arXiv:1107.3931v1 [hep-ph] 20 Jul 2011

Charge radii of octet and decuplet baryons

Neetika Sharma and Harleen Dahiya

Department of Physics, Dr. B.R. Ambedkar National Institute of Technology, Jalandhar, Punjab-144 011, India

Abstract. The charge radii of the octet and decuplet baryons have been calculated in the framework of chiral constituent quark model (χCQM) using a general parameterization (GP) method. Our results are comparable with the latest experimental studies as well as with other phenomenological models. The effects of SU(3) symmetry breaking and GP parameters pertaining to the one-, twoand three-quark contributions have also been investigated in detail.

Keywords: Chiral constituent quark model, electromagnetic form factors PACS: 12.39.Fe, 13.40.Gp, 14.20.-c

The internal structure of baryons is determined in terms of electromagnetic Dirac and Pauli from factors F_1(Q^2) and F_2(Q^2) or equivalently in terms of the electric and magnetic Sachs form factors G_E (Q^2) and G_M(Q^2) [1]. The electromagnetic form factors are further related to the static low energy observables of charge radii and magnetic moments. Although Quantum Chromodynamics (QCD) is accepted as the fundamental theory of strong interactions, the direct prediction of these kind of observables from the first principle still remains a theoretical challenge as they lie in the nonperturbative regime of QCD.

The mean square charge radius (r^2_B), giving the possible “size” of baryon, has been investigated theoretically in various models such as Skyrme model [2], 1/N_c expansion [3], chiral perturbation theory [4], lattice QCD [5] etc. The results for different theoretical models are however not consistent with each other. Several measurements have been also made for the charge radii of p, n, and strange baryon Σ^− [6, 7].

The chiral constituent quark model (χCQM) [8] coupled with the “quark sea” generation through the chiral fluctuation of a constituent quark into Goldstone bosons (GBs) [9, 10], finds applications in the low energy regime. Since this model successfully explains many of the low energy hadronic matrix elements [11, 12, 13, 14], it therefore become desirable to extend it to calculate the charge radii of the octet and decuplet baryons using a general parametrization method (GP) [15].

The most general form of charge radii operator consisting of the sum of one-, two-, and three-quark terms with coefficients A, B, and C is expressed as

^r2 = A^3∑ i=1 e_i1 + B 3 ∑_{i≠ j}^ei^σ i^{· σ} j^{+ C 3}∑_{i≠ j≠k}^ei^σ j^{· σ} k^{. (1)}

Solving the charge radii operators for the spin^1_2^+ and spin^3_2^+ baryons, we obtain

^r2_B = (A − 3B)∑ i e_i + 3(B − C)∑ i e_iσ_{iz} , (2)

^r2_{B∗} = (A − 3B + 6C)∑ i e_i + 5(B − C)∑ i e_iσ_{iz} . (3)

The charge radii squared r^2_{B(B∗)} for the octet (decuplet) baryons can now be calculated by evaluating matrix elements corresponding to the operators in Eqs. (2) and (3) and are given as r^2_B = ⟨B| ^r^2_B|B⟩,r^2_B∗ = ⟨B^∗|^r^2_B∗ |B^∗⟩, where |B⟩ and |B^∗⟩ respectively denote the SU(6) spin-flavor wavefunctions for the spin^1_2^+ octet and the spin^3_2^+ decuplet baryons. Using the SU(6) spin-flavor wavefunctions of the octet and decuplet baryons in Eqs. (2) and (3) as well as the χCQM parameters, a, aα^2, aβ^2, and aζ^2 representing the probabilities of fluctuations to pions, K, η, and η^′ , respectively, the charge radii of other octet and decuplet baryons can be calculated. The results have been presented in Table 1. To understand the implications of chiral symmetry breaking and “quark sea”, we have also presented the results of NQM including the one-, two-, and three-quark contributions of the GP parameters. If we consider the contribution coming from onequark term only, the charge radii of the charged baryons are equal whereas all neutral baryons have zero charge radii in NQM. These predictions are modified on the inclusion of two- and three- quark terms of GP method in NQM and are further modified on the inclusion of “quark sea” and SU(3) symmetry breaking effects. Thus, it seems that the GP parameters alone are able to explain the experimentally observed non-zero charge radii of the neutral baryons. However, NQM being unable to account for the “proton spin problem” and other related quantities, the results have been presented for χCQM.

The importance of strange quark mass has been investigated by comparing the χCQM results with and without SU(3) symmetry breaking. The SU(3) symmetry results can be easily derived by considering α = β = 1 and ζ = −1. The SU(3) breaking results are in general higher in magnitude than the SU(3) symmetric results. The SU(3) symmetry breaking corrections are of the order of 5% for the case of p, Σ^+, Σ^−, and Ξ^− baryons whereas this contribution is more than 20% for the neutral octet baryons. We have also compared our results with the other phenomenological models and our results are in fair agreement in sign and magnitude with the other model predictions. Since experimental information is not available for some of these charge radii, the accuracy of these relations can be tested by the future experiments.

The decuplet baryon charge radii, presented in Table 1, the inclusion of SU(3) symmetry breaking increases the predictions of charge radii as in case of octet baryons. Again, the sign and magnitude of the decuplet baryon charge radii in χCQM are in fair agreement with the other phenomenological models with the exception for neutral baryons. One of the important predictions in χCQM is a non-zero Δ^0 charge radii which vanishes in NQM as well as in some other models. The contribution of the three-quark term in the case of decuplet baryons is exactly opposite to that for the octet baryons. Unlike the octet baryon case, the inclusion of the three-quark term increases the value of the baryon charge radii.

