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It is proposed that in quantum chromodynamics the colour charge of gluons and of anything with zero triality is screened
by a dynamical Higgs mechanism with Higgs scalars made out of gluons, but the center Z3 of the gauge group SU(3) is left
unbroken, and single quarks, which have nonzero triality, are not screened. Long range forces between them persist there-
fore. Given that the Higgs mechanism produces a mass gap, the most favorable configuration of field lines between, e.g.,
quark and antiquark will be in strings analogous to magnetic field lines in a superconductor. The strings confine the quarks.
The screening mechanism, on the other hand, produces not only the mass gap (which leads to string formation) but is also

responsible for saturation of forces, i.e. absence of bound states of six quarks, etc.

It seems attractive to believe [1] that strong inter-
actions are described by quantum chromodynamics
(QCD), a nonabelian gauge theory of quarks and gluons
with gauge group G = SU(3), called the colour group.

It extends to a gauge group of the 2nd kind due to
minimal coupling of an octet of gluons to the quarks.
There is an unspecified number of quark fields ¥, i
=1,2,..,all of them are colour triplets. The lagrangian
density,
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A€ are Gell-Mann’s 3 X 3 matrices.

Quantum chromodynamics is supposed to form the
quantum field theoretic basis of the quark model. The
quark model is successful in the classification of had-
rons if two basic assumptions are made.

(1) Quark confinement: All physical states have
zero colour triality. I.e., a hadron may contain 3 quarks
or a quark and an antiquark, but not one quark or two
quarks, etc.

(2) Saturation of forces: Elementary particles are

made of no more than three constituent quarks or a
quark and an antiquark.

Colour triality refers to the transformation law un-
der the center Z5 of the colour group SU(3). A quark
has triality 1, an antiquark —1, and gluons have 0.
Triality is added modulo 3. The elements y of the cen-
ter Z5 are

y=e*™B 1 2 exp 27rin?\8/\/§ (n=0,1,2).

A main problem is then to derive validity of these
two assumptions from QCD — or rather (since the
lagrangian (1) is only a formal expression to begin
with) to establish existence of a quantum field theory
which deserves to be called QCD and for which assump-
tions (1) and (2) are true.

We feel that before one can hope to obtain any ri-
gorous results in this direction it is necessary to gain
an intuitive understanding of the physical mechanisms
which are responsible for quark confinement and
saturation of forces. The present paper is an attempt
to do so.

The mechanism which we shall outline has to the
best of our knowledge not been proposed in this form
before. But it is in the spirit of a number of theoretical
ideas that have been developed during the past years,
notably in studies of the strong coupling limit of lattice
gauge theories [2,3], strings and bag models [4,5] and
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“the world as a superconductor” [7]. It explains
quark confinement and saturation of forces as the
combined effect of mechanisms that can be seen at
work in nature elsewhere, in particular in supercon-
ductivity. We hope that this will make it appear less
miraculous.

We propose that a dynamical Higgs mechanism [6]
takes place in QCD with Higgs scalars composed of
gluons.

The Higgs mechanism is often presented as a kind
of spontaneous symmetry breaking. However, local
gauge invariance is not and cannot be spontaneously
broken. The Higgs mechanism is-best understood as
a screening mechanism. This has repeatedly been
pointed out in the literature [8-10]. The simplest ex-
ample is a complete Higgs mechanism in which all col-
our charges are completely screened locally (cf. later)
by Higgs scalars, and all physical states have therefore
zero charge. We speak of a complete Higgs mechanism
only when there is no nontrivial subgroup of G which
remains unbroken, not even a discrete one.

In QCD the gluons, and therefore also Higgs scalars
composed of them, transform trivially under Zs, there-
fore triaalti;ty charge cannot be screened (at least not
locally) ~ . We propose that a dynamical Higgs mecha-
nism takes place in QCD in which only the center Z,
of G remains unbroken. Since Z3 is a discrete subgroup
and not a Lie group, there will be no surviving massless
vector mesons associated with it. The Higgs mechanism
will therefore produce a mass gap. This is its first
achievement.

