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Abstract

We outline how "topological confinement" can be seen by the analysis of Regge limit

infra-red divergences. We suggest that it is a necessary bridge between conventional

confinement and the parton model at infinite momentum. It is produced by adding a

chiral doublet of color sextet quarks to conventional QCD. An immediate signature of

the resultant electroweak symmetry breaking would be large cross-sections for W+W~

and Z°Z° pairs at the CERN and Fermilab pp colliders.
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1. INTRODUCTION

In this talk I want to outline an approach1 to studying QCD which is somewhat

orthogonal to conventional approaches. I believe my approach is particularly valuable for

analyzing the Regge limit of QCD. It may also have a fundamental significance for the

construction of QCD and may even be relevant to new "electroweak" physics appearing at

the CERN SppS and the Fermilab Tevatron.2

Most conventional starting points for studying QCD assume that the pure gauge

theory is a good first approximation. For example, the ̂  expansion, the quenched approx-

imation on the lattice etc. It is also generally assumed that quark flavors can be smoothly

added or decoupled from the theory.3 (There are a few hints that the decoupling theorem

is not always valid—for example in the application of the 't Hooft anomaly condition to

chiral symmetry breaking4 and in the ̂ -dependence on the masses of different flavors5).

My starting-point will be to consider QCD with the maximum number of fermions

allowed by asymptotic freedom and with the gauge symmetry broken to SU(2) by an

asymptotically free Higgs sector. In a sense, therefore, I start with the maximal number of

fermions and the minimal (non-abelian) gauge symmetry. In contrast to the jj expansion

(where N is the number of colors) which starts with a very large gauge symmetry and no

fermions. The theory that I shall study is as close to perturbation theory as is possible for

a non-abelian gauge theory. It is therefore perhaps not surprising that I shall argue that it

provides the best starting point for understanding how and why the parton model is valid

at infinite momentum in hadron-hadron interactions. Indeed my arguments will suggest

an intriguing description of just how the QCD vacuum is consistent with both confinement

and the parton model at infinite momentum.

The basis for my approach is in fact the long study I have made1 of the Pomeron

in QCD. However, I shall try in this talk to make the justification and motivation for my

arguments as independent as possible of any detailed properties of the Pomeron.

2< OBVIOUS VIRTUES

The most immediate advantage of my starting-point is that there is expected to be



an infra-red fixed-point for the gauge-coupling. The /^-function for QCD with 16 flavors

has the form6

where

PO — ~ P i — — «> I /

and (in the momentum subtraction scheme)

2 ~ 0.01. (2.3)

Keeping the first two terms in (l.l) there is a zero of @(g) at
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The smallness of the third-term is as given by (1.3) together with the smallness of the

effective expansion parameter, that is

felfe 412

That this number is so small implies that the zero should survive to very high order in the

perturbation expansion and therefore should be present in any reasonable non-perturbative

definition of /?(<?). A more formal version of this argument can be given7 by making an

"e-expansion" with

( | ) (2.6)

where Np is the number of flavors and 16 \ is the value of Np at which asymptotic freedom

is lost. It can be argued that a zero of (3(g, e) is present for sufficiently small t and persists

to at least e = | .

The presence of the fixed-point implies that a, does not evolve beyond the fixed-

point value (1.4) even in the infra-red region. That is the theory is "weak-coupling" at all

momentum scales and so as we stated in the introduction is as close to perturbation theory

as possible.



This theory has the further remarkable virtue that a scalar color triplet field can be

added and both the gauge coupling and the scalar self-coupling are asymptotically free.8

This is the simplest theory for which this is possible.9 My starting point is therefore

the simplest asymptotically free theory in which the Higgs mechanism can be utilized

to produce a massive vector boson whose Regge behavior in perturbation theory can be

exploited. If we implement the Higgs mechanism then below the mass scale of the vector

boson we will have only an SU(2) gauge symmetry. Since the large number of massless

fermions will still be present this will actually be a non-asymptotically free theory. It will

instead be infra-red free and so the infra-red stability property of the theory is present in

both the unbroken and broken gauge theories.

