arXiv:hep-ph/0111399 v1 29 Nov 2001

Excitation of non-quark degrees of freedom in N*^∗

B. Golli^{a†}, P. Alberto^b and M. Fiolhais^b

aFaculty of Education, University of Ljubljana, and J. Stefan Institute, Ljubljana, Slovenia

bDepartment of Physics and Centre for Computational Physics, University of Coimbra, P-3004-516 Coimbra, Portugal

Abstract We study the contribution of glueball and σ-meson degrees of freedom to nucleon excited states in the framework of a chiral version of the chromodielectric model. We have found that these degrees of freedom considerably lower the energy of the Roper and may substantially weaken the electroexcitation amplitudes for the N(1440) and in particular for the N(1710).

Among the excited states of the nucleon the Roper resonance, N(1440), plays a rather special role since, due to its relatively low excitation energy, a simple picture in which one quark populates the 2s level does not work here. The relatively low energy of the N* has been explained by

• the residual interaction originating from chiral mesons exchange [1],

• allowing the confining potential to vibrate (e.g. in the MIT bag model [2], or in models with dynamically generated confinement, [3]),

• describing the N* as a pure sigma meson excitation rather than the excitation of the quark core [4],

• explicit excitations of glue-field [5].

We present a simple model, the chromodielectric model (CDM), which is particularly suitable to describe the interplay of glueball and meson excitations together with quark radial excitations. The model includes a chromodielectric field χ which assures quark dynamical confinement, and the chiral fields, σ and π. The Lagrangian takes the form [6]:

L = iψ̄γ^μ∂_μψ + g χ ψ̄(σ̂ + i⃗τ · ^⃗πγ_5)ψ + L_{σ,π} + L_χ , (1)

where

L_χ =^1_2 ∂_μχ̂ ∂^μχ̂ − 1 2 M^2 χ̂^2 ,

L_{σ,π} =^1_2 ∂_μσ̂∂^μσ̂ +^1_2 ∂_μ ^⃗π · ∂^μ ^⃗π − U(^⃗π^2 + σ̂^2) , (2)

∗Talk delivered by B. Golli at the workshop on Few body problems in hadronic and atomic physics at Bled, Slovenia, July 7–14, 2001.

†E-mail: Bojan.Golli@ijs.si

and U is the usual Mexican hat potential. The model parameters g = 0.03 GeV and M = 1.4 GeV are chosen to reproduce best the ground state properties [7]; for m_σ we have taken 0.6 GeV < m_σ < 1.2 GeV.

The Roper resonance is described as a cluster of three quarks in radial-orbital configuration (1s)^2 (2s)^1, surrounded by pion and σ-meson clouds and by a chromodielectric field. The fields oscillate together with quarks. The ansätze for the nucleon |N⟩ and the Roper |R^′⟩ are assumed in the form of coherent states [8] on top of (1s)^3 and (1s)^2 (2s)^1 configurations, respectively, projected onto subspace with good angular momentum and isospin. Different profiles are assumed for the Roper and the nucleon, and the boson fields are allowed to adapt to the quark configuration. The ‘potential’ breathes together with the quarks as illustrated in Fig. 1. The proper orthogonalization of both states is ensured by writing: |R⟩ = 1 √ 1 − c^2 (|R^′⟩ − c|N⟩) , c = ⟨N|R^′⟩ . (3)

Figure 1: The baryon densities (solid lines) and the effective potentials (dashed lines) generated by the self-consistently determined π, σ and χ fields in the nucleon and the Roper.

We investigate here another possible type of excitation in which the quarks remain in the ground state configuration (1s)^3 while the chromodielectric field and the σ-field oscillate. Such oscillations can be described by expanding the boson fields as small oscillations around their ground state values. For the σ-field we write: σ̂(⃗r) = ∑ n 1 √ 2ε_n φ_n(r) 1 √ 4π [ ã_n + ã^†_n ] + σ(r) , where φ_n and ε_n satisfy the Klein-Gordon equation ( −∇^2 + m^2 + d^2V (σ(r))

dσ(r)^2 ) φ_n(r) = ε^2_nφ_n(r) . (4)

A simple ansatz for the annihilation (creation) operator of the n-th mode is given by

ã_n = ∫ dk φ̃_n(k) ( ã(k) − √ 2πω_σ(k) η(k) ) , ã_n|N⟩ = 0 , (5) where η(k) and φ̃_n(k) are the Fourier transforms of σ(r) and φ_n(r), respectively, and ω_σ (k) = k^2 + m^2_σ . The effective potential in (4) is V_{σσ}(r) = d^2V (σ(r)) dσ(r)^2 = λ [ C_2ϕ(r)^2 + 3σ(r)(σ(r) + 2σ_v) ] , (6) where σ is the fluctuating part of the full field and C_2 is a projection coefficient slightly smaller than unity. Similar expressions hold for the χ field with the effective potential V_{χχ}(r) = d^2V (χ(r))

dχ(r)^2 = − 3 2π g χ(r)^3 [ (σ(r) + σ_v)(u(r)^2 − v(r)^2) + 2ϕ(r)u(r)v(r) ] . (7)

The effective potential turns out to be repulsive for the χ-field and attractive for the σfield; in the latter case there exists at least one bound state with the energy ε_1 of typically 100 MeV below the σ-meson mass.

