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hepared for the U. S .  Department of Energy under Grant Number DE-FG05-9~ER40589 

.. _.. .. . 

This report details research progress ahd.;results obtained during the entire period of the 

research project, entided "Quantum Chromodynamic mar Model Study of Hadron and Few 

Hadron Systems", which was sapported by grant RE-FWS-9OER.589 between North Carolina 

State University and the United States Departmat of Energy from 1990 to 1996. In compEance 

with grant requirements the Principal Investigator, Professor Chueng-Ryong Ji, has conducted a 

research program addressing theoretical investigations of hadron structure and reactions using 

quantum chromodynamic quark mod&. This PrhcipaI Tnvestigator has devoted 50% of his tlme 

f 

durhg the academic year and 100% of his t h c  in the summer. This percent effort has continued 

during the entire period of the grant. The new, significant research results are briefly 

summarized in the following sections. Finally, fuIl, &taiIed desscriptions of comp1ted work can 

be found in the project: pubLications which are listed at the end of this technical report 
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Quantum Chromodrnc Quark Models 

A new progress has been made in OUT long tern, ambitious program dedicated to 

developing more redistic quantum chromodynamic quark models. A comprehensive, relativistic 

many-body approach to hadron swcm.re. was advanced based on the Coulomb gauge QCD 

Hamiltonian. Our method incorporated standard many-body techniques which renders the 

approximations amenable to systematic improvement. Uskg BCS variational methods, dynamic 

chiral symmetry breaking naRvally emerged and both quarks and gluons acquired constituent 

masses. Glvonia were studied both in the valence and in the collective, random phase 

approximations. Using representative values for the strong coupling constant and string tension, 

calculated quenched glueball masses were found to be in remarkable agreement with lattice 

gauge theory. 

We have also studied nudeon s U U C t w e  in rhe relativistic quark model based on the 

Balcarnjim-Thomas construction of the Poincare generators for an arbitrary quantization surface. 

The one body, single p d d e  approximation to the current operators was used to calculate 

electromagnetic matrix elements. The Lorentz symmetry breaking resulted from such an 

approximation was fdly investigated. The results for the light front and instant quantization 

limits were detailed. A suggestion for the resolution of the quark model inability to 

simultaneously describe the positive neutron electric form factor, %(Q2), at small Q' and the 

negative slope of the neutron to proton structure function ratio at large x was presented. 

For the meson sector, we ktve.stigated the most general, relativistic, constituent q?j meson 

wave function within a new CoVariant fiamework and found that, by 'bcluding a tensor wave 

function component, a pure valence qnark model was capable of reproduchg not only all static 

pion data 2 >) but dso the d i ~ t ~ i i ~ t i ~ ~  amplitude, form factor P.(Q')], and smcture 

functions. Our generalized spin wave function provided a much better detailed description of 

meSon properties than models using a simple relativistic extension of the S = L = 0 

nondativistic wave function. 
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Light-Cone Field Thwqy 

A new progress has been made in the andysk o f  v a c m  problems using the lightcone 

quantization method. Motivated by rn apparent puzzLe of the light-cone vacuum incompatr'ble 

with the axial anomaly, we have considered the nw-dimensional massless Schwinger model for 

an ahitrary interpolating angle of Hornbod's interpolatjng quantizatian surface- By examining 

spectral deformation of the Dirac sea under an extend electric field semicfassicatly, we have 

found that the axid anomaly i s  quani5zation angle independent. This indicates an intricate 

nontrivial vacrmt71 s m e  present even in the Light-&ont l i m i ~  

Also, we investigated the self-energy effects in the scattering problem. Rotational 

invariance is violated in the light-cone van-on method when the Fock space i s  lruncatzd €or 

practical calculations. To what extent the rotation symmetry is broken in the light-cone 

quantization approach can be quantified by calculating the explicit rotation dependence of the 

two-body scafl&.u,a phase shifts. W e  andm the scattering phase shifts incorporathg the self- 

energy corrections. We found that the self-energy effects SignLfcantly restore the rotation 

symmepy. These effffects made the phase shifts stabilize as the coupling conkant grew, which 

was in good agreemdm with other bound-state T~SUI~S. 