The only non-perturbative problem in the theory should be the presence of topo-

logical (instanton) non-perturbative contributions in the (unbroken) SU(2) gauge sec-

tor. Because of the infra-red stability of the gauge sector there should be no infra-red

renormalons.10 Since instantons are always restricted to an SU(2) sub-group of whatever

the full gauge group is we have also limited the gauge symmetry to the minimum necessary

to analyze instanton contributions.

The major question for the theory we are studying is clearly is there confinement?

Intuitively we might expect the theory to be so close to perturbation theory that it must be

deconfined. In fact I shall argue that a distinct confinement mechanism (distinct from the

conventional, that is) is at work which provides a good starting point for understanding

how and why the parton model is valid at infinite momentum. To illustrate the confinement

that I believe exists in the theory I shall first discuss the Schwinger model11, that is QED2

with one fermion "flavor".

3. THE SCHWINGER MODEL

The massless Schwinger model has been solved using a wide variety of techniques.

It is also used to illustrate an even wider variety of ideas in the literature. Here we consider

two apparently very different approaches to the model's solution.

A. Topology plus Spectral Flow Due to the Anomaly12

By defining the gauge field on a circle and initially considering one dimensional space

as a circle a winding number can be defined for gauge-field configurations. As in QCD the



fermion states mix the winding-number sectors via the anomaly. The regularization of the

fermion sea is therefore linked via the anomaly to the winding number sectors of the gauge

field. When the ground-state energy is appropriately minimized by this regularization a

vacuum condensate appears which can be regarded as a winding number condensate. That

is

(n) ^{^jdxK\x)) = {^iOl,jdxA'(x)) (3.1)

= i <3'2'

or equivalently

(W) = /exp i f dx K° (z) \ = - 1 . (3.3)

The physical states of the theory are those that are well-defined by the sea reg-

ularization procedure. As is well-known these are simply configurations of a massive

fermion/antifermion meson bound-state. The vacuum condensate locks in the charge of

the fermions and there is confinement.

The theory can also be solved by

B. Summation of Perturbation Theory Infra-Red Divergences13

The massive bound-state can be found by summing the fermion "bubble" contribu-

tions to the photon propagator. If the fermion bubble diagram is regularized so that the

anomaly appears only in the axial current then its contribution to the photon self-energy

is

- e 2

7T

where G^ is the bare photon propagator. Consequently the summation over bubbles

simple shifts the massless pole in the propagator to

7T2
(3.6)

The anomaly regularization also allows confinement to be demonstrated by showing

that the multi-fermion state contribution to the photon propagator is in fact zero. It is



even possible to study the chiral condensate (iptp) by considering the composite operator

Green function

G(x, 0) = (o|0(z) 0(z) 0(0) 0(0) |0) (3.7)

and summing infra-red divergences. The result13

$0) = jLe*». (3.8)

involves an interplay between fermion and photon infra-red divergences which only takes

place when there is one and only one fermion flavor.

The massive (fermion) Schwinger model is defined14 by mass perturbation theory

around the massless theory. In the massive theory there is

i) no vacuum condensate, but

ii) confinement persists and the spectrum is smoothly related to that of the massless

theory.

In the massive theory confinement is analogous to "conventional" QCD confinement (that

is infinite energy is required to separate charges).

I would like to draw the following lessons from the above properties of the Schwinger

model

1. "Topological confinement" by a winding-number condensate can also be seen by sum-

ming infra-red divergences in perturbation theory when the anomaly is appropriately

regulated .

2. Topological confinement can be smoothly related to conventional confinement as a

mass is added to the theory.

In the next Section I shall outline an argument that the summation of Regge limit

infra-red divergences leads to a form of 'topological confinement" in the many flavor,

SU(2) gauge symmetry, form of massless QCD that I am taking as my starting point. In

analogy with the above properties of the Schwinger model I anticipate that this form of

confinement will smoothly translate into the conventional form as the quarks in the theory



are given (perhaps very heavy) masses. As we shall discuss there can also be an analogous

translation in the form confinement takes as we pass from finite to infinite momentum for

hadron interactions.