Let us show that a dynamical Higgs mechanism
with only Z5 unbroken is possible in principle. We
need a possibly reducible multiplet of (composite)
scalar fields ¢(x) such that

Vo=¢,VEG implies VEHCG,H=1,4, (2

for generic ¢ (in particular ¢ % 0). Consider the trace-

*1 We are not prepared to discuss here whether a phase of
QCD with broken Z3 could also exist. In a pure Z3 Yang—
Mills theory on a lattice, without any charged fields, such
a phase exists in 3 and 4 dimensions [15]. Our theory is
(continuum limit of) a Z3 gauge theory in which the cou-
pling constant at each plaquette is itself a fluctuating vari-
able. We do not know whether these fluctuations can sup-
press the possibility of Z3 breaking altogether. Instanton
effects, etc., wouid have to enter here.
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less symmetric 8 X 8 matrix of fields
ab _ a b 1 ¢ab pc
¢ (x) = Fuv(x) Fm)(x) —%6 Fw)(x) Ffw(x)
(a,b=1..8). ?3)

It decomposes into an octet and a 27-plet of hermitean
fields. The octet part can also be written as a traceless
hermitean 3 X 3 matrix which can be diagonalized,
with eigenvalues arranged in increasing order, by a
gauge transformation V € SU(3). In the generic case
this leaves a stability group U(1) X U(1) (diagonal ma-
trices in SU(3)). This remaining gauge freedom is re-
moved with the help of the 27-plet, except for the cen-
ter. Thus (2) is fulfilled. We remark that the same con-
struction would fail for SU(2)/Z,; in this case there
would remain a stability group of four elements (rota-
tions by 7 around principal axes of ¢). It also fails in
two space—time dimensions because there is then only
one independent component of £, ; its stability group
is always nontrivial.

Because of the unbroken Z5 subgroup, complete
screening of all colour charges will not take place in
QCD. The Higgs scalars are colour octets or 27-plets,
they will therefore screen octets and decuplets and,
more generally, anything with colour triality zero.
Single quarks or antiquarks however are triplets and
their colour charge will therefore not be screened by
the Higgs scalars. In other words, long range colour
electric forces between the quarks will persist; there
will be electric flux from one quark to another anti-
quark or pair of quarks, etc.

This idea can be made precise on a lattice. Given
any gauge group of the 2nd kind with nontrivial center,
there is a Gauss theorem for that center; it involves
only observable, i.e. gauge invariant quantities. If the
group is abelian, its center is the whole group*? and
we have the well known version of Gauss’ theorem
which says that the charge in a bounded domain A
of space is equal to the electric flux through its bound-
ary 0A.. An analog exists also for a discrete center. In
particular the number of quarks in a bounded domain
A in space can be determined by measuring (a certain

v

*2 The center of a nonabelian gauge group is the analog of the
whole group in the abelian case in several respects, cf ref.
[18]. E.g., pure Yang—Mills theories admit no local gauge
if the center is not trivial (cf. later).
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gauge invariant function of) the colour electric flux
through dA. This result is already implicit in the work
of Kogut and Susskind [3] on hamiltonian formula-
tion of lattice gauge theories. They consider G = SU(2)
but the result carries over to G = SU(N), in particular
to SU(3).

Their theory lives on a cubic space lattice with lat-
tice sites 7, and links between nearest neighbors. Link
b = (r, m) leaves lattice site r in direction m = 1, 2,
+3. Time is continuous. Quark fields ¥, (r) are asso-
ciated with lattice sites and paraliel transporters U(r,m)
~ exp iad,, are associated with links. They are 3 X 3
matrices U = (U“}) € SU(3). The full space of states,
including unphysical ones, is obtained by acting with
any product of components of U(r, m) and ¥(r") on a
gauge invariant “bare vacuum” |0) (= exact vacuum in
the limit g > o),

79, () Ulr, )%, 10), @

where the product is over all 7', 7, m belonging to some
set {s}. Any link (r, m) may be included an arbitrary
number of times. Spinor indices are omitted.

The physical states are gauge invariant. This re-
quires that the colour indices at each point are con-
tracted to form a local singlet. As a result, a complete
set of physical states may be graphically represented
by a set of continuous (possibly branching*?) flux
lines which may begin or terminate only at quark sites.
At every lattice site the difference of the number of
flux lines entering and leaving is equal modulo three
to the number of quarks at the site. Examples are
shown in fig. 1. As a consequence, the number of flux
lines leaving a bounded area A of space minus the num-
ber of flux lines entering it is equal modulo three to
the number of quarks inside. Antiquarks are counted
as —1 quark.

