Masses and electromagnetic decays of exited baryons in a deformed oscillator quark model

M. Takayama,^aA. Hosaka and H. Toki

Research Center for Nuclear Physics (RCNP), Ibaraki, Osaka 567-0047, Japan aNumazu College of Technology, Numazu,Shizuoka 410-0022,Japan

Although it is believed that hadron physics is described by QCD, it is very difficult at the present time to understand them directly from QCD because of its non-perturbative nature at low energy. Here we would like to study baryon properties in a phenomenological way based on experimental data and using an effective model. In particular, we investigate excited baryons since it is useful to study excited states as well as the ground state in order to understand vacuum structure of QCD. Progress in experimental situation is also important. Detailed measurements of hadron properties are planed at facilities such as TJNAL, COSY and SPring8 at RCNP. We believe that an intimate collaboration between theory and experiment is extremely important to understand the complex system of hadrons.

It has been observed that there is a pattern similar to a rotational band in baryon spectra [1, 2]. This implies that baryon excited states may be regarded as rotational excitations of deformed intrinsic states. In order to model this, we construct an effective non-relativistic quark model with a deformed harmonic oscillator potential [3]. Our hamiltonian takes the following form H_{DOQ} = 3∑ i=1 ( p_i 2m_i + 1 2 m_i ( ω^2_xx^2_i + ω^2_y y^2_i + ω^2_z z^2_i )) − H_{c.m.}. (1) Here m_i are masses of constituent quarks. We take m_i ∼ 300 MeV for u,d and s quarks for simplicity. To investigate the effect of deformation exclusively, we do not consider other interactions such as spin or isospin dependent ones. The system of the hamiltonian(1) has been worked out in [1, 2, 3, 5]. The eigenvalues are given by

E_{int} = (N_x + 1)ω_x + (N_y + 1)ω_y + (N_z + 1)ω_z , (2)

where N_x, N_y, N_z denotes oscillator quanta for oscillator excitations. For a given set of (N_x, N_y, N_z), we perform minimization of the energy E_{int} with respect to the deformation parameter under the volume conservation condition ω_xω_y ω_z =ω^3 =const. We found deformed states for excited states while a spherical state for the ground state. These deformed states break rotational symmetry, which can be recovered by rotating (cranking) the deformed states as we do in nuclear physics [5]. The resulting masses of rotational excitations are given by

E_l = E_{int} + l(l + 1) 2I − < l^2 > 2I . (3)

The second term represents the rotational energy and the third term is the energy subtraction due to angular momentum fluctuation. In order to compare the theoretical masses with experimental data, we fix the oscillator parameter ω_0 =607MeV [3].

In Fig. 1 we see that theoretical masses compare very well with experimental data for N and Δ excitations. In particular, the agreement of the first 1/2^+ excited state(Roper) is remarkable as well as the tendency of increasing level spacing in the positive energy excitations.

If such a deformation is sufficiently developed, we expect evidences not only in masses but also in other physical quantities such as transition amplitudes. From experiences of nuclear physics, we expect that electromagnetic decay amplitudes are useful to investigate. We study the matrix element ⟨f|e ⃗A · ⃗J|i⟩, where |i⟩ is an excited state of either N or Δ and |f⟩ is the ground state N. For the current ⃗J, we adopt the simple non-relativistic current ⃗J = 1 2m [ u^†_f (i←−∇ − i−→∇)u_i + i−→∇ × (u^†_f ⃗σu_i) ] . (4)

and the photon field with the helicity p can be written in terms of multipole fields, ⃗A_p = −p √ 2π ∑ l i^l √ 2l + 1( ⃗A^{(M )}_{lp} + ip ⃗A^{(E)}_{lp} ) . (5)

Calculated matrix elements are compared with experimental data of helicity amplitudes. One of unique points of our study is to compute matrix elements both in helicity and multipole basis. For an illustration we present results in multipole representations : M(Ml) ≡ ⟨ f | | |e ⃗A^{(M )}_l · ⃗J | | | i ⟩