4. REGGE LIMIT INFRA-RED ANALYSIS

If the gauge symmetry is completely broken (by the Higgs mechanism), so that all

gluons are massive, then in the Regge limit all non-abelian gauge theories can be described

(perturbatively) by reggeon diagrams.16 Reggeon diagrams are transverse momentum

integrals with a propagator for each reggeon state which depends also on a complex angular

momentum variable E which is conjugate to rapidity. For example, the propagator for a

reggeized "gluon" with mass M and Regge trajectory a(t) = 1 + A(i) is

T{E,k2) = [E- A (A;2)]"1 [iz2 - M 2 ] " 1 . (4.1)

To obtain the Regge behavior of QCD, with the gauge symmetry broken only to SU(2),

we have to take the infra-red limit of a set of reggeon diagrams in which the mass of an

SU(2) triplet of gluons goes to zero.

// there is an infra-red fixed-point for the gauge-coupling, as we have arranged by

adding the large number of massless fermions to the theory, the only infra-red divergences

of the reggeon diagrams are the / d2k/k2 of the transverse momentum integrals associated

with reggeized gluon propagators which are becoming massless. In general the pattern

produced by the summation of such divergences is dictated by reggeon unitarity—which

is the translation of f-channel unitarity into the complex angular momentum plane.17 To

understand this we first note that an exponentiation of divergences in rapidity-space is

equivalent to a simple inversion in the E'-plane. For example, the two-reggeon contribution

to A(k)2 in (3.1) is given by

M2-.o SIT2

and so

16TT 2 J - ( g 2 -

In

(4.2)

(4.3)



Since
roo

/ dEEne~Ev = n\yn, (4.5)
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the equivalent of (3.4) in y-space is

Af2->0

(4.6)

0. (4.7)

Because of (3.2)-(3.7) we anticipate that the general phenomenom of exponentiation

of divergences in momentum space translates to the vanishing of sums of reggeon diagrams

in the i?-plane due to inversion of the infra-red divergence. The summation of divergences

of the form of (3.2) to invert the form of the singularity as in (3.4) is a familiar consequence

of unitarity17 (for the two-reggeon state in this case). Consequently the dynamical problem

we want to investigate—the restoration of an SU(2) gauge symmetry by the vanishing of

gluon masses in reggeon diagrams—is controlled by reggeon unitarity.

By appealing to the (lattice gauge theory) principle of complementarity1* we expect

the infra-red limit we are discussing to be smooth if we effectively use a fundamental

representation Higgs scalar to produce the SU(2) gauge symmetry breaking. (That is the

symmetry which the infra-red limit we wish to discuss restores.) In this case a global

SU(2) symmetry remains even when the local gauge symmetry is completely broken. The

infra-red behavior of the reggeon diagrams depends on the i-channel global SU(2) "color"

I of the diagrams. We can summarize the infra-red behavior we obtain, by extrapolating

known results19, as follows

A. In all / ^ 0 reggeon channels the reggeon self-interaction producing the divergence

(3.3) dominates and all diagrams sum to zero—this is a preliminary to confinement.

B. In / = 0 channels the divergences cancel between the self-interactions and exchange

interactions and the result is a set of scale-invariant (in transverse-momentum space)

kernels K% describing the interaction of N massless gluons forming an / = 0 state

C. Reggeon channels in which color zero combinations of massive gluons (or massless

quarks) interact with an / = 0 set of massless gluons are also divergent and sum to

zero by "inversion".