A formal proof of this result may also be obtained
by considering the action of a gauge transformation
which is equal to a fixed nontrivial element of the cen-
ter of G inside A and unity outside, and using the fact
that y Ulr, m)'y’1 = U(r, m) for every v in the center
[13].If |4 is a state with » quarks in A one finds

#3 The graphical representation of a state is nonunique. This
can be used to avoid branching flux lines for SU(N). This
can be proven by using Young symmetrizers [12].
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Fig. 1. Gauge invariant states. The number of flux lines leaving
a bounded area A through its boundary 8 A minus the number
of flux lines entering it is equal modulo three to the number of
quarks inside A.

exp 21iY, [ = *™/3 |y)
for YA=2g“2 fchS/\/g_
oA

Ef(r)=F§;(r) = ia™ Tr N U(r, i) U(r, )~ is the elec-
tric field including a factor g (cf. eq. (1)). fdo is a*
times the sum over bonds (#, ) leaving A (on a lattice).

The conclusion of this analysis is also confirmed by
aresult of Callan et al. [14], who showed for the abe-
lian Higgs model in continuous 2-dimensional space—
time that long range forces between external charges
persist in the presence of the Higgs mechanism, for
external charges that are not integral multiples of the
Higgs charge.

For our further discussion we make the customary
assumption that virtual quark—antiquark creation pro-
cesses may be neglected in the discussion of the quark
confinement problem. Thus we may consider the for-
ces between static quarks.

Given that the Higgs mechanism produces a mass
gap, and that a quantum of total colour electric flux
nevertheless must persist between, e.g., a quark and
an antiquark, however large their distance, what will
be the distribution of flux? In his 1976 Cargése lec-
tures [20] Wilson has presented a general argument
that the flux will be constrained to a flux tube of diam-
eter 2¢ if there is a mass gap m, i.e. a finite correlation
length £ = 1/m for the gluons. Thus there will be a
string. Energy in the string is proportional to its length,
and the quarks are confined by the linearly rising po-
tential due to the string**,

*#4 1t is essential here that the center Z3 is not broken. Other-
wise the fluctuations of the electric field in the vacuum
would be so large that they would drown the flux due to
the external charges.
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Wilsons argument is general and does not depend
on the origin of the mass gap. For a mass gap produced
by a Higgs mechanism one can give a further argument
based on analogy with a superconductor. It is taken
from Parisi’s work [5]. In a superconductor one also
has a (dynamical) Higgs mechanism. Suppose for the
sake of the argument, that there are magnetic mono-
poles, so that we may bring a monopole and an anti-
monopole into a superconductor. The monopoles can-
not be screened by the Higgs scalars, since these carry
no magnetic charge. There is a Gauss theorem for the
magnetic flux in the presence of magnetic charges. It
implies that there must be magnetic flux lines between
the monopole and antimonopole. All this is analogous
to the situation for quarks. The magnetic flux will be
constrained to a flux tube due to the Meissner effect,
i.e. because the photon has acquired a mass. As a re-
sult there will be a string confining the monopole.

In conclusion then, the Higgs screening mechanism
is responsible for the formation of strings because it
produces a mass gap.

There is also phenomenological evidence for colour
screening. It is responsible for saturation of forces. Im-
agine a colour singlet object composed of two subsys-
tems of three quarks, each of them in a colour octet
state. The three quark systems have triality zero and
so they can screen their colour charge with the help of
(Higgs scalars made from) gluons. As a result there will
be no long range colour electric forces between the
two subsystems and they will not be confined to each
other.

Theoretical evidence for colour screening comes
from the so called “strong coupling limit” (large g) in
lattice gauge theories. Kogut and Susskind [3] have
not only confirmed that colour triplets of quarks are
confined in this limit. They have also shown that the
same would not be true for colour octet quarks, or
decuplets, etc. Such quarks can screen their colour
with the help of gluons, as a result there are no long
range forces between them and particles with the
flavor quantum numbers of a single quark would ex-
ist. (These results only hold in more than two space—
time dimensions. In two dimensions total screening
is not possible in QCD, cf. the discussion after eq. (3).)
In conclusion, confinement is only possible for quarks
which transform nontrivially under the center of the
gauge group. This is in agreement with our eatlier dis-
cussion.
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The same conclusion could also be drawn from
Wilsons criterium [2] for confinement in gauge theo-
ries on a euclidean space—time lattice. Let C a connected
closed path consisting of lattice links b, b,, ..., b,.

