2740 MeV, 2450 MeV, 2570 MeV, 2490 MeV and 2360 MeV, respectively. Not only J/ψ and ψ^′ but also χ_{cJ} can have enough statistics for studying these baryon resonances. Because the χ_{cJ} cannot decay to hadrons through one virtual photon as vector charmonia do, the χ_{cJ} decays provide an even better isospin filter for studying baryon resonances.

3 N^∗ from pp → NN^∗

The proton beams at COSY/Juelich and CSR/Lanzhou can provide pp collisions with centerof-mass (CM) energies up to 3 GeV. The pp → NN^∗ reaction can provide another useful source of information on N^∗ resonances. Many results from baryonic channels in charmonium decays can be crosschecked by corresponding channels from pp collisions. For example, comparing J/ψ → p̄K^+Λ with pp → pK^+Λ, they share the same K^+Λ resonances and the same t-channel exchange interaction for p̄Λ and pΛ. The large N^∗(1535)ΛK coupling observed in J/ψ → p̄K^+Λ should also have some reflection in pp → pK^+Λ, for which some very precise nearthreshold data are now available from COSY experiments^{[27, 34]}. Indeed a theoretical prediction without including the N^∗(1535) contribution^{[35]} is obviously underestimating the near-threshold data of COSY as shown by the dotted line in Fig. 4. After adding the contribution from the N^∗(1535) with its coupling to KΛ determined from J/ψ decays^{[25]}, the data can be reproduced perfectly as shown by the solid line in Fig. 4. While the pΛ final state interaction (FSI) is pointed out to play important role to reproduce the cross section data^{[36]}, the Dalitz plot data^{[27]} clearly show that both pΛ FSI and N^∗(1535) contribution are important.

Fig. 4. The cross section of the reaction pp → pK^+Λ as a function of the excess energy without (dotted line) and with (solid line) including the contribution from N^∗(1535) compared with data. From Ref.[25].

The N^∗(1440) peak in the nπ^+ invariant mass spectrum observed in the J/ψ → p̄nπ^+ reaction^{[14]} is also observed in the corresponding pp → pnπ^+ reaction by the CELSIUS-WASA Collaboration^{[37]}. It is found that the t-channel σ-meson exchange plays dominant role for the production of the N^∗(1440) resonance^{[38]}. This suggests that the pp → NN^∗ reaction is a good place for looking for those “missing” N^∗ with large coupling to Nσ. The pp → pnπ^+ reaction at higher energies should be explored at COSY and CSR.

Recently, the CELSIUS-WASA Collaboration observed an s-channel resonance-like structure around 2.36 GeV in the pn → dπ^0π^0 reaction^{[39]}. It is just around NN^∗(1440) threshold. Note that the N^∗(1440) has the same quantum number of nucleon and has a large coupling to Nσ. It is likely to form a NN^∗(1440) quasibound state by t-channel σ and other meson exchanges as deuteron as a bound state of pn. Then the NN^∗(1440) quasibound state decays in to dσ due to the large N^∗(1440)Nσ coupling.

Besides the complementary study on the isospin 1/2 N^∗ resonances, the pp collisions can also provide a new excellent source for studying their isospin 3/2 partners, i.e., Δ^{++∗} resonances. The spectrum of isospin 3/2 Δ^{++∗} resonances is of special interest since it is the most experimentally accessible system composed of 3 identical valence quarks. However, our knowledge on these resonances mainly comes from old πN experiments and is still very poor^{[1]}. A recent study^{[40]} on pp → nK^+Σ^+ reaction suggests that the reaction is an excellent place for looking for those “missing” Δ^{++∗} with large coupling to pρ^+.

Fig. 5. Total cross section vs kinetic energy of proton beam for the pp → nK^+Σ^+ reaction: data [41,42] and calculation (solid curve for sum of other curves) [40].

At present, little is known about the pp → nK^+Σ^+ reaction. Experimentally there are only a few data points about its total cross section versus energy^{[41, 42]}. Theoretically a resonance model with an effective intermediate Δ^{++∗}(1920) resonance^{[43]} and the Jülich meson exchange model^{[44]} reproduce the old data at higher beam energies^{[41]} quite well, but their predictions for the cross sections close to threshold fail by order of magnitude compared with a recent COSY-11 measurement^{[42]}. Recently this reaction was restudied^{[40]}. With an effective Lagrangian approach, contributions from a previous ignored sub-K^+Σ^+-threshold resonance Δ^{++∗}(1620)1/2^− are fully included in addition to those already considered in previous calculations. It is found that the Δ^{++∗}(1620) resonance gives an overwhelmingly dominant contribution for energies very close to threshold, with a very important contribution from the tchannel ρ exchange as shown in Fig. 5. This may solve the problem that all previous calculations seriously underestimate the near-threshold cross section by order(s) of magnitude.

A important implication of this study is that the pp → nΔ^{++∗} may provide a good source for exploring ρ^+p → Δ^{++∗} and should be further studied at COSY and CSR.

