arXiv:hep-ph/0303128 v1 14 Mar 2003

Ground State Masses and Binding Energies of the Nucleon, Hyperons and Heavy Baryons in a Light-Front Model^∗

E.F. Suisso^a, J. P. B. C. de Melo^b and T. Frederico^a aDep. de Física, Instituto Tecnológico da Aeronáutica, Centro Técnico Aeroespacial, 12.228-900, São José dos Campos, SP, Brazil bInstituto de Física Teórica, Universidade Estadual Paulista 01450-900, São Paulo, SP, Brazil (March 14, 2003)

Abstract

The ground state masses and binding energies of the nucleon, Λ^0, Λ^+_c , Λ^0_b are studied within a constituent quark QCD-inspired light-front model. The light-front Faddeev equations for the Qqq composite spin 1/2 baryons, are derived and solved numerically. The experimental data for the masses are qualitatively described by a flavor independent effective interaction.

I. INTRODUCTION

Modelling the light-front hadron wave-function is a challenge as long as the exact wavefunction from Quantum Cromodynamics is not yet avaliable. The wave-function contains physical information complementary to the spectrum. At scales below 1 GeV, the wavefunction is described by effective degrees of freedom, and the lowest Fock-state component of the light-front hadron wave function is composed by the minimal number of constituent

∗To appear Brazilian Journal of Physics (BJP) (2003).

quarks necessary to give the quantum numbers. Within this general framework, a lightfront QCD-inspired model was recently applied to the pion and other mesons [1,2]. A reasonably description of the pion structure as well as the masses of the vector and pseudoscalar mesons was found. This model, without confinement, describes the vector meson as weakly bound system of constituent quarks. The spin does not play a dynamical role besides justifying the contact term coming from the hyperfine interaction. In this way the one-gluon-exchange interaction is simplified to two components only: a contact term and a Coulomb-type potential. The contact term is essential to collapse the constituent quarkantiquark system to form the pion, while the vector meson is dominated by the Coulomb-type potential. The contact interaction brings to the model the physical scale of the pion mass which determines the masses of the other pseudo-scalar and vector mesons [2].

Here, we follow closely the work of Ref. [3] and revise the extension of the concepts coming from the effective QCD-model, applied to mesons [1,2], to study the spin 1/2 low-lying states of the nucleon, Λ^0, Λ^+_c and Λ^0_b [3]. We use a flavor independent effective interaction between the constituent quarks, a property necessary to describe the masses of these baryons [3]. The three-quark relativistic dynamics of the Qqq system is formulated within the light-front framework in a truncated Fock-space [4] which is stable under kinematical boost transformations [5] and yields a wave-function covariant under kinematical boosts [6,7]. We use only the contact interaction, which in this case provides to the model the physical scale of the mass of the nucleon ground state, while the spin is averaged out. The binding energy of the baryon is calculated using three-quark Faddeev equations [3] as a function of the mass of one of the constituent quarks (Q), while the bare strength of the effective contact interaction and the mass of the quark q are kept constant. This light-front model with a contact force [4] has been applied to the proton and described its mass, charge radius and electric form factor up to 2(GeV/c)^2 [8]. Recently, it was also applied to study the dissolution of the nucleon at finite temperature and baryonic density [9].

This work is organized as follows. In Sec.II, we present the coupled integral equations for the Faddeev components of the vertex of the three-quark light-front bound-state wave function from a flavor independent contact interaction derived in Ref. [3]. In Sec. III, we present the numerical results for the masses and binding energies of the nucleon, Λ^0, Λ^+_c and Λ^0_b , obtained from the numerical solution of light-front integral equations. A key point in this section is the assignement of the constituent quark masses which are done using the experimental values of the vector meson ground states masses. In Sec. IV, we present our summary.

II. LIGHT-FRONT MODEL

The light-front hyperplane is defined by the time x^+ = x^0 + x^3 = 0 and the position coordinates on the hypersurface are defined by x^− = x^0 + x^3 and ⃗x_⊥ = (x^1, x^2) [6,7]. The coordinate x^+ is the light-front time and the momentum, k^− = k^0 − k^3, corresponds to the light-front energy. The momentum coordinates k^+ and ⃗k_⊥, are the kinematical momenta canonically conjugated to x^− and ⃗x_⊥, respectively. The dynamics of the model is defined by a two-body contact interaction between the constituent quarks at equal light-front times [4,8,3]. Considering the contact interaction between the quarks, the baryon-Qqq vertex is described by two terms written as v_α(⃗q_⊥, y) in the baryon rest frame, with α = q or Q, where y = q^+/M_B is the Bjorken momentum fraction and M_B is the baryon mass. The separable structure of the contact interaction implies that the vertex function depends only on the kinematical variables of the spectator quark in the process of the interaction of the other two. As we are averaging over spin, only two independent vertex functions are necessary to describe the baryon wave function, i.e., v_q and v_Q.