The parallel transporter U[C] around the path Cis

UIC) = U(b,,) ... Ub,) Ub ). (5)

Given any character x of the gauge group G, x(U[C])
is a gauge invariant observable which does not depend
on the choice of initial point on C [15]. Consider its
expectation value (x(U[C}). Typically one finds in the
strong coupling limit, for C a large rectangle,

&(UICT)) = exp{—const. X area enclosed by C}, (6a)

if x is a character of a representation of G which is non-
trivial on the center I' of G. This indicates confinement.
In contrast

&X(U[C))) o exp{—const. X length of C}, (6b)

if x is a character of a one-valued representation of
G/T. In particular there is no confinement by strings
when G has trivial center. An example of the first kind
is the character x3(U) = Tr U of the fundamental 3-
dimensional representation of SU(3). An example of
the second kind is the character xg(U) of the octet
representation of SU(3) or SU(3)/Z3. The importance
of the gauge group’s center for confinement was
pointed out by the author in ref. [10]. Recently it
was also emphasized by ’t Hooft [16].

On a lattice, pure Yang—Mills theories with gauge
group SU(3) and SU(3)/Z3 are different, and the re-
lation between them is not trivial.

Suppose the euclidean lagrangian for the SU(3)
theory is chosen as

2=20gGUIPD + 33 D@D +ecl. ()

UlP] is the parallel transporter around a plaquette P
(closed path of four links). The two terms in (7) are
essentially different even though xg(U) = x3(U)

X X5(0) — 1~ 3[x(U) + X3(0)] — 10 for U= U[P)

~ 1. The point is that the x5-term suppresses the con-
tribution of configurations {U(b)} with U[P] =~y €Zs,
v+ 1 to the path integral, whereas the xg-term does
not since xg(y) = xg(1) = max.
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Lagrangian (7) can be used for an SU(3)/Z5 theory
as well if and only if A5 = 0. In this case obviously

ol(C)) - X"(C gy O)zs = «rehy ... X (C"Vgy):
®)

for x! any characters of one-valued representations of
SU(3)/Z5, and C; closed paths. We wrote x(C) for
x(U[C)). Eq. (8) is consistent with egs. (6). In fact,
for A3 = 0 one has “superconfinement”,

&UTCTY =x(1) lim exp{—a X area enclosed by C},

> o0
(62)

in place of eq. (6a). For small A3, eq. (8) remains ap-
proximately true, and also confinement (6a) is true if
power series expansion in A3 is permissible. However,
to have a continuum limit which admits incorporation
of dynamical quark fields, A5 must approach a critical
value. In conclusion, SU(3) and SU(3)/Z; theory have
not only different gauge groups but also different
lagrangians.

Despite of this complication, it helps conceptually
to consider the pure SU(3)/Z3 Yang—Mills theory first
in an attempt to study the dynamical Higgs mechanism.
This theory is simpler. It has no confinement by strings,
and it admits a complete Higgs mechanism in the sense
defined earlier.

Existence of a covariant local gauge appears to be a
sufficient condition for occurrence of a complete Higgs
mechanism. A covariant local gauge is a gauge such
that all the fields in the lagrangian become Lorentz co-
variant field operators in the Hilbert space of physical
states in that gauge. This indicates charge screening.

To see this, note that the electrical charge super-
selection sectors in quantum electrodynamics (QED)
are characterized by the nonexistence of a local field
(as an operator in the Hilbert space of physical states)
which can make transitions between them. This is in
contrast with superselection sectors associated with
global symmetries. There, observables cannot make
such transitions but local fields exist which can [21].
We shall therefore speak of charge sectors of the 2nd
kind. In the case of QED, note that locality of the
electron field ¢(x, #) would imply

[0, ¥(x, )] =0, (92)
since [Y(x, 1), FOl.(y, ] =0 fory€eSs,
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S a sphere around x, and the electric charge is

0= [, 0 8= Ry, 040, (9b)
S

by Gauss’s law. Intuitively this feature comes about
because a physical electron is infinitely big since it can-
not exist without its Coulomb field. There is an opera-
tor which creates a physical electron, for instance the
electron field in the Coulomb gauge. However, it is not
local.

