PHYSICAL REVIEW D

VOLUME 42, NUMBER 12

15 DECEMBER 1990

Alternative large-N limit for QCD and its implications for low-energy nuclear phenomena
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The Corrigan-Ramond model for large-N QCD is analyzed in detail. The spectrum, leading-
order results for interactions, and an effective Lagrangian describing large-N interactions are de-
rived. This Lagrangian, when quantized, provides an effective quantum field theory for mesons and
baryons. The applicability of such a theory to low-energy nuclear phenomena is studied. The mod-
el has features that distinguish it clearly from standard large-N QCD.

1. INTRODUCTION

There is a plethora of indications by now that quantum
chromodynamics (QCD) is the theory that correctly de-
scribes the strong interactions. In QCD the fundamental
degrees of freedom are gluons and quarks, which become
free at asymptotically high energies (asymptotic free-
dom). However, at low energy the coupling becomes
strong and perturbative techniques do not apply. Unfor-
tunately this is the important region for nuclear physics.
In particular, mass spectra of asymptotic states, as well as
dynamics at very low energies (~1 Gev) are issues to
which no rigorous answer exists so far within QCD.

There are several methods that try to uncover the be-
havior of QCD at low energy (strong coupling). A stan-
dard one is lattice QCD which consists of evaluating the
path integral of QCD by brute force, converting it to a
finite-dimensional integral by taking spacetime to be a
finite lattice. Such an approach so far has had a restrict-
ed scope due to limitations in computer power. Exact an-
alytic results in lattice QCD do not exist, unlike some
two-dimensional (2D) examples, due to the complexity of
the 4D problem. Characteristically, the biggest lattice
sizes that can be used today have a physical scale that
can barely reach the nucleon size. Nonetheless, lattice
techniques gave some reasonable estimates of the hadron
spectrum.

As already mentioned, perturbation theory in the stan-
dard coupling of QCD gives reliable results only at high
energy. If one is interested in nuclear phenomena, this
kind of perturbation theory is of no practical use. There
is however another expansion parameter in QCD. Strict-
ly speaking this expansion parameter exists in a generali-
zation of QCD where the gauge group is SU(N) instead of
SU(3), that is the number of colors is N. From now on we
will use QCD, to denote the gauge theory with N colors.
The expansion parameter mentioned above is 1/N when
N is large. The structure of 1/N perturbation theory is
considerably different from ordinary perturbation
theory.! ™3 There is certainly some nonperturbative in-
formation in this alternative expansion since the leading
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order already contains an infinite number of diagrams,
the “planar” diagrams, that receive contributions from
an arbitrary number of loops. Thinking along this way,
the leading order of the 1/N expansion gives a sample of
the whole conventional perturbative series.

The 1/N expansion can also be thought of as a semi-
classical expansion. For N large there is a saddle point in
the QCDy path integral that becomes exactly Gaussian
at N=o0. Thus the leading nontrivial order in the 1/N
expansion is generated by small fluctuations around this
saddle point and large-N perturbation theory can be for-
mulated in a well-defined way.*

In QCDy the leading nontrivial contributions are al-
ready too hard to sum up. Despite this, we can extract
nontrivial information about the theory just from the
structure of the leading diagrams and the plausible as-
sumption of color confinement for all N. For example,
the physical degrees of freedom, mesons glueballs and
baryons, are explicit at large N. More than that, mesons
and glueballs have masses of order 1 and are noninteract-
ing at N = oo, whereas baryons have masses of order N,
etc.!

In the nuclear-energy regime, since our quantitative
understanding of QCD is far from sufficient, one usually
tries to describe physics using effective Lagrangians for
the relevant physical degrees of freedom, which in that
case are the low-lying mesons and baryons. One ignores
glueballs, taking into account the experimental fact that
they have not been seen in a certain energy regime which
could mean that either they are heavy and/or they are
very, very broad. In both cases one can neglect their
effects for all practical purposes. The reasoning for writ-
ing down effective Lagrangians is based on symmetries,
simplicity and ultimately, agreement with data. Various
approaches have been used to describe nuclear phenome-
na this way, including both relativistic and nonrelativistic
theories.’™® In Ref. 10 we used several results from
large-N QCDy, to construct effective Lagrangians for the
low-lying degrees of freedom. Effective actions of similar
form have been also considered in Ref. 11 for a somewhat
higher-energy regime. These theories are obviously rela-
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tivistic and of the Yukawa type. However, nucleon prop-
agation as well as Yukawa interactions should be nonlo-
cal in order to agree with large-N QCD,,.'°