The coupled Faddeev-Bethe-Salpeter equations for a heavy-light-light three quark system (Qqq) in the light-front are derived in the ladder approximation [3], and are a generalization of the Weinberg equation [10] to three particle systems. Their diagrammatical representation are given in figures 1 and 2. The first light-front equation in which the quark Q is the spectator while the pair qq interacts is represented in figure 1, from where one reads:

v_Q(⃗q_⊥, y) = − 2i (2π)^3 τ_{qq} ( M^2_{qq} )^{1−y}∫ 0 dx x (1 − x − y) ∫ d^2k_⊥

× θ ( x −^{m2q}_{M 2B} ) θ (k^{max}_⊥ (m_q) − k_⊥) v_q(⃗k_⊥, x) M^2_B −^{q2⊥+m2Q}_y −^{k2⊥ +m2q}_x −^{(PB −q−k)2⊥+m2q}_{1−x−y} . (1)

The second light-front equation, which is represented diagrammatically in figure 2, the quark pair Qq interacts while the quark q is the spectator. The second equation is given by: v_q(⃗q_⊥, y) = − i (2π)^3 τ_{Qq} ( M^2_{Qq} )^{1−y}∫ 0 dx x (1 − x − y) ∫ d^2k_⊥

× θ ( x −^{m2q}_{M 2B} ) θ (k^{max}_⊥ (m_q) − k_⊥) v_q(⃗k_⊥, x) M^2_B −^{q2⊥+m2q}_y −^{k2⊥+m2q}_x −^{(PB −q−k)2⊥+m2Q}_{1−x−y}

+ θ ( x −^{m2Q}_{M 2B} ) θ (k^{max}_⊥ (m_Q) − k_⊥) v_Q(⃗k_⊥, x) M^2_B −^{q2⊥+m2q}_y −^{k2⊥+m2Q}_x −^{(PB −q−k)2⊥+m2q}_{1−x−y} . (2) The maximum value for k_⊥ is chosen to keep the mass squared of the qq or Qq subsystem real, i.e., M^2_{qq} ≥ 0 and M^2_{Qq} ≥ 0, respectively. These constraints in the spectator quark phase-space come through the theta functions in the integrations of Eqs. (1) and (2). For M^2_{Qq} ≥ 0 one has k_⊥ < k^{max}_⊥ (m_q) = √ (1 − x)(M^2_Bx − m^2_q), and x ≥ (m_q/M_B )^2. For M^2_{qq} ≥ 0 one has k_⊥ < k^{max}_⊥ (m_Q) = √ (1 − x)(M^2_Bx − m^2_Q), and x ≥ (m_Q/M_B )^2. For equal particles, Eq.(1), reduces to the one derived in Ref. [4] . The baryon four-momentum is given by P_B , the light and heavy quark masses are m_q and m_Q, respectively. The masses of the virtual two-quark subsystems are M^2_{qq} = (P_B − q)^2 and M^2_{Qq} = (P_B − q)^2 due to the conservation of the total four-momentum.

The two-quark scattering amplitudes τ_{qq} ( M^2_{qq} ) and τ_{Qq} ( M^2_{Qq} ) are the solutions of the Bethe-Salpeter equations in the ladder approximation for a contact interaction between the quarks [4,11]. In this approximation the scattering amplitude, which is the infinite sum of the powers of the product of the “bubble”-diagram with the bare interaction strength, is given by the geometrical series: τ_{αq} ( M^2_{αq} ) = 1 iλ^{−1} − B_{αq} ( M^2_{αq} ) , (3) where α = q or Q and λ is the bare interaction strength, and B_{αq} ( M^2_{αq} ) = ∫ d^4k (2π)^4 i (k^2 − m^2_q + iε) × i ((P_{αq} − k)^2 − m^2_α + iε)

, (4)

in which P_{αq} is the total four-momentum of the quark pair and P^2_{αq} = M^2_{αq}.

