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Asymptotic freedom is not the confinement mechanism,
but it is the reason that the mechanism, whatever it is,
can coexist with free quark behavior at small distance.

The discovery of the mechanism played out over a
period of about six years, between 1969 and 1975.
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A QUANTITATIVE APPROACH TO
LOW-ENERGY QUANTUM CHROMODYNAMICS
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A general method for solving the low-energy spectrum of an infrared unstable field
theory is presented. The method involves a strong coupling expansion of the luttice ap-
proximation to the theory. Ultimately the results must be continued to zero-coupling
constant in accord with the asymptotic freedom of such theories. The method is applied
to the pure gauge field (glucball) part of quantum chromodynamics. The spectrum of
lowest-lying states consists of a scalar and tensor which are almost degenerate and an
axial vector with mass ~1.6 times the scalar mass.

The same procedure applied to the Abelian gauge theory yiclds unstable results which
may indicate the presence of a phase transition.

1. Introduction

Quantum chromodynamics ¥ (QCD) is a precise formulation of the quark model.
In principle QCD should allow computation of the hadron spectrum with accuracy
limited only by our imprecise knowledge of new degrees of freedom and interactions
at very small distances. At present only the short distance properties of QCD are
tractable [2]. A new unconventional method must be devised to solve the low-en-
erev hehavior of OCD. In this paner we describe a svstematic seauence of apbroxima-
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Strong-coupling calculations of the hadron spectrum of
quantum chromodynamics

T. Banks,* S. Raby,* and L. Susskind**
Tel Aviv University, Ramat Aviv, Israel

J. Kogut**
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853

D. R. T. Jones,® P. N. Scharbach,’ and D. K. Sinclair'
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We present calculations of the low-energy mass spectrum and matrix elements of quantum chromodynamics.
We employ an isospin doublet of massless quarks and analyze the theory from the strong-coupling limit using
a particularly simple lattice Hamiltonian. In the strong-coupling limit the vacuum state has exact local color
symmetry, but spontaneously breaks those elements of chiral symmetry which are present in the lattice
Hamiltonian. Expansions for masses (7, p, o, o, A, B, f, and nucleon) and matrix elements (g,) in the
reciprocal coupling constant are analytically continued to the continuum limit using Padé approximants. The
results are in surprisingly good agreement with experiment except for the pion mass. This single failure is
traced to the lack of full chiral symmetry in the theory for large lattice spacing and the lack of significant
spin-spin forces in low orders of strong-coupling perturbation theory. Higher-order calculations should resolve
this problem, but a more realistic Hamiltonian suggested by renormalization-group analyses also looks

promising.

I. INTRODUCTION

Quantum chromodynamics’ is a promising candi-
date for the theory of strong interactions. The
theory consists of several flavors of colored
quarks which interact with flavor-neutral colored
Yang-Mills gluons in a locally color-gauge-in-
variant fashion. The short-distance properties of
the theory are computable since the theory’s in-
variant charge vanishes at short distances.? In
addition, there are reasons to believe that the
theory is strongly coupled at large distances in
such a way that its low-energy spectrum consists
of only color-singlet hadrons.® The hope is that

tha anantriim af th il SESSSLES SESeEee

In this paper we couple an isodoublet of massless
colored quarks to the Yang-Mills fields and cal-
culate various meson and baryon masses and
matrix elements. We choose to restrict ourselves
to the SU(2) flavor group for several reasons.
First, we are interested in the lowest-lying part
of the hadron spectrum. Heavy quarks are not
expected to be important here. In addition, the
success of current-algebra sumn rules and partial
conservation of axial-vector current (PCAC)
strongly suggest that chiral symmetry is spon-
taneously broken and the pion appears as a Gold-
stone boson of strong interactions. It remains an
important challenge to theorists to see if this
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