As it was mentioned before, at large N we have a sad-
dle point where quantum fluctuations are suppressed.
When we move away from N = « the effects of fluctua-
tions are not negligible any more. The question is, what
is a tractable and at the same time physically reasonable
way of taking such fluctuations into account? (After all,
we eventually care about N=3.) At N= oo the theory is
classical. One can easily derive an effective Lagrangian
whose tree-level expansion reproduces the leading order
of the 1/N expansion. Of course, values of couplings can-
not be calculated directly but this is not a big concern be-
cause after all such couplings can be fit to data. General-
ly, this effective Lagrangian will contain arbitrary-
dimension operators. In the large-N QCD, case there
are only a few couplings that are nonlocal, the rest of
them being local. Thus, to describe fluctuations away
from N = oo the natural approach to follow is to quantize
the classical effective Lagrangian found at the large-N
limit.! However such a quantization should be done
with care, in order to be consistent with exact results ob-
tained directly from QCDy. For example, in standard
large-N QCDy, one should quantize the mesons but keep
the baryons classical, (alternatively speaking, there are no
baryonic loops, see also Ref. 12). There is an alternative
description of mesons which presumably becomes exact
at large N and this is the Skyrme model. In this model
the baryons are solitons, that is, extended, semiclassical
objects. This alternative description is in agreement with
our description since here baryons are treated as point-
like and thus the fact that they have nonlocal interactions
should come as no surprise. Since arbitrary dimension
operators appear in the large-N action, the quantum field
theory defined that way is nonrenormalizable. However,
this is not important for two reasons. The effective theory
already possesses a cutoff scale of order of the mass of the
heavy classical particles (nucleons). In addition, by
renormalization-group arguments, contributions from
high-dimension operators will be suppressed at low ener-
gy, their only effect being a renormalization of the cou-
pling constants of relevant operators. Thus, for all prac-
tical purposes one can limit attention to renormalizable
interactions if one wishes so.

Of course, such a procedure can be in principle imple-
mented directly in QCD;. One has to define appropriate
composite operators, representing gauge-invariant (physi-
cal) degrees of freedom in terms of the fundamental fields
(quarks and gluons), and then derive the effective action
of these operators.!* Unfortunately, despite the fact that
such a procedure is well defined, it is computationally in-
tractable. The advantage of going through the large-N
limit is that without too much computation we can derive
the salient features of the effective theory.

So far we have been talking about the large-N limit of
QCDy. For a pure gauge theory the large-N generaliza-
tion is uniquely defined. However if one includes quarks
then the large-N extension is somewhat ambiguous. The
reason is the following. One has to assign the quarks into
some (in general reducible) representation of the color
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group SU(N), in such a way that at N =3 one can recover
the usual content of QCD, that is, six 3’s and six 3’s. The
simplest choice for general N would be to consider six
N’s and six N’s. This is the standard large-N model that
has been analyzed extensively in the literature.! ™3 In this
model the mesons are qg states whereas the baryons are
states containing N quarks. This feature is what makes
the baryons in the standard model behave rather
differently from the mesons. There are however alterna-
tive quark assignments with the same N=3 limit. In fact
if one wants to maintain asymptotic freedom for arbi-
trarily large N, then the only other representation that
one can add is the two-index antisymmetric tensor repre-
sentation of SU(N). Thus we are led to the model pro-
posed by Corrigan and Ramond!'* (CR), where we have
n, N’s and 6—n, antisymmetric tensor representations
[of dimension N(N —1)/2] along with their conjugate
ones. In Ref. 14 the “quarks” Q associated with the an-
tisymmetric tensor representation have been named
“larks,” a name that we will also use here. It is obvious
that for N=3 this model is the standard QCD model
since for N =3 the two-index antisymmetric tensor repre-
sentation is equivalent to the 3 of SU(3).

The original motivation for proposing this alternative
large-N limit was that, for any large N there exist baryons
which contain three elementary fermions, two quarks and
a lark, ggQ. This type of baryons is qualitatively different
than the baryons of the standard model which contain N
quarks.

Our own motivation for studying the CR model in
more detail is the following. As mentioned before from a
large-N extension of QCD we can derive an effective
quantum theory for mesons and baryons. The effective
action coming from the large-N limit of standard QCDy
was shown in Ref. 10 to contain nonlocal Yukawa cou-
plings, baryons were classical, and their propagation non-
local. Such features being crucial, it is reasonable to in-
vestigate to what extent they depend on the particular
large-N extension studied. The only other large-N exten-
sion of QCD which is asymptotically free, vectorlike, and
at N=3 coincides with QCD is the CR model. Thus we
embarked into its analysis, to investigate the universality
of certain features of the low-energy effective quantum
theory of mesons and baryons.

Our results can be summarized as follows. There are
three types of particles in the CR model: the standard
mesons gg or QQ, the I baryons g¢Q, and the h baryons
containing an O(N) number of quarks and/or larks.
First, since at large N the larks behave combinatorialy
like gluons, lark loops are unsuppressed. This fact in-
duces a mixing of the standard mesons with multiquark
exotics, such as gQ07 or QQQQ. This is not a welcome
feature since in the real world QCD multiquark exotic
mesons are highly unstable. The same is true for the /
baryons which mix with exotics such as ggQQQ. At lead-
ing order, mesons and / baryons are stable with local in-
teractions which have couplings that vanish as a negative
power of N. In particular there is a mixing term between
g7 and QQ mesons of order N ~!/2, The h baryons have
masses of O(N) and nonzero scattering cross sections
with the mesons and the / baryons as in standard QCD .



