= 1 2m − √ l 2l + 1 ⟨ f ‖ ‖ ‖[Y_{l+1}σ]^l ‖ ‖ ‖ i ⟩ j_{l+1} + √ l + l 2l + 1 ⟨ f ‖ ‖ ‖[Y_{l−1}σ]^l ‖ ‖ ‖ i ⟩ j_{l−1} , (6) M(El) ≡ ⟨ f | |e ⃗A(E)_l · ⃗J | | i⟩ = i √ l(l + 1) m ⟨ f^′ ‖Y_l‖ i ⟩ j_l(kr) kr − ik 2m ⟨ f ‖ ‖ ‖[Y_lσ]^l ‖ ‖ ‖ i ⟩ j_l . (7)

Helicity amplitudes A_{1/2}, A_{3/2} can be obtained by suitable linear combinations of M(El) and M(Ml ± 1). In Tables 1 and 2 we have summarized the results for helicity amplitudes of N and Δ excitations. The first column as indicated by DOQ is for the present results and the second column as indicated by KI for the results of the spherical case [4]. Calculated results are then compared with experimental data listed in the third column. The first 1/2^+ excited state (Roper) corresponds to^2S^′_S for N and to^4S^′_S for Δ. We see that for many excited states the effect of deformation is rather mild and calculated amplitudes are in rough agreement with data. There is, however, one exception, that is the Roper. In this channel, as the deformation is increased, the magnitude of A_{1/2} increases, but with the wrong sign. The sign problem of the Roper has been known already in the conventional quark model. One resolution was proposed by taking into account relativistic corrections [7]. Furthermore, coupling effect of the quark model state with mesonic open channels should be important [8], which has not been fully investigated.

For future progress, we would like to study various transitions not only of electromangnetic but also of strong and weak processes. In the DOQ model, intraband transitions as well as interband transitions are interesting to be investigated. Furthermore, we would like to study dynamical origin of spatial structure of baryons using more fundamental QCD effective theories.

Table 1: Helicity amplitudes of excited N(proton).

A^{1/2}_p A^{3/2}_p DOQ KI Exp DOQ KI Exp 1/2^{+ 2}S^′_S 109 22.6 -68± 5 – – – P_{11}(1440) 2S_{M S} -14.6 -15.9 +5±16 – – – P_{11}(1710) 1/2^{− 2}P_{M S} 151 156 74±11 – – – S_{11}(1535) 4P_{M S} 0 0 48±16 – – – S_{11}(1650) 3/2^{+ 2}D_S 70.9 111 52±39 -23.5 -36.7 -35±24 P_{13}(1720) 3/2^{− 2}P_{M S} 24.8 25.6 -23±9 138 143 163±8 D_{13}(1520) 4P_{M S} 0 0 -22±13 0 0 0±19 D_{13}(1700)

Table 2: Helicity amplitudes of excited Δ.

A^{1/2}p A^{3/2}p DOQ KI Exp DOQ KI Exp 1/2^{− 2}P_{M S} 43 46 19±16 – – – S_{31}(1620) 3/2^{+ 4}S^′_S 59 22 -20± 29 102 38 1± 22 P_{33}(1600) 3/2^{− 2}P_{M S} 116±17 77±28 D_{33}(1700)

Figure 1: Mass spectrum of excited baryons in units of GeV. The masses are measured from the ground states of each spin- flavor quantum number. In the theoretical spectrum L for each state denotes the orbital angular momentum. The experimental spectrum of N and Δ are also shown in this figure [6].

References

[1] H. Toki, J. Dey and M. Dey, Phys. Lett. B133 (1983) 20.

[2] R.K. Bhaduri, B.K. Jennings and J.C. Wadington, Phys. Rev. D29 (1984) 2051;

M.V.N. Murthy, M. Dey, J. Dey and R.K. Bhaduri, Phys. Rev. D30 (1984) 152; M.V.N. Murthy, M. Brack, R.K. Bhaduri and B.K. Jennings, Z. Phys. C29 (1985) 385.

[3] A.Hosaka, H. Toki and M.Takayama, hep-ph/9711295 [4] R.Koniuk and N. Isgur, Phys. Rev. D21 (1980) 1868. [5] A. Bohr and B. Mottelson, ”Nuclear Structure”, Benjamin Inc. (1975). [6] R.M. Barnett et al. (Particle Data Group), Phys. Rev. D54 (1996) 1. [7] T.Kubota and K.Ohta, Phys. lett. B65 (1976) 374. [8] T. Sato, T-. S. H. Lee, Phys.Rev. C54 (1996) 2660-2684