The four-dimensional integration of the function B_{αq} ( M^2_{αq} ) is the “bubble”-diagram is performed in light-front variables. First, the virtual propagation of the intermediate quarks is projected at equal light-front times [4,12], by analytical integration over k^− in the momentum loop. Then, using the frame in which ⃗P_{αq⊥} is zero and introducing the invariant quantity x =^{k+}_{P +αq} , one obtains: B_{αq} ( M^2_{αq} ) = i 2 (2π)^3 ∫ dxd^2k_⊥ x (1 − x) × θ(1 − x)θ(x) M^2_{αq} −^{k2⊥+}(^{m2α−m2q} )^{x+m2q} x(1−x) . (5)

We suppose that the light-quark pair system has a bound state, which allows to define the two-quark scattering amplitude. This physical condition has been used in Ref. [8]. Therefore, the bound state pole of the light-quark scattering amplitude, τ_{qq}(M^2_{qq}) is found when M_{qq} is equal to the mass of the bound qq pair, M_d which demands that iλ^{−1} = B_{qq} (M^2_d ). This is suficient to render finite the scattering amplitudes τ_{qq} and τ_{Qq}. Using that the bare strength of the effective contact interaction between the constituent quarks q and Q does not depend on flavor, the final equation for the two-quark scattering amplitude is: τ_{αq} ( M^2_{αq} ) = 1 B_{qq} (M^2_d ) − B_{αq} ( M^2_{αq} ) . (6)

The log-type divergence of τ_{αq} is removed by the subtraction in Eq.(6).

III. RESULTS

The solution of the coupled integral equations (1) and (2) for a relativistic system of three constituent quarks with a pairwise zero range interaction, gives the baryon mass as a function of the quark mass m_Q. The physical inputs of the model are the constituent quark mass m_q and the diquark bound state mass. The result for the mass of the ground state baryon (M_B ) alllows to calculate the binding energy, defined by B_B = 2m_q + m_Q − M_B. However, the quarks are in fact confined in the hadron and to compare the model with data, one has to define an experimental quantity which could be compared to the model binding energy.

For that purpose, we use that the low-lying vector mesons are weakly bound systems of constituent quarks while the pseudo-scalars are more strongly bound within the same model [2]. Therefore, we suppose that the masses of the constituent quarks can be derived directly from the vector meson masses as:

m_u = 1 2 M_ρ = 0.384 GeV m_s = M_K∗ − 1 2 M_ρ = 0.508 GeV m_c = M_D∗ − 1 2 M_ρ = 1.623 GeV m_b = M_B∗ − 1 2 M_ρ = 4.941 GeV, (7)

where the masses of the mesons are taken from Ref. [13].

Using the constituent quark masses from Eq. (7) and the experimental values of the baryon masses [13], we can attribute a binding energy to the low-lying spin 1/2 baryons, as given below: B^{exp}_p = 3 2 M_ρ − M_p = 0.214 GeV B^{exp}_Λ0 = M_K∗ + 1 2 M_ρ − M_Λ0 = 0.161 GeV B^{exp}_{Λ+c} = M_D∗ + 1 2 M_ρ − M_Λ+_c = 0.106 GeV B^{exp}_{Λ0b} = M_B∗ + 1 2 M_ρ − M_Λ0_b = 0.085 GeV . (8)

In figure 3, we plot the binding energies of the low-lying pseudo-scalar mesons, defined as B_M = M_v − M_{ps}, where M_v and M_{ps} are the masses of the vector and pseudoscalar low-lying mesons respectively, against the mass of the corresponding pseudo-scalar meson. Also in the figure is shown the values of the binding energies of the spin 1/2 baryons (N, Λ^0, Λ^+_c and Λ^0_b ) from Eq. (8) as a function of the corresponding baryon mass. The systematic behaviour of the defined binding energy for the hadron is qualitative the same independent of the quark content.

The results from the numerical solution of the coupled equations (1) and (2) are obtained for a fixed m_u = 0.386 GeV (we kept the value found in Ref. [8]) which together with the nucleon mass of 0.938 GeV implies in M_d = 0.695 GeV. For the given value of the diquark mass M_d and different values of m_Q, we obtain the binding energy for the spin 1/2 baryons Λ^0, Λ^+_c and Λ^0_b as a function of m_Q (Q = s, c, b). For the baryon mass above 2.3 GeV,the bound Qqq system of the light-front model goes to the diquark threshold. This gives the saturation value of 0.077GeV seen in this figure. The theoretical results are in excelent agreement with the baryon data, consequently the dynamical assumption of the flavor independence of the effective interaction is indeed reasonable. In figure 4, we shown the baryon binding energy as a function of m_Q, again we observe the agreement between the model and the attributed experimental values for the binding energies and constituent quark masses.

