arXiv:hep-ph/0212045 v1 3 Dec 2002

Scalar and Tensor Force Contribution to the Nucleon-Nucleon Interaction Within a Chiral Constituent Quark Model

D. Bartz

Institute of Physics B5, University of Liège, Sart Tilman, B-4000 Liège 1, Belgium

Abstract. The nucleon-nucleon problem is studied as a six-quark system in a nonrelativistic chiral constituent quark model where the Hamiltonian contains a linear confinement and a pseudoscalar meson (Goldstone boson) exchange interaction between the quarks [1, 2]. This hyperfine interaction has a long-range Yukawa-type part, depending on the mass of the exchanged meson and a short-range part, mainly responsible for the good description of the baryon spectra.

The nucleon-nucleon phases shifts are calculated using the resonating group method, convenient for treating the interaction between composite particles. The behavior of the phase shifts for the^3S_1 and^1S_0 channels show the presence of a strong repulsive core.

We show that the introduction of a scalar σ-meson exchange [3] and the tensor force [4] associated to the pseudoscalar meson exchange interaction lead to a satisfactory agreement with the experiencal phase shifts.

INTRODUCTION

The study of the nucleon-nucleon (NN) interaction in the framework of quark models has already some history. Twenty years ago Oka and Yazaki [5] published the first nucleon-nucleon L = 0 phase shifts, calculated within the resonating group method. Those results were obtained from a model based on the one-gluon exchange (OGE) interaction between quarks. Within such models one could explain the short-range repulsion of the NN potential as due to the chromomagnetic spin-spin interaction, combined with quark interchanges between 3q clusters. However, in order to describe the data, long- and medium-range interactions were added at the nucleon level. The challenge was then to describe both the baryon, as a three-quark system, and the NN interaction, as a six-quark problem at the quark level, within the same quark model. Relative successes were obtain as shown in several review papers [6, 7].

Here we use a constituent quark model where the short-range quark-quark interaction is entirely due to pseudoscalar meson exchange, instead of one-gluon exchange. This is the chiral constituent quark model of Ref. [1], parametrized in a nonrelativistic version in Ref. [2]. The origin of this model is thought to lie in the spontaneus breaking of chiral symmetry in quantum chromodynamics (QCD) which implies the existence of Goldstone bosons (pseudoscalar mesons) and constituent quarks with dynamical mass. If a quark-pseudoscalar meson coupling is assumed this generates a pseudoscalar meson exchange between quarks which is spin and flavour dependent. The spin-flavour structure is crucial in reproducing the baryon spectra. In the following this model will be referred to as the Goldstone boson exchange (GBE) model.

It is important to correctly describe both the baryon spectra and the baryon-baryon interaction with the same model. The GBE model gives a good description of the baryon spectra and in particular the correct order of positive and negative parity states, both in nonstrange and strange baryons, in contrast to the OGE model. The pseudoscalar exchange interaction has two parts : a repulsive Yukawa potential tail and an attractive contact interaction. When regularized, the latter generates the short-range part of the quark-quark interaction. This dominates over the Yukawa part in the description of baryon spectra. The present status of this model is presented in Ref. [8]. The whole interaction contains the main ingredients required in the calculation of the NN potential, and it is thus natural to study the NN problem within the GBE model. In addition, the two-meson exchange interaction between constituent quarks reinforces the effect of the flavour-spin part of the one-meson exchange and also provides a contribution of a σ-meson exchange type [9] required to describe the middle-range attraction. Besides the spin-spin term, the pseudoscalar meson exchange gives rise to a tensor term as well. By coupling of the^3S_1 and^3D_1 states, we shall show how this tensor force leads to the necessary attraction in the^3S_1 phase shift.