D. The only divergences which do not sum to zero by inversion are in channels in which

an I = 0 set of massless gluons accompanies an / = 0 set of massive gluons (or

massless quarks) without (a zero transverse momentum) interaction. The absence of

a reggeon interaction is a difficult requirement and is satisfied only if the massless

gluons are in an "anomalous" axial-vector configuration. That is the divergences

occur only for configurations of the form

! > I = 0 set of massive gluons (or massless quarks)

(4.8)

( 1 / = 0 set of massless gluons in an axial-vector
j > combination and all carrying zero transverse
' J momentum

The axial-vector requirement effectively includes combinations of the form

K " ~ e ' " " 1 5 e i i k A * v A ^ A k
s + ••-, (4.9)

where Hf is the anomaly current giving the winding number

» = J d3{x)K°{x). (4.10)

5. ANOMALOUS F E R M I O N LOOP I N T E R A C T I O N S A N D
TOPOLOGICAL C O N F I N E M E N T

The absence of a reggeon interaction between the two sets in (3.8) in fact implies

that it is also difficult to find physical states to which the / = 0 set of massless gluons can

couple. For the axial-vector combination this can be viewed as a conflict between gauge

invariance and the axial-vector quantum numbers. A crucial feature of my analysis1 is

my argument that the presence of massless quarks produces infra-red anomalous states

(associated with triangle Landau singularities) which can couple to the anomalous gluon

configuration. My claim (although I have yet to demonstrate this convincingly) is that the

presence of such massless quark states allows reggeon configurations of the form (3.8) to

couple and to produce divergences which have to be factorized off to define the physical

reggeon states of the theory. In effect the configuration of zero transverse momentum,

massless, gluons producing the divergence can be regarded as a condensate appearing in



the definition of the reggeon states of the theory. Since the gluon configurations involved

include the winding number operator (3.10), I believe the condensate that appears is a

generalization of the winding number condensate (2.2) appearing in the Schwinger model.

Since the reggeon condensate appears by virtue of infra-red divergent config1 ations

coupling to anomalous massless quark configurations, I believe that (as in the Sc:.1 inger

model) the condensate can be interpreted as arising from regularization of the massless

quark sea. The surviving reggeons (after the infra-red divergences are factorized off) are

"hadrons" of the form

and

quark
anti-qi

> axial-vector multi-gluon condensate

anti-quark ,_ ,v
meson «-»• (5.1)

[ quarks
baryon <-> > (5.2)

; > axial-vector multi-gluon condensate

There is also a "Pomeron", that is

SU(2) singlet massive gluon
Pomeron •<-> 1 ^ (5.3)

I > axial-vector multi-gluon condensate

We conclude that in QCD with many flavors and only SU(2) gauge symmetry we

have a high-energy scattering theory which is effectively a parton-model. The (generalized)

winding-number condensate allows us to describe "hadrons" in terms of their constituent

quarks and in first approximation the Pomeron is a single reggeized gluon exchange. The

winding-number condensate effectively transposes the odd-signature gluon-exchange to

even-signature—taking all the good Regge behavior features (transverse momentum cut-

off etc.) with it.

Not surprisingly higher-order corrections generate a complete Reggeon Field Theory

for the Pomeron1 (which I claim is the Super-Critical Pomeron). For the purposes of this

talk what I wish to emphasize is that we obtain an infinite momentum (Regge limit)

parton theory in which confinement is due to a topological condensate. We have found



this form of confinement by summing (Regge limit) infra-red divergences in perturbation

theory. By analogy with the Schwinger model we could anticipate that, in principle at

least, a corresponding non-perturbative analysis would be carried out involving instantons

and fermion spectral flow via the anomaly. However, this would surely be very difficult to

carry out explicitly.

6. SU(3) GAUGE SYMMETRY RESTORATION AND

QUARK MASSES

The final stage of my analysis is to argue that as the SU(3) gauge symmetry is

restored we obtain the well-known Critical Pomeron.20 The most important property of

the Critical Pomeron is, of course, that it is the only known description of asymptotically

rising cross-sections which satisfies i-channel unitarity and full (multiparticle) s-channel

unitarity. For my present purpose, what is important is that high-energy scattering is

obtained as a critical phenomenom involving parton interactions but with confinement also

present.

My discussion so far has involved massless quarks only. I anticipate that if (in the

SU(2) gauge symmetry theory) the vacuum condensate is the appropriate description of

confinement at finite momentum (I have only argued for it in the Regge limit) then it will

smoothly disappear as quark masses are added to the theory and give way to conventional

confinement. However, topological confinement should effectively remain in the description

of hadron interactions at infinite momentum—where quark masses can be neglected. If we

then consider the SU(3) symmetric high-energy behavior as a critical phenomenom built

up by parton interactions in the symmetry-broken phase then we arrive at the following

description of high-energy hadron interactions.