IV. CONCLUSIONS

The binding energy of the constituent quarks forming the the low-lying spin 1/2 baryonic states of the nucleon, Λ^0, Λ^+_c and Λ^0_b , obtained from the experimental values of baryon masses and constituent quark masses derived from the low-lying vector mesons masses was studied within a light-front model. The effective interaction between the constituent quarks was chosen of a contact form and spin was averaged out. The motivation of chosing this particular interaction was two-fold: it was necessary to bring to the effective QCD-inspired model of the light-mesons the pion mass scale, and to give the observed splitting between the pion and rho meson spectrum [2], on one side, and on the other side, it was succesfull in describing the proton mass and radius simultaneously [8]. In the present study the contact interaction was used because it allows to introduce in the model the minimal number of physical scales necessary to describe the low-lying spin 1/2 baryons. Therefore, the relativistic three-quark model of the baryon defined on the light-front, with a falvor independent interaction, has as inputs the constituent quark masses and the diquark mass in the light sector, which defines the strength of the contact interaction. This model allowed a surprising reproduction of the trend and magnitude of the binding energies as a function of the distint quark mass. As the present light-front model is still very schematic, we believe that our conclusion of the flavor dependence of baryonic masses may still hold in a more realistic model, and support the extension of the QCD-inspired model applied previously only to mesons [1,2] also to baryons.

Acknowlegments: EFS and JPBCM thank the Brazilian funding agencies FAPESP (Fundação de Amparo a Pesquisa do Estado de São Paulo) and TF thanks FAPESP and CNPq (Conselho Nacional de Pesquisa e Desenvolvimento of Brazil).

REFERENCES

[1] H.-C. Pauli, in: New Directions in Quantum Chromodynamics, C.R.Ji and D.P. Min, Eds., AIP(1999) 80-139; Nucl. Phys. B (Proc. Suppl.) 90, 154 (2000); ibid., 259 (2000).

[2] T. Frederico, H.-C. Pauli., Phys. Rev. D64: 054007 (2001); T. Frederico, H.-C. Pauli, S.-G. Zhou, Phys. Rev. D, to appear.

[3] E.F. Suisso, J.P.B.C. de Melo, T.Frederico, Phys. Rev. D65: 094009 (2002). [4] T. Frederico, Phys.Lett. B282, 409 (1992); S.K. Adhikari, L. Tomio and T. Frederico, Ann. Phys. 235, 77 (1994).

[5] R.J. Perry, A. Harindranath, K.G. Wilson, Phys. Rev. Lett. 65, 2959 (1990). [6] S.J. Brodsky, H.-C. Pauli, and S. S. Pinsky, Phys. Rep. 301, 299 (1998). [7] J. Carbonell, B. Desplanques, V. Karmanov, J.-F. Mathiot, Phys. Rep. 300, 215 (1998). [8] W.R.B. Araújo, J.P.B.C. de Melo, T. Frederico, Phys. Rev. C52, 2733 (1995). [9] S. Matiello, M. Beyer, T. Frederico, H.-J. Weber, Phys. Lett. B251, 33 (2001). [10] S. Weinberg, Phys. Rev. 150, 1313 (1966).

[11] J.P.B.C. de Melo, A. E. A. Amorim, L. Tomio and T. Frederico, J. Phys. G 27, 1031 (2001).

[12] J.H.O. Sales, T. Frederico, B.V. Carlson, P.U. Sauer, Phys. Rev. C61:044003 (2000);

ibid., C63:064003 (2001).

[13] Particle Data Group, Eur. Phys. J. C15, 1 (2000).

FIGURES

FIG. 1. Diagrammatic representation of Eq.1. The black bubble represents the two-quark scattering amplitude.

FIG. 2. Diagrammatic representation of Eq.2. The black bubble represents the two-quark scattering amplitude

FIG. 3. Low-lying hadron binding energy (B) of the low-lying hadrons as a function of the corresponding ground state mass. Experimental data for pseudoscalar mesons from Table I [13] (full squares). Experimental data for the low-lying spin 1/2 baryons comes from Table II [13] (empty circles). The results of the light-front model from the solution of Eqs.1 and 2 are shown by solid line.

FIG. 4. Low-lying baryon binding energy (B) as a function of the constituent quark mass (M_Q). Experimental data for the low-lying spin 1/2 baryons comes from Table II [13] (empty circles) and the constituent quark masses are given in Table I. The results of the light-front model from the solution of Eqs.1 and 2 are shown by solid line.