RESULTS

Here we report on dynamical calculations of the NN interaction obtained in the framework of the GBE model and based on the resonation group method. The chiral interaction parametrization [2] contains the following spin-spin part

V^{SS}_γ (r_{i j} ) = g^2_{γq} 4π 1 12m_im_j { μ^2_γ e^{−μγ ri j} r_{i j} − Λ^2_γ e^{−Λγ ri j} r_{i j} } , (1)

where Λ_γ = Λ_0 + κμ_γ and with γ = π, η, η^′. The parameters are

g^2_{πq} 4π = g^2_{ηq} 4π = 1.24, g^2_{η′q} 4π = 2.7652,

m_{u,d} = 340 MeV, C = 0.77 fm^{−2},

μ_π = 139 MeV, μ_η = 547 MeV, μ_{η′} = 958 MeV,

Λ_0 = 5.82 fm^{−1}, κ = 1.34, V_0 = −112 MeV. (2)

In Ref. [10] we obtained the^3S_1 and^1S_0 phase shifts in single and three coupled channels calculations. We found that the coupling to the ΔΔ and CC (hidden colour) channels change slightly the NN phase shift in the laboratory energy interval 0 - 350 MeV.

The behaviour of the phase shifts explicitly shows that the GBE model can explain the short-range repulsion, as due to both the flavour-spin quark-quark interaction and to the quark interchange between clusters. Moreover, the results indicate that the^3S_1 and^1S_0 phase shifts are quite close to each other when the interaction contains only a spin-spin part.

However, to describe the scattering data and the deuteron properties at the same time, intermediate- and long-range attraction potentials are necesary. In Ref. [3] a σ-meson exchange interaction has been added at the quark level to the six-quark Hamiltonian. This interaction has the form

V_σ = − g^2_{σq} 4π ( e^{−μσ r} r − e^{−Λσ r} r ) , (3)

The following set of the parametres entering this potential has been choosen [11]

g^2_{σq} 4π = g^2_{πq} 4π = 1.24, μ_σ = 0.278 GeV , Λ_σ = 0.337 GeV . (4)

Note that the sigma mass, μ_σ = 2m_π , is consistent with the findings of Ref. [12] in a linear σ-model.

As one can see from Fig. 1, with these values, the theoretical^1S_0 phase shift gets close to the experimental points without altering the good short-range behaviour, and in particular the change of sign of the phase shift at E_{lab} ≈ 260 MeV. Without a scalar meson exchange, the phase shift would be negative everywhere. Thus the addition of a σ-meson exchange interaction alone leads to a good description of the phase shift in a large energy interval. Moreover the influence of the three coupled channels improve slightly the NN phase shift in the low energy domain. One can argue that the still existing discrepancy at low energies could possibly be removed by the coupling of the 5D_0 N-Δ channel. To achieve this coupling, as well as to describe the^3S_1 phase shift, the introduction of the tensor interaction is necessary.

As we have already mentioned, the pseudoscalar interaction potential between the constituent quarks contains both a spin-spin and a tensor part which, in the broken SU_F (3), reads

V_γ (r_{i j}) = V^{SS}_γ (r_{i j})⃗σ_i ·⃗σ_j +V^T_γ (r_{i j})S^T_{i j} (5)

where S^T_{i j} is given by

FIGURE 1. The^1S_0 NN scattering phase shift obtained in the GBE model as a function of E_{lab}. The coupled channel calculations are from Ref. [11]. Experimental data are from Ref. [13].

S^T_{i j} =

3(⃗r_{i j} ·⃗σ_i)(⃗r_{i j} ·⃗σ_j) r^2

−⃗σ_i ·⃗σ_j . (6)

If in the derivation of the tensor potential we use the same form factor as in the spinspin part, we obtain the following form for the tensor part of the pseudoscalar exchange potential

V^T_γ (r_{i j}) = T_1(r_{i j} ) + T_2(r_{i j}) , (7)

where

T_1(r) = G_f g^2_{γq} 4π 1 12m_im_j { μ^2_γ (1 + 3 μ_γ r + 3 μ^2_γ r^2 ) e^{−μγ r} r } , (8)

and the “regularized” part

FIGURE 2. The^3S_1 scattering phase shift with the global factor G_f = 12. The “regularized” part (T_2, see text) of the tensor coulpling is equal to zero. Experimental data are from Ref. [13].