A more recent measurement of the pp → nK^+Σ^+ reaction near its threshold by ANKE collaboration^{[45]} gives a much smaller cross section than those by COSY-11. This would mean much smaller Δ^{++∗}(1620) contribution and nΣ^+ FSI. Since both detectors are not 4π solid angle detectors, there is model dependence to deduce the total cross section from a fraction of 4π solid angle measurement. A good Dalitz plot measurement with a good 4π solid angle detector would be very helpful to settle down the contradiction.

4 N^∗ from p̄p → N̄N^∗

The antiproton beam at PANDA/FAIR is going to perform p̄p collision experiment with beam momenta ranging from 1.5 to 15 GeV. The p̄p collisions could provide a much richer source for the production of baryon resonances than e^+e^− collisions. All the final states of e^+e^− collisions and much more other states are accessible by p̄p collisions. A large portion of p̄p final states contain baryons and should not be wasted at PANDA/FAIR.

Recently, a proposal is made to study N^∗ resonances with p̄p → p̄nπ^+ reaction^{[46]}. Due to absence of the Δ^{++} production for this reaction, the contribution of the Δ excitation is much smaller than in the corresponding pp → pnπ^+ reaction. It is found that for the beam momenta around 1.5 ∼ 3 GeV, the contribution of the Roper resonance N^∗(1440) produced by the t-channel σ exchange dominates over other contributions due to its known large coupling to Nσ^{[1, 47]}, as shown by the predicted nπ^+ invariant mass spectrum for the reaction at T_{p̄} = 2.88 GeV in Fig.6. This will provide the cleanest place for studying the properties of the Roper resonance and the best place for looking for other “missing” N^∗ resonances with large coupling to Nσ.

Fig. 6. Predicted nπ^+ invariant mass spectrum (solid curve) for the p̄p → p̄nπ^+ reaction at Tp̄ = 2.88 GeV, compared with phase space distribution (dashed curve) [46].

Another interesting possibility is that the poorly known Ω^∗ resonances may be produced and studied by PANDA/FAIR experiment while they cannot be studied from charmonium decays due to limited energy.

5 Summary and prospects

In summary, complementary to the conventional experimental studies on N^∗ from πN and γ^{(∗)}N reactions, the e^+e^−, pp and pp̄ collisions can give novel insights into these N^∗ resonances.

The e^+e^− collisions through production and decay of charmonia ψ and χ_{cJ} provide a nice isospin filter for a simultaneously study of N^∗, Δ^∗, Λ^∗, Σ^∗ and Ξ^∗. With 10^9 ψ^′(3686) and 10^{10} J/ψ events at BESIII, the N^∗, Δ^∗, Λ^∗, Σ^∗ and Ξ^∗ can be well explored for masses up to 2740 MeV, 2450 MeV, 2570 MeV, 2490 MeV and 2360 MeV, respectively. Many new baryon resonances should be observed.

The pp collisions should be the best place for producing those Δ^{∗++} with large coupling to ρ^+p though pp → nΔ^{∗++} reaction. It is also a nice place for studying the N^∗ resonances with large coupling to Nσ. The COSY/Jülich is short of a good 4π solid angle detector for both charged and neutral particles for a comprehensive study of the baryon spectrum. The study of this aspect should be continued at Lanzhou CSR with the schedule 4π solid angle detector HPLUS for both charged and neutral particles^{[48]}.

The pp̄ collisions should be the best place for looking for those N^∗ with large coupling to σN and for the study of the poorly known Ω^∗ resonances. A large portion of p̄p final states contain baryons and should not be wasted at the forthcoming PANDA/FAIR experiment with the antiproton beam. Instead PANDA should play important role on baryon spectroscopy.

With e^+e^− experiment at BESIII/BEPCII, pp experiment at HPLUS/Lanzhou, p̄p experiment at PANDA/FAIR joining the force of γ^{(∗)} experiments at CEBAF/JLAB, ELSA, Spring-8, and K beam experiment at JPARC for the study of baryon spectrum, a new era of baryon spectrum study is foreseeing to come.

I would like to thank Bo-chao Liu, Ju-jun Xie, Jia-jun Wu, Huan-ching Chiang, Peng-nian Shen, Jian-xiong Wang, Zhen Ouyang, Xu Cao, Hu-shan Xu and my BES collaborators for collaboration on relevant issues presented here.

References

1 Amsler C et al. [Particle Data Group], Phys. Lett. B, 2008, 667: 1—1340.

2 Capstick S, Robert W. Prog. Part. Nucl. Phys., 2000, 45:

S241, and references therein.

3 K.F.Liu and C.W.Wong, Phys. Rev. D28 (1983) 170;

M.Anselmino et al., Rev. Mod. Phys. 65, 1199 (1993). 4 Q.Zhao and F.E.Close, Phys. Rev. D74, 094014 (2006). 5 G.T.Garvey, J.C.Peng, Prog. Part. Nucl. Phys. 47, (2001) 203, and references therein.