The χCQM using a GP method is able to provide a fairly good description of the charge radii of the octet and decuplet baryons. The most significant prediction of the model is the non-zero value pertaining to the charge radii of the neutral baryons. The SU(3) symmetry breaking parameters pertaining to the strangeness contribution and the

GP parameters pertaining to the one-, two- and three-quark contributions are the key in understanding the octet and decuplet baryon charge radii. New experiments aimed at measuring the charge radii of the other baryons are needed for a profound understanding of the hadron structure in the nonperturbative regime of QCD. Thus at the leading order constituent quarks and the weakly interacting Goldstone bosons constitute the appropriate degrees of freedom in the nonperturbative regime of QCD.

ACKNOWLEDGMENTS

N.S. would like to thank CSIR and the organizers of Baryons’10 for financial support. This work is a part of DAE-BRNS project (Grant No. 2010/37P/48/BRNS/1445).

REFERENCES

1. R.G. Sachs, Phys. Rev. 126, 2256 (1962).

2. C. Gobbi, S. Boffi, and D.O. Riska, Nucl. Phys. A 547, 633 (1992).

3. A.J. Buchmann and R.F. Lebed, Phys. Rev. D 62, 096005 (2000); 67, 016002 (2003); A.J. Buchmann, AIP Conf. Proc. 904, 110 (2007).

4. S. Cheedket et al., Eur. Phys. J. A 20, 317 (2004); S.J. Puglia et al., Phys. Rev. D 63, 034014 (2001). D.

Arndt and B.C. Tiburzi, Phys. Rev. D 68, 094501 (2003); L.S. Geng, J.M. Camalich, and M.J.V. Vacas, Phys. Rev. D 80, 034027 (2009).

5. P. Wang et al., Phys. Rev. D 79, 094001 (2009); S. Boinepalli et al., Phys. Rev. D 80, 054505 (2009). 6. K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010). 7. I. Eschrich et al. (SELEX Collaboration), Phys. Lett. B 522, 233 (2001).

8. S. Weinberg, Physica A 96, 327(1979); A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984). 9. T.P. Cheng and L.F. Li, Phys. Rev. D 57, 344 (1998); X. Song, Phys. Rev. D 57, 4114 (1998); J. Linde, T. Ohlsson, and H. Snellman, Phys. Rev. D 57, 452 (1998); 57, 5916 (1998).

10. H. Dahiya and M. Gupta, Phys. Rev. D 64, 014013 (2001); Int. J. Mod. Phys. A 19, 5027 (2004); 21, 4255 (2006).

11. H. Dahiya and M. Gupta, Phys. Rev. D 66, 051501(R) (2002); 67, 114015 (2003); 67, 074001 (2003). 12. H. Dahiya and M. Gupta, Eur. Phys. J. C 52, 571 (2007); Phys. Rev. D 78, 014001 (2008); N. Sharma and H. Dahiya, Phys. Rev. D 81, 114003 (2010).

13. N. Sharma et al., Phys. Rev. D 79, 077503 (2009); N. Sharma et al., Eur. Phys. J. A 44, 125 (2010). 14. H. Dahiya and M. Gupta, Phys. Rev. D 67, 074001 (2003); N. Sharma et al., 81, 073001 (2010). 15. G. Morpurgo, Phys. Rev. D 40, 2997 (1989); 41, 2865 (1990); G. Dillon and G. Morpurgo, Phys. Rev.

D 53, 3754 (1996); 68, 014001 (2003); 75, 073007 (2007).

TABLE 1. Charge radii of octet and decuplet baryons in χCQM (in units of fm^2).

Charge NQM χCQM_{config} Charge NQM χCQM radii with SU(3) | with SU(3) radii with SU(3) | with SU(3) symmetry symmetry breaking symmetry symmetry breaking A = 0.879 A = 0.879 A = 0.879 A = 0.879 B = 0.094 B = 0.094 B = 0.094 B = 0.094 C = 0.0 C = 0.016 C = 0.0 C = 0.016

r^2_Δ++ 1.084 0.938 0.961 0.996 r^2_p 0.813 0.732 0.801 0.766 r^2_Δ+ 1.084 0.938 0.946 0.983 (r_p= 0.877± 0.007 [6]) r^2_n −0.138 −0.087 −0.140 −0.116 r^2_Δ0 0.0 0.0 −0.030 −0.025 (−0.1161 ± 0.0022 [6]) r^2_Δ− 1.084 0.938 1.006 1.033 r^2_{Σ+} 0.813 0.732 0.802 0.767 r^2_Σ∗+ 1.084 0.938 0.940 0.978 r^2_{Σ−} 0.675 0.646 0.678 0.664 r^2_Σ∗− 1.084 0.938 1.013 1.038 (0.61 ±0.21 [7]) r^2_{Σ0} 0.069 0.043 0.062 0.052 r^2_Σ∗0 0.0 0.0 −0.036 −0.030 r^2_{Ξ0} −0.138 −0.087 −0.145 −0.120 r^2_Ξ∗0 0.0 0.0 −0.043 −0.035 r^2_{Ξ−} 0.675 0.646 0.683 0.669 r^2_Ξ∗− 1.084 0.938 1.019 1.043 r^2_Λ −0.069 −0.042 −0.076 −0.063 r^2_Ω− 0.390 0.245 0.429 0.355