The ansatz for the Roper can now be simply extended as

|R^∗⟩ = c_1|R⟩ + c_2ã^†_σ|N⟩ , (8)

where ã^†_σ is the creation operator for the lowest vibrational mode. The coefficients c_i and the energy are determined by solving the generalized eigenvalue problem in the 2 × 2 subspace. The solution with the lowest energy corresponds to the Roper, while the orthogonal combination to one of the higher excited states with nucleon quantum numbers, e.g., the N(1710), provided the σ-meson mass is sufficiently small. The energy of the Roper is reduced (see Table 1), though the effect is small due to weak coupling between the state (3) and the lowest vibrational state with the energy ε_1. The reduction becomes more important if the mass of the σ-meson is decreased. The energy of the combination orthogonal to the ground state is close to E_N + ε_1 with σ-meson vibrational mode as the dominant component.

m_σ E_N 2s–1s ΔE_R ΔE_{R∗} c_2 ε_1

1200 1269 446 354 353 0.05 1090

700 1249 477 367 364 0.12 590

Table 1: For two σ-masses we show the nucleon energy (E_N ), the Roper-nucleon energy splittings calculated from the single particle energy difference (2s–1s), the state (3) (ΔE_R) and the state (8) (ΔE_{R∗}). All energies are given in MeV.

The electromagnetic nucleon-Roper transition amplitudes as well as the transition amplitudes to higher excitations with nucleon quantum numbers represent an important test which may eventually distinguish between the models listed at the beginning. The transverse helicity amplitude is defined as

A_{1/2} = −ζ √ 2πα k_W ∫ d^3r ⟨R̃_+ 1_{2 ,MT} |J_{em}(r) · ϵ_{+1} e^{ik·r}|Ñ_− 1_{2 ,MT} ⟩ (9) where k_W is the photon momentum at the photon point, and the scalar helicity amplitude as S_{1/2} = ζ √ 2πα k_W ∫ dr ⟨R̃_+ 1_{2 ,MT} |J^0_{em}(r) e^{ik·r}|Ñ_+ 1_{2 ,MT} ⟩ . (10)

Here J^μ_{em} is the EM current derived from the Lagrangian density (1):

J^μ_{em} = 3∑ i=1 q_iγ^μ(i) ( 1 6 + 1 2 τ_0(i) ) q_i + (⃗π × ∂^μ⃗π)_0 . (11)

The amplitudes (9) and (10) contain a phase factor, ζ, determined by the sign of the decay amplitude into the nucleon and the pion.

The new term in (8) does not contribute to the nucleon-Roper transition amplitudes. Namely, for an arbitrary EM transition operator Ô involving only quarks and pions we can write ⟨N|ã_1Ô|N⟩ = ⟨N|[ã_1, Ô]|N⟩ = 0 , (12) because of (5) and since the operators ã_n commute with Ô.

A possible way to identify such a state would be to search for those excited states for which the amplitudes are strongly reduced compared to those calculated in a model with only quark degrees of freedom. There have been several attempts to calculate these amplitudes in various models, such as in chiral quark models [9, 10], models with explicit gluon degrees of freedom [5] and relativistic versions of the constituent quark model [11]. Unfortunately, the present status of theoretical prediction is rather unclear because of a strong sensitivity of transition amplitudes on small variation of the Roper wave function. To understand the nature of the Roper remains a big challenge for theoreticians as well as for experimentalists.

References

[1] L. Ya. Glozman, Z. Papp, W. Plessas, K. Varga, and R. F. Wagenbrunn, Phys. Rev. C 57 3406 (1998)

[2] P. A. M. Guichon, Phys. Lett. B 163, 221 (1985); Phys. Lett. B 164, 361 (1985)

[3] W. Broniowski, T. D. Cohen and M. K. Banerjee, Phys. Lett. B 187, 229 (1987)

[4] O. Krehl, C. Hanhart, S. Krewald, and J. Speth, Phys. Rev. C 62, 025207 (2000)

[5] Zhenping Li, V. Burkert, Zhujun Li, Phys. Rev. D 46, 70 (1992); E. Carlson and N. C.

Mukhopadhyay, Phys. Rev. Lett. 67 3745 (1991)

[6] M. C. Birse, Prog. Part. Nucl. Phys. 25, 1 (1990); T. Neuber, M. Fiolhais, K. Goeke and J. N. Urbano, Nucl. Phys. A 560, 909 (1993)

[7] M. Fiolhais, B. Golli and S. Širca, Phys. Lett. B 373, 229 (1996); L. Amoreira, P.

Alberto, M. Fiolhais, Phys. Rev. C 62, 045202 (2000); A. Drago, M. Fiolhais, U. Tambini, Nucl. Phys. A 588, 801 (1995); A. Drago, M. Fiolhais, U. Tambini, Nucl. Phys. A 609, 488 (1996)

[8] B. Golli and M. Rosina, Phys. Lett. B 165, 347 (1985); M. C. Birse, Phys. Rev. D 33, 1934 (1986)

[9] P. Alberto, M. Fiolhais, B. Golli, and J. Marques, Phys. Lett. B 523, 273 (2001), hep-ph/0103171

[10] K. Bermuth, D. Drechsel and L. Tiator, Phys. Rev. D 37, 89 (1988)

[11] S. Capstick, Phys. Rev. D 46, 2864 (1992); S. Capstick and B.D. Keister, Phys. Rev.

D 51, 3598 (1995); H. J. Weber, Phys. Rev. C 41, 2783 (1990); F. Cardarelli, E. Pace, G. Salmè and S. Simula, Phys. Lett. B 397, 13 (1997); F. Cano and P. González, Phys. Lett. B 431, 270 (1998)