The "vacuum" around an infinite momentum hadron can be pictured as producing

a local color-dependent winding-number condensate (belonging to a locally varying SU(2)

subgroup), or equivalently a local readjustment of the quark sea via the anomaly, which

compensates, locally, for the color dependence of parton interactions.

Clearly such a picture allows parton interactions to be consistent with confinement

over a long-range (in impact-parameter space) at infinite momentum and explains how

gluon exchanges can effectively be responsible for the rising hadronic total cross-section at

10



infinite energy.

I have believed for some time that "quark-saturated QCD" is a uniquely consistent

theory because of the presence of the Critical Pomeron. The purpose of this talk has

been to suggest that this consistency can be viewed as due to the presence of "topological

confinement* at infinite momentum. The idea being that topological confinement may be

a necessary bridge between the parton-model at high-energy and conventional confinement

at low-energy.

Following this last argument through we are led to consider whether it could really

be a sensible physical point of view that additional quarks are necessary for the consistency

of QCD at infinite momentum? If we wish to argue that 16 flavors are required for

consistency of QCD then any physical significance for this consistency would have to be

a long, long, way from present day physics. However, it is very interesting that there is

a second alternative which produces all of the same features for our purposes as sixteen

flavors. This alternative is

6 conventional color triplet quark flavors
(6.X)

plus 2 color sextet quark flavors.

With this quark content I believe we not only obtain a uniquely consistent version of QCD

but we also obtain a very interesting possibility for electroweak symmetry breaking.21

7. ELECTROWEAK COLLIDER PHYSICS

The two color sextet flavors of quarks will (if they are massless) produce an SU(2) x

SU(2) chiral symmetry within which, if the sextets are given conventional electroweak

quantum numbers, an SU(2) subgroup will be identified with the SU{2) gauge symmetry

of the electroweak interaction. As a result the QCD breaking of the sextet chira! symmetry

can be the mechanism responsible for electroweak symmetry breaking. This is a uniquely

attractive and simple "Higgs mechanism".

The chiral symmetry breaking produces massless Goldstone boson "pions" Tig, Jig

and I l | composed of sextet quark/antiquark pairs. The massive vector bosons JV+, W~

and 2° are produced by the coupling of the "sextet pions" to the massless gauge bosons,

rig, rig and n | effectively become the longitudinal components of the W+, W~ and 2°

II



respectively and

Mw ~ g/n.. (7.1)

where /n6 is the sextet chiral constant (which can be22 of the necessary order of magnitude

because of Casimir scaling!).

The vital point to be emphasized here is that this form of symmetry breaking is

(probably uniquely) distinguished by the expected large cross-section2 for W+W~ and

Z°Z° pairs immediately above threshold. II^ILJ and n^IIe pairs can be directly produced

by (multiple) gluon interactions and so the cross-section is very likely to be much higher

than in the Standard Model with a conventional Higgs sector. Since the candidate W-pair

events observed at CERN, combined (hopefully) with similar phenomena observed at the

Fermilab Tevatron, could strongly support the picture I am advocating the prospect is

that this form of symmetry breaking will be studied much more seriously in the very near

future. I want to emphasize that I have argued along these lines for many years because

I see the higher colored quarks as being essential for the ultimate consistency of QCD in

the Regge limit.

It is possible that other exotic phenomena are related to the presence of color sextet

quarks. There will be a very large sector of baryon states containing one sextet quark and

two conventional (anti-) quarks which could have masses of only a few hundred GeV.

The production cross-section for this sector is probably very large and so this could be

the new threshold phenomenon! anticipated by the recently measured large real part for

the pp elastic scattering amplitude at the CERN SppS collider.23 There are also a large

number of cosmic ray phenomena which have been claimed as exotic24 and which might

be associated with the existence of a new hadronic sector with a mass-scale of ~ 500 GeV.
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