The defining feature of a Higgs screening mechanism
as we understand it is a breakdown of the superselection
structure of 2nd kind coming about because the opera-
tors which are supposed to make transitions between
sectors do actually not lead out of the vacuum sector.
(The same thing happens when global symmetries are
spontaneously broken [11].) It seems reasonable to
expect that this situation will prevail when there exists
a covariant local gauge.

Roughly speaking, a local gauge converts a gauge
theory into an “ordinary theory” without any gauge
freedom, without ruining the fundamental properties
of a quantum field theory: locality, Lorentz covariance,
etc. For “ordinary theories” cyclicity of the vacuum is
the usual situation.

Local gauges can also be characterized in a purely
geometric way. This will be discussed elsewhere [18].
They are supposed not to leave any gauge freedom,
not even global transformations. An example of a non-
covariant local gauge for a pure SO(3) Yang—Mills
theory was recently discussed by Goldstone and Jackiw
[19].

An example is provided by the exactly soluble
Stiickelberg model, which is the simplest example of
a Higgs model. It is a U(1)-gauge theory with one com-
plex field ¢(x) of unit length, ¢(x) = ¢**) and de-
scribes one free massive vector particle which is its
own antiparticle. Clearly there is no charge of any kind
in this theory. The local vector potential is B, (x)
=¢(0, — ied,)¢(x). The field strength F,, = 3,4,

- ?VA“ =0,B, — 0,8, so B, really is a vector poten-
tial.

A candidate for a local gauge in a SU(3)/Z3 theory
is defined with the help of the scalar field ¢(x) intro-
duced in eq. (3), by requiring that its octet part be a
diagonal 3 X 3 matrix, etc., cf. after eq. (3).

The fields in the local gauge can be considered as
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gauge invariants (just as mass =energy in the rest frame
is Lorentz invariant). One would have to show that
they are well defined random variables in the euclidean
theory. On a lattice this is possible (for all g, 0 < g < o).
With charge screened there is no “reason” for mass-
less vector mesons any more [9]. However, one should
show that the screening mechanism actually does pro-
duce a mass gap, and one would have to control the
continuum limit. i
Results for the SU(3)/Z5 theory are relevant to the
SU(3) theory if eq. (8) is approximately true (in the
continuum limit). In particular a mass gap will then
carry over from one to the other theory. More generally,
the SU(3) theory should admit a local partial gauge. It
will still leave the freedom of Z; gauge transformations.
The Higgs screening mechanism will then again break
down the superselection structure, except that now
there may a priori still appear triality superselection
sectors. Given that the Higgs screening mechanism
produces a mass gap and that the Z; symmetry is not
broken, triality superselection sectors are prevented
by the mechanism for confinement outlined earlier.
Lastly we point out that it is not really essential for
our purpose to have a dynamical Higgs mechanism.
We could just as well introduce fundamental Higgs
scalars. They would have to be purely neutral except
for colour, and in particular transform trivially under
the center of SU(3). Given sufficiently many such
scalars, one can always enforce the Higgs mechanism
by adding a suitable self-interaction of the Higgs scalars
to the lagrangian 2. For instance with three octets ¢,

¢2> ¢3 s
w#) =N, 2067 — )% +2, 216,97,
4 i<

)\1, 7\2 large,

would do. The SU(3)/Z5-theory would then be man-
ageable by perturbative methods. The main objection
to this would be that one would not be dealing with
QCD in the form (1) any more, but would have to add
extra fields whose couplings are not fixed by the prin-
ciple of gauge invariance. Also one would not expect
to have asymptotic freedom. Nevertheless it may be
interesting to consider such models also, with .2 inter-
preted as effective lagrangian.
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In any case, unlike quarks, gluons are screened but
not confined by strings. [t would be important to in-
vestigate the physical properties of the colour screened
gluons, including sources of qq-admixture.

The author is indebted to D. Buchholz, R. Haag,
H. Joos and M. Liischer for helpful discussions.
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