6 N. Kaiser, P. B. Siegel and W. Weise, Phys. Lett. B 362, 23 (1995) [arXiv:nucl-th/9507036].

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

8 C. Helminen and D. O. Riska, Nucl. Phys. A 699, 624 (2002) [arXiv:nucl-th/0011071].

9 A. Zhang, Y. R. Liu, P. Z. Huang, W. Z. Deng, X. L. Chen and S. L. Zhu, High Energy Phys. Nucl. Phys. 29, 250 (2005) [arXiv:hep-ph/0403210].

10 B. S. Zou, Eur. Phys. J. A 35, 325 (2008) [arXiv:0711.4860 [nucl-th]].

11 B. S. Zou, Int. J. Mod. Phys. A 21, 5552 (2006). 12 Wu J J, Dulat S, Zou B S. Phys. Rev. D80, 017503 (2009). 13 B.S.Zou, Nucl. Phys. A684, 330 (2001); Nucl. Phys. A675, 167 (2000).

14 BES Collaboration, Phys. Rev. Lett. 97 (2006) 062001. 15 R. Sinha and S. Okubo, Phys. Rev. D30 (1984) 2333. 16 W.H.Liang, P.N.Shen, B.S.Zou and A.Faessler, Euro. Phys.

J. A21 (2004) 487.

17 R.A. Arndt et al., Phys. Rev. C69, 035213 (2004);

M.Manley, talk at NSTAR2004, Grenoble, March 2004. 18 T.P.Vrana, S.A.Dytman and T.S.H.Lee, Phys. Rep. 328 (2000) 181.

19 L.Y.Zhu et al., Phys. Rev. Lett 91 (2003) 022003. 20 BES Collaboration, arXiv:0905.1562 [hep-ex]. 21 BES Collaboration, Phys. Rev. D74 (2006) 012004. 22 J.Z.Bai et al.,(BES Collaboration), Phys. Lett. B510, (2001) 75.

23 H.X.Yang et al., (BES Collaboration), Int. J. Mod. Phys.

A20, (2005) 1985.

24 M.Ablikim et al., Phys. Lett. B659:789-795,2008. 25 B. C. Liu and B. S. Zou, Phys. Rev. Lett. 96, (2006) 042002;

Phys. Rev. Lett. 98, (2007) 039102.

26 L.S.Geng, E.Oset, B.S. Zou, M.Doring, Phys. Rev. C79 (2009) 025203.

27 S. Abdel-Samad et al., Phys. Lett. B632, (2006) 27. 28 B. Julia-Diaz et al., Phys. Rev. C73, (2006) 055204; V.

Shklyar, H. Lenske, U. Mosel, Phys. Rev. C72, (2005) 015210.

29 M.Dugger et al., Phys. Rev. Lett. 96, (2006) 062001. 30 Cao X, Lee X G, Phys. Rev. C78:035207,2008 31 J. J. Xie, B. S. Zou, H. C. Chiang, Phys.Rev.C77:015206,2008. 32 Cao X et al., arXiv:0905.0260 [nucl-th]. 33 A.Sibirtsev et al., Eur. Phys. J. A29, (2006) 363. 34 P.Kowina et al., Eur. Phys. J. A22, 293 (2004).

35 K.Tsushima , A.Sibirtsev, A.W.Thomas, Phys. Rev. C59, 369 (1999).

36 A.Sibirtsev et al., Phys. Rev. Lett. 98 (2007) 039101. 37 H. Clement et al., arXiv:nucl-ex/0612015.

38 Z. Ouyang, J. J. Xie, B. S. Zou and H. S. Xu, Nucl. Phys.

A 821, 220 (2009); Int. J. Mod. Phys. E 18, 281 (2009). 39 M. Bashkanov et al., Phys. Rev. Lett. 102, 052301 (2009) 40 J. J. Xie and B. S. Zou, Phys. Lett. B649, (2007) 405. 41 A. Baldini et al., Landolt-Börnstein, Numerical Data and Functional Relationships in Science and Technology, vol.12, ed. by H. Schopper, Springer-Verlag (1988), Total Cross Sections of High Energy Particles.

42 T. Rożek et al., Phys. Lett. B643, (2006) 251. 43 K. Tsushima, A. Sibirtsev, A. W. Thomas and G. Q. Li, Phys. Rev. C59, (1999) 369; Erratum-ibid. C61, (2000) 029903; A. Sibirtsev, K. Tsushima, W. Cassing and A. W. Thomas, Nucl. Phys. A646, (1999) 427.

44 A. M. Gasparian et al., Phys. Lett. B480, (2000) 273; Nucl.

Phys. A684, (2001) 397.

45 Yu. Valdau et al., Phys. Lett. B 652, 245 (2007). 46 J. J. Wu, Z. Ouyang and B. S. Zou, arXiv:0902.2295 [hepph].

47 S. Hirenzaki, P. Fernandez de Cordoba and E. Oset, Phys.

Rev. C 53 (1996) 277.

48 Hushan Xu, Int. J. Mod. Phys. E 18, 335 (2009).