For the bound-state problem, the light-cone ladder approximation in the Wick-Cutkosky 

model was extended to the lowest order Tight-cone Tam-Dancoss approximation which 

included the self-energy conectiorts and counter terms. The Eglg-cone two-body quation was 

modified by the term corresponding to the selfenergy corrections and ~omte~-terms. The 

analytic relation between the coupIed constant, a, and the binding energy, p, which was 

previously dekved for alI nl srates with 1 = n - 1 under the Light-cone radder approximation was 

also rnod3ed by these corrections and compared with the numerical resuIts obtained by a 

variational principle. The numerical e d a r e  of this modification showed that self-energy 

effects ate as repulsive as relativiStic kinematic CorreCtZons and retardation effects and made 8 
become fi-ozen as a increases. 

. .-.. . 
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QCD PhenomenoIogy 

A new program was underway in 0u.r QCD phenomenology project We studied the 

exchive production of heavy mesons h pdarized e*e- ann&il&o~ a pembative Qm 
calculation- We discussed the significance of polarized beams in isolating el~troweak effects at 

high energies, and c d d ~  the lefi-right asymmetry and forward-backward a v e q  for 

merent collider energies. 

It was dso pointed out in the exanpk of the pion form factor that the usual factorized 

hard scattering mpIitude TH in perturbatbe QCD is derived from the light-cone he-ordered 

perturbative expansion. In the light-cone perturbative expansion, the n a W  variabIe to make a 

separation of pemrba.tive cont&utions from contributions intrinsic to the bound-state wave 

function itseff is .the Light-cone energ. We found that the legal PQCD conkiiution defined by 

the Iightcone energy cut saturates to the full PQCD prediction without any cat in the smaller Q' 

region as compared to that defined by the gluon four-momennun square cut Using heavy quark 

symmetry we constructed a QCD energy sum nile for heavy meson systems. The sum rule 

related the meson's form facror to the fight quark energy distribution amplitude. The results 

indicated a broad energy distribution imprYing appreCiable nonvalence content 4 
We have also presented a recursive diagrammatic method for evaluating tree-level 

Feynman diagrams involving multi-fermions which interact through a"age bosons (gluons and 

photons). Based on this method, a package called COMPUTE, which can generate and calculate 

a l l  ihe possible Feymnanu dia@grams for exclusive processes in p e d a t i v e  QCD, has been 

developed The COMPUTE is available in both Mathematica and Maple. Using COMl?UTEv 

we cddated  the nucIeon Compton sca#erhg amplitude. We were invited to Write a review 

article on this topic in Comouters ir~ Phvsics. which was published in December, 1995- 
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New results were obtained in OW crossing and duality constraint project Using our 

previously developed crossing and duality constrained decuoproduction model, we calculated 

the kaon capture, electron pair and hypeton cy) production reactions p(K, e%)Y for Y = A, Eo 

and ~‘~(1405). Because there is no conSb%int on tbe minimum LGmomentum transferred by the 

timelike photon (8 2pM: - 0), we observe that &e low-lying p, a, and Q vector mesons are 

kinematicdly accessible producing up to four orders of maaWtude enhancement in the 

theoretical hyperon production cross section. The significance and utiIiry of this dramatic 

enhancement were investigated to probe the nudeon’s strangeness content, medium 

modifications of hadronic properties, weak and radiative hyperon decays, and for extracting 

timelike electromagnetic form factors in a new kinematic regine. 

We found that baryon resonanm with spin greater than 1/2 are necessary to describe the 

higher energy photoproduction data (1.4 I E\* 5 2-2 Gem. We dso extended our use of 

d u t y  by representhg these hisher-spin s- and u- channel baryon resonances with the low-lying 

t-channel vector, K*(980), and pseudovector, K1(1270), mesons. Using this extended crossing 

and duality consistent modeI, we obtained reasonable agreement with the data for both 

photopruduction and electroproduction  process^. 
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