T_2(r) = G_f g^2_{γq} 4π 1 12m_im_j { −Λ^2_γ (1 + 3 Λ_γ r + 3 Λ^2_γ r^2 ) e^{−Λγ r} r } . (9)

A dimensionless global factor G_f has been introduced in order to allow an adjustment of the strength of this interaction such as to be as close as possible to the experiment [11].

Actually preliminary studies were first performed with a tensor interaction as given in Ref. [14]. Keeping the same parametres as in the above reference we found that the tensor force has only a negligible influence on the^3S_1 phase shift. In practice a much stronger tensor force is necessary to account for this phase shift. This is partially linked to the fact that the “regularized” part of (7) decreases the contribution of the main component of the tensor force, namely the T_1 term.

It is then interesting to analyze the contribution of the “regularized” part of (7) as compared to the T_1 term. In Fig. 2 we show the calculated phase shift with the tensor force as defined in Eq. (7) with the global factor G_f = 12 and without the “regularized” part of the tensor force. In this case good agreement is obtained at laboratory energies below 350 MeV by using the complete SU_F (3) broken version of the model. If the T_2 term were introduced in the calculation, the attractive effect of the T_1 term would have been reduced. In this case, a global factor G_f = 33 (see Ref. [15]) would have been necessary to reproduce the experimental data of^3S_1 phase shift.

Naturally the question arises whether or not one can describe the N-spectrum and the NN interaction with the same quark model. The N-spectrum requires only a small tensor force while the NN interaction a large one. It would certainely be useful to search for other parametrizations of the GBE interaction and in particular to study the semirelativistic version of the GBE model before giving a definite answer to this question.

ACKNOWLEDGMENTS

I would like to thank Floarea Stancu who help me to accomplish this research.

REFERENCES

1. L. Ya. Glozman and D. O. Riska, Phys. Rep. 268 263 (1996) 2. L. Ya. Glozman, Z. Papp, W. Plessas, K. Varga and R. F. Wagenbrunn, Nucl. Phys.

A623 90c (1997) 3. D. Bartz and Fl. Stancu, Nucl. Phys. A688 915 (2001) 4. D. Bartz and Fl. Stancu, Nucl. Phys. A699 316c (2002) 5. M. Oka and K. Yazaki, Phys. Lett. 90B 41 (1980); Progr. Theor. Phys 66 556 (1981); ibid 66 572 (1981) 6. M. Oka and K. Yazaki, in Quarks and nuclei, Ed. Weise, World Scientific, Singapore 469 (1984) 7. K. Shimizu, Rep. Prog. Phys 52 1 (1999); K. Shimizu, S. Takeuchi and A. Buchmann, Prog. Theor. Suppl 137 43 (2000) 8. W. Plessas, Nucl. Phys. A699 316c (2002) 9. D. O. Riska and G. E. Brown, Nucl. Phys. A653 251 (1999) 10. D. Bartz and Fl. Stancu, Phys. Rev. C63 034001 (2001) 11. D. Bartz, PhD Thesis, University of Liège, 2002 hep-ph/0205138 12. B. Golli and M. Rosina, Phys. Lett. B393 161 (1997) 13. V. G. J. Stoks, R. A. M. Klomp, M. C. M. Rentmeester and J. J. de Swart, Phys.

Rev. C48 792 (1993); V. G. J. Stoks, R. A. M. Klomp, C. P. F. Terheggen and J. J. de Swart, Phys. Rev. C49 2950 (1994) 14. W. Plessas et al., Proceedings of the Second International Conference on Perspectives in Hadronic Physics, Eds. S. Boffi, C. Ciofi degli Atti, M. Giannini, World Scientific, Singapore, (2000) 15. F. Stancu, Proceedings of XVIII European Conference on Few-Body Systems, Bled (Slovenia) Sept 8-14 2002, Few-Body Systems Suppl